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KeIIy Cowan has been a microbiologist at Miami University since 1993. She received her
Ph.D. at the University of Louisville, and later worked at the University of Maryland Center of
Marine Biotechnology and the University of Groningen in The Netherlands. Kelly has published
(with her students) twenty-four research articles stemming from her work on bacterial adhesion
mechanisms and plant-derived antimicrobial compounds. But her first love is teaching—both
doing it and studying how to do it better. She is chair of the Undergraduate Education Committee
of the American Society for Microbiology (ASM). When she is not teaching or writing, Kelly hikes,
reads, takes scuba lessons, and still tries to (s)mother her three grown kids.

The addition of a proven educator as a digital author
makes a proven learning system even better.

Writing a textbook takes an enormous amount of time and effort. No textbook author has the time to write a great textbook
and also write an entire book’s worth of accompanying digital learning tools—at least not with any amount of success or
accuracy. In the past this material has often been built after the text publishes, but hopefully in time for classes to start!
With the new digital era upon us, it is time to begin thinking of digital tools differently. In classrooms across the country
thousands of students who are visual learners and have been using computers, video games, smartphones, music players,
and a variety of other gadgets since they could talk are begging for an interactive way to learn their course material.
Enter the digital author. With this third edition, we are so excited to add professor Jennifer Herzog
from Herkimer County Community College to the team. Jen has worked hand-in-hand with the textbook
author, creating online tools that truly complement and enhance the book’s content. She ensured that all
key topics in the book have interactive, engaging activities spanning levels of Bloom'’s taxonomy, and
tied to Learning Outcomes in the book. Instructors can now assign material based on what they cover in
class, assess their students on the Learning Outcomes, and run reports indicating individual and/or class
performance on a variety of data. Because of Jen, we can now offer you a robust digital learning program,
tied to Learning Outcomes, to enhance your lecture and lab, whether you run a traditional, hybrid, or fully
online course.
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) Students

McGraw-Hill Higher Education and Blackboard® have
teamed up! What does this mean for you?

Your life, simplified. Now you and your students can access McGraw-Hill
| ——— Connect™ and Create™ right from within your Blackboard course—all with one
Blackboard single sign on! Say goodbye to the days of logging in to multiple applications.

DO More Deep integration of content and tools. Not only do you get single sign
on with Connect and Create, you also get deep integration of McGraw-Hill
content and content engines right in Blackboard. Whether you're choosing a
book for your course or building Connect assignments, all the tools you need
are right where you want them—inside of Blackboard.

Seamless gradebooks. Are you tired of keeping multiple gradebooks and
manually synchronizing grades into Blackboard? We thought so. When a student
completes an integrated Connect assignment, the grade for that assignment
automatically (and instantly) feeds your Blackboard grade center.

A solution for everyone. Whether your institution is already using
Blackboard or you just want to try Blackboard on your own, we have a solution
for you. McGraw-Hill and Blackboard can now offer you easy access to industry
leading technology and content, whether your campus hosts it, or we do. Be
sure to ask your local McGraw-Hill representative for details.

Author Kelly Cowan is now on Twitter! She shares interesting facts,
breaking news in microbiology, teaching hints and tips, and more. If you have
a Twitter account, follow her: @CowanMicro. To set up a Twitter account, go
to twitter.com.
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and Students to Course Concepts

Introducing McGraw-Hill ConnectPlus™ Microbiology

% mmectm plus+) McGraw-Hill ConnectPlus™ Microbiology integrated learning platform provides
auto-graded assessments; a customizable, assignable eBook; an adaptive diagnostic
tool; and powerful reporting against Learning Outcomes and level of difficulty—all

in an easy-to-use interface. Connect Microbiology is specific to your book and can be completely customized to your
course and specific Learning Outcomes, so you help your students connect to just the material they need to know.

Save time with auto-graded assessments and tutorials.

=
Fully editable, customizable, auto-graded interactive assignments using ==
high-quality art from the textbook, animations, and videos from a variety of b
sources take you way beyond multiple choice. Assignable content is available e
for every Learning Outcome in the book. Extremely high-quality content, e
created by digital author Jennifer Herzog, includes case study modules, ——
concept mapping activities, animated learning modules, and more! e

==

Food Pathogens and Temperatures —na

L o

o
S

S P

“... I and my adjuncts have reduced the time we spend on
grading by 90 percent and student test scores have risen,
on average, 10 points since we began using Connect!”

—William Hoover, Bunker Hill Community College

Gather assessment information reports

Generate powerful data related to student section performance
performance against Learning Outcomes,

77.45%" overall section a for 18 a t(s
specific topics, level of difficulty, and more. 100
.. 80
‘/Vv : I I I
0

assignments
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Presentation Tools
allow you to customize your lectures.

Enhanced Lecture Presentations contain lecture outlines, —
Flex Art, art, photos, tables, and animations embedded T R e Y R T -

where appropriate. Fully customizable, but complete and
ready to use, these presentations will enable you to spend
less time preparing for lecture!
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How the Cell Cycle Works

E- How the Cell Cycle Works

Flex Art Fully editable (labels and leaders) line art from
the text, with key figures that can be manipulated. Take
the images apart and put them back together again during
lecture so students can understand one step at a time.

CYTOXINESIS

HITOSIS

Animations Over 100 animations bringing key concepts
to life, available for instructors and students.

™

Animation PPTs Animations are truly embedded in
PowerPoint® for ultimate ease of use! Just copy and paste
into your custom slideshow and you’re done! o .

e 144 83 Offi Thoma

Take your course online—easily—
with one-click Digital Lecture Capture.

72 Togsity Viewnr Windows Istaroet Explores provided by The McGraw il Companies

McGraw-Hill Tegrity Campus™ records and distributes
your lectures with just a click of a button. Students can
view them anytime/anywhere via computer, iPod, or
mobile device. Tegrity Campus indexes as it records your
slideshow presentations, and anything shown on your
computer, so students can use keywords to find exactly
what they want to study.
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STUDENTS

Connect 24/7 with Personalized Learning Plans

Access content anywhere, any time,
with a customizable, interactive eBook.

McGraw-Hill ConnectPlus eBook takes digital texts beyond
a simple PDF. With the same content as the printed book,
but optimized for the screen, ConnectPlus has embedded
media, including animations and videos, which bring
concepts to life and provide “just in time” learning for
students. Additionally, fully integrated, self-study questions
and in-line assessments allow students to interact with

the questions in the text and determine if they're gaining
mastery of the content. These questions can also be
assigned by the instructor.

“Use of technology, especially LEARNSMART,
assisted greatly in keeping on track and keeping
up with the material.”

—student, Triton College

McGraw-Hill LearnSmart™

Microbiology

library

hapter 2. The Chemistry of Biology
reading
2.2 Macromolecules:
Superstructures of Life

Steroids and Waxes

; ,,{/(-\ o o |
S BRI

L e

Proten

A Diagnostic, Adaptive Learning System

Where Is the nucleolus located within an
eukaryotic cell?

In the nucleus

In the cytoplasm
In mitochondria

Click one of the buttons below.

D0 you hmow the arswer? (Be hoest )

T T T T D

Self-study resources are also available
at www.mhhe.com/cowan3.

McGraw-Hill LearnSmart is an adaptive diagnostic tool,
powered by Connect Microbiology, which is based

on artificial intelligence and constantly assesses a
student’s knowledge of the course material.

Sophisticated diagnostics adapt to each student's
individual knowledge base in order to match and
improve what they know. Students actively learn the
required concepts more easily and efficiently.

“l love LearnSmart. Without it, | would not
be doing as well.”

—student, Triton College
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Connecting Students

to Their Future Careers

Many students taking this course will be entering the health care field in some way, and it is absolutely critical that

they have a good background in the biology of microorganisms. Author Kelly Cowan has made it her goal to help all

students make the connections between microbiology and the world they see around them. She does this through

the features that this textbook has become known for: its engaging writing style, instructional art program, and focus
on active learning. The “building blocks” approach establishes the big picture first and then gradually layers concepts

onto this foundation. This logical structure helps students build knowledge and connect important concepts.

“Diagnosing Infections” Chapter

Chapter 17 brings together in one place the current methods used

to diagnose infectious diseases. The chapter starts with collecting
samples from the patient and details the biochemical, serological, and
molecular methods used to identify causative microbes.

Unequaled Level of Organization
in the Infectious Disease Material

Microbiology: A Systems Approach takes a unique approach to
diseases by consistently covering multiple causative agents of
a particular disease in the same section and summarizing this
information in tables. The causative agents are categorized in a

Case File 17

Outline 2
171 Prey

7.2 On
2.

Diagnosing Infections

logical manner based on the presenting symptoms in the patient.
Through this approach, students study how diseases affect

patients—the way future health care professionals will encounter
them in their jobs. A summary table follows the textual discussion
of each disease and summarizes the characteristics of agents that

can cause that disease.

This approach is refreshingly logical, systematic,
and intuitive, as it encourages clinical and critical
thinking in students—the type of thinking they
will be using if their eventual careers are in health
care. Students learn to examine multiple
possibilities for a given condition and grow
accustomed to looking for commonalities and
differences among the various organisms that
cause a given condition.

X

CHAPTER 21

Infectious Diseases Affecting
the Respiratory System 622
21.1 The Respiratory Tract and Its Defenses 623
21.2 Normal Biota of the Respiratory Tract 624
21.3 Upper Respiratory Tract Diseases Cause by
Microorganisms 624
Sinusitis 626

bination of su
antifungal thes

pathogenesis of this condition is brought about by the con-
fluence of several factors: predisposition to infection because

_
Causative Organism(s) ~ Various bacteria, often mixed infection

Most Common Modes
of Transmission

Endogenous (opportunism)

Virulence Factors =

Culture/Diagnosis Culture not usually performed; diagnosis based on
clinical presentation, accasionally X rays or other imaging
technique used

Prevention -

Treatment Broad-spectrum antibiotics

Distinctive Features Much more common than fungal

Acute Otitis Media (Ear Infection) 627
Pharyngitis 628
Diphtheria 632

i o 21.4 Diseases Caused by Microorganisms Affecting
1 Disease Table 21.2 Sinusitis Both the Upper and Lower Respiratory Tract 633
g et Respiratory Syncytial Virus Infection 635

Influenza 635
Whooping Cough 633

21.5 Lower Respiratory Tract Diseases
Caused by Microorganisms 640
Tuberculosis 640

Pneumonia 645

Physical removal of fungus; in severe cases
antifungals used

Suspect in immunocompromised patients




Chapter Opening Case Files!

Each chapter opens with a Case File, which helps the students understand how microbiology impacts their lives and
grasp the relevance of the material they're about to learn. The questions that directly follow the Case File challenge
students to begin to think critically about what they are about to read, expecting that they’ll be able to answer them
once they've worked through the chapter. A new Continuing the Case feature now appears within the chapter to help

students follow the real-world application of the case. The Case File Wrap-Up summarizes the case at the end of the
chapter, pulling together the applicable content and the chapter’s

topics. Nearly all case files are new in the third edition, including
hot microbiological topics that are making news headlines today.
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“The organization is well planned so that the topics are
presented logically, allowing the student to understand
basic information before more advanced material is

introduced.”
—Terri J. Lindsey, Ph.D., Tarrant County College




Connecting Students to the Content
with a Truly Instructional Art Program

An instructional art program not only looks
pretty, but helps students visualize complex
concepts and processes and paints a conceptual
picture for them. The art combines vivid colors,
multidimensionality, and self-contained narrative
to help students study the challenging concepts
of microbiology from a visual perspective. Art is
often paired with photographs or micrographs
to enhance comprehension.

“The figures and tables found in this book are
detailed enough to provide valuable information
without being too overwhelming. Another
strength of this book are the animations that
accompany it.”

—Jedidiah Lobos, Antelope Valley College
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@ In aerobic metabolism,
the electrons and hydrogen
ions generated by the
respiratory pathways
combine with oxygen to
produce another end
product, water.

Progress of Energy Extraction over Time

Figure 8.11 A simplified model of energy production. The central events of cell energetics include the release of energy during
the systematic dismantling of a fuel such as glucose. This is achieved by the shuttling of hydrogens and electrons to sites in the cell where their
energy can be transferred to ATP. In aerobic metabolism, the final products are CO, and H,O molecules.

Bacteria in wound

Mast cells release
chemical mediators

Vasoconstriction

Scab

Neutrophils

‘i\ ]‘ Pus
2
@ %aa>.

Fibrous exudate

normal state or by formation of scar tissue.

@ Edema and Pus Formation @ Resolution/Scar Formation
Rubor Edema due to :] Newly healed
(inflammation) collected fluid tissue

d Process Figure 14.14 The major events in inflammation. @ Injury — Reflex narrowing of the blood vessels (vasoconstriction)
lasting for a short time > Release of chemical mediators into area. Increased diameter of blood vessels (vasodilation) > Increased blood flow

» Increased vascular permeability > Leakage of fluid (plasma) from blood vessels into tissues (exudate formation).
by neutrophils and accumulation of pus. () Macrophages and lymphocytes > Repair, either by complete resolution and return of tissue to

Process Figures

plasma and Many difficult microbiological concepts are best

migration of

WBC out of

blood vesecls portrayed by breaking them down into stages

Vasodilation

Edema — Infiltration of site

that students will find easy to follow. These
process figures show each step clearly marked
with a yellow, numbered circle and correlated to
accompanying narrative to benefit all types of
learners. Process figures are clearly marked next
to the figure number. The accompanying legend
provides additional explanation.




Connecting Students to Microbiology
with Relevant Examples

Real Clinical Photos Help Students Visualize Diseases

Clinical Photos

Color photos of individuals affected by disease
provide students with a real-life, clinical view
of how microorganisms manifest themselves in

the human body.

Figure 18.3 Impetigo lesions on the face.

Figure 5.17 Nutritional sources (substrates) for fungi. (a) A fungal
mycelium growing on raspberries. The fine hyphal filaments and black sporangia
are typical of Rhizopus. (b) The skin of the foot infected by a soil fungus,
Fonsecaea pedrosoi.

Combination Figures

Line drawings combined with photos give students two perspectives:
the realism of photos and the explanatory clarity of illustrations. The
authors chose this method of presentation often to help students

comprehend difficult concepts.
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Figure 22.8 The effects of paramyxoviruses.
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(a) When they infect a host cell, paramyxoviruses induce the cell membranes of adjacent
cells to fuse into large multinucleate giant cells, or syncytia. (b) This fusion allows direct passage of viruses from an infected cell to uninfected
cells by communicating membranes. Through this means, the virus evades antibodies.

Cyst

(b)

Figure 22.21 Giardia lamblia trophozoite. (a) Schematic
drawing. (b) Scanning electron micrograph of intestinal surface,
revealing (on the left) the lesion left behind by adhesive disk of a
Giardia that has detached. The trophozoite on the right is lying on its
“back” and is revealing its adhesive disk




Making Conne

Connecting Students to Microbiology
Through Student-Centered Pedagogy

Pedagogy Created to Promote Active Learning

New Learning Outcomes and “Can You?” Assessment Questions

Every chapter in the book now opens with an Outline and a list of Learning
Outcomes. “Can You?"” questions conclude each major section of the
text. The Learning Outcomes are tightly correlated to digital material.
Instructors can easily measure student learning in relation to the specific
Learning Outcomes used in their course. You can also assign “Can
You?"” questions to students through the eBook with McGraw-Hill
ConnectPlus Microbiology.

Outline and Learning Outcomes
18.1 The Skin and Its Defenses
1. Describe the important anatomical features|
2. List the natural defenses present in the skin.
18.2 Normal Biota of the Skin

4. List the possible causative agents, modes g/&

New i8] Animated Learning Modules

Certain topics in microbiology need help to come to life off
the page. Animations, video, audio, and text all combine to
help students understand complex processes. Many figures
in the text have a corresponding animation available
online for students and instructors. Key topics now
have an Animated Learning Module assignable
through Connect. A new icon in the text indicates
when these learning modules are available.

"9 he Cote Ppaars an page s,

Uy the skin,

3 Figure 5.7 Changes in the cell and
nucleus that accompany mitosis in a
eukaryotic cell such as a yeast. (a) Before
mitosis (at interphase), chromosomes are

visible only as chromatin. As mitosis proceeds
(early prophase), chromosomes take on a fine,
threadlike appearance as they condense, and the
nuclear membrane and nucleolus are temporarily
disrupted. (b) By metaphase, the chromosomes
are fully visible as X-shaped structures. The shape,
is due to duplicated chromosomes attached at
a central point, the centromere. Spindle fibers
attach to these and facilitate the separation of;
individual chromosomes during metaphase,
ases serve in the completion of chrom#
tion and division of the cell g 2

Eary anaphase

Notes

Notes appear, where appropriate, throughout the

text. They give students helpful information about
various terminologies, exceptions to the rule, or provide
clarification and
further explanation
of the prior subject.

A Note About Clones

Like so many words in biology, the word “clone” has two
different, although related, meanings. In this chapter we will
discuss genetic clones created within microorganisms. What
we are cloning is genes. We use microorganisms to allow us to
manipulate and replicate genes outside of the original host of
that gene. You are much more likely trtaadtaml o

type of cloning—which we will call

is also known as reproductive cloni
creating an identical organism using
Dolly the sheep was the first cloned
others followed in her wake. These fr
scope of this book.

Tables

Table 7.3 Nutritional Categories of Microbes by Energy and Carbon Source
Category/Carbon Source Example

Autotroph/CO,

Energy Source

This edition contains

numerous illustrated tables.
Horizontal contrasting lines
set off each entry, making it

Nonliving Environment

Photosynthetic organisms, such as algae, plants,
cyanobacteria

Photoautotroph Sunlight

Only certain bacteria, such as methanogens, deep-sea
vent bacteria

Chemoautotroph Simple inorganic chemicals

Heterotroph/Organic Other Organisms or Sunlight

Chemoheterotroph Metabolic conversion of the nutrients from other Protozoa, fungi, many bacteria, animals d
jRa—— easy to read.
Saprobe Metabolizing the organic matter of dead organisms ~ Fungi, bacteria (decomposers)
Parasite Utilizing the tissues, fluids of a live host Various parasites and pathogens; can be bacteria, fungi,
protozoa, animals
Photoheterotroph Sunlight Purple and green photosynthetic bacteria



M i @28 Cashing In on “Hot"” Microbes

The smoldering thermal springs in Yellowstone National Park
are more than just one of the geologic wonders of the world.
They are also a hotbed of some of the most unusual microorgan-
isms in the world. The thermophiles thriving at temperatures
near the boiling point are the focus of serious interest from
the scientific community. For many years, biologists have been
intrigued that any living organism could function at such high
temperatures. Such questions as these come to mind: Why don’t
they melt and disintegrate, why don't their proteins coagulate,
and how can their DNA possibly remain intact?

One of the earliest thermophiles to be isolated was Thermus
aquaticus. It was discovered by Thomas Brock in Yellowstone’s
Mushroom Pool in 1965 and was registered with the Ameri-
can Type Culture Collection. Interested researchers studied this
species and discovered that it has extremely heat-stable proteins
and nucleic acids, and its cell membrane does not break down
readily at high temperatures. Later, an extremely heat-stable
DNA- replicating enzyme was isolated from the species.

What followed is a riveting example of how pure research
for the sake of and discovery also offered up a key
ingredient in a multimillion-dollar process. Once an enzyme was
discovered that was capable of copying DNA at very high tem-

Biotechnology researchers harvesting samples in Yellowstone
National Park.

Spurred by this remarkable success story, biotechnology com-
panies have descended on Y¢ which S 10,000
hot springs, geysers, and hot habitats. These industries are looking

Insight Readings

Found throughout each chapter, current, real-world
readings allow students to see an interesting
application of the concepts they're studying.

peratures (65°C to 72°C), researchers were able to improve u
a technique called the polymerase chain reaction (PCR), wh
could amplify a single piece of DNA into hundreds of thousa
of identical copies. The process had been invented already,

the replication had to take place under high temperatures and|
of the DNA polymerases available at the time were quickly det
tured. The process was slow and cumbersome. The discovers|
the heat-stable enzyme, called Taq polymerase (from Thers
aquaticus), revolutionized PCR, making it an indispensable t
for forensic science, microbial ecology, and medical diagnof
(Kary Mullis, who recognized the utility of Taq and develo

the PCR technique in 1983, won the Nobel Prize in Chemis|
for it in 1993.)

INFECTIOUS DISEASES AFFECTING

The Skin and Eyes System Summary Figures

“Glass body” figures at the end of
each disease chapter highlight the
affected organs and list the diseases
that were presented in the chapter.
In addition, the microbes that could

cause the diseases are color coded
(o o by type of microorganism.

Conjunctivitis

River Blindness

Acne

Major Desquamation Diseases

Maculopapular Rash Diseases

Gas Gangrene
n perfi

“The Systems Summary at the end of
the chapters is terrific. | also really
like the Checkpoints for the diseases
chapters that list the causative agent,
transmission, virulence factor, etc.,
for each disease. Really fantastic. |
just love this book.”

Wart and Wartlike Eruptions Cutaneous and Superficial Mycoses
fuman papillomaviruse oph

uscum conta

Summing Up
Microorganisms Causing Diseases of the Skin and Eyes

Microorganism Disease Chapter Location

Gram-positive bacteria
Propionibacterium acnes Acne Acne, p. 515
Impetigo, cellulitis, scalded Impetigo, p. 516
skin syndrome, folliculitis, Cellulitis, p. 521
abscesses (furuncles and Scalded skin syndrome, p. 522,
carbuncles), necrotizing fasciitis Insight 18.1, p. 518, Note on p. 521
Impetigo, cellulitis, erysipelas, Impetigo, p. 520
necrotizing fasciitis, scarlet fever Cellulitis, p. 521, Insight 18.1, p. 518
Gas gangrene, p. 523
Large pustular skin lesions, p. 543

Staphylococcus aureus

— Judy Kaufman, Monroe
Community College

Streptococcus pyogenes

Clostridium perfringens
Bacillus anthracis
Gram-negative bacteria
Neisseria gonorrhoeae
Chlamydia trachomatis

Gas gangrene
Cutaneous anthrax

Neonatal conjunctivitis Conjunctivitis, p. 540
Conjunctivitis, p. 540
Trachoma, p. 541

River blindness, p. 543

Neonatal conjunctivitis, trachoma

Wolbachia (in combination River blindness

with Onchocerca)

DNA viruses

Human herpesvirus 3 (varicella) virus Chickenpox Vesicular or pustular rash diseases, p. 525 . . .

Variola virus Smallpox Jesicular or pustular rash diseases, p. 527 Taxonomic List of (@) rganisms

Parvovirus B19 Fifth disease Maculopapular rash diseases, p. 532

Human herpesvirus 6 and 7 Roseola Maculopapular rash diseases, p. 532

Human papillomavirus Warts ‘Warts and wartlike eruptions, p. 534 M M M M

T e O e A taxonomic list of organisms is presented at
Herpes simplex virus Keratitis Keratitis, p. 542

RNA viruss the end of each disease chapter so students can

Measles virus Measles Maculopapular rash diseases, p. 530

Rubella virus Rubella Maculopapular rash diseases, p. 531 M M M M M

e B2 B see the diversity of microbes causing diseases
Trichophyton Ringworm Ringworm, p. 536 .

Microsporum Ringworm Ringworm, p. 536 n that body system.

Epidermophyton Ringworm Ringworm, p. 536

Malassezia species Superficial mycoses Superficial mycoses, p. 538
Protozoa
Leishmania spp.

Acanthamoeba

Leishmaniasis Large pustular skin lesions, p. 535

Helminths

Onchocerca voloulus (in combination
with Wolbachia)

River blindness River blindness, p. 543

XV



Making Conne

Connecting to

Different Learning Styles with Active Learning

The end-of-chapter material for the third edition is now linked to Bloom'’s taxonomy. It has been carefully planned to
promote active learning and provide review for different learning styles and levels of difficulty. Multiple-Choice and
True-False questions (Knowledge and Comprehension) precede the synthesis-level Visual Connections questions and
Concept Mapping exercises. The consistent layout of each chapter allows students to develop a learning strategy and gain
confidence in their ability to master the concepts, leading to success in the class!

Chapter Summary

A brief outline of the main chapter
concepts is provided for students with
important terms highlighted. Key terms
are also included in the glossary at the
end of the book.

Multiple-Choice Questions

Students can assess their knowledge
of basic concepts by answering these
questions. Other types of questions
and activities that follow build on
this foundational knowledge. The
ConnectPlus eBook allows students
to quiz themselves interactively using
these questions!

Critical Thinking Questions

Using the facts and concepts they
just studied, students must reason
and problem solve to answer these
specially developed questions.
Questions do not have just a single
correct answer and thus open doors
to discussion and application.

[ ’ /Y / Chapter Summary

===
4.1 Prokaryotic Form and Function 4.4 Bacterial Internal Structure

The cytoplasm of bacterial cells serves as a solvent for

materials used in all cell functions.

The genetic material of bacteria is DNA. Genes are

arranged on large, circular chromosomes. Additional

genes are carried on plasmids.

Bacterial ribosomes are dispersed in the cytoplasm in chains

(polysomes) and are also embedded in the cell membrane.

Bacteria may store nutrients in their cytoplasm in struc-

tures called inclusions. Inclusions vary in structure and

the materials that are stored.

Some bacteria manufacture long actin filaments that help

determine their cellular shape.

A few families of bacteria produce dormant bodies called

® Prokaryotes are the oldest form of cellular life. They are
also the most widely dispersed, occupying every con-
ceivable microclimate on the planet.

4.2 External Structures
® The external structures of bacteria include appendages
(flagella, fimbriae, and pili) and the glycocalyx.
e Flagella vary in number and arrangement as well as in
the type and rate of motion they produce.

4.3 The Cell Envelope: The Boundary Layer of Bacteria
® The cell envelope is the complex boundary structure sur-
rounding a bacterial cell. In gram-negative bacteria, the
envelope consists of an outer membrane, the cell wall,
and the cell membrane. Gram-positive bacteria have only endospores, which are the hardiest of all life forms, sur-
the cell wall and cell membrane. viving for hundreds or thousands of years.
e Ina Cram stain tive hacteria retain the crutal ® The eenera Bacillus and Clostridium are snoreformers, and

) // Multiple-Choice and True-False Questions Knowledge and Comprehension
<@

Multiple-Choice Questions. Select the correct answer from the answers provided.

khapes:
on the

-

. Which of the following is not found in all bacterial cells? 8. Abacterial arrangement in packets of eight cells is described as
a. cell membrane c. ribosomes a .
b. anucleoid d. actin cytoskeleton a. micrococcus c. tetrad

b. diplococcus d. sarcina

N

bacteria that serve as a means

Pili are tubular shafts in
9. To which division of bacteria do cyanobacteria belong?
a. Tenericutes c. Firmicutes
b. Gracilicutes d. Mendosicutes

of .
a. gram-positive, genetic exchange
b. gram-positive, attachment

c. gram-negative, genetic exchange
d

! : 10. Which stain is used to distinguish differences between the cell
. gram-negative, protection

walls of medically important bacteria?
a. simple stain c. Gram stain
b. acridine orange stain d. negative stain

1

An example of a glycocalyx is
a. a capsule. c. an outer membrane.

b. a pilus. d. acell wall.
apilus acellwa True-False Questions. If the statement is true, leave as is. If it is

false, correct it by rewriting the sentence.

'

. Which of the following is a primary bacterial cell wall

function? P :
a. transport ¢ support 11. One major difference in the envelope structure between gram-
l‘:‘ molill;)ty d 1dI}J\Ssion positive bacteria and gram-negative bacteria is the presence or

absence of a cytoplasmic membrane.

@

Which of the following is present in both gram-positive and
gram-negative cell walls?

a. an outer membrane c. teichoic acid

b. peptidoglycan d. lipopolysaccharides

12. A research microbiologist looking at evolutionary relatedness
between two bacterial species is more likely to use Bergey's
Manual of Determinative Bacteriology than Bergey’s Manual of
Systematic Bacteriology.

o

Darkly stained granules are concentrated crystals of
that are found in
fat, Mycobacterium

13. Nanobes may or may not actually be bacteria.

c._sulfur, Thiobacillus 14. Both bacteria and archaea are prokaryotes.

a.
b
7. B 5
| % / Critical Thinking Questions Application and Analysis
b BN

These questions are suggested as a writing-to-learn experience. For each question, compose a one- or two-paragraph answer that includes
the factual information needed to completely address the question.

1. a. Name several general characteristics that could be used to
define the prokaryotes.
b. Do any other microbial groups besides bacteria have
prokaryotic cells?
c. What does it mean to say that prokaryotes are ubiquitous?
In what habitats are they found? Give some general means
by which bacteria derive nutrients.

2. a. Describe the structure of a flagellum and how it operates.
What are the four main types of flagellar arrangement?
b. How does the flagellum dictate the behavior of a motile
bacterium? Differentiate between flagella and periplasmic
flagella.

3. Differentiate between pili and fimbriae.




Concept Mapping Exercises

Three different types of concept mapping
activities are used throughout the text in the
end-of-chapter material to help students

&,

; /Concept Mapping Synthesis

Appendix D provides guidance for working with concept maps.

|e arn an d reta i n Wh at th eylve rea d . CO nce pt 1. Construct your own concept map using the following words genus species
. . . . as the concepts. Supply the linking words between each pair of serotype domain
Mapplng exercises are now made interactive concepts. Borrelia burgdorferi
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< Visual Connections Synthesis

Visual Connections questions, renamed
from the 2nd edition, take images

and concepts learned in previous
chapters and ask students to apply that
knowledge to concepts newly learned
in the current chapter.

e

These questions use visual images or previous content to make connections to this chapter’s concepts.

1. From chapter 3, figure 3.10. Do you believe that the bacteria

spelling “Kiebsiella” or the bacteria spelling “S. aureus” possess

the larger capsule? Defend your answer.

Cyanobacteria

2. From chapter 1, figure 1.14. Study this figure. How would it
be drawn differently if the archaea were more closely related

to bacteria than to eukaryotes? Plants  Animals  Fungi  Protists
Domain Bacteria Domain Archaca Domain Eukarya
Prokaryoles  Prokaryotes
Ghlamydias Gram-positve Endospore Gram-negative ~ Methane
Shrochetes bacira - protwcers bacera prodicers Talleln  mativein | Evanciss

Ancestral Cell Line (st lving cells)




New to Microbiology, A Systems Approach

Global changes:

Case Files

The Case Files are now more integrated into the chapter, with the
chapter-opening “Case File,” a "Continuing the Case” box, and a
final “Case Wrap-Up.” All but two of these chapter case files are
new to this edition.

The Case Files are linked to the second edition of Laboratory Applica-
tions in Microbiology, A Case Study Approach, by Barry Chess.
Learning Outcomes and “Can You. . .” Assessment Questions

The chapter overviews now include Learning Outcomes, which

help focus the student’s attention on key concepts in the

chapter. All Connect online content is directly correlated to
these same Learning Outcomes.

Each section of a chapter ends with assessment questions

that tie directly to the Learning Outcomes. Additional online

Connect questions will also help analyze performance against

the Learning Outcomes.
Improved End-of-Chapter Material

Each Chapter Summary is now bulleted and easier to read.

All review questions are now linked to Bloom'’s taxonomy.

Answers for all multiple-choice, true-false, and matching

questions are available in Appendix C for student self-practice.

Corresponding interactive Concept Maps in Connect reinforce

the key terms and concepts in the chapter mapping exercises.

Chapter changes:

Chapter 1
A new discussion about the subject of evolution has been added.
The tree of life was expanded to a “web of life” based on new
findings.

Chapter 2
A new Insight reading on the periodic table is now included.
The chapter has been updated with a new emphasis on the
regulatory RNAs.

Chapter 3
The presentation on magnification, resolution, and contrast has
been improved.
The different types of microscopes are more clearly illustrated
and compared side-by-side in a new table (table 3.5).

Chapter 4
Sixteen pieces of art in this chapter have been updated or
improved.
The use of the terms bacterium versus prokaryote has been
clarified.

Chapter 5
The concept of Last Common Ancestor is introduced, based on
the newest research on the evolutionary history of prokaryotes
and eukaryotes.

xviii

Information about the cytoskeleton has been revised from
two fiber types to three (actin filaments, microtubules, and
intermediate filaments).

The figure illustrating the eukaryotic cell now includes the
prokaryotic cell for comparison.

The discussion on the taxonomy of protists has been updated.

Chapter 6
The ubiquity of viruses and their role in the biosphere and
evolution receives significant attention.
The discussion of different viral replication strategies has been
greatly improved.
The discussion of cancer and viruses has been expanded.
The bacteriophage life cycle illustration now includes the
lysogenic and lytic phases in one illustration.

Chapter 7
The order of presenting diffusion versus osmosis has been
switched for better presentation.
The facilitated diffusion figure has been improved.
A large section of text and accompanying figures about
biofilms and quorum sensing has been added.
The binary fission figure has been updated to reflect current
research findings.

Chapter 8
An illustration about activation energy has been added to this
chapter.
A new visual icon based on the first overview figure in the
chapter has been included with several later figures to help
students better understand where each of the later figures fits
in “the big picture.”
The Krebs Cycle illustration has been moved out of a boxed
reading and into the main text.
The illustrations of the electron transport system have been
greatly improved, and prokaryotes are now emphasized over
eukaryotes.

Chapter 9
The phrase horizontal gene transfer is now used to describe
transformation, transduction, and conjugation, and the

significance of this phenomenon for eukaryotic development is
discussed.

Content on phase variation and pathogenicity islands has been

added.

A new Insight reading about the virulence of Salmonella in

space and how it relates to earth infections has been added.
Chapter 10

More emphasis has been put on automated versus manual

sequencing.

A new section on synthetic biology has been added.



More information on siRNAs and gene silencing techniques as
therapeutic interventions is now included.

Information on single nucleotide polymorphisms (SNPs) in the
human genome was added.

The discussion on microarray analysis has been improved.

The section on ethical issues has been expanded.

Chapter 11

Osmotic pressure as a control measure has been included in
this chapter.

Chapter 12

Information on the fifth generation of cephalosporins is now
included.

More information about the efficacy of antibiotics in biofilm
infections has been added.

A new table (Table 12.3) about the spectrum of activity of
various antibacterials has been added.

The possibility of phage therapy is now included in this chapter.
The role of bystander microbes in harboring antibiotic
resistance has been added.

Chapter 13

This chapter was updated with a discussion of the Human
Microbiome Project, which is revolutionizing the idea of normal
biota.

A new discussion of the role of stress hormones on the
expression of pathogenicity genes in bacteria is now in this
chapter.

A new figure summarizing the path to disease (Figure 13.8) has
been added.

The section on epidemiology has been improved.

Chapter 14

The chapter now addresses the difference between non-self
antigens that are pathogenic and non-self antigens that are
commensal, and how that trains the immune response.
Content on pattern recognition receptors (PRRs) has been
added to the discussion of pathogen-associated molecular
patterns (PAMPs).

The nonspecific immune system has been reorganized into four
sections: inflammation, phagocytosis, fever, and antimicrobial
proteins.

Chapter 15

The content has been restructured so it is easier to follow
(sections were renamed after the flowchart that appears at the
beginning of the chapter).

New information on Ty17 cells and T regulatory cells has been
included.

New information on CD3 molecules as part of the T-cell
receptor has been added.

The "types of vaccines” have been reordered to a much more
logical format.

An Insight reading about the antivaccination movement has

been added.

Chapter 16

The first illustration in this chapter and the organization of
disorders have been rearranged and improved for better
clarity.

It has been made more apparent that autoimmune diseases
fit into multiple “Types of Hypersensitivities” sections by the
reorganization of content in these sections.

Chapter 17
The section on genotyping has been updated. For example,
the PNA FISH technique is now included.
The discussion of specificity and sensitivity has been improved.

Information about imaging in microbial diagnosis has been
added.

Chapter 18
New, paradigm-shifting data from the Human Microbiome
Project about normal biota have been added to this chapter.
A discussion regarding the current thought that antimicrobial
peptides are a major skin defense has also been included.

Chapter 20
CMV has been removed as a cause of infectious
mononucleosis, reflecting new data; similarly, HTLV-Il has been
removed as a cause of hairy cell leukemia.
A section on Chikungunya virus hemorrhagic fever has been
added.
Important new data on vaccine failure and also success for HIV,
including a new approach that some say could eliminate HIV,
have been included.

Chapter 21
More emphasis has been put on polymicrobial diseases in the
respiratory tract.
A section on an important new cause of pharyngitis has been
added.
A separate note about “emerging pneumonias” has been
added; the information on SARS has been moved out of the
main pneumonia table and included with this category, along
with the new adenovirus pneumonias, reflecting the relative
importance of these infections.
A new Insight reading linking the timeline of influenza
pandemics with historical events has been added.

Chapter 22
New material on normal biota in the stomach has been added.

A discussion regarding the link between oral biota and heart
disease has been included.

A new Insight reading on the possible microbial cause of
Crohn'’s disease appears.

Chapter 23
New information about the different biota (and infection
consequences) of circumcised versus uncircumcised men is now
included.

A “Note"” box explaining the confusing world of STD statistics
has been added.

A discussion on parents’ fears about the HPV vaccine has been
included.

Chapter 24
This chapter was significantly rewritten to incorporate genomic
findings of new microbes in the environment.

New findings about viruses and genes in the ocean are also
included.

Chapter 25
The section on water contamination has been moved from
chapter 24 to this chapter.
Chapter headings were changed to be more logical to the
reader.

Information about algal biofuels has been added.
xix



Customize your course materials to your learning outcomes!

Create what you've only imagined.

Introducing McGraw-Hill Create™—a new, self-service website that allows you to create custom course materials—
print and eBooks—by drawing upon McGraw-Hill's comprehensive, cross-disciplinary content. Add your own
content quickly and easily. Tap into other rights-secured third-party sources as well. Then, arrange the content in a
way that makes the most sense for your course.
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Need a lab manual for your microbiology course? Customize any of these manuals—
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In 2000, genomic researcher J. Craig Venter stood with physician and geneticist Francis Collins and
U.S. President Bill Clinton to announce that the Human Genome Project, a worldwide effort to identify all the
genes in a human being, was essentially complete. Two years later, Venter was aboard his 95-foot sailboat, the
Sorcerer Il, “fishing” for new genomes to map—those of microorganisms living in the ocean.

As the Sorcerer Il sailed the Sargasso Sea, Venter and his assistants collected 200-liter samples of
seawater and filtered them so that only organisms 1 to 3 um in size were retained. They then froze these life
forms onto filter paper and sent them to Venter's facility in Rockville, Maryland, for analysis. Using molecular
biology techniques first developed for the Human Genome Project, Venter hoped to classify the new life
forms by identifying novel genes without having to coax organisms to grow in the lab. Venter's efforts were so
successful that many people compared his voyage to that of the British naturalist Charles Darwin, which had
occurred over 170 years earlier and led to Darwin’s theory of evolution, a premise that underlies nearly every
aspect of biology today.

B What are some possible benefits of discovering new microbial species?
B What does the theory of evolution state?

Continuing the Case appears on page 15.

Outline and Learning Outcomes

11 The Scope of Microbiology
1. List the various types of microorganisms.
2. ldentify multiple types of professions using microbiology.
1.2 The Impact of Microbes on Earth: Small Organisms with a Giant Effect
3. Describe the role and impact of microbes on earth.
4. Explain the theory of evolution and why it is called a theory.
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1.3 Human Use of Microorganisms

5. Explain the ways that humans manipulate organisms for their own uses.

1.4 Infectious Diseases and the Human Condition

6. Summarize the relative burden of human disease caused by microbes.

1.5 The General Characteristics of Microorganisms

7. Differentiate between prokaryotic and eukaryotic microorganisms.

8. Identify a third type of microorganism.

9. Compare and contrast the relative sizes of the different microbes.

1.6 The Historical Foundations of Microbiology

10. Make a time line of the development of microbiology from the 1600s to today.

11. List some recent microbiology discoveries of great impact.

12. Explain what is important about the scientific method.
1.7 Naming, Classifying, and Identifying Microorganisms

13. Differentiate between the terms nomenclature, taxonomy, and classification.

14. Create a mnemonic device for remembering the taxonomic categories.

15. Correctly write the binomial name for a microorganism.
16. Draw a diagram of the three major domains.

17. Explain the difference between traditional and molecular approaches to taxonomy.

1.1 The Scope of Microbiology

Microbiology is a specialized area of biology that deals with
living things ordinarily too small to be seen without magnifi-
cation. Such microscopic organisms are collectively referred
to as microorganisms (my”-kroh-or’-gun-izms), microbes, or
several other terms depending on the kind of microbe or the
purpose. In the context of infection and disease, some people
call them germs, viruses, or agents; others even call them
“bugs”; but none of these terms are clear. In addition, some of
these terms place undue emphasis on the disagreeable repu-
tation of microorganisms. But, as we will learn throughout
the course of this book, only a small minority of microorgan-
isms are implicated in causing harm to other living beings.
There are several major groups of microorganisms that we’ll
be studying. They are bacteria, algae, protozoa, helminths
(parasitic invertebrate animals such as worms), and fungi.
All of these microbes—just like plants and animals—can be
infected by viruses, which are noncellular, parasitic, protein-
coated genetic elements, dependent on their infected host.
They can cause harm to the host they infect. Although viruses
are not strictly speaking microorganisms—namely, cellular
beings—their evolutionary history and impact are intimately
connected with the evolution of microbes and their study is
thus integrated in the science of microbiology. As we will see
in subsequent chapters, each group of microbes exhibits a
distinct collection of biological characteristics.

The nature of microorganisms makes them both very
easy and very difficult to study—easy because they repro-
duce so rapidly and we can quickly grow large populations
in the laboratory and difficult because we can’t see them
directly. We rely on a variety of indirect means of analyzing
them in addition to using microscopes.

Microbiology is one of the largest and most complex
of the biological sciences because it includes many diverse

biological disciplines. Microbiologists study every aspect of
microbes—their cell structure and function, their growth and
physiology, their genetics, their taxonomy and evolutionary
history, and their interactions with the living and nonliving
environment. The latter includes their uses in industry and
agriculture and the way they interact with mammalian hosts,
in particular, their properties that may cause disease or lead
to benefits.

Some descriptions of different branches of study appear
in table 1.1. Studies in microbiology have led to greater
understanding of many general biological principles. For
example, the study of microorganisms established universal
concepts concerning the chemistry of life (see chapters 2 and
8); systems of inheritance (see chapter 9); and the global cycles
of nutrients, minerals, and gases (see chapter 24).

1.1 Learning Outcomes—Can You . ..

1. ... list the various types of microorganisms?
2. . .. identify multiple types of professions using microbiology?

1.2 The Impact of Microbes on Earth:
Small Organisms with a Giant Effect

The most important knowledge that should emerge from
a microbiology course is the profound influence microor-
ganisms have on all aspects of the earth and its residents.
For billions of years, microbes have extensively shaped the
development of the earth’s habitats and the evolution of other
life forms. It is understandable that scientists searching for life
on other planets first look for signs of microorganisms.
Bacterial-type organisms have been on this planet for
about 3.5 billion years, according to the fossil record. It
appears that they were the only living inhabitants on earth
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for almost 2 billion years. At that time (about 1.8 billion
years ago), a more complex type of single-celled organ-
ism arose, of a eukaryotic (yoo'-kar-ee-ah’-tik) cell type.
Eu-kary means true nucleus, which gives you a hint that
those first inhabitants, the bacteria, had no true nucleus. For
that reason they are called prokaryotes (proh”-kar’-ee-otes)
(prenucleus).

A Note About “-Karyote” Versus “-Caryote”

You will see the terms prokaryote and eukaryote spelled with
¢ (procaryote and eucaryote) as well as k. Both spellings are
accurate. This book uses the k spelling.

The early eukaryotes were the precursors of the cell type
that eventually formed multicellular animals, including
humans. But you can see from figure 1.1 how long that took!
On the scale pictured in the figure, humans seem to have
just appeared. The prokaryotes preceded even the earliest
animals by about 3 billion years. This is a good indication
that humans are not likely to—nor should we try to—
eliminate bacteria from our environment. They've survived
and adapted to many catastrophic changes over the course
of their geologic history.

Another indication of the huge influence bacteria exert
is how ubiquitous they are. Microbes can be found nearly
everywhere, from deep in the earth’s crust, to the polar ice
caps and oceans, to the bodies of plants and animals. Being
mostly invisible, the actions of microorganisms are usually
not as obvious or familiar as those of larger plants and ani-
mals. They make up for their small size by occurring in large
numbers and living in places that many other organisms can-
not survive. Above all, they play central roles in the earth’s
landscape that are essential to life.

When we point out that prokaryotes have adapted to a
wide range of conditions over the 3.8 billion years of their

Eukaryotes
appeared.

Probable
origin of

Prokaryotes
appeared.

presence on this planet, we are talking about evolution.
The presence of life in its present form would not be pos-
sible if the earliest life forms had not changed constantly,
adapting to their environment and circumstances. Getting
from the far left in figure 1.1 to the far right, where humans
appeared, involved billions and billions of tiny changes,
starting with the first cell that appeared about a billion
years after the planet itself was formed.

You have no doubt heard this concept described as the
“theory of evolution.” Let’s clarify some terms. Evolution is
the accumulation of changes that occur in organisms as they
adapt to their environments. It is documented every day in all
corners of the planet, an observable phenomenon testable by
science. It is often referred to as the theory of evolution. This
has led to great confusion among the public. As we will
explain in section 1.6, scientists use the term “theory” in a dif-
ferent way than the general public does. By the time a princi-
ple has been labeled a theory in science, it has undergone years
and years of testing and not been disproven. This is much dif-
ferent than the common usage, as in “My theory is that he
overslept and that’s why he was late.” The theory of evolution,
like the germ theory and many other scientific theories, are
labels for well-studied and well-established natural
phenomena.

Microbial Involvement in Shaping Our Planet

Microbes are deeply involved in the flow of energy and
food through the earth’s ecosystems.! Most people are
aware that plants carry out photosynthesis, which is
the light-fueled conversion of carbon dioxide to organic
material, accompanied by the formation of oxygen (called
oxygenic photosynthesis). However, bacteria invented
photosynthesis long before first plants appeared, first as a

1. Ecosystems are communities of living organisms and their surrounding
environment.

Humans
appeared.

Mammals
appeared.

Cockroaches,
termites
appeared.

Reptiles
appeared.

Figure 1.1 Evolutionary time
The first bacteria appeared

4 billion
years ago

3 billion
years ago

2 billion
years ago

1 billion
years ago time

approximately 3.5 billion years ago. They
were the only form of life for half of the
earth’s history.

Present
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Table 1.1 Microbiology—A Sampler

A. Medical Microbiology

This branch deals with microbes that cause diseases in humans
and animals. Researchers examine factors that make the microbes
virulent and mechanisms for inhibiting them.

Figure A. A staff microbiologist at the Centers
for Disease Control and Prevention (CDC) examines
a culture of influenza virus identical to one that
circulated in 1918. The lab is researching why

this form of the virus was so deadly and how to
develop vaccines and other treatments. Handling
such deadly pathogens requires a high level of
protection with special headgear and hoods.

B. Public Health Microbiology and Epidemiology

These branches monitor and control the spread of diseases

in communities. Institutions involved in this concern are the

U.S. Public Health Service (USPHS) with its main agency, the
Centers for Disease Control and Prevention (CDC) located in
Atlanta, Georgia, and the World Health Organization (WHO), the
medical limb of the United Nations.

Figure B. Epidemiologists from the CDC employ
an unusual method for microbial sampling. They are
collecting grass clippings to find the source of an
outbreak of tularemia in Massachusetts.

C. Immunology

This branch studies the complex web of protective substances and
cells produced in response to infection. It includes such diverse
areas as vaccination, blood testing, and allergy (see chapters 15, 16,
and 17).

Figure C. Animmunologist harvests chicken
antibodies from egg yolks.
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D. Industrial Microbiology

This branch safeguards our food and water, and also includes
biotechnology, the use of microbial metabolism to arrive at a desired
product, ranging from bread making to gene therapy. Microbes can
be used to create large quantities of substances such as amino acids,
beer, drugs, enzymes, and vitamins.

Figure D. Food inspectors sample a beef carcass
for potential infectious agents. The safety of the food
supply has wide-ranging importance.

E. Agricultural Microbiology
This branch is concerned with the relationships between microbes

and domesticated plants and animals.

Plant specialists focus on plant diseases, soil fertility, and
nutritional interactions.

Animal specialists work with infectious diseases and other
associations animals have with microorganisms.

Figure E. Plant microbiologists examine images of
alfalfa sprouts to see how microbial growth affects plant
roots.

F. Environmental Microbiology
These microbiologists study the effect of microbes on the earth’s
diverse habitats. Whether the microbes are in freshwater or saltwater,
topsoil or the earth’s crust, they have profound effects on our planet.
Subdisciplines of environmental microbiology are
Aquatic microbiology—the study of microbes in the earth’s
surface water
Soil microbiology—the study of microbes in terrestrial parts of
the planet
Geomicrobiology—the study of microbes in the earth’s crust
and
Astrobiology (also known as exobiology)—the search for/study
of microbial and other life in places off of our planet (see
Insight 1.3)

Figure F. Researchers collect samples and data in
Lake Erie.
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Figure 1.2 Examples of microbial habitats.
(b) Microbes play a large role in decomposing dead animal and plant matter.

process that did not produce oxygen (anoxygenic photosyn-
thesis). This anoxygenic photosynthesis later evolved into
oxygenic photosynthesis, which not only produced oxygen
but also was much more efficient in extracting energy from
sunlight. Hence, bacteria were responsible for changing
the atmosphere of the earth from one without oxygen to
one with oxygen. The production of oxygen also led to the
use of oxygen for aerobic respiration and the formation of
ozone, both of which set off an explosion in species diver-
sification. Today, photosynthetic microorganisms (bacteria
and algae) account for more than 70% of the earth’s pho-
tosynthesis, contributing the majority of the oxygen to the
atmosphere (figure 1.2a).

Another process that helps keep the earth in balance is the
process of biological decomposition and nutrient recycling.
Decomposition involves the breakdown of dead matter and
wastes into simple compounds that can be directed back into
the natural cycles of living things (figure 1.2b). If it were not
for multitudes of bacteria and fungi, many chemical elements
would become locked up and unavailable to organisms; we
humans would drown in our own industrial and personal
wastes! In the long-term scheme of things, microorganisms
are the main forces that drive the structure and content of the
soil, water, and atmosphere. For example:

* The very temperature of the earth is regulated by gases,
such as carbon dioxide, nitrous oxide, and methane,
which create an insulation layer in the atmosphere and
help retain heat. Many of these gases are produced by
microbes living in the environment and the digestive
tracts of animals.

(b)

(a) Summer pond with a thick mat of algae—a rich photosynthetic community.

® Recent estimates propose that, based on weight and num-
bers, up to 50% of all organisms exist within and beneath
the earth’s crust in sediments, rocks, and even volcanoes.
Itis increasingly evident that this enormous underground
community of microbes is a significant influence on
weathering, mineral extraction, and soil formation.

® Bacteria and fungi live in complex associations with
plants that assist the plants in obtaining nutrients and
water and may protect them against disease. Microbes
form similar interrelationships with animals, notably, in
the stomach of cattle, where a rich assortment of bacteria
digest the complex carbohydrates of the animals’ diets.

1.2 Learning Outcomes—Can You ...

3. ... describe the role and impact of microbes on the earth?
4. ... explain the theory of evolution and why it is called a theory?

1.3 Human Use of Microorganisms

Microorganisms clearly have monumental importance to
the earth’s operation. It is this very same diversity and
versatility that also makes them excellent candidates for
solving human problems. By accident or choice, humans
have been using microorganisms for thousands of years
to improve life and even to shape civilizations. Baker’s
and brewer’s yeast, types of single-celled fungi, cause
bread to rise and ferment sugar into alcohol to make wine
and beers. Other fungi are used to make special cheeses



such as Roquefort or Camembert. These and other “home”
uses of microbes have been in use for thousands of years.
For example, historical records show that households in
ancient Egypt kept moldy loaves of bread to apply directly
to wounds and lesions. When humans manipulate micro-
organisms to make products in an industrial setting, it is
called biotechnology. For example, some specialized bacteria
have unique capacities to mine precious metals or to clean
up human-created contamination (figure 1.3).

Genetic engineering is an area of biotechnology that
manipulates the genetics of microbes, plants, and animals
for the purpose of creating new products and genetically
modified organisms (GMOs). One powerful technique for
designing GMOs is termed recombinant DNA technology.
This technology makes it possible to transfer genetic mate-
rial from one organism to another and to deliberately alter
DNA.? Bacteria and fungi were some of the first organisms to
be genetically engineered. This was possible because they are
single-celled organisms and they are so adaptable to changes
in their genetic makeup. Recombinant DNA technology
has unlimited potential in terms of medical, industrial, and
agricultural uses. Microbes can be engineered to synthesize
desirable products such as drugs, hormones, and enzymes.

Among the genetically unique organisms that have
been designed by bioengineers are bacteria that mass pro-
duce antibiotic-like substances, yeasts that produce human
insulin, pigs that produce human hemoglobin, and plants
that contain natural pesticides or fruits that do not ripen too
rapidly. The techniques also pave the way for characterizing
human genetic material and diseases.

Another way of tapping into the unlimited poten-
tial of microorganisms is the science of bioremediation
(by'-oh-ree-mee-dee-ay”-shun). This process involves the
introduction of microbes into the environment to restore
stability or to clean up toxic pollutants. Microbes have a
surprising capacity to break down chemicals that would
be harmful to other organisms. This includes even man-
made chemicals that scientists have developed and for
which there are no natural counterparts.

Agencies and companies have developed microbes
to handle oil spills and detoxify sites contaminated with
heavy metals, pesticides, and other chemical wastes
(figure 1.3¢). The solid waste disposal industry is interested
in developing methods for degrading the tons of garbage in
landfills, especially human-made plastics and paper products.
One form of bioremediation that has been in use for some time
is the treatment of water and sewage. Because clean freshwater
supplies are dwindling worldwide, it will become even more
important to find ways to reclaim polluted water.

1.3 Learning Outcomes—Can You ...

5. ... explain the ways that humans manipulate organisms for
their own uses?

2. DNA, or deoxyribonucleic acid, is the chemical substance that comprises
the genetic material of organisms.

1.3 Human Use of Microorganisms 7

(b)

Figure 1.3 Microbes at work. (a) An aerial view of a copper
mine looks like a giant quilt pattern. The colored patches are bacteria
in various stages of extracting metals from the ore. (b) Microbes as
synthesizers. Fermenting tanks at a winery. (c) Members of a biohazard
team from the National Oceanic and Atmospheric Agency (NOAA)
participate in the removal and detoxification of 63,000 tons of crude
oil released by a wrecked oil tanker on the coast of Spain. The
bioremediation of this massive spill made use of naturally occurring
soil and water microbes as well as commercially prepared oil-eating
species of bacteria and fungi.
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1.4 Infectious Diseases and
the Human Condition

One of the most fascinating aspects of the microorgan-
isms with which we share the earth is that, despite all of
the benefits they provide, they also contribute significantly
to human misery as pathogens (path’-oh-jenz). The vast
majority of microorganisms that associate with humans cause
no harm. In fact, they provide many benefits to their human
hosts. There is little doubt that a diverse microbial biota living
in and on humans is an important part of human well-being.
However, humankind is also plagued by nearly 2,000 differ-
ent microbes that can cause various types of disease. Infec-
tious diseases still devastate human populations worldwide,
despite significant strides in understanding and treating
them. The World Health Organization (WHO) estimates there
are a total of 10 billion new infections across the world every
year. Infectious diseases are also among the most common
causes of death in much of humankind, and they still kill a sig-
nificant percentage of the U.S. population. Table 1.2 depicts
the 10 top causes of death per year (by all causes, infectious
and noninfectious) in the United States and worldwide. The
worldwide death toll from infections is about 13 million
people per year. For example, the CDC reports that every 30
seconds a child dies from malaria.

In figure 1.4, you can see that high-income countries like
ours see many more deaths caused by chronic, noninfectious,
diseases (heart disease, cancer, stroke) than those caused by
infections. Low-income countries (on the left on the graph)
suffer high rates of death from these diseases but even higher
rates of deaths from infections. Economics is closely tied to
survival in these countries.

Malaria, which kills more than a million people every year
worldwide, is caused by a microorganism transmitted by mos-
quitoes (see chapter 20). Currently, the most effective way for citi-
zens of developing countries to avoid infection with the causal
agent of malaria is to sleep under a bed net, because the mos-
quitoes are most active in the evening. Yet even this inexpensive

Table 1.2 Top Causes of Death—All Diseases

United States No. of Deaths

1. Heart disease 652,000
2. Cancer 559,000
3. Stroke 144,000
4. Chronic lower-respiratory disease 131,000
5. Unintentional injury (accidents) 118,000
6. Diabetes 75,000
7. Alzheimer’s disease 72,000
8. Influenza and pneumonia 63,000
9. Kidney problems 44,000
10. Septicemia (bloodstream infection) 34,000

*Diseases in red are those most clearly caused by microorganisms.
Source: Data from the World Health Organization, 2008.

14,000

12,000+

10,000

8,000+

6,000

Total deaths (000)

4,000+

2,000 ] ]

0 =
Lower middle Upper middle High income

income countries income countries countries

[ Communicable diseases, [ Chronic diseases*
maternal and perinatal conditions Iniuri
o . . ’ - njuries
and nutritional deficiencies !
*Chronic diseases include cardiovascular diseases, cancers, chronic respiratory disorders,
diabetes, neuropsychiatric and sense organ disorders, musculoskeletal and oral disorders,
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Figure 1.4 The role of infectious diseases vs. other
causes of death in countries of varying income.

solution is beyond the reach of many. Mothers in Southeast Asia
and elsewhere have to make nightly decisions about which of
their children will sleep under the single family bed net, because
a second one, priced at about $3 to $5, is too expensive for them.

Adding to the overload of infectious diseases, we
are also witnessing an increase in the number of new
(emerging) and older (reemerging) diseases. AIDS, hepa-
titis C, and viral encephalitis are examples of diseases that
cause severe mortality and morbidity. To somewhat balance
this trend, there have also been some advances in eradica-
tion of diseases such as polio, measles, and leprosy and
diseases caused by certain parasitic worms.

One of the most eye-opening discoveries in recent years is
that many diseases that used to be considered noninfectious
probably do involve microbial infection. The most famous of
these is gastric ulcers, now known to be caused by a bacterium
called Helicobacter. But there are more. An association has
been established between certain cancers and bacteria and

Worldwide No. of Deaths
1. Heart disease 12.2 million
2. Stroke 5.7 million
3. Cancer 5.7 million
4. Respiratory infections* 3.9 million
5. Chronic lower-respiratory disease 3.6 million
6. Accidents 3.5 million
7. HIV/AIDS 2.9 million
8. Perinatal conditions 2.5 million
9. Diarrheal diseases 2.0 million
10. Tuberculosis 1.6 million



viruses, between diabetes and the Coxsackie virus, and
between schizophrenia and a virus called the Borna agent.
Diseases as different as multiple sclerosis, obsessive compul-
sive disorder, coronary artery disease, and even obesity have
been linked to chronic infections with microbes or viruses. It
seems that the golden age of microbiological discovery, dur-
ing which all of the “obvious” diseases were characterized
and cures or preventions were devised for them, should more
accurately be referred to as the first golden age. We're now
discovering the subtler side of microorganisms. Their roles
in quiet but slowly destructive diseases are now well known.
These include female infertility caused by Chlamydia infection,
and malignancies such as liver cancer (hepatitis viruses) and
cervical cancer (human papillomavirus). Here again, low-
income countries differ from high-income countries. It seems
that up to 26% of cancers in low-income countries are caused

[\ H{[c1 I A B The More Things Change . ..

In 1964, the surgeon general of the United States delivered a
speech to Congress: “It is time to close the book on infectious
diseases,” he said. “The war against pestilence is over.”

In 1998, Surgeon General David Satcher had a different
message. The Miami Herald reported his speech with this headline:
“Infectious Diseases a Rising Peril; Death Rates in U.S. Up 58%
Since 1980.”

The middle of the last century was a time of great confidence
in science and medicine. With the introduction of antibiotics
in the 1940s, and a lengthening list of vaccines that prevented
the most frightening diseases, Americans felt that it was only
a matter of time before diseases caused by microorganisms
(i.e., infectious diseases) would be completely manageable. The
nation’s attention turned to the so-called chronic diseases, such
as heart disease, cancer, and stroke.

So what happened to change the optimism of the 1960s
to the warning expressed in the speech from 1998? Dr. Satcher
explained it this way: “Organisms changed and people changed.”
First, we are becoming more susceptible to infectious disease
precisely because of advances in medicine. People are living
longer. Sicker people are staying alive much longer than in the
past. Older and sicker people have heightened susceptibility
to what we might call garden-variety microbes. Second, the
population has become more mobile. Travelers can crisscross the
globe in a matter of hours, taking their microbes with them and

United States Surgeon General Luther Terry addressing a press
conference in 1964.
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by viruses or bacteria, while less than 7% of malignancies in
the developed world are microbially induced.

As mentioned earlier, another important development
in infectious disease trends is the increasing number of
patients with weakened defenses that are kept alive for
extended periods. They are subject to infections by common
microbes that are not pathogenic to healthy people. There
is also an increase in microbes that are resistant to drugs. It
appears that even with the most modern technology avail-
able to us, microbes still have the “last word,” as the great
French scientist Louis Pasteur observed (Insight 1.1).

1.4 Learning Outcomes—Can You ...

6. ... summarize the relative burden of human disease caused by
microbes?
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United States Surgeon General David Satcher in 1998.

introducing them into new “naive” populations. Third, there are
growing numbers of microbes that truly are new (or at least, new
to us). The conditions they cause are called emerging diseases.
Changes in agricultural practices and encroachment of humans
on wild habitats are just two probable causes of emerging dis-
eases. The mass production and packing of food increases the
opportunity for large outbreaks, especially if foods are grown
in fecally contaminated soils or are eaten raw or poorly cooked.
In the past several years, dozens of food-borne outbreaks have
been associated with the bacterium Escherichia coli O157:H7 in
fresh vegetables, fruits, and meats. Fourth, microorganisms have
demonstrated their formidable capacity to respond and adapt to
our attempts to control them, most spectacularly by becoming
resistant to the effects of our miracle drugs.

And there’s one more thing: Evidence is mounting that
many conditions formerly thought to be caused by genetics or
lifestyle, such as heart disease and cancer, can often be at least
partially caused by microorganisms.

Microbes never stop surprising us—in their ability not only
to harm but also to help us. The best way to keep up is to learn as
much as you can about them. This book is a good place to start.
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1.5 The General Characteristics
of Microorganisms

Cellular Organization

As discussed earlier, two basic cell lines appeared during
evolutionary history. These lines, termed prokaryotic
cells and eukaryotic cells, differ not only in the complex-
ity of their cell structure (figure 1.54) but also in contents
and function.

In general, prokaryotic cells are about 10 times smaller
than eukaryotic cells, and they lack many of the eukaryotic cell
structures such as organelles. Organelles are small, double-
membrane-bound structures in the eukaryotic cell that perform
specific functions and include the nucleus, mitochondria, and
chloroplasts. The microorganisms that consist of these two
different cell types (called prokaryotes and eukaryotes) are
covered in more detail in chapters 4 and 5.

All prokaryotes are microorganisms, but only some
eukaryotes are microorganisms. The majority of microorgan-
isms are single-celled (all prokaryotes and some eukaryotes),
but some consist of a few cells (figure 1.6). Certain inverte-
brate animals—such as helminths (worms), many of which
can be seen with the naked eye, are also included in the study
of infectious diseases because of the way they are transmitted
and the way the body responds to them, though they are not
microorganisms.

Lifestyles of Microorganisms

The majority of microorganisms live a free existence in
habitats such as soil and water, where they are relatively
harmless and often beneficial. A free-living organism can
derive all required foods and other factors directly from
the nonliving environment. Some microorganisms require
interactions with other organisms. Sometimes these microbes
are termed parasites. They are harbored and nourished by

other living organisms called hosts. A parasite’s actions
cause damage to its host through infection and disease.
Although parasites cause important diseases, they make up
only a small proportion of microbes.

A Note on Viruses

Viruses are subject to intense study by microbiologists. As
mentioned before, they are not independently living cellular
organisms. Instead, they are small particles that exist at the
level of complexity somewhere between large molecules and
cells (figure 1.5b). Viruses are much simpler than cells; outside
their host, they are composed essentially of a small amount
of hereditary material (either DNA or RNA but never both)
wrapped up in a protein covering that is sometimes enveloped
by a protein-containing lipid membrane. In this extracellular
state, they are individually referred to as a virus particle or
virion. When inside their host organism, in the intracellular
state, viruses usually exist only in the form of genetic material
that confers a partial genetic program on the host organisms.
That is why many microbiologists refer to viruses as parasitic
particles; however, a few consider them to be very primitive
organisms. Nevertheless, all biologists agree that viruses are
completely dependent on an infected host cell's machinery for
their multiplication and dispersal.

1.5 Learning Outcomes—Can You ...
7. ... differentiate between prokaryotic and eukaryotic
microorganisms?
8. ... identify a third type of microorganism?
9. ... compare and contrast the relative sizes of the different

microbes?

(a) Cell Types (b) Virus Types
Prokaryotic Eukaryotic
Nucleus Mitochondria
Envelope
Chromosome Ribosomes P Casid
apsi
Ribosomes '/’ i
| 1_\ k Nucleic
" ,\h)_ / acid
AIDS virus

Cell wall Cell
membrane

“Flagellum Flagellum

Cell membrane Bacterial virus

Figure 1.5 Cell structure.
types and viruses are discussed in more detail in chapters 4, 5, and 6.

(a) Comparison of a prokaryotic cell and a eukaryotic cell (not to scale). (b) Two examples of viruses. These cell
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Bacterium: E. coli

Virus: Herpes simplex

Figure 1.6 Five types of microorganisms. The drawing at top right shows relative size differences. The
photos of organisms around the drawing are pictured at different magnifications in order to show their details.

1.6 The Historical Foundations
of Microbiology

If not for the extensive interest, curiosity, and devotion of
thousands of microbiologists over the last 300 years, we
would know little about the microscopic realm that sur-
rounds us. Many of the discoveries in this science have
resulted from the prior work of men and women who toiled
long hours in dimly lit laboratories with the crudest of tools.
Each additional insight, whether large or small, has added
to our current knowledge of living things and processes.
This section summarizes the prominent discoveries made
in the past 300 years: microscopy; the rise of the scientific
method; and the development of medical microbiology,
including the germ theory and the origins of modern micro-
biological techniques. Table B.1 in appendix B summarizes
some of the pivotal events in microbiology, from its earliest
beginnings to the present.

The Development of the Microscope:
“Seeing Is Believing”

From very earliest history, humans noticed that when cer-
tain foods spoiled they became inedible or caused illness,
and yet other “spoiled” foods did no harm and even had
enhanced flavor. Indeed, several centuries ago, there was
already a sense that diseases such as the black plague and
smallpox were caused by some sort of transmissible matter.
But the causes of such phenomena were vague and obscure
because the technology to study them was lacking. Conse-
quently, they remained cloaked in mystery and regarded
with superstition—a trend that led even well-educated
scientists to believe in spontaneous generation (Insight 1.2).

True awareness of the widespread distribution of
microorganisms and some of their characteristics was finally
made possible by the development of the first microscopes.
These devices revealed microbes as discrete entities shar-
ing many of the characteristics of larger, visible plants and
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[\ F{[c1 I A8 The Fall of Superstition and the Rise of Microbiology

For thousands of years, people believed that certain living things
arose from vital forces present in nonliving or decomposing
matter. This ancient belief, known as spontaneous generation,
was continually reinforced as people observed that meat left out
in the open soon “produced” maggots, that mushrooms appeared
on rotting wood, that rats and mice emerged from piles of litter,
and other similar phenomena. Though some of these early ideas
seem quaint and ridiculous in light of modern knowledge, we
must remember that, at the time, mysteries in life were accepted,
and the scientific method was not widely practiced.

Even after single-celled organisms were discovered during
the mid-1600s, the idea of spontaneous generation continued to
exist. Some scientists assumed that microscopic beings were an
early stage in the development of more complex ones.

Over the subsequent 200 years, scientists waged an experi-
mental battle over the two hypotheses that could explain the
origin of simple life forms. Some tenaciously clung to the idea of
abiogenesis (a = without, bio = life, genesis = beginning—
beginning in absence of life), which embraced spontaneous gen-
eration. On the other side were advocates of biogenesis (beginning
with life) saying that living things arise only from others of their
same kind. There were serious proponents on both sides, and each
side put forth what appeared on the surface to be plausible expla-
nations of why their evidence was more correct. Gradually, the
abiogenesis hypothesis was abandoned, as convincing evidence
for biogenesis continued to mount. The following series of experi-
ments were among the most important in finally tipping the
balance.

One of the first people to test the spontaneous generation
theory was Francesco Redi of Italy. He conducted a simple experi-
ment in which he placed meat in a jar and covered it with fine
gauze. Flies gathering at the jar were blocked from entering and
thus laid their eggs on the outside of the gauze. The maggots sub-
sequently developed without access to the meat, indicating that

animals. Several early scientists fashioned magnifying lenses,
but their microscopes lacked the optical clarity needed for
examining bacteria and other small, single-celled organ-
isms. The likely earliest record of microbes is in the works
of Englishman Robert Hooke. In the 1660s, Hooke studied
a great diversity of material from household objects, plants,
and trees; described for the first time cellular structures in
tree bark; and drew sketches of “little structures” that seemed
to be alive. Using a single-lens microscope he made himself,
Hooke described spots of mold he found on the sheepskin
cover of a book:

These spots appear'd, through a good Microscope, to be a very
pretty shap'd vagetative body, which, from almost the same
part of the Leather, shot out multitudes of small long cylindrical
and transparent stalks, not exactly straight, but a little bended
with the weight of a round and white knob that grew on the top
of each of them. . ..

maggots were the offspring of flies and did not arise from some
“vital force” in the meat. This and related experiments laid to rest
the idea that more complex animals such as insects and mice devel-
oped through abiogenesis, but it did not convince many scientists
of the day that simpler organisms could not arise in that way.

Redi’s Experiment

* % —3“

- ;-.\’ L0
> Meat with e 8 Maggots
no maggots hatching

into flies
The Frenchman Louis Jablot reasoned that even microscopic
organisms must have parents, and his experiments with hay
infusions (dried hay steeped in water) supported that hypoth-
esis. He divided into two containers an infusion that had been
boiled to destroy any living things: a heated container that was
closed to the air and a heated container that was freely open to

Jablot’s Experiment
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Figure 1.7a is a reproduction of the drawing he made to
accompany his written observations. Hooke paved the way
for even more exacting observations of microbes by Antonie
van Leeuwenhoek, a Dutch linen merchant and self-made
microbiologist.

Imagine a dusty linen shop in Holland in the late 1600s.
Ladies in traditional Dutch garb came in and out, choosing
among the bolts of linens for their draperies and upholstery.
Between customers, Leeuwenhoek retired to the workbench
in the back of his shop, grinding glass lenses to ever-finer
specifications so he could see with increasing clarity the
threads in his fabrics. Eventually, he became interested in
things other than thread counts. He took rainwater from a
clay pot, smeared it on his specimen holder, and peered at it
through his finest lens. He found “animals appearing to me
ten thousand times less than those which may be perceived
in the water with the naked eye.”



the air. Only the open vessel developed microorganisms, which
he presumed had entered in air laden with dust.

Additional experiments further defended biogenesis. Franz
Shultze and Theodor Schwann of Germany felt sure that air was
the source of microbes and sought to prove this by passing air
through strong chemicals or hot glass tubes into heat-treated
infusions in flasks. When the infusions again remained devoid of
living things, the supporters of abiogenesis claimed that the
treatment of the air had made it incapable of the spontaneous
development of life.

Shultze and Schwann’s Test

M—Air inlet
N A ——

Flame heats air.

Previously
sterilized
infusion
remains sterile.

Then, in the mid-1800s, the acclaimed chemist and micro-
biologist Louis Pasteur entered the arena. He had recently been
studying the roles of microorganisms in the fermentation of beer
and wine, and it was clear to him that these processes were brought
about by the activities of microbes introduced into the beverage
from air, fruits, and grains. The methods he used to discount
abiogenesis were simple yet brilliant.

To further clarify that air and dust were the source of
microbes, Pasteur filled flasks with broth and fashioned their
openings into long, swan-neck-shaped tubes. The flasks” open-
ings were freely open to the air but were curved so that gravity
would cause any airborne dust particles to deposit in the lower

He didn’t stop there. He scraped the plaque from his
teeth, and from the teeth of some volunteers who had never
cleaned their teeth in their lives, and took a good close look
at that. He recorded: “In the said matter there were many
very little living animalcules, very prettily a-moving. .. .
Moreover, the other animalcules were in such enormous
numbers, that all the water . .. seemed to be alive.” Leeu-
wenhoek started sending his observations to the Royal
Society of London, and eventually he was recognized as a
scientist of great merit.

Leeuwenhoek constructed more than 250 small,
powerful microscopes that could magnify up to 300 times

Figure 1.7 The first depiction of microorganisms.

(a) Drawing of “hairy mould” colony made by Robert Hooke in 1665.
(b) Photomicrograph of the fungus probably depicted by Hooke. It is
a species of Mucor, a common indoor mold.

1.6 The Historical Foundations of Microbiology

part of the necks. He heated the flasks to sterilize the broth and
then incubated them. As long as the flask remained intact, the
broth remained sterile; but if the neck was broken off so that dust
fell directly down into the container, microbial growth immedi-
ately commenced.

Pasteur summed up his findings, “For I have kept from
them, and am still keeping from them, that one thing which is
above the power of man to make; I have kept from them the
germs that float in the air, I have kept from them life.”

Pasteur’s Experiment
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(figure 1.8). Considering that he had no formal training in
science, his descriptions of bacteria and protozoa (which
he called “animalcules”) were astute and precise. Because
of Leeuwenhoek’s extraordinary contributions to micro-
biology, he is known as the father of bacteriology and
protozoology.

From the time of Hooke and Leeuwenhoek, micro-
scopes became more complex and improved with the addi-

Lens

Specimen
holder

Focus
screw

Handle

(b)

Figure 1.8 Leeuwenhoek’s microscope. (a) A brass replica
of a Leeuwenhoek microscope and how it is held. (b) Examples of
bacteria drawn by Leeuwenhoek.

tion of refined lenses, a condenser, finer focusing devices,
and built-in light sources. The prototype of the modern
compound microscope, in use from about the mid-1800s,
was capable of magnifications of 1,000 times or more. Even
our modern laboratory microscopes are not greatly differ-
ent in basic structure and function from those early micro-
scopes. The technical characteristics of microscopes and
microscopy are a major focus of chapter 3.

These events marked the beginning of our understand-
ing of microbes and the diseases they can cause. Discoveries
continue at a breakneck pace, however. In fact, the 2000s are
being widely called the Century of Biology, fueled by our
new abilities to study genomes and harness biological pro-
cesses. Microbes have led the way in these discoveries and
continue to play a large role in the new research.

Of course, between the “Golden Age of Microbiology”
and the “Century of Biology” there have been thousands
of important discoveries. But to give you a feel for what
has happened most recently, let’s take a glimpse of some
very recent discoveries that have had huge impacts on our
understanding of microbiology.

Discovery of restriction enzymes—1970s. Three scien-
tists, Daniel Nathans, Werner Arber, and Hamilton Smith,
discovered these little molecular “scissors” inside prokary-
otes. They chop up DNA in specific ways. Their job in the
prokaryotes is to destroy invading (viral) DNA. The reason
their discovery was such a major event in biology is that
these enzymes can be harvested from the bacteria and then
utilized in research labs to cut up DNA in a controlled way
that then allows us to splice the DNA pieces into vehicles
that can carry them into other cells. This opened the flood-
gates to genetic engineering—and all that has meant for the
treatment of diseases, the investigation into biological pro-
cesses, and the biological “revolution” of the 21st century.

The invention of the PCR technique—1980s. The
polymerase chain reaction (PCR) was a breakthrough in
our ability to detect tiny amounts of DNA and then amplify
them into quantities sufficient for studying. It has provided
a new and powerful method for discovering new organ-
isms and diagnosing infectious diseases and for forensic
work such as crime scene investigation. Its inventor is Kary
Mullis, a scientist working at a company in California at the
time. He won the Nobel Prize for this invention in 1993.

The importance of biofilms in infectious diseases—
1980s, 1990s, and 2000s. Biofilms are accumulations of bacte-
ria and other microbes on surfaces. Often there are multiple
species in a single biofilm and often they are several layers
thick (figure 1.9). They have been recognized in environmen-
tal microbiology for a long time. Biofilms on rocks, biofilms
on ship hulls, even biofilms on ancient paintings have been
well studied. We now understand that biofilms are relatively
common in the human body (dental plaque is a great exam-
ple) and may be responsible for infections that are tough to
conquer, such as some ear infections and recalcitrant infec-
tions of the prostate. Biofilms are also a big danger to the
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Figure 1.9 A biofilm made of three different bacterial
species. This biofilm was artificially grown in the lab by adding
three bacterial species to a flowing chamber. The film is several
bacterial layers thick and mimics the kinds of biofilms found in
industrial settings, such as in water lines, and also in human infections.

success of any foreign body implanted in the body. Artificial
hips, hearts, and even IUDs (intrauterine devices) have all
been seen to fail due to biofilm colonization.

The importance of small RNAs—2000s. Once we were
able to sequence entire genomes (another big move for-
ward), scientists discovered something that turned a con-
cept we literally used to call “dogma” on its head. You will
learn in chapter 9 that DNA leads to the creation of proteins,
the workhorses of all cells. The previously held “Central
Dogma of Biology” was that RNA (a molecule related to
DNA) was the go-between molecule. DNA was made into
RNA, which dictated the creation of proteins. Genome
sequencing has revealed that perhaps only 2% of DNA leads
to a resulting protein. There is a lot of RNA that is being
made that doesn’t end up with a protein counterpart. These
pieces of RNA are usually small. It now appears that they
have absolutely critical roles in regulating what happens
in the cell. This is important not just to correct scientific
assumptions but there are important practical uses as well.
It has led to new approaches to how diseases are treated.
For example, if the small RNAs are in bacteria infecting
humans, they can be new targets for antimicrobial therapy.

The preceding example highlights a feature of biology—
and all of science—that is perhaps underappreciated. Because
we have thick textbooks containing all kinds of assertions
and “facts,” many people think science is an iron-clad collec-
tion of facts. Wrong! Science is an ever-evolving collection of
new information, gleaned from observable phenomena and
synthesized with old information to come up with the cur-
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rent understandings of nature. Some of these observations
have been confirmed so many times over such a long period
of time that they are, if not “fact,” very close to fact. Many
other observations will be altered over and over again as new
findings emerge. And that is the beauty of science.

The Establishment
of the Scientific Method

A serious impediment to the development of true scientific
reasoning and testing was the tendency of early scientists to
explain natural phenomena by a mixture of belief, supersti-
tion, and argument. The development of an experimental
system that answered questions objectively and was not
based on prejudice marked the beginning of true scientific
thinking. These ideas gradually crept into the consciousness
of the scientific community during the 1600s. The general
approach taken by scientists to explain a certain natural phe-
nomenon is called the scientific method. A primary aim of
this method is to formulate a hypothesis, a tentative explana-
tion to account for what has been observed or measured. A
good hypothesis should be in the form of a statement. It must
be capable of being either supported or discredited by careful
observation or experimentation. For example, the statement
that “microorganisms cause diseases” can be experimentally
determined by the tools of science, but the statement “dis-
eases are caused by evil spirits” cannot.

Case File 1

In 1831, Charles Darwin embarked on a
5-year voyage around the globe on a ship
called the HMS Beagle. While on this jour-
ney, Darwin identified many never-before-
seen plant and animal species. Eventually
his studies of these organisms led to the development of his
theory of evolution by natural selection, which states, in part,
that as the genetic material of living beings changes over
time, new life forms with unique structures and functions are
produced. Traits that favor the survival of an organism, such as
the ability to metabolize a new food source, are retained and
passed on to the organism’s descendents.

J. Craig Venter's initial efforts led to the discovery of 1.2
million new genes and 1,800 new species. He heads an orga-
nization called the Institute for Biological Energy Alternatives.
One of the institute’s goals is to create synthetic organisms
tailor-made for a specific purpose, such as synthesizing chemi-
cals, degrading waste products, or producing energy. It stands
to reason that Venter's discovery of new species will increase
the potential for even more useful products, both naturally
occurring and manmade.

Continuing the Case




16 Chapter 1 The Main Themes of Microbiology

Deductive and Inductive Reasoning

Science is a process of investigation, using observation, experi-
mentation, and reasoning. In some investigations, you make
individual decisions by using accepted general principles as a
guide. This is called deductive reasoning. Deductive reason-
ing, using general principles to explain specific observations,
is the reasoning of mathematics, philosophy, politics, and eth-
ics; deductive reasoning is also the way a computer works. All
of us rely on deductive reasoning as a way to make everyday
decisions—like whether you should open attachments in e-mails
from unknown senders (figure 1.10). We use general principles
as the basis for examining and evaluating these decisions.

Inductive Reasoning

Where do general principles come from? Religious and
ethical principles often have a religious foundation; political
principles reflect social systems. Some general principles,
however, such as those behind the deductive reasoning
example above, are not derived from religion or politics but
from observation of the physical world around us. If you
drop an apple, it will fall whether or not you wish it to and
despite any laws you may pass that forbid it to do so. Science
is devoted to discovering the general principles that govern
the operation of the physical world.

How do scientists discover such general principles? Sci-
entists are, above all, observers: They look at the world to
understand how it works. It is from observations that scientists
determine the principles that govern our physical world.

The process of discovering general principles by careful
examination of specific cases is termed inductive reasoning.
This way of thought first became popular about 400 years
ago, when Isaac Newton, Francis Bacon, and others began to
conduct experiments and from the results infer general prin-
ciples about how the world operates. Their experiments were
sometimes quite simple. Newton’s consisted simply of releas-

Deductive reasoning

Knowing that opening attachments
from unknown senders can
introduce viruses or other

bad things to your computer,

you chose the specific action

of not opening the attachment.

Inductive reasoning

ouud jesouse —!

T You have performed the specific

® action of clicking on unknown
attachments three different times
and each time your computer crashed
This leads you to conclude that
opening unknown attachments
can be damaging to your computer.

Figure 1.10 Deductive and inductive reasoning.

ing an apple from his hand and watching it fall to the ground.
From a host of particular observations, each no more compli-
cated than the falling of an apple, Newton inferred a general
principle—that all objects fall toward the center of the earth.
This principle was a possible explanation, or hypothesis,
about how the world works. You also make observations and
formulate general principles based on your observations, like
forming a general principle about the reliability of unknown
e-mail attachments in figure 1.10. Like Newton, scientists
work by forming and testing hypotheses, and observations
are the materials on which they build them.

As you can see, the deductive process is used when a
general principle has already been established; induction is
a discovery process, and leads to the creation of a general
principle.

A lengthy process of experimentation, analysis, and
testing eventually leads to conclusions that either support
or refute the hypothesis. If experiments do not uphold the
hypothesis—that is, if it is found to be flawed—the hypothesis
or some part of it is rejected; it is either discarded or modified
to fit the results of the experiment. If the hypothesis is sup-
ported by the results from the experiment, it is not (or should
not be) immediately accepted as fact. It then must be tested
and retested. Indeed, this is an important guideline in the
acceptance of a hypothesis. The results of the experiment must
be published and then repeated by other investigators.

In time, as each hypothesis is supported by a growing
body of data and survives rigorous scrutiny, it moves to the
next level of acceptance—the theory. A theory is a collection
of statements, propositions, or concepts that explains or
accounts for a natural event. A theory is not the result of a
single experiment repeated over and over again but is an
entire body of ideas that expresses or explains many aspects
of a phenomenon. It is not a fuzzy or weak speculation, as is
sometimes the popular notion, but a viable declaration that
has stood the test of time and has yet to be disproved by seri-
ous scientific endeavors. Often, theories develop and progress
through decades of research and are added to and modified
by new findings. At some point, evidence of the accuracy
and predictability of a theory is so compelling that the next
level of confidence is reached and the theory becomes a law,
or principle. For example, although we still refer to the germ
theory of disease, so little question remains that microbes can
cause disease that it has clearly passed into the realm of law.
The theory of evolution falls in this category as well.

Science and its hypotheses and theories must progress
along with technology. As advances in instrumentation allow
new, more detailed views of living phenomena, old theories
may be reexamined and altered and new ones proposed. But
scientists do not take the stance that theories or even “laws”
are ever absolutely proved.

The characteristics that make scientists most effective
in their work are curiosity, open-mindedness, skepticism,
creativity, cooperation, and readiness to revise their views of
natural processes as new discoveries are made. The events
described in Insight 1.2 provide important examples.



The Development of Medical Microbiology

Early experiments on the sources of microorganisms led to
the profound realization that microbes are everywhere: Not
only are air and dust full of them, but the entire surface of
the earth, its waters, and all objects are inhabited by them.
This discovery led to immediate applications in medicine.
Thus, the seeds of medical microbiology were sown in the
mid to latter half of the 19th century with the introduction
of the germ theory of disease and the resulting use of sterile,
aseptic, and pure culture techniques.

The Discovery of Spores and Sterilization

Following Pasteur’s inventive work with infusions (see
Insight 1.2), it was not long before English physicist John
Tyndall provided the initial evidence that some of the
microbes in dust and air have very high heat resistance and
that particularly vigorous treatment is required to destroy
them. Later, the discovery and detailed description of
heat-resistant bacterial endospores by Ferdinand Cohn, a
German botanist, clarified the reason that heat would
sometimes fail to completely eliminate all microorganisms.
The modern sense of the word sterile, meaning completely
free of all life forms (including spores) and virus particles,
was established from that point on (see chapter 11). The
capacity to sterilize objects and materials is an absolutely
essential part of microbiology, medicine, dentistry, and
some industries.

The Development of Aseptic Techniques

From earliest history, humans experienced a vague sense
that “unseen forces” or “poisonous vapors” emanating from
decomposing matter could cause disease. As the study of
microbiology became more scientific and the invisible was
made visible, the fear of such mysterious vapors was replaced
by the knowledge and sometimes even the fear of “germs.”
About 125 years ago, the first studies by Robert Koch clearly
linked a microscopic organism with a specific disease. Since
that time, microbiologists have conducted a continuous
search for disease-causing agents.

At the same time that abiogenesis was being hotly
debated, a few physicians began to suspect that micro-
organisms could cause not only spoilage and decay but also
infectious diseases. It occurred to these rugged individualists
that even the human body itself was a source of infection.
Dr. Oliver Wendell Holmes, an American physician, observed
that mothers who gave birth at home experienced fewer
infections than did mothers who gave birth in the hospital;
and the Hungarian Dr. Ignaz Semmelweis showed quite
clearly that women became infected in the maternity ward
after examinations by physicians coming directly from the
autopsy room.

The English surgeon Joseph Lister took notice of these
observations and was the first to introduce aseptic (ay-sep’-tik)
techniques aimed at reducing microbes in a medical setting
and preventing wound infections. Lister’s concept of asep-
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sis was much more limited than our modern precautions.
It mainly involved disinfecting the hands and the air with
strong antiseptic chemicals, such as phenol, prior to surgery.
It is hard for us to believe, but as recently as the late 1800s
surgeons wore street clothes in the operating room and had
little idea that hand washing was important. Lister’s tech-
niques and the application of heat for sterilization became the
foundations for microbial control by physical and chemical
methods, which are still in use today.

The Discovery of Pathogens and
the Germ Theory of Disease

Louis Pasteur of France (figure 1.11) introduced techniques
that are still used today. Pasteur made enormous contribu-
tions to our understanding of the microbial role in wine and
beer formation. He invented pasteurization and completed
some of the first studies showing that human diseases could
arise from infection. These studies, supported by the work
of other scientists, became known as the germ theory of
disease. Pasteur’s contemporary, Robert Koch, established
Koch’s postulates, a series of proofs that verified the germ
theory and could establish whether an organism was patho-
genic and which disease it caused (see chapter 13). About
1875, Koch used this experimental system to show that
anthrax was caused by a bacterium called Bacillus anthracis.
So useful were his postulates that the causative agents of 20
other diseases were discovered between 1875 and 1900, and
even today, they are the standard for identifying pathogens
of plants and animals.

Numerous exciting technologies emerged from Koch’s
prolific and probing laboratory work. During this golden age

Figure 1.11 Louis Pasteur (1822-1895), one of the
founders of microbiology. Few microbiologists can match the
scope and impact of his contributions to the science of microbiology.
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of the 1880s, he realized that study of the microbial world
would require separating microbes from each other and
growing them in culture. It is not an overstatement to say that
he and his colleagues invented most of the techniques that are
described in chapter 3: inoculation, isolation, media, mainte-
nance of pure cultures, and preparation of specimens for
microscopic examination. Other highlights in this era of dis-
covery are presented in later chapters on microbial control
(see chapter 11) and vaccination (see chapter 15).

1.6 Learning Outcomes—Can You ...

10. ... make a time line of the development of microbiology from
the 1600s to today?

11. ... list some recent microbiology discoveries of great impact?

12. ... explain what is important about the scientific method?

1.7 Naming, Classifying, and Identifying
Microorganisms

Students just beginning their microbiology studies are
often dismayed by the seemingly endless array of new,
unusual, and sometimes confusing names for microorgan-
isms. Learning microbial nomenclature is very much like
learning a new language, and occasionally its demands
may be a bit overwhelming. But paying attention to proper
microbial names is just like following a baseball game or a
theater production: you cannot tell the players apart without
a program! Your understanding and appreciation of micro-
organisms will be greatly improved by learning a few general
rules about how they are named.

The science of classifying living beings is taxonomy. It
originated more than 250 years ago when Carl von Linné
(also known as Linnaeus; 1701-1778), a Swedish botanist,
laid down the basic rules for classification and established
taxonomic categories, or taxa (singular: taxon).

Von Linné realized early on that a system for recognizing
and defining the properties of living beings would prevent
chaos in scientific studies by providing each organism with
a unique name and an exact “slot” in which to catalog it.
This classification would then serve as a means for future
identification of that same organism and permit workers
in many biological fields to know if they were indeed
discussing the same organism. The von Linné system has
served well in categorizing the 2 million or more different
kinds of organisms that have been discovered since that time,
including organisms that have gone extinct.

The primary concerns of modern taxonomy are still nam-
ing, classifying, and identifying. These three areas are inter-
related and play a vital role in keeping a dynamic inventory
of the extensive array of living and extinct beings. In general,

Nomenclature is the assignment of scientific names to the vari-
ous taxonomic categories and individual organisms.
Classification attempts the orderly arrangement of organisms

into a hierarchy of taxa.

Identification is the process of discovering and recording the
traits or organisms so that they may be recognized or
named and placed in an overall taxonomic scheme.

With the rapid increase in knowledge largely due to the
mind-boggling pace of improvement in scientific instrumenta-
tion and analysis, taxonomy has never stood still. Instead, it has
evolved from a science that artificially classified organisms from
a viewpoint of the organism’s usefulness, danger, or esthetic
appeal to humans to a science that devised a system of natural
relationships between organisms. A survey of some general
methods of identification appears in chapter 3. Discovery of
present or extinct life forms in space would certainly provide
an ultimate test for our existing taxonomy and shed light on the
origins of life on our planet earth (Insight 1.3).

Assigning Specific Names

Many macroorganisms are known by a common name
suggested by certain dominant features. For example, a
bird species might be called a red-headed blackbird or a
flowering plant species a black-eyed Susan. Some species of
microorganisms (especially those that directly or indirectly
affect our well-being) are also called by informal names,
including human pathogens such as “gonococcus” (Neisseria
gonorrhoeae) or fermenters such as “brewer’s yeast” (Saccha-
romyces cerevisiae), or the recent “Iraqabacter” (Acinetobacter
baumannii), but this is not the usual practice. If we were to
adopt common names such as the “little yellow coccus” the
terminology would become even more cumbersome and
challenging than scientific names. Even worse, common
names are notorious for varying from region to region, even
within the same country. A decided advantage of standard-
ized nomenclature is that it provides a universal language,
thereby enabling scientists from all countries to accurately
exchange information.

The method of assigning a scientific or specific name is
called the binomial (two-name) system of nomenclature.
The scientific name is always a combination of the generic
(genus) name followed by the species name. The generic
part of the scientific name is capitalized, and the species part
begins with a lowercase letter. Both should be italicized (or
underlined if using handwriting), as follows:

Staphylococcus auveus

The two-part name of an organism is sometimes abbre-
viated to save space, as in S. aureus, but only if the genus
name has already been stated. The source for nomenclature
is usually Latin or Greek. If other languages such as English
or French are used, the endings of these words are revised
to have Latin endings. An international group oversees the
naming of every new organism discovered, making sure
that standard procedures have been followed and that there
is not already an earlier name for the organism or another
organism with that same name. The inspiration for names is
extremely varied and often rather imaginative. Some species
have been named in honor of a microbiologist who originally



Professional and amateur scientists have long been intrigued
by the possible existence of life on other planets and in the
surrounding universe. This curiosity has given rise to a new
discipline—astrobiology—that applies principles from biology,
chemistry, geology, and physics to investigate extraterrestrial
life. One of the few accessible places to begin this search is the
planet Mars. It is relatively close to the earth and the only planet
in the solar system besides earth that is not extremely hot, cold,
or bathed in toxic gases.

The possibility that it could support at least simple life forms
has been an important focus of NASA space projects stretching
over 30 years. Several Mars explorations have included ex-
periments and collection devices to gather evidence for certain
life signatures or characteristics. One of the first experiments
launched with the Viking Explorer was an attempt to culture
microbes from Martian soil. Another used a gas chromatograph
to check for complex carbon-containing (organic) compounds in
the soil samples. No signs of life or organic matter were detected.
But in scientific research, a single experiment is not sufficient to
completely rule out a hypothesis, especially one as attractive
as this one. Many astrobiologists reason that the nature of the
“life forms” may be so different that they require a different
experimental design.

In 1996, another finding brought considerable excitement
and controversy to the astrobiology community. Scientists do-
ing electron microscopic analyses of an ancient Martian mete-
orite from the Antarctic discovered tiny rodlike structures that
resembled earth bacteria. Though the idea was appealing, many
scientists argued that the rods did not contain the correct form
of carbon and that geologic substances often contain crystals
that mimic other objects. Another team of NASA researchers
later discovered chains of magnetite crystals (tiny iron oxide
magnets) in another Martian meteorite. These crystals bear a
distinct resemblance to forms found in certain modern bacte-
ria on earth and are generally thought to be formed only by
living processes.

Martian microbes or mere molecules? Internal view of a section
of a 4.5-billion-year-old Martian meteor shows an intriguing tiny
cylinder (50,000).
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Growing blobs of water on leg of a Mars lander (2009).

Obviously, these findings have added much fodder for
speculation and further research. There has been a great deal of
evidence that the planet harbored water at one time, considered
to be a prerequisite for life of any kind. Channels resembling riv-
ers have been documented by the multiple Mars landers NASA
has deployed. Some scientists believe that there is still liquid
water on Mars, perhaps in subsurface aquifers that bubble to the
surface from time to time.

In 2009, a group of scientists reported on photographs that
were taken of the legs of the Phoenix lander. The photographs ap-
peared to show large droplets of water (see photo). The “droplets”
grew larger over time, leading scientists to conclude that the (salty)
water was absorbing more moisture from water vapor in the atmo-
sphere. Whether this turns out to be true or not, the evidence for
life-sustaining water on Mars seems to be accumulating.

Astrobiologists long ago put aside the quaint idea of meeting
“little green men” when they got to the red planet, but they have
not yet given up the possibility of finding “little green microbes.”
One hypothesis proposes that microbes hitchhiking on meteors
and asteroids have seeded the solar system and perhaps universe
with simple life forms. Certainly, of all organisms on earth, hardy
prokaryotes are the ones most likely to survive the rigors of such
travel. Recently scientists have tested this hypothesis and found that
the bacteria in the experiment survived conditions that mimicked
an asteroid hit. This raises the possibility that microbes could have
traveled from a planet with life forms on it to other planets and pos-
sibly seeded a new beginning of life there. It also makes us wonder
whether microbes could have blasted off of the surface of the earth
only to return thousands of years later in asteroid hits, thereby con-
fusing our sense of how organisms here evolved. As Benjamin Weiss
of the Massachusetts Institute of Technology said in response to this
study, “It's becoming more apparent that the planets are unlikely to
have been biologically isolated from one another.”

For more information on this subject, use a search engine to access the NASA
Astrobiology Institute, NASA Mission to Mars, or NASA Exploration Program
websites.
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discovered the microbe or who has made outstanding con-
tributions to the field. Other names may designate a char-
acteristic of the microbe (shape, color), a location where it
was found, or a disease it causes. Some examples of specific
names, their pronunciations, and their origins are:

e Staphylococcus aureus (staf’-i-lo-kok’-us ah’-ree-us) Gr.
staphule, bunch of grapes, kokkus, berry, and Gr. aureus,
golden. A common bacterial pathogen of humans.

» Campylobacter jejuni (cam’-peh-loh-bak-ter jee-joo’-neye)
Gr. kampylos, curved, bakterion, little rod, and jejunum, a
section of intestine. One of the most important causes of
intestinal infection worldwide.

* Lactobacillus sanfrancisco (lak’-toh-bass-ill’-us san-fran-
siss’-koh) L. lacto, milk, and bacillus, little rod. A bacterial
species used to make sourdough bread.

* Vampirovibrio chlorellavorus (vam-py’-roh-vib-ree-oh
klor-ell-ah'-vor-us) F. vampire; L. vibrio, curved cell;
Chlorella, a genus of green algae; and vorus, to devour. A
small, curved bacterium that sucks out the cell juices of
Chlorella.

* Giardia lamblia (jee-ar’-dee-uh lam’-blee-uh) for Alfred
Giard, a French microbiologist, and Vilem Lambl, a
Bohemian physician, both of whom worked on the
organism, a protozoan that causes a severe intestinal
infection.

Here’s a helpful hint: These names may seem difficult to
pronounce and the temptation is to simply “slur over them.”
But when you encounter the names of microorganisms in the
chapters ahead, it will be extremely useful to take the time
to sound them out and repeat them until they seem familiar.
You are much more likely to remember them that way—and
they are less likely to end up in a tangled heap with all of the
new language you will be learning.

The Levels of Classification

The main units of a classification scheme are organized into
several descending ranks, beginning with a most general all-
inclusive taxonomic category as a common denominator for
organisms to exclude all others, and ending with the smallest
and most specific category. This means that all members of the
highest category share only one or a few general characteris-
tics, whereas members of the lowest category are essentially
the same kind of organism—that is, they share the majority of
their characteristics. The taxonomic categories from top to bot-
tom are: domain, kingdom, phylum or division,’ class, order,
family, genus, and species. Thus, each kingdom can be sub-
divided into a series of phyla or divisions, each phylum is made
up of several classes, each class contains several orders, and so
on. Because taxonomic schemes are to some extent artificial,
certain groups of organisms may not exactly fit into the main
categories. In such a case, additional taxonomic levels can be

3. The term phylum is used for bacteria, protozoa, and animals; the term
division is used for algae, plants, and fungi.

imposed above (super) or below (sub) a taxon, giving us such
categories as “superphylum” and “subclass.”

Let’s compare the taxonomic breakdowns of a human
and a protozoan (proh’-tuh-zoh’-uhn) to illustrate the fine
points of this system (figure 1.12). Humans and protozoa
are both organisms with nucleated cells (eukaryotes); there-
fore, they are in the same domain but they are in different
kingdoms. Humans are multicellular animals (Kingdom
Animalia) whereas protozoa are single-cellular organisms
that, together with algae, belong to the Kingdom Protista. To
emphasize just how broad the category “kingdom” is, pon-
der the fact that we humans belong to the same kingdom as
jellyfish. Of the several phyla within this kingdom, humans
belong to the Phylum Chordata, but even a phylum is rather
all-inclusive, considering that humans share it with other
vertebrates as well as with creatures called sea squirts. The
next level, Class Mammalia, narrows the field considerably
by grouping only those vertebrates that have hair and suckle
their young. Humans belong to the Order Primates, a group
that also includes apes, monkeys, and lemurs. Next comes
the Family Hominoidea, containing only humans and apes.
The final levels are our genus, Homo (all races of modern and
ancient humans), and our species, sapiens (meaning wise).
Notice that for the human as well as the protozoan, the taxo-
nomic categories in descending order become less inclusive
and the individual members more closely related. We need
to remember that all taxonomic hierarchies are based on the
judgment of scientists with certain expertise in a particu-
lar group of organisms and that not all other experts may
agree with the system being used. Consequently, no taxa are
permanent to any degree; they are constantly being revised
and refined as new information becomes available or new
viewpoints become prevalent. In this text, we are usually
concerned with only the most general (kingdom, phylum)
and specific (genus, species) taxonomic levels.

The Origin and Evolution of Microorganisms

As we indicated earlier, taxonomy, the science of classification
of biological species, is used to organize all of the forms of
modern and extinct life. In biology today, there are different
methods for deciding on taxonomic categories, but they all
rely on the degree of relatedness among organisms. The
scheme that represents the natural relatedness (relation
by descent) between groups of living beings is called their
phylogeny (Gr. phylon, race or class; L. genesis, origin or begin-
ning), and—when unraveled—biologists use phylogenetic
relationships to refine the system of taxonomy.

To understand the natural history of and the relatedness
among organisms, we must understand some fundamen-
tals of the process of evolution. Evolution is an important
theme that underlies all of biology, including the biology of
microorganisms. As we said earlier, evolution states that the
hereditary information in living beings changes gradually
through time (usually hundreds of millions of years) and
that these changes result in various structural and functional
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Figure 1.12 Sample taxonomy. Two organisms belonging to the Eukarya domain, traced through their taxonomic series. (a) Modern

humans, Homo sapiens. (b) A common protozoan, Paramecium caudatum.

changes through many generations. The process of evolution
is selective in that those changes that most favor the survival
of a particular organism or group of organisms tend to be
retained whereas those that are less beneficial to survival tend
to be lost. Charles Darwin called this process natural selection.

Evolution is founded on the two preconceptions that
(1) all new species originate from preexisting species and
(2) closely related organisms have similar features because
they evolved from a common ancestor; hence, difference
emerged by divergence. Usually, evolution progresses toward
greater complexity but there are many examples of evolution
toward lesser complexity (reductive evolution). This is

because individual organisms never evolve in isolation but
as populations of organisms in their specific environments,
which exert the functional pressures of selection. Because of
the divergent nature of the evolutionary process, the phylog-
eny, or relatedness by descent, of organisms is often repre-
sented by a diagram of a tree. The trunk of the tree represents
the origin of ancestral lines, and the branches show offshoots
into specialized groups (clades) of organisms. This sort of
arrangement places taxonomic groups with less divergence
(less change in the heritable information) from the common
ancestor closer to the root of the tree and taxa with lots of
divergence closer to the top (figures 1.13 and 1.14).
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Systems of Presenting a Universal Tree of Life

The first trees of life were constructed a long time ago
on the basis of just two kingdoms, plants and animals,
by Charles Darwin and Ernst Haeckel. These trees were
chiefly based on visible morphological characteristics. It
became clear that certain (micro)organisms such as algae
and protozoa, which only existed as single cells, did not
truly fit either of those categories, so a third kingdom was
recognized by Haeckel for these simpler organisms. It
was named Protista. Eventually, when significant differ-
ences became evident among even the unicellular organ-
isms, a fourth kingdom was established in the 1870s by
Haeckel and named Monera. Almost a century passed
before Robert Whittaker extended this work and added a
fifth kingdom for fungi during the period of 1959 to 1969.
The relationships that were used in Whittaker’s tree were
those based on structural similarities and differences, such
as prokaryotic and eukaryotic cellular organization, and
the way these organisms obtained their nutrition. These
criteria indicated that there were five major taxonomic

Figure 1.13 Traditional
Whittaker system of
classification. In this system,
kingdoms are based on cell structure
and type, the nature of body
organization, and nutritional type.
Bacteria and Archaea (monerans)
are made of prokaryotic cells

and are unicellular. Protists are
made of eukaryotic cells and are
mostly unicellular. They can be
photosynthetic (algae), or they can
feed on other organisms (protozoa).
Fungi are eukaryotic cells and are
unicellular or multicellular; they have
cell walls and are not photosynthetic.
Plants have eukaryotic cells, are
multicellular, have cell walls, and

are photosynthetic. Animals have
eukaryotic cells, are multicellular,

do not have cell walls, and derive
nutrients from other organisms.
Source: After Dolphin, Biology Lab
Manual, 4th ed., Fig. 14.1, p. 177,
McGraw-Hill.
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units, or kingdoms: the monera, protists, plants, fungi, and
animals, all of which consisted of one of the two cell types,
the prokaryotic and eukaryotic. Whittaker’s five-kingdom
system quickly became the standard (see figure 1.13).

With the rise of genetics as a molecular science, newer
methods for determining phylogeny have led to the devel-
opment of a differently shaped tree—with important impli-
cations for our understanding of evolutionary relatedness.
Molecular genetics allowed an in-depth study of the struc-
ture and function of the genetic material at the molecular
level. These studies have revealed that two of the four
macromolecules that contribute to cellular structure and
function, the proteins and nucleic acids, are very well suited
to study how organisms differ from one another because
their sequences can be aligned and compared. In 1975, Carl
Woese discovered that one particular macromolecule, the
ribonucleic acid in the small subunit of the ribosome (ssu
rRNA), was highly conserved—meaning that it was nearly
identical in organisms within the smallest taxonomic cat-
egory, the species. Based on a vast amount of experimental
data and the knowledge that protein synthesis proceeds in
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Figure 1.14 Woese-Fox system. A system for representing the origins of cell lines and major taxonomic groups as proposed by Carl
Woese and colleagues. They propose three distinct cell lines placed in superkingdoms called domains. The first primitive cells, called progenotes,
were ancestors of both lines of prokaryotes (Domain Bacteria and Archaea), and the Archaea emerged from the same cell line as eukaryotes
(Domain Eukarya). Some of the traditional kingdoms are still present with this system (see figure 1.13).

all organisms facilitated by the ribosome, Woese hypoth-
esized that ssu rRNA provides a “biological chronometer”
or a “living record” of the evolutionary history of a given
organism. Extended analysis of this molecule in prokaryo-
tic and eukaryotic cells indicated that all members in a
certain group of bacteria, then known as archaeobacteria,
had ssu rRNA with a sequence that was significantly dif-
ferent from the ssu rRNA found in other bacteria and
in eukaryotes. This discovery led Carl Woese and col-
laborator George Fox to propose a separate taxonomic
unit for the archaeobacteria, which they named Archaea.
Under the microscope, they resembled the prokaryotic
structure of bacteria, but molecular biology has revealed
that the archaea, though prokaryotic in nature, were
actually more closely related to eukaryotic cells than to
bacterial cells (see table 4.6). To reflect these relationships,
Carl Woese and George Fox proposed an entirely new
system that assigned all known organisms to one of the
three major taxonomic units, the domains, each being a
different type of cell (see figure 1.14).

The domains are the highest level in hierarchy and
can contain many kingdoms and superkingdoms. The
prokaryotic cell types are represented by the domains
Archaea and Bacteria, whereas eukaryotes are all placed
in the domain Eukarya. Analysis of the ssu TRNAs from all
organisms in these three domains suggests that all modern

and extinct organisms on earth arose from a common ances-
tor. Therefore, eukaryotes did not emerge from prokaryotes.
Both types of cells emerged separately from a different, now
extinct, cell type.

To add another level of complexity, the most current data
suggests that “trees” of life do not truly represent the
relatedness—and evolution—of organisms at all. It has
become obvious that genes travel horizontally—meaning
from one species to another in nonreproductive ways—and
that the neat generation-to-generation changes are combined
with neighbor-to-neighbor exchanges of DNA. For example,
it is estimated that 40% to 50% of human DNA has been car-
ried to humans from other species (by viruses). Another
example: The genome of the cow contains a piece of snake
DNA. For these reasons, most scientists like to think of a web
as the proper representation of life these days. The three-
domain system somewhat complicates the presentation of
organisms in the original Kingdom Protista, which is now a
collection of protozoa and algae that exist in several separate
kingdoms (discussed in chapter 5). Nevertheless, this new
scheme does not greatly affect our presentation of most
microbes, because we will discuss them at the genus or spe-
cies level. But be aware that biological taxonomy and, more
important, our view of how organisms evolved on earth are
in a period of transition. Keep in mind that our methods of
classification or evolutionary schemes reflect our current
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Case File 1

Based on the extraordinary success of the
first Sorcerer Il voyage, a more extensive sec-
ond voyage visited many different locations
around the world, including the Galépagos
Islands, where Darwin made many of his

Wrap-Up

observations. J. Craig Venter's second voyage led to the discovery
of 20 million new genes and thousands of new protein families.
Of particular interest to Venter were a group of genes called
rhodopsins, which help bacteria capture energy from the sun.
Venter hopes these bacteria may one day be used as an alternative
energy source. He articulated this hope in a 2007 interview when
he said, “We really need to find an alternative to taking carbon out
of the ground, burning it, and putting it into the atmosphere. That
is the single biggest contribution | could make.”

On March 19, 2009, the Sorcerer Il left her home port of San
Diego for a third voyage. Further exciting discoveries seem likely.
See: 2007. PLoS Biol. 2007 Mar 13; 5(3): 16.

/ Chapter Summary

1.1 The Scope of Microbiology

® Microorganisms are defined as “living organisms too
small to be seen with the naked eye.” Among the members
of this huge group of organisms are bacteria, algae, pro-
tozoa, fungi, parasitic worms (helminths), and viruses.

® Microorganisms live nearly everywhere and influence
many biological and physical activities on earth.

¢ There are many kinds of relationships between microor-
ganisms and humans; most are beneficial, but some are
harmful.

1.2 The Impact of Microbes on Earth: Small Organisms with
a Giant Effect

¢ Groups of organisms are constantly evolving to produce
new forms of life.

® Microbes are crucial to the cycling of nutrients and
energy that are necessary for all life on earth.

1.3 Human Use of Microorganisms

® Humans have learned how to manipulate microbes to do
important work for them in industry, medicine, and in
caring for the environment.

1.4 Infectious Diseases and the Human Condition

¢ In the last 120 years, microbiologists have identified the
causative agents for many infectious diseases. In addi-
tion, they have discovered distinct connections between
microorganisms and diseases whose causes were previ-
ously unknown.

e While microbial diseases continue to cause disease
worldwide, low-income countries are much harder hit
by them directly and indirectly.

1.5 The General Characteristics of Microorganisms

¢ Excluding the viruses, there are two types of microorgan-
isms: prokaryotes, which are small and lack a nucleus
and organelles, and eukaryotes, which are larger and
have both a nucleus and organelles.

understanding and will change as new information is
uncovered.

Please note that viruses are not included in any of the
classification or evolutionary schemes, because they are not
cells or organisms and their position in a “tree of life” cannot
be determined. The special taxonomy of viruses is discussed
in chapter 6.

1.7 Learning Outcomes—Can You ...

13. ... differentiate between the terms nomenclature, taxonomy,
and classification?

14. ... create a mnemonic device for remembering the taxonomic
categories?

15. ... correctly write the binomial name for a microorganism?

16. ... draw a diagram of the three major domains?

17. ... explain the difference between traditional and molecular
approaches to taxonomy?

e Viruses are not cellular and are therefore sometimes
called particles rather than organisms. They are included
in microbiology because of their small size and close
relationship with cells.

1.6 The Historical Foundations of Microbiology

® The microscope made it possible to see microorganisms
and thus to identify their widespread presence, particu-
larly as agents of disease.

® The theory of spontaneous generation of living organ-
isms from “vital forces” in the air was disproved once
and for all by Louis Pasteur.

® The scientific method is a process by which scientists
seek to explain natural phenomena. It is characterized
by specific procedures that either support or discredit an
initial hypothesis.

e Knowledge acquired through the scientific method is
rigorously tested by repeated experiments by many sci-
entists to verify its validity. A collection of valid hypoth-
eses is called a theory. A theory supported by much data
collected over time is called a law.

® Scientific dogma or theory changes through time as new
research brings new information.

® Medical microbiologists developed the germ theory of
disease and introduced the critically important concept of
aseptic technique to control the spread of disease agents.

1.7 Naming, Classifying, and Identifying Microorganisms

® The taxonomic system has three primary functions:
naming, classifying, and identifying species.

® Themajor groups in the most advanced taxonomic system
are (in descending order): domain, kingdom, phylum or
division, class, order, family, genus, and species.

® Evolutionary patterns show a treelike or weblike branch-
ing thereby describing the diverging evolution of all life
forms from the gene pool of a common ancestor.

® The Woese-Fox classification system places all eukaryotes
in the domain Eukarya and subdivides the prokaryotes
into the two domains Archaea and Bacteria.
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'\&z\// Multiple-Choice and True-False Questions Knowledge and Comprehension

Multiple-Choice Questions. Select the correct answer from the answers provided.

1.

Which of the following is not considered a microorganism?
a. alga ¢. protozoan
b. bacterium d. mushroom

. Which process involves the deliberate alteration of an

organism’s genetic material?
a. bioremediation c. decomposition
b. biotechnology d. recombinant DNA technology

. Which of the following parts was absent from Leeuwenhoek’s

microscopes?

a. focusing screw
b. lens

c. specimen holder
d. condenser

. Abiogenesis refers to the

a. spontaneous generation of organisms from nonliving
matter.

b. development of life forms from preexisting life forms.

c. development of aseptic technique.

d. germ theory of disease.

. A hypothesis can be defined as

a. a belief based on knowledge.

b. knowledge based on belief.

c. ascientific explanation that is subject to testing.
d. atheory that has been thoroughly tested.

. When a hypothesis has been thoroughly supported by long-

term study and data, it is considered
a. alaw.

b. a speculation.

c. a theory.

d. proved.

7.

10.

Which is the correct order of the taxonomic categories, going
from most specific to most general?

a. domain, kingdom, phylum, class, order, family, genus, species
b. division, domain, kingdom, class, family, genus, species

c. species, genus, family, order, class, phylum, kingdom, domain
d. species, family, class, order, phylum, kingdom

. Which of the following are prokaryotic?

a. bacteria
b. archaea

c. protists
d. bothaand b

. Order the following items by size, using numbers: 1= smallest

through 8 = largest.

—_AIDS virus —___worm
amoeba coccus-shaped bacterium
rickettsia _ white blood cell
protein atom

How would you classify a virus?
a. prokaryotic

b. eukaryotic

c. neither anor b

True-False Questions. If the statement is true, leave as is. If it is
false, correct it by rewriting the sentence.

11.

12.
13.
14.

15.

Organisms in the same order are more closely related than
those in the same family.

Eukaryotes evolved from prokaryotes.
Prokaryotes have no nucleus.

In order to be called a theory, a scientific idea has to undergo a
great deal of testing.

Microbes are ubiquitous.

// Critical Thinking Questions Application and Analysis

These questions are suggested as a writing-to-learn experience. For each question, compose a one- or two-paragraph answer that includes

the factual information needed to completely address the question.

1.

3.

4.

Explain the important contributions microorganisms make in
the earth’s ecosystems.

. Why was the abandonment of the spontaneous generation

theory so significant? Using the scientific method, describe
the steps you would take to test the theory of spontaneous
generation.

a. Differentiate between a hypothesis and a theory.
b. Is the germ theory of disease really a law? Why or why not?

What is a binomial system of nomenclature, and why is it
used?

. Compare the new domain system with the five-kingdom

system. Does the newer system change the basic idea of
prokaryotes and eukaryotes? What is the third cell type?

6.

10.

Evolution accounts for the millions of different species on the
earth and their adaptation to its many and diverse habitats.
Explain this. Cite examples in your answer.

. Where do you suppose the “new” infectious diseases

come from?

. Can you develop a scientific hypothesis and means of testing

the cause of stomach ulcers? (Is it caused by an infection? By
too much acid? By a genetic disorder?)

. Where do you suppose viruses came from? Why do they

require the host’s cellular machinery?

Archaea are often found in hot, sulfuric, acidic, salty habitats,
much like the early earth’s conditions. Speculate on the origin
of life, especially as it relates to the archaea.
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/’/ Concept Mapping Synthesis

Appendix D provides guidance for working with concept maps.
1. Supply your own linking words or phrases in this concept map, and provide the missing concepts in the empty boxes.

Cellular Noncellular
microbes microbe

Nucleus

> No |
nucleus

£ \Y IC t Synth
4 !‘/// isual Connections Synthesis

/

These questions use visual images or previous content to make connections to this chapter’s concepts.

1. Figure 1.1. Look at the blue bar (the time that prokaryotes have been on earth) and at the pink arrow (the time that humans
appeared). Speculate on the probability that we will be able to completely disinfect our planet or prevent all microbial diseases.
Humans
appeared.

Mammals
appeared.

Cockroaches
termites
appeared.

Reptiles
appeared.

Eukaryotes
appeared.

Probable Prokaryotes
origin of appeared.
earth

4 billion 3 billion 2 billion 1 billion Present
years ago years ago years ago years ago time

% wmeCt www.connect.microbiology.com

IMICROBIOLOGY Enhance your study of this chapter with study tools and practice tests. Also ask

your instructor about the resources available through ConnectPlus, including the
media-rich eBook, interactive learning tools, and animations.
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A group of scientists at the Centers for Disease Control (CDC) noted 13 cases of Salmonella enterica
infection in sick people in a dozen states during November 2008. The typical symptoms of salmonellosis
(infection with salmonella) include vomiting and diarrhea, and may result from ingesting any of more than
1,500 different strains, or unique subspecies, of S. enterica. Two weeks later, a similar outbreak of 27 cases of
the disease, spread across 14 states, was found to be caused by the same strain of the organism seen in the
first outbreak. By February 2009, 682 people from 46 states and Canada had become infected, nine had died,
a large corporation had filed for bankruptcy, and several criminal investigations had begun.

PulseNet is a branch of the CDC that seeks to identify food-borne disease clusters by carefully studying
the bacterial isolates thought to be the source of an outbreak. Usually this means obtaining DNA profiles,
called fingerprints, of each bacterium and using that information to compare isolates (isolated strains of
bacteria) from different outbreaks. Because the fingerprints from the two outbreak strains in this case were
similar to one another—but also different from any fingerprint within the PulseNet database—CDC scientists
initiated an epidemiological investigation.

S. enterica was identified in unopened 5-pound containers of King Nut peanut butter in Minnesota and
Connecticut, in the peanut butter factory, and in bacteria isolated from the patients. At the time, King Nut
peanut butter was manufactured by the Peanut Corporation of America (PCA) in Blakely, Georgia, and sold
to schools, hospitals, restaurants, cafeterias, and other large institutions rather than directly to consumers.
Examination of the bacteria revealed several different S. enterica strains, but only a few of them were linked to
the illnesses.

B What chemicals make up DNA?

B Without knowing the specific details of DNA fingerprinting, how do you think these profiles could be used
to show that a particular bacterial strain is not part of an outbreak?

Continuing the Case appears on page 34.

27
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Outline and Learning Outcomes

2.1 Atoms, Bonds, and Molecules: Fundamental Building Blocks

1. Explain the relationship between atoms and elements.

2. List and define four types of chemical bonds.
3. Differentiate between a solute and a solvent.
4. Give a brief definition of pH.

2.2 Macromolecules: Superstructures of Life
Name the four main families of biochemicals.

© N O o

List the three components of nucleic acids.
9. Name the nucleotides of DNA and of RNA.
10. List the three components of ATP.
2.3 Cells: Where Chemicals Come to Life
11. Point out three characteristics all cells share.

2.1 Atoms, Bonds, and Molecules:
Fundamental Building Blocks

The universe is composed of an infinite variety of substances
existing in the gaseous, liquid, and solid states. All such
tangible materials that occupy space and have mass are
called matter. The organization of matter—whether air, rocks,
or bacteria—begins with individual building blocks called
atoms. An atom is defined as a tiny particle that cannot
be subdivided into smaller substances without losing its
properties. Even in a science dealing with very small things, an

J

— Shell

Shell 2
Shell 1 \

Provide examples of cell components made from each of the families of biochemicals.
Explain primary, secondary, tertiary, and quaternary structure as seen in proteins.

atom’s minute size is striking; for example, an oxygen atom is
only 0.0000000013 mm (0.0013 nm) in diameter, and 1 million
of them in a cluster would barely be visible to the naked eye.
The exact composition of atoms has been well established
by extensive physical analysis using sophisticated instru-
ments. In general, an atom derives its properties from a com-
bination of subatomic particles called protons (p*), which are
positively charged; neutrons (n°), which have no charge (are
neutral); and electrons (e”), which are negatively charged.
The relatively larger protons and neutrons make up a central

Nucleus

1 proton
1 electron} Hydrogen

Shells

Nucleus

proton

Orbitals

neutron

(@) (b)
Figure 2.1 Models of atomic structure.

[+ ]
\ J\)
Y Nucleus { 6 protons
') 6 neutrons |- Carbon
J 6 electrons
9

electron )

(a) Three-dimensional models of hydrogen and carbon that approximate their actual structure. The

nucleus is surrounded by electrons in orbitals that occur in levels called shells. Hydrogen has just one shell and one orbital. Carbon has two shells and
four orbitals; the shape of the outermost orbitals is paired lobes rather than circles or spheres. (b) Simple models of the same atoms make it easier to
show the numbers and arrangements of shells and electrons and the numbers of protons and neutrons in the nucleus. (Not to accurate scale.)
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core, or nucleus,! that is surrounded by one or more electrons
(figure 2.1). The nucleus makes up the larger mass (weight) of
the atom, whereas the electron region accounts for the greater
volume. To get a perspective on proportions, consider this: If
an atom were the size of a baseball stadium, the nucleus would
be about the size of a marble! The stability of atomic structure is
largely maintained by (1) the mutual attraction of the protons
and electrons (opposite charges attract each other) and (2) the
exact balance of proton number and electron number, which
causes the opposing charges to cancel each other out. At least
in theory, then, isolated intact atoms do not carry a charge.

1. Be careful not to confuse the nucleus of an atom with the nucleus of a cell
(discussed later).
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Different Types of Atoms: Elements
and Their Properties

All atoms share the same fundamental structure. All protons
are identical, all neutrons are identical, and all electrons are
identical. But when these subatomic particles come together
in specific, varied combinations, unique types of atoms
called elements result. Each element has a characteristic
atomic structure and predictable chemical behavior. To date,
about 118 elements, both naturally occurring and artificially
produced by physicists, have been described. By convention,
an element is assigned a distinctive name with an abbrevi-
ated shorthand symbol. The elements are often depicted in a
periodic table. Table 2.1 lists some of the elements common

Table 2.1 The Major Elements of Life and Their Primary Characteristics

Significance in Microbiology

Part of outer covering of certain shelled amoebas; stored within bacterial spores

Principal structural component of biological molecules

Radioactive isotope used in dating fossils

Component of disinfectants, used in water purification

Trace element needed by some bacteria to synthesize vitamins

An emitter of gamma rays; used in food sterilization; used to treat cancer

Necessary to the function of some enzymes; Cu salts are used to treat fungal

and worm infections

Necessary component of water and many organic molecules; H, gas released by

bacterial metabolism

Has 2 neutrons; radioactive; used in clinical laboratory procedures

Atomic Atomic Examples of
Element Symbol*  Mass** lonized Forms
Calcium Ca 40.1 Ca2t
Carbon C 12.0 CO,2
Carbone C-14 14.0
Chlorine Cl 8515 Cl=
Cobalt Co 58.9 Co?*, Co*
Cobalte Co-60 60
Copper Cu 63.5 Cut, Cu?*
Hydrogen H 1 H
Hydrogene H3 3
Iodine I 126.9 =
Todinee 1-131,1-125 131,125
Iron Fe 55.8 Fe2*, Fe3*
Magnesium Mg 243 Mg?*
Manganese Mn 54.9 Mn2+, Mn3*
Nitrogen N 14.0 NO,~
Oxygen (@) 16.0
Phosphorus p 31 PO~
Phosphoruse  P-32 32
Potassium K 39.1 K+
Sodium Na 23.0 Na*
Sulfur 5 32.1 50,72
Zinc Zn 65.4 Znt+

A component of antiseptics and disinfectants; used in the Gram stain

Radioactive isotopes for diagnosis and treatment of cancers

Necessary component of respiratory enzymes; required by some microbes to
produce toxin

A trace element needed for some enzymes; component of chlorophyll pigment
Trace element for certain respiratory enzymes
Component of all proteins and nucleic acids; the major atmospheric gas

An essential component of many organic molecules; molecule used in
metabolism by many organisms

A component of ATP, nucleic acids, cell membranes; stored in granules in cells
Radioactive isotope used as a diagnostic and therapeutic agent

Required for normal ribosome function and protein synthesis; essential for cell
membrane permeability

Necessary for transport; maintains osmotic pressure; used in food preservation

Important component of proteins; makes disulfide bonds; storage element in
many bacteria

An enzyme cofactor; required for protein synthesis and cell division; important
in regulating DNA

*Based on the Latin name of the element. The first letter is always capitalized; if there is a second letter, it is always lowercased.

**The atomic mass or weight is equal to the average mass number for the isotopes of that element.
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to biological systems, their atomic characteristics, and some
of the natural and applied roles they play.

The Major Elements of Life and
Their Primary Characteristics

The unique properties of each element result from the
numbers of protons, neutrons, and electrons it contains,
and each element can be identified by certain physical
measurements.

Isotopes are variant forms of the same element that differ
in the number of neutrons. These multiple forms occur natu-
rally in certain proportions. Carbon, for example, exists pri-
marily as carbon 12 with 6 neutrons; but a small amount
(about 1%) is carbon 13 with 7 neutrons and carbon 14 with
8 neutrons. Although isotopes have virtually the same chemi-
cal properties, some of them have unstable nuclei that sponta-
neously release energy in the form of radiation. Such radioactive
isotopes play a role in a number of research and medical appli-
cations. Because they emit detectable signs, they can be used
to trace the position of key atoms or molecules in chemical
reactions, they are tools in diagnosis and treatment, and they
are even applied in sterilization procedures (see ionizing
radiation in chapter 11). Another application of isotopes is in
dating fossils and other ancient materials.

Atomic number 1

Chemical symbol ——H Mg n
Chemical name HYDROGEN MAGNESIUM
1p
H .
Number of e~ in each
energylevel — 4 2082
AT. MASS 1.00 AT. MASS 24.30
SODIUM POTASSIUM CALCIUM

28-1

2+88°1 2¢8¢8¢2

AT. MASS 22.99 AT. MASS 39.10 AT. MASS 40.08

Figure 2.2 Examples of biologically important atoms.

Electron Orbitals and Shells

The structure of an atom can be envisioned as a central
nucleus surrounded by a “cloud” of electrons that constantly
rotate about the nucleus in pathways (see figure 2.1). The
pathways, called orbitals, are not actual objects or exact
locations but represent volumes of space in which an electron
is likely to be found. Electrons occupy energy shells, proceed-
ing from the lower-level energy electrons nearest the nucleus
to the higher-level energy electrons in the farthest orbitals.
Electrons fill the orbitals and shells in pairs, starting with
the shell nearest the nucleus. The first shell contains one orbital
and a maximum of 2 electrons; the second shell has four orbit-
als and up to 8 electrons; the third shell with nine orbitals can
hold up to 18 electrons; and the fourth shell with 16 orbitals
contains up to 32 electrons. The number of orbitals and shells
and how completely they are filled depend on the numbers
of electrons, so that each element will have a unique pattern.
For example, helium has only a filled first shell of 2 electrons;
oxygen has a filled first shell and a partially filled second shell
of 6 electrons; and magnesium has a filled first shell, a filled
second one, and a third shell that fills only one orbital, so is
nearly empty. As we will see, the chemical properties of an ele-
ment are controlled mainly by the distribution of electrons in
the outermost shell. Figure 2.1 and figure 2.2 present various

. @+ |-

CARBON NITROGEN OXYGEN

o || @
Y @ P/

24 2.5 26

AT. MASS 12.01 AT. MASS 14.00

S - B

AT. MASS 16.00

| -

AT. MASS 30.97 AT. MASS 32.06 AT. MASS 35.45

Simple models show how the shells are filled by electrons as the atomic

numbers increase. Notice that these elements have incompletely filled outer shells since they have less than 8 electrons.
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INSIGHT 21 The Periodic Table: Not as Concrete as You Think

Most of us have seen images of the periodic table like the one
in figure 2.3 over and over again as we progressed through
school. Like many things in science, it seems easy to view
the periodic table as “set in stone,” with only an occasional
addition to the end of it as new elements are found. But since
the time it was proposed, there have been legitimate argu-
ments about how it should be represented. These arguments
continue today.

The first periodic table, the work of Russian chemist
Dimitri Mendeleev, was published in 1869. It is called the
periodic table because it lays out the pattern of chemicals based
on certain properties in them that repeat. Repeating patterns =
periodicity. When you realize that the rows indicate increasing
atomic number and each column represents a group in which

A Note About Mass, Weight, and
Related Terms

Mass refers to the quantity of matter that an atomic particle contains.
The proton and neutron have almost exactly the same mass, which is
about 1.66 X 107* grams, a unit of mass known as a Dalton (Da) or
unified atomic mass unit (U). All elements can be measured in these
units. The terms mass and weight are often used interchangeably in
biology, even though they apply to two different but related aspects of
matter. Weight is a measurement of the gravitational pull on the mass

the elements have related valences, which confers on them
similar chemical properties, the current table seems elegant
and, well, right. However, current scientists have been ques-
tioning whether the two-dimensional way of representing the
elements is the best. The table leads to some minor inaccuracies
that not all chemists are comfortable with. Two 3-D represen-
tations have been proposed and are pictured here. Also, you
see here a unique walk-up version of the traditional periodic
table. Another example of how science—even the most familiar
“facts” and ideas—is an ever-evolving entity.

CHEMICAL GALAXY Il

A NEW VISION OF THE PERIODIC SYSTEM OF THE ELEMENTS

EECEERRRIOD
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of a particle, atom, or object. Consequently, it is possible for some-
thing with the same mass to have different weights. For example, an
astronaut on the earth (normal gravity) would weigh more than the
same astronaut on the moon (weak gravity). Atomic weight has been
the traditional usage for biologists, because most chemical reactions
and biological activities occur within the normal gravitational condi-
tions on earth. This permits use of the atomic weight as a standard of
comparison. You will also see the terms formula weight and molecular
weight used interchangeably, and they are indeed synonyms. They
both mean the sum of atomic weights of all atoms in a molecule.
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simplified models of atomic structure and electron maps.
Figure 2.3 presents all the elements in the familiar periodic
table. (Although 118 have been described, only 112 have been
officially sanctioned to date.) To see how the periodic table
might look different, see Insight 2.1.

Bonds and Molecules

Most elements do not exist naturally in pure, uncombined
form but are bound together as molecules and compounds.
A molecule is a distinct chemical substance that results from
the combination of two or more atoms. Some molecules such
as oxygen (O,) and nitrogen gas (N,) consist of atoms of the
same element. Molecules that are combinations of two or
more different elements are termed compounds. Compounds
such as water (H,0O) and biological molecules (proteins, sug-
ars, fats) are the predominant substances in living systems.
When atoms bind together in molecules, they lose the proper-
ties of the atom and take on the properties of the combined
substance.

The chemical bonds of molecules and compounds result
when two or more atoms share, donate (lose), or accept
(gain) electrons (figure 2.4). The number of electrons in the
outermost shell of an element is known as its valence. The
valence determines the degree of reactivity and the types of
bonds an element can make. Elements with a filled outer
orbital are relatively stable because they have no extra elec-
trons to share with or donate to other atoms. For example,
helium has one filled shell, with no tendency either to give

up electrons or to take them from other elements, making it
a stable, inert (nonreactive) gas. Elements with partially
filled outer orbitals are less stable and are more apt to form
some sort of bond. Many chemical reactions are based on the
tendency of atoms with unfilled outer shells to gain greater
stability by achieving, or at least approximating, a filled
outer shell. For example, an atom such as oxygen that can
accept 2 additional electrons will bond readily with atoms
(such as hydrogen) that can share or donate electrons. We
explore some additional examples of the basic types of bond-
ing in the following section.

In addition to reactivity, the number of electrons in the
outer shell also dictates the number of chemical bonds an
atom can make. For instance, hydrogen can bind with one
other atom, oxygen can bind with up to two other atoms, and
carbon can bind with four.

Covalent Bonds and Polarity: Molecules with
Shared Electrons

Covalent (cooperative valence) bonds form between atoms
that share electrons rather than donating or receiving them. A
simple example is hydrogen gas (H,), which consists of two
hydrogen atoms. A hydrogen atom has only a single electron,
but when two of them combine, each will bring its electron to
orbit about both nuclei, thereby approaching a filled orbital
(2 electrons) for both atoms and thus creating a single
covalent bond (figure 2.54). Covalent bonding also occurs in

18

1A 8A
1 9 — Atomic number 2
H F He
Hydogn 2 Foooe 13 14 15 16 17 il
1.008 2A B q Atomic mass 3A 4A SA 6A 7A 41003
3 4 5 6 7 8 9 10
Li Be B C N o F Ne
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon
6.941 9.012 1081 12.01 14.01 16.00 19.00 20.18
11 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
Sodium Magnesium 3 4 5 6 7 8 9 10 11 12 Aluminum Silicon Phogphoris Sulfr Chlorne Argon
2299 2431 3B 4B 5B 6B 7B ——8B—] 1B 2B 2698 28.09 3097 3207 3545 3995
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Potassum Caleium Seandium Tiiun Vaadun | Chomium | Manganese on Colt Nickel Copper Tinc Gallum Gemanium Arsenic Sclenium Bronine Knypton
39.10 40.08 44.96 4788 5094 52.00 54.94 55.85 5893 58.69 6355 6539 69.72 7259 7492 78.96 79.90 83.80
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sb Te I Xe
Rubidium Stunium Yiriun Tireonium Niobim | Mobbdewm | Teciom | Ruhennm | Rhodum Paladium Silver Cadmium Indium T Auinony Telurium odine Xenon
8547 87.62 8891 9122 9291 95.94 98) 1011 102.9 106.4 107.9 1124 1148 118.7 1218 127.6 1269 1313
55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba La Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Cesiom Burm Lathanm | | Hafoium Tatam Tungsten Rieniom Osrium Iridum Pitinum Gold Metury Thallim Lead Bismuth Polonium Asatne Radon
1329 1373 138.9 178.5 180.9 183.9 186.2 190.2 1922 195.1 197.0 200.6 2044 2072 209.0 (210) (210) (222)
87 88 89 104 105 106 107 108 109 110 111 112 (113) 114 (115) 116 (117) (118)
Fr Ra Ac Rf Db Sg Bh Hs Mt Ds Rg
Francium Radium Actinium Rutherfordium Dubaium Seaborgium Bohrium Hassium Meiterium | Damstadtium | Roentgenium
(223) (226) (27) (257) (260) (263) (262) (265) (266) (269) @7n2)
Metals
58 59 60 61 62 63 64 65 66 67 68 69 70 71
Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Cerium Praseodymium | Neodymium Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yiterbium Lutetium
Metalloids 140.1 140.9 144.2 (147) 150.4 152.0 157.3 158.9 162.5 164.9 167.3 168.9 173.0 1750
90 91 92 93 94 95 96 97 98 99 100 101 102 103
Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Nonmetals Thorium Protactinium Uratium Neptunium Plutonium Americium Curium Berkelium Califorium Einsteinium Fermium Mendelevium Nobelium Lawrencium
2320 (231) 2380 (237) (242) (243) (247) (247) (249) (254) (253) (256) (254) (257)

Figure 2.3 The periodic table.

The 1-18 group designation has been recommended by the International Union of Pure and Applied Chemistry (TUPAC) but is not yet in wide use.
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Covalent Bonds lonic Bond

Single

*)

Double

(a)

oxygen gas (O,) but with a difference. Because each atom has
2 electrons to share in this molecule, the combination creates
two pairs of shared electrons, also known as a double cova-
lent bond (figure 2.5b). The majority of the molecules associ-
ated with living things are composed of single and double
covalent bonds between the most common biological ele-
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Hydrogen Bond

Molecule A
H
(+)
|
|
|
|
=)
(0]
e ©? or
<@ <@
N
o
Molecule B

(c)

Figure 2.4 General representation of
three types of bonding. (a) Covalent
bonds, both single and double. (b) lonic bond.
(c) Hydrogen bond. Note that hydrogen bonds
are represented in models and formulas by
dotted lines, as shown in (c).

ments (carbon, hydrogen, oxygen, nitrogen, sulfur, and phos-
phorus), which are discussed in more depth in chapter 7.
Double bonds in molecules and compounds introduce more
rigidity than single bonds. A slightly more complex pattern
of covalent bonding is shown for methane gas (CH,) in
figure 2.5¢c.

H + H H,
e e
1p* 1p* _— 1p* O 1p* H:H
Single bond
Hydrogen atom *+ Hydrogen atom Hydrogen molecule
(a)
\
H [/ 1pt Figure 2.5 Examples of molecules
J /\ / H:C:H \ )/ with covalent bonding. (a) A hydrogen
8o* 8o* H S ,,./\ molecule is formed when two hydrogen atoms
Sﬁ BE PN // =N - share their electrons and form a single bond.
‘/ ‘/ H / \ ,/ " 6ot NV \ (b) In a double bond, the outer orbitals of
/_//K (NS 62 ) o RN ) two oxygen atoms overlap and permit the
AN 7 \'Y RAVAN R sharing of 4 electrons (one pair from each)
Molecular oxygen (Os) g c H T N - - “/ v T and the saturation of the outer orbital for both.
00 e N (c) Simple, three-dimensional, and working
T H [ (p% models of methane. Note that carbon has
N /’ 4 electrons to share and hydrogens each have
Double bond Methane (CH,) N one, thereby completing the shells for all atoms

(b) (c)

in the compound, and creating 4 single bonds.
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Other effects of bonding result in differences in polar-
ity. When atoms of different electronegativity ? form cova-
lent bonds, the electrons are not shared equally and may
be pulled more toward one atom than another. This pull
causes one end of a molecule to assume a partial nega-
tive charge and the other end to assume a partial positive
charge. A molecule with such an asymmetrical distribution
of charges is termed polar and has positive and negative
poles. Observe the water molecule shown in figure 2.6 and
note that, because the oxygen atom is larger and has more
protons than the hydrogen atoms, it will tend to draw the
shared electrons with greater force toward its nucleus.
This unequal force causes the oxygen part of the molecule
to express a negative charge (due to the electrons being
attracted there) and the hydrogens to express a positive
charge (due to the protons). The polar nature of water plays
an extensive role in a number of biological reactions, which
are discussed later. Polarity is a significant property of
many large molecules in living systems and greatly influ-
ences both their reactivity and their structure.

A Note About Diatomic Elements

You will notice that hydrogen, oxygen, nitrogen, chlorine, and
iodine are often shown in notation with a 2 subscript—H, or
O,. These elements are diatomic (two atoms), meaning that in
their pure elemental state, they exist in pairs, rather than as a
single atom. The reason for this phenomenon has to do with
their valences. The electrons in the outer shell are configured so
as to complete a full outer shell for both atoms when they bind.
You can see this for yourself in figures 2.3 and 2.5. Most of the
diatomic elements are gases.

2. Electronegativity—the ability to attract electrons.

*) *)
(a) ()

Figure 2.6 Polar molecule. (a) A simple model and (b) a
three-dimensional model of a water molecule indicate the polarity, or
unequal distribution, of electrical charge, which is caused by the pull
of the shared electrons toward the oxygen side of the molecule.

When covalent bonds are formed between atoms that
have the same or similar electronegativity, the electrons
are shared equally between the two atoms. Because of this
balanced distribution, no part of the molecule has a greater
attraction for the electrons. This sort of electrically neutral
molecule is termed nonpolar.

lonic Bonds: Electron Transfer Among Atoms

In reactions that form ionic bonds, electrons are transferred
completely from one atom to another and are not shared.
These reactions invariably occur between atoms with valences
that complement each other, meaning that one atom has an
unfilled shell that will readily accept electrons and the other
atom has an unfilled shell that will readily lose electrons. A
striking example is the reaction that occurs between sodium
(Na) and chlorine (Cl). Elemental sodium is a soft, lustrous
metal so reactive that it can burn flesh, and molecular chlorine
is a very poisonous yellow gas. But when the two are com-
bined, they form sodium chloride® (NaCl)—the familiar non-
toxic table salt—a compound with properties quite different
from either parent element (figure 2.7).

How does this transformation occur? Sodium has 11 elec-
trons (2 in shell one, 8 in shell two, and only 1 in shell three),
so it is 7 short of having a complete outer shell. Chlorine has
17 electrons (2 in shell one, 8 in shell two, and 7 in shell three),
making it 1 short of a complete outer shell. These two atoms
are very reactive with one another, because a sodium atom
will readily donate its single electron and a chlorine atom will
avidly receive it. (The reaction is slightly more involved than
a single sodium atom’s combining with a single chloride
atom (Insight 2.2), but this complexity does not detract from

3. In general, when a salt is formed, the ending of the name of the negatively
charged ion is changed to -ide.

Case File 2

DNA is a long molecule made up of repeat-
ing units called nucleotides. The identity and
order in which the four nucleotides (adenine,

Continuing the Case )

guanine, thymine, and cytosine) occur are the
basis for the genetic information held by a
particular stretch of DNA. The eventual expression of this informa-

tion by the cell results in the production of physical features that
can be used to distinguish one cell from another. Also, because
DNA is used to transfer genetic information from one generation
to the next, all cells descended from a single original cell have simi-
lar or identical DNA sequences, while the DNA from strains that
are not closely related is less alike. The DNA differences that exist
between the various types of Salmonella have led to S. enterica
being subdivided into many strains, or serotypes, based on differ-
ences in the major surface components. In fact, Salmonella strains
are often identified by their genus, species, and serotype, such as
S. enterica Typhimurium or S. enterica serotype Tennessee.
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(a) Sodium atom (Na) Chlorine atom (ClI)

(b) Na:Cl- ——> [NaJ* [CI]”

(d)

Figure 2.7 lonic bonding between sodium and chlorine.
(a) When the two elements are placed together, sodium loses its single
outer orbital electron to chlorine, thereby filling chlorine’s outer shell.
(b) Simple model of ionic bonding. (¢) Sodium and chloride ions form
large molecules, or crystals, in which the two atoms alternate in a
definite, regular, geometric pattern. (d) Note the cubic nature of NaCl
crystals at the macroscopic level.

the fundamental reaction as described here.) The outcome of
this reaction is not many single, isolated molecules of NaCl
but rather a solid crystal complex that interlinks millions of
sodium and chloride ions (figure 2.7¢,d).

lonization: Formation of Charged Particles Molecules
with intact ionic bonds are electrically neutral, but they can
produce charged particles when dissolved in a liquid called
a solvent. This phenomenon, called ionization, occurs when
the ionic bond is broken and the atoms dissociate (separate)

Atoms, Bonds, and Molecules: Fundamental Building Blocks

Redox: Electron Transfer
and Oxidation-Reduction
Reactions

INSIGHT 2.2

The metabolic work of cells, such as synthesis, movement,
and digestion, revolves around energy exchanges and trans-
fers. The management of energy in cells is almost exclu-
sively dependent on chemical rather than physical reactions
because most cells are far too delicate to operate with heat,
radiation, and other more potent forms of energy. The outer-
shell electrons are readily portable and easily manipulated
sources of energy. It is in fact the movement of electrons
from molecule to molecule that accounts for most energy
exchanges in cells. Fundamentally, then, a cell must have a
supply of atoms that can gain or lose electrons if they are to
carry out life processes.

The phenomenon in which electrons are transferred from
one atom or molecule to another is termed an oxidation and
reduction (shortened to redox) reaction. The term oxidation
was originally adopted for reactions involving the addition
of oxygen. In current usage, the term oxidation can include
any reaction causing electron loss, regardless of the involve-
ment of oxygen. By comparison, reduction is any reaction that
causes an atom to receive electrons, because all redox reac-
tions occur in pairs.

To analyze the phenomenon, let us again review the pro-
duction of NaCl but from a different standpoint.

When these two atoms react to form sodium chloride, a
sodium atom gives up an electron to a chlorine atom. During
this reaction, sodium is oxidized because it loses an electron,
and chlorine is reduced because it gains an electron (figure 2.7).
With this system, an atom such as sodium that can donate elec-
trons and thereby reduce another atom is a reducing agent. An
atom that can receive extra electrons and thereby oxidize an-
other molecule is an oxidizing agent. You may find this concept
easier to keep straight if you think of redox agents as partners:
The reducing partner gives its electrons away and is oxidized;
the oxidizing partner receives the electrons and is reduced. A
mnemonic device to keep track of this is “LEO says GER” (Lose
Electrons Oxidized; Gain Electrons Reduced).

Redox reactions are essential to many of the biochemical
processes discussed in chapter 8. In cellular metabolism, elec-
trons are frequently transferred from one molecule to another
as described here. In other reactions, oxidation and reduction
occur with the transfer of a hydrogen atom (a proton and an
electron) from one compound to another.

. :
-0

Oxidized Reduced
product product

Reducing
agent

Oxidizing
agent

Simplified diagram of the exchange of electrons during an
oxidation-reduction reaction.
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into unattached, charged particles called ions (figure 2.8). To
illustrate what gives a charge to ions, let us look again at the
reaction between sodium and chlorine. When a sodium
atom reacts with chlorine and loses 1 electron, the sodium is
left with one more proton than electrons. This imbalance
produces a positively charged sodium ion (Na™). Chlorine,
on the other hand, has gained 1 electron and now has 1 more
electron than protons, producing a negatively charged ion
(CI7). Positively charged ions are termed cations, and nega-
tively charged ions are termed anions. (A good mnemonic
device is to think of the “t” in cation as a plus (+) sign and
the first “n” in anion as a negative (—) sign.) Substances such
as salts, acids, and bases that release ions when dissolved in
water are termed electrolytes because their charges enable
them to conduct an electrical current. Owing to the general
rule that particles of like charge repel each other and those of
opposite charge attract each other, we can expect ions to
interact electrostatically with other ions and polar mole-
cules. Such interactions are important in many cellular
chemical reactions, in the formation of solutions, and in the

Sodium ion (Na*)

Chlorine atom (CI™)

(cation) (anion)

Figure 2.8 lonization. When NaCl in the crystalline form is
added to water, the ions are released from the crystal as separate
charged particles (cations and anions) into solution. (See also

figure 2.12.) In this solution, CI~ ions are attracted to the hydrogen
component of water, and Na* ions are attracted to the oxygen (box).

reactions microorganisms have with dyes. The transfer of
electrons from one molecule to another constitutes a
significant mechanism by which biological systems store
and release energy.

Hydrogen Bonding Some types of bonding do not involve
sharing, losing, or gaining electrons but instead are due to
attractive forces between nearby molecules or atoms. One
such bond is a hydrogen bond, a weak type of bond that
forms between a hydrogen covalently bonded to one mole-
cule and an oxygen or nitrogen atom on the same molecule or
on a different molecule. Because hydrogen in a covalent bond
tends to be positively charged, it will attract a nearby nega-
tively charged atom and form an easily disrupted bridge
with it. This type of bonding is usually represented in
molecular models with a dotted line. A simple example of
hydrogen bonding occurs between water molecules
(figure 2.9). More extensive hydrogen bonding is partly
responsible for the structure and stability of proteins and
nucleic acids, as you will see later on.

Other similar noncovalent associations between mol-
ecules are the van der Waals forces. These weak attractions
occur between molecules that demonstrate low levels of
polarity. Neighboring groups with slight attractions will
interact and remain associated. These forces are an essential
factor in maintaining the cohesiveness of large molecules
with many packed atoms.

It is safe to say that though each of these two types
of bonds, hydrogen bonds and van der Waals forces, are
relatively weak on their own, they provide great stability
to molecules because there are often many of them in one
area. The weakness of each individual bond also provides
flexibility, allowing molecules to change their shapes and
also to bind and unbind to other objects relatively easily. The
fundamental processes of life involve bonding and unbond-

+ \ / :|iWatermolecule

Hydrogen bonds

T -

N\ D T /&
— ) = + - + [ (6]

— H S \

.

OFb—H .

Figure 2.9 Hydrogen bonding in water. Because of the
polarity of water molecules, the negatively charged oxygen end of
one water molecule is weakly attracted to the positively charged
hydrogen end of an adjacent water molecule.
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ing (for example, the DNA helix has to “unbond” or unwind
in order for replication to occur, enzymatic reactions require
proteins to bind to other molecules and then be released), and
hydrogen bonds and van der Waals forces are custom made
for doing just that.

Chemical Shorthand: Formulas, Models, and Equations
The atomic content of molecules can be represented by
a few convenient formulas. We have already been using
the molecular formula, which concisely gives the atomic
symbols and the number of the elements involved in sub-
script (CO,, H,O). More complex molecules such as glucose
(CeH1,04) can also be symbolized this way, but this formula
is not unique, because fructose and galactose also share it.
Molecular formulas are useful, but they only summarize
the atoms in a compound; they do not show the position of
bonds between atoms. For this purpose, chemists use struc-
tural formulas illustrating the relationships of the atoms
and the number and types of bonds (figure 2.10). Other
structural models present the three-dimensional appear-
ance of a molecule, illustrating the orientation of atoms
(differentiated by color) and the molecule’s overall shape
(figure 2.11). These are often called space-filling models, as
you can get an idea of how the molecule actually occupies its
space. The spheres surrounding each atom indicate how far
the atom's influence can be felt, let's say. Sometimes it is also
referred to as the atom's volume.

The printed page tends to make molecules appear static,
but this picture is far from correct, because molecules are
capable of changing through chemical reactions. For ease
in tracing chemical exchanges between atoms or molecules,
and to provide some sense of the dynamic character of reac-
tions, chemists use shorthand equations containing symbols,
numbers, and arrows to simplify or summarize the major
characteristics of a reaction. Molecules entering or starting a
reaction are called reactants, and substances left by a reaction
are called products. In most instances, summary chemical
reactions do not give the details of the exchange, in order to
keep the expression simple and to save space.

In a synthesis reaction, the reactants bond together in a
manner that produces an entirely new molecule (reactant
A plus reactant B yields product AB). An example is the
production of sulfur dioxide, a by-product of burning sulfur
fuels and an important component of smog:

S + O, = SO,

Some synthesis reactions are not such simple combinations.
When water is synthesized, for example, the reaction does
not really involve one oxygen atom combining with two
hydrogen atoms, because elemental oxygen exists as O, and
elemental hydrogen exists as H,. A more accurate equation
for this reaction is:

2H, + O, —» H,0

The equation for reactions must be balanced—that is, the
number of atoms on one side of the arrow must equal the
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Molecular
(a) Lformulas H, 0 H20 €0 CH
H\ /H T
Structural H—H o0=0 (o) O0=C=0 H—C-—H
formulas |
(b) H

Cyclohexane (CgH5) Benzene (CgHg)

H
H H\C/H H H ('; H
| |
T 7Y
H—C C—H C C
|\c/| ’ \c4 N
H ,°\ H H i H
(c) H H H

Also represented by

(d)

Figure 2.10 Comparison of molecular and structural
formulas. (a) Molecular formulas provide a brief summary of the
elements in a compound. (b) Structural formulas clarify the exact
relationships of the atoms in the molecule, depicting single bonds

by a single line and double bonds by two lines. (c) In structural
formulas of organic compounds, cyclic or ringed compounds may be
completely labeled, or (d) they may be presented in a shorthand form
in which carbons are assumed to be at the angles and attached to
hydrogens. See figure 2.15 for structural formulas of three sugars with the
same molecular formula, C,H;,0.

(a) (b)

(c)

Figure 2.11 Three-dimensional, or space-filling, models of
(a) water, (b) carbon dioxide, and (c) glucose. The red atoms
are oxygen, the white ones hydrogen, and the black ones carbon.



38 Chapter 2 The Chemistry of Biology

number on the other side to reflect all of the participants
in the reaction. To arrive at the total number of atoms in
the reaction, multiply the prefix number by the subscript
number; if no number is given, it is assumed to be 1.

In decomposition reactions, the bonds on a single reactant
molecule are permanently broken to release two or more
product molecules. One example is the resulting molecules
when large nutrient molecules are digested into smaller
units; a simpler example can be shown for the common
chemical hydrogen peroxide:

2H,0, — 2H,0 + O,

During exchange reactions, the reactants trade portions
between each other and release products that are combina-
tions of the two. This type of reaction occurs between acids
and bases when they form water and a salt:

AB + XY =AX + BY

The reactions in biological systems can be reversible,
meaning that reactants and products can be converted back
and forth. These reversible reactions are symbolized with a
double arrow, each pointing in opposite directions, as in the
preceding exchange reaction. Whether a reaction is reversible
depends on the proportions of these compounds, the difference
in energy state of the reactants and products, and the presence
of catalysts (substances that increase the rate of a reaction).
Additional reactants coming from another reaction can also be
indicated by arrows that enter or leave at the main arrow:

CDC
A
X+ XY— XYD

Hydrogen
Oxygen Water molecules
& &
+ \_/ &
| &
“+ \ i
Z ) )
+ | / )
+ S o - /
N C—o
&
& O
+ N4 o
¢t —
/ = R
U] a ~4
s |
+7 0\ +
- & T —
b \
+/ &
/ N\
4 4+

Figure 2.12 Hydration spheres formed around ions in solution.

Solutions: Homogeneous Mixtures of Molecules

A solution is a mixture of one or more substances called
solutes uniformly dispersed in a dissolving medium called
a solvent. An important characteristic of a solution is that
the solute cannot be separated by filtration or ordinary
settling. The solute can be gaseous, liquid, or solid, and
the solvent is usually a liquid. Examples of solutions are
salt or sugar dissolved in water and iodine dissolved in
alcohol. In general, a solvent will dissolve a solute only if it
has similar electrical characteristics as indicated by the rule
of solubility, expressed simply as “like dissolves like.” For
example, water is a polar molecule and will readily dissolve
an ionic solute such as NaCl, yet a nonpolar solvent such as
benzene will not dissolve NaClL

Water is the most common solvent in natural systems,
having several characteristics that suit it to this role. The
polarity of the water molecule causes it to form hydrogen
bonds with other water molecules, but it can also interact
readily with charged or polar molecules. When an ionic
solute such as NaCl crystals is added to water, it is dissolved,
thereby releasing Na® and Cl~ into solution. Dissolution
occurs because Na* is attracted to the negative pole of the
water molecule and Cl~ is attracted to the positive pole; in
this way, they are drawn away from the crystal separately
into solution. As it leaves, each ion becomes hydrated, which
means that it is surrounded by a sphere of water molecules
(figure 2.12). Molecules such as salt or sugar that attract water
to their surface are termed hydrophilic. Nonpolar molecules,
suchasbenzene, thatrepel water are considered hydrophobic.
A third class of molecules, such as the phospholipids in cell
membranes, are considered amphipathic because they have
both hydrophilic and hydrophobic properties.

+/ e
e & ]
+ / \+ b

In this example, a sodium cation attracts the negatively charged

region of water molecules, and a chloride anion attracts the positively charged region of water molecules. In both cases, the ions become
covered with spherical layers of specific numbers and arrangements of water molecules.
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Because most biological activities take place in aqueous
(water-based) solutions, the concentration of these solutions
can be very important (see chapter 7). The concentration of a
solution expresses the amount of solute dissolved in a certain
amount of solvent. It can be calculated by weight, volume,
or percentage. A common way to calculate percentage of
concentration is to use the weight of the solute, measured
in grams (g), dissolved in a specified volume of solvent,
measured in milliliters (ml). For example, dissolving 3 g of
NaCl in 100 ml of water produces a 3% solution; dissolving
30 g in 100 ml produces a 30% solution; and dissolving 3 g in
1,000 ml (1 liter) produces a 0.3% solution.

A common way to express concentration of biologi-
cal solutions is by its molar concentration, or molarity (M).
A standard molar solution is obtained by dissolving one mole,
defined as the molecular weight of the compound in grams,
in 1 liter (1,000 ml) of solution. To make a 1 mole solution
of sodium chloride, we would dissolve 58 grams of NaCl
to give 1 liter of solution; a 0.1 mole solution would require
5.8 grams of NaCl in 1 liter of solution.

Acidity, Alkalinity, and the pH Scale

Another factor with far-reaching impact on living things is
the concentration of acidic or basic solutions in their envi-
ronment. To understand how solutions develop acidity or
basicity, we must look again at the behavior of water mol-
ecules. Hydrogens and oxygen tend to remain bonded by
covalent bonds, but in certain instances, a single hydrogen
can break away as the ionic form (H"), leaving the remain-
der of the molecule in the form of an OH~ ion. The H" ion
is positively charged because it is essentially a hydrogen
ion that has lost its electron; the OH™ is negatively charged
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because it remains in possession of that electron. Ionization
of water is constantly occurring, but in pure water con-
taining no other ions, H" and OH" are produced in equal
amounts, and the solution remains neutral. By one defini-
tion, a solution is considered acidic when a component
dissolved in water (acid) releases excess hydrogen ions*
(H*); a solution is basic when a component releases excess
hydroxyl ions (OH"), so that there is no longer a balance
between the two ions.

To measure the acid and base concentrations of solu-
tions, scientists use the pH scale, a graduated numerical scale
that ranges from 0 (the most acidic) to 14 (the most basic).
This scale is a useful standard for rating relative acidity and
basicity; use figure 2.13 to familiarize yourself with the pH
readings of some common substances. Because the pH scale
is a logarithmic scale, each increment (from pH 2.0 to pH 3.0)
represents a tenfold change in concentration of ions. (Take a
moment to glance at Appendix A to review logarithms and
exponents.)

More precisely, the pH is based on the negative logarithm
of the concentration of H* ions (symbolized as [H*]) in a
solution, represented as:

pH = —log[H"]

The quantity is expressed in moles per liter. Recall that a
mole is simply a standard unit of measurement and refers to
the amount of substance containing 6 X 10% atoms.

Acidic solutions have a greater concentration of H* than
OH, starting with pH 0, which contains 1.0 mole H*/liter.

4. Actually, it forms a hydronium ion (H;O"), but for simplicity’s sake, we
will use the notation of H*.
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Figure 2.13 The pH scale.

Shown are the relative degrees of acidity and basicity and the approximate pH readings for various substances.
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Each of the subsequent whole-number readings in the scale
changes in [H*] by a tenfold reduction, so that pH 1 contains
[0.1 mole H*/liter], pH 2 contains [0.01 mole H*/liter], and so
on, continuing in the same manner up to pH 14, which con-
tains [0.00000000000001 mole H*/liter]. These same concen-
trations can be represented more manageably by exponents:
pH 2 has an [H*] of 1072 mole, and pH 14 has an [H*] of 1071
mole (table 2.2). It is evident that the pH units are derived
from the exponent itself. Even though the basis for the pH
scale is [H*], it is important to note that, as the [H*] in a solu-
tion decreases, the [OH™] increases in direct proportion. At
midpoint—pH 7, or neutrality—the concentrations are exactly
equal and neither predominates, this being the pH of pure
water previously mentioned.

In summary, the pH scale can be used to rate or deter-
mine the degree of acidity or basicity (also called alkalinity)
of a solution. On this scale, a pH below 7 is acidic, and the
lower the pH, the greater the acidity. A pH above 7 is basic,
and the higher the pH, the greater the basicity. Incidentally,
although pHs are given here in even whole numbers, more
often, a pH reading exists in decimal form, for example, pH
4.5 or 6.8 (acidic) and pH 7.4 or 10.2 (basic). Because of the
damaging effects of very concentrated acids or bases, most
cells operate best under neutral, weakly acidic, or weakly
basic conditions (see chapter 7).

Aqueous solutions containing both acids and bases may be
involved in neutralization reactions, which give rise to water
and other neutral by-products. For example, when equal molar
solutions of hydrochloric acid (HCl) and sodium hydroxide
(NaOH, a base) are mixed, the reaction proceeds as follows:

HCI + NaOH — H,0 + NaCl

Table 2.2 Hydrogen lon and Hydroxide lon
Concentrations at a Given pH

Moles/Liter of Moles/Liter of

Hydrogen lons  Logarithm pH OH-
1.0 1070 0 10-14
0.1 101 1 10-13
0.01 102 2 10-12
0.001 10-3 3 101
0.0001 104 4 10-10
0.00001 10-5 5 10-°
0.000001 10-6 6 10-8
0.0000001 10-7 7 10-7
0.00000001 10-8 8 10-6
0.000000001 10-9 9 10-5
0.0000000001 10-10 10 10-4
0.00000000001 101 11 103
0.000000000001 10-12 12 10-2
0.0000000000001  10-13 13 10-1
0.00000000000001 114 14 10-0

Here the acid and base ionize to H* and OH™ ions, which
form water, and other ions, Na* and Cl~, which form sodium
chloride. Any product other than water that arises when acids
and bases react is called a salt. Many of the organic acids (such
as lactic and succinic acids) that function in metabolism are
available as the acid and the salt form (such as lactate, succi-
nate), depending on the conditions in the cell (see chapter 8).

The Chemistry of Carbon and Organic Compounds

So far, our main focus has been on the characteristics of atoms,
ions, and small, simple substances that play diverse roles in
the structure and function of living things. These substances
are often lumped together in a category called inorganic
chemicals. A chemical is usually inorganic if it does not
contain both carbon and hydrogen. Examples of inorganic
chemicals include NaCl (sodium chloride), Mg;(PO,), (mag-
nesium phosphate), CaCO; (calcium carbonate), and CO,
(carbon dioxide). In reality, however, most of the chemical
reactions and structures of living things involve more com-
plex molecules, termed organic chemicals. These are carbon
compounds with a basic framework of the element carbon
bonded to other atoms. Organic molecules vary in complexity
from the simplest, methane (CH,; see figure 2.5c), which has a
molecular weight of 16, to certain antibody molecules (part of
our immune systems) that have a molecular weight of nearly
1,000,000 and are among the most complex molecules on earth.

The role of carbon as the fundamental element of life can
best be understood if we look at its chemistry and bonding
patterns. The valence of carbon makes it an ideal atomic
building block to form the backbone of organic molecules;
it has 4 electrons in its outer orbital to be shared with other
atoms (including other carbons) through covalent bonding.
As a result, it can form stable chains containing thousands of
carbon atoms and still has bonding sites available for form-
ing covalent bonds with numerous other atoms. The bonds
that carbon forms are linear, branched, or ringed, and it can
form four single bonds, two double bonds, or one triple bond
(figure 2.14). The atoms with which carbon is most often
associated in organic compounds are hydrogen, oxygen,
nitrogen, sulfur, and phosphorus.

Functional Groups of Organic Compounds

One important advantage of carbon’s serving as the molecular
skeleton for living things is that it is free to bind with an unend-
ing array of other molecules. These special molecular groups or
accessory molecules that bind to organic compounds are called
functional groups. Functional groups help define the chemi-
cal class of certain groups of organic compounds and confer
unique reactive properties on the whole molecule (table 2.3).
Because each type of functional group behaves in a distinctive
manner, reactions of an organic compound can be predicted
by knowing the kind of functional group or groups it carries.
Many reactions rely upon functional groups such as R—OH or
R—NH,. The —R designation on a molecule is shorthand for
residue, and its placement in a formula indicates that the resi-
due (functional group) varies from one compound to another.
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Figure 2.14 The versatility of bonding in carbon.

In most compounds, each carbon makes a total of four bonds.

(a) Both single and double bonds can be made with other carbons,
oxygen, and nitrogen; single bonds are made with hydrogen.
Simple electron models show how the electrons are shared in these
bonds. (b) Multiple bonding of carbons can give rise to long chains,
branched compounds, and ringed compounds, many of which are
extraordinarily large and complex.

2.1 Learning Outcomes—Can You ...

.. explain the relationship between atoms and elements?
.. list and define four types of chemical bonds?

.. differentiate between a solute and a solvent?

.. give a brief defintion of pH?

Pwbh=
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Table 2.3 Representative Functional Groups and
Classes of Organic Compounds

Formula of
Functional Group Name Class of Compounds

Hydroxyl Alcohols, carbohydrates

Carboxyl Fatty acids, proteins, organic
acids
Amino Proteins, nucleic acids
o Ester Lipids
7
R—C
\
O—R
H Sulfhydryl Cysteine (amino acid),
| proteins
R—C— SH
[
H
0 Carbonyl, Aldehydes, polysaccharides
// terminal end
R—C
\
H
0 Carbonyl, Ketones, polysaccharides
[l | internal
R—C— C—
[
0 Phosphate DNA, RNA, ATP

*The R designation on a molecule is shorthand for residue, and it indicates that
what is attached at that site varies from one compound to another.

2.2 Macromolecules:
Superstructures of Life

The compounds of life fall into the realm of biochemistry. Bio-
chemicals are organic compounds produced by (or compo-
nents of) living things, and they include four main families:
carbohydrates, lipids, proteins, and nucleic acids (table 2.4).
The compounds in these groups are assembled from smaller
molecular subunits, or building blocks, and because they are
often very large compounds, they are termed macromolecules.
All macromolecules except lipids are formed by polymeriza-
tion, a process in which repeating subunits termed monomers
are bound into chains of various lengths termed polymers. For
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Table 2.4 Macromolecules and Their Functions

Macromolecule Description/Basic Structure
Carbohydrates
Monosaccharides  3- to 7-carbon sugars
Disaccharides Two monosaccharides
Polysaccharides Chains of monosaccharides
Lipids
Triglycerides Fatty acids + glycerol
Phospholipids Fatty acids + glycerol + phosphate
Waxes Fatty acids, alcohols
Steroids Ringed structure
Proteins

Nucleic acids

Amino acids

Pentose sugar + phosphate +
nitrogenous base
Purines: adenine, guanine

Pyrimidines: cytosine, thymine, uracil

Examples

Glucose, fructose

Maltose (malt sugar)

Lactose (milk sugar)
Sucrose (table sugar)
Starch, cellulose, glycogen

Fats, oils

Membrane components
Mycolic acid
Cholesterol, ergosterol

Enzymes; part of cell membrane,
cell wall, ribosomes, antibodies

Chromosomes; genetic
material of viruses

Ribosomes; mRNA, tRNA

Notes About the Examples

Sugars involved in metabolic
reactions; building block of
disaccharides and polysaccharides

Composed of two glucoses; an
important breakdown product of
starch

Composed of glucose and galactose
Composed of glucose and fructose
Cell wall, food storage

Major component of cell
membranes; storage

Cell wall of mycobacteria

In membranes of eukaryotes and
some bacteria

Serve as structural components and
perform metabolic reactions

Mediate inheritance

Facilitate expression of genetic traits

Deoxyribonucleic  Contains deoxyribose sugar and
acid (DNA) thymine, not uracil

Ribonucleic Contains ribose sugar and uracil,
acid (RNA) not thymine

example, proteins (polymers) are composed of a chain of
amino acids (monomers). The large size and complex, three-
dimensional shape of macromolecules enables them to func-
tion as structural components, molecular messengers, energy
sources, enzymes (biochemical catalysts), nutrient stores, and
sources of genetic information. In the following section and in
later chapters, we consider numerous concepts relating to the
roles of macromolecules in cells. Table 2.4 will also be a useful
reference when you study metabolism in chapter 8.

Carbohydrates: Sugars and Polysaccharides

The term carbohydrate originates from the composition
of members of this class: they are combinations of carbon
(carbo-) and water (-hydrate). Although carbohydrates can
be generally represented by the formula (CH,0),, in which
n indicates the number of units of this combination of
atoms (figure 2.15a), some carbohydrates contain additional
atoms of sulfur or nitrogen.

Carbohydrates exist in a great variety of configurations. The
common term sugar (saccharide) refers to a simple carbohy-

drate such as a monosaccharide or a disaccharide. A
monosaccharide is a simple sugar containing from 3 to 7 car-
bons; a disaccharide is a combination of two monosaccharides;
and a polysaccharide is a polymer of five or more mono-
saccharides bound in linear or branched chain patterns
(figure 2.15b). Monosaccharides and disaccharides are specified
by combining a prefix that describes some characteristic of the
sugar with the suffix -ose. For example, hexoses are composed
of 6 carbons, and pentoses contain 5 carbons. Glucose (Gr.
sweet) is the most common and universally important hexose;
fructose is named for fruit (one place where it is found); and
xylose, a pentose, derives its name from the Greek word for
wood. Disaccharides are named similarly: lactose (L. milk) is an
important component of milk; maltose means malt sugar; and
sucrose (Fr. sugar) is common table sugar or cane sugar.

The Nature of Carbohydrate Bonds

The subunits of disaccharides and polysaccharides are linked
by means of glycosidic bonds, in which carbons (each is
assigned a number) on adjacent sugar units are bonded to the
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Figure 2.15 Common classes of carbohydrates. (a) Three hexoses with the same molecular formula and different structural formulas.
Both linear and ring models are given. The linear form emphasizes aldehyde and ketone groups, although in solution the sugars exist in the ring
form. Note that the carbons are numbered so as to keep track of reactions within and between monosaccharides. (b) Major saccharide groups,
named for the number of sugar units each contains.

same oxygen atom like links in a chain (figure 2.16). Forexam-  lactose is formed when glucose and galactose connect by
ple, maltose is formed when the number 1 carbon on a glu-  their number 1 and number 4 carbons. In order to form this
cose bonds to the oxygen on the number 4 carbon onasecond  bond, 1 carbon gives up its OH group and the other (the one
glucose; sucrose is formed when glucose and fructose bind  contributing the oxygen to the bond) loses the H from its OH
oxygen between their number 1 and number 2 carbons; and  group. Because a water molecule is produced, this reaction is
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(b) glucose produces lactose.
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known as dehydration synthesis, a process common to most
polymerization reactions (see proteins, page 47). Three
polysaccharides (starch, cellulose, and glycogen) are struc-
turally and biochemically distinct, even though all are poly-
mers of the same monosaccharide—glucose. The basis for
their differences lies primarily in the exact way the glucoses
are bound together, which greatly affects the characteristics
of the end product (figure 2.17). The synthesis and breakage
of each type of bond requires a specialized catalyst called an
enzyme (see chapter 8).

The Functions of Polysaccharides

Polysaccharides typically contribute to structural sup-
port and protection and serve as nutrient and energy
stores. The cell walls in plants and many microscopic
algae derive their strength and rigidity from cellulose, a
long, fibrous polymer (figure 2.17a). Because of this role,
cellulose is probably one of the most common organic
substances on the earth, yet it is digestible only by cer-
tain bacteria, fungi, and protozoa. These microbes, called
decomposers, play an essential role in breaking down
and recycling plant materials (see figure 7.2). Some bac-
teria secrete slime layers of a glucose polymer called
dextran. This substance causes a sticky layer to develop on
teeth that leads to plaque, described later in chapter 22.
Other structural polysaccharides can be conjugated
(chemically bonded) to amino acids, nitrogen bases, lip-
ids, or proteins. Agar, an indispensable polysaccharide in
preparing solid culture media, is a natural component of

certain seaweeds. It is a complex polymer of galactose and
sulfur-containing carbohydrates. The exoskeletons of certain
fungi contain chitin (ky-tun), a polymer of glucosamine
(a sugar with an amino functional group). Peptidoglycan
(pep-tih-doh-gly’-kan) is one special class of compounds in
which polysaccharides (glycans) are linked to peptide frag-
ments (a short chain of amino acids). This molecule provides
the main source of structural support to the bacterial cell
wall. The cell wall of gram-negative bacteria also contains
lipopolysaccharide, a complex of lipid and polysaccharide
responsible for symptoms such as fever and shock (see
chapters 4 and 13).

The outer surface of many cells has a “sugar coating”
composed of polysaccharides bound in various ways to
proteins (the combination is a glycoprotein). This structure,
called the glycocalyx, functions in attachment to other cells or
as a site for receptors—surface molecules that receive external
stimuli or act as binding sites. Small sugar molecules account
for the differences in human blood types, and carbohydrates
are a component of large protein molecules called antibodies.
Viruses also have glycoproteins on their surface with which
they bind to and invade their host cells.

Polysaccharides are usually stored by cells in the form of
glucose polymers such as starch (figure 2.17b) or glycogen,
but only organisms with the appropriate digestive enzymes
can break them down and use them as a nutrient source.
Because a water molecule is required for breaking the bond
between two glucose molecules, digestion is also termed
hydrolysis. Starch is the primary storage food of green
plants, microscopic algae, and some fungi; glycogen (ani-

(a) Cellulose

Figure 2.17 Polysaccharides.

(b) Starch

(a) Cellulose is composed of B glucose bonded in 1,4 bonds that produce linear, lengthy chains of

polysaccharides that are H-bonded along their length. This is the typical structure of wood and cotton fibers. (b) Starch is also composed of
glucose polymers, in this case o glucose. The main structure is amylose bonded in a 1,4 pattern, with side branches of amylopectin bonded by

1,6 bonds. The entire molecule is compact and granular.



mal starch) is a stored carbohydrate for animals and certain
groups of bacteria and protozoa.

Lipids: Fats, Phospholipids, and Waxes

The term lipid, derived from the Greek word /ipos, meaning
fat, is not a chemical designation but an operational term for
a variety of substances that are not soluble in polar solvents
such as water (recall that oil and water do not mix) but will
dissolve in nonpolar solvents such as benzene and chloro-
form. This property occurs because the substances we call
lipids contain relatively long or complex C—H (hydrocar-
bon) chains that are nonpolar and thus hydrophobic. The
main groups of compounds classified as lipids are triglycer-
ides, phospholipids, steroids, and waxes.

Important storage lipids are the triglycerides, a cate-
gory that includes fats and oils. Triglycerides are composed
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of a single molecule of glycerol bound to three fatty acids
(figure 2.18). Glycerol is a 3-carbon alcohol® with three OH
groups that serve as binding sites, and fatty acids are long-
chain hydrocarbon molecules with a carboxyl group
(COOH) at one end that is free to bind to the glycerol. The
hydrocarbon portion of a fatty acid can vary in length from
4 to 24 carbons; and, depending on the fat, it may be satu-
rated or unsaturated. If all carbons in the chain are single-
bonded to 2 other carbons and 2 hydrogens, the fat is
saturated; if there is at least one C=C double bond in the
chain, it is unsaturated. The structure of fatty acids is what
gives fats and oils (liquid fats) their greasy, insoluble nature.
In general, solid fats (such as butter) are more saturated,
and liquid fats (such as oils) are more unsaturated. In recent

5. Alcohols are carbon compounds containing OH groups.
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Figure 2.18 Synthesis and structure of a triglyceride.
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(a) Because a water molecule is released at each ester bond, this is another

t the hydrocarbon chains of the fatty acids, which are commonly very

long. (b) Structural and three-dimensional models of fatty acids and triglycerides. (1) A saturated fatty acid has long, straight chains that readily
pack together and form solid fats. (2) An unsaturated fatty acid—here a polyunsaturated one with 3 double bonds—has bends in the chain that

prevent packing and produce oils (right).
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[\ [c] W Membranes: Cellular Skins

(a) Extreme magpnification of a cross section of a cell membrane, which appears as double tracks. (b) A generalized version of the fluid mosaic model
of a cell membrane indicates a bilayer of lipids with globular proteins embedded to some degree in the lipid matrix. This structure explains many
characteristics of membranes, including flexibility, solubility, permeability, and transport.

years there has been a realization that a type of triglyceride,
called popularly “trans fat” is harmful to the health of those
who consume it. A trans fat is an unsaturated triglyceride
with one or more of its fatty acids in a position (trans) that
is not often found in nature, but is a common occurrence in
processed foods.

In most cells, triglycerides are stored in long-term con-
centrated form as droplets or globules. When they are acted
on by digestive enzymes called lipases, the fatty acids and
glycerol are freed to be used in metabolism. Fatty acids are a
superior source of energy, yielding twice as much per gram
as other storage molecules (starch). Soaps are K* or Na* salts
of fatty acids whose qualities make them excellent grease
removers and cleaners (see chapter 11).

Membrane Lipids

A class of lipids that serves as a major structural compo-
nent of cell membranes is the phospholipids. Although
phospholipids also contain glycerol and fatty acids, they
have some significant differences from triglycerides.
Phospholipids contain only two fatty acids attached to
the glycerol, and the third glycerol binding site holds a
phosphate group. The phosphate is in turn bonded to an
alcohol, which varies from one phospholipid to another
(figure 2.194a). These lipids have a hydrophilic region from
the charge on the phosphoric acid—alcohol “head” of the
molecule and a hydrophobic region that corresponds to
the long, uncharged “tail” (formed by the fatty acids).
When exposed to an aqueous solution, the charged heads
are attracted to the water phase, and the nonpolar tails are
repelled from the water phase (figure 2.19b). This property
causes lipids to naturally assume single and double layers
(bilayers), which contribute to their biological significance
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Figure 2.19 Phospholipids—membrane molecules. (a) A
model of a single molecule of a phospholipid. The phosphate-alcohol
head lends a charge to one end of the molecule; its long, trailing
hydrocarbon chain is uncharged. (b) The behavior of phospholipids in
water-based solutions causes them to become arranged (1) in single
layers called micelles, with the charged head oriented toward the
water phase and the hydrophobic nonpolar tail buried away from the
water phase, or (2) in double-layered phospholipid systems with the
hydrophobic tails sandwiched between two hydrophilic layers.



The word membrane appears frequently in descriptions of cells
in this chapter and in chapters 4 and 5. The word itself describes
any lining or covering, including such multicellular structures as
the mucous membranes of the body. From the perspective of a
single cell, however, a membrane is a thin, double-layered sheet
composed of lipids such as phospholipids and sterols (averaging
about 40% of membrane content) and protein molecules (aver-
aging about 60%). The primary role of membranes is as a cell
membrane that completely encases the cytoplasm. Membranes
are also components of eukaryotic organelles such as nuclei,
mitochondria, and chloroplasts, and they appear in internal
pockets of certain prokaryotic cells. Even some viruses, which
are not cells at all, can have a membranous protective covering.
Cell membranes are so thin—on the average, just 0.0070 um
(7 nm) thick—that they cannot actually be seen with an optical
microscope. Even at magnifications made possible by electron
microscopy (500,000X), very little of the precise architecture can be
visualized, and a cross-sectional view has the appearance of rail-
road tracks. Following detailed microscopic and chemical analysis,
S. J. Singer and C. K. Nicholson proposed a simple and elegant

in membranes. When two single layers of polar lipids come
together to form a double layer, the outer hydrophilic face of
each single layer will orient itself toward the solution, and
the hydrophobic portions will become immersed in the core
of the bilayer. The structure of lipid bilayers confers charac-
teristics on membranes such as selective permeability and
fluid nature (Insight 2.3).

Steroids and Waxes

Steroids are complex ringed compounds commonly found
in cell membranes and animal hormones. The best known
of these is the sterol (meaning a steroid with an OH group)
called cholesterol (figure 2.20). Cholesterol reinforces the
structure of the cell membrane in animal cells and in an
unusual group of cell-wall-deficient bacteria called the
mycoplasmas (see chapter 4). The cell membranes of fungi
also contain a sterol, called ergosterol.

Chemically, a wax is an ester formed between a long-
chain alcohol and a saturated fatty acid. The resulting
material is typically pliable and soft when warmed but
hard and water resistant when cold (paraffin, for example).
Among living things, fur, feathers, fruits, leaves, human
skin, and insect exoskeletons are naturally waterproofed
with a coating of wax. Bacteria that cause tuberculosis
and leprosy produce a wax that repels ordinary laboratory
stains and contributes to their pathogenicity.

Proteins: Shapers of Life

The predominant organic molecules in cells are proteins, a
fitting term adopted from the Greek word proteios, meaning
first or prime. To a large extent, the structure, behavior, and
unique qualities of each living thing are a consequence of the
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theory for membrane structure called the fluid mosaic model.
According to this theory, a membrane is a continuous bilayer
formed by lipids that are oriented with the polar lipid heads toward
the outside and the nonpolar tails toward the center of the mem-
brane. Embedded at numerous sites in this bilayer are various-size
globular proteins. Some proteins are situated only at the surface;
others extend fully through the entire membrane. The configuration
of the inner and outer sides of the membrane can be quite different
because of the variations in protein shape and position.
Membranes are dynamic and constantly changing because
the lipid phase is in motion and many proteins can migrate freely
about, somewhat as icebergs do in the ocean. This fluidity is
essential to such activities as engulfment of food and discharge
or secretion by cells. The structure of the lipid phase provides an
impenetrable barrier to many substances. This property accounts
for the selective permeability and capacity to regulate transport
of molecules. It also serves to segregate activities within the cell’s
cytoplasm. Membrane proteins function in receiving molecular
signals (receptors), in binding and transporting nutrients, and in
acting as enzymes, topics to be discussed in chapters 7 and 8.
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Figure 2.20 Cutaway view of a membrane with its bilayer
of lipids. The primary lipid is phospholipid—however, cholesterol
is inserted in some membranes. Other structures are protein and
glycolipid molecules. Cholesterol can become esterified with fatty
acids at its OH™ group, imparting a polar quality similar to that of
phospholipids.
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proteins they contain. To best explain the origin of the special
properties and versatility of proteins, we must examine their
general structure. The building blocks of proteins are amino
acids, which exist in 20 different naturally occurring forms
(table 2.5). Various combinations of these amino acids account
for the nearly infinite variety of proteins. Amino acids have
a basic skeleton consisting of a carbon (called the o carbon)
linked to an amino group (NH,), a carboxyl group (COOH),
a hydrogen atom (H), and a variable R group. The variations
among the amino acids occur at the R group, which is differ-
ent in each amino acid and imparts the unique characteristics
to the molecule and to the proteins that contain it (figure 2.21).
A covalent bond called a peptide bond forms between the
amino group on one amino acid and the carboxyl group on
another amino acid. As a result of peptide bond formation, it
is possible to produce molecules varying in length from two
amino acids to chains containing thousands of them.

Various terms are used to denote the nature of proteins.
Peptide usually refers to a molecule composed of short
chains of amino acids, such as a dipeptide (two amino acids),
a tripeptide (three), and a tetrapeptide (four). A polypeptide
contains an unspecified number of amino acids but usually
has more than 20 and is often a smaller subunit of a protein. A
protein is the largest of this class of compounds and usually
contains a minimum of 50 amino acids. It is common for the
term protein to be used to describe all of these molecules; we

Table 2.5 Twenty Amino Acids and
Their Abbreviations

Characteristic of

Acid Abbreviation R Groups
Alanine Ala nonpolar
Arginine Arg +
Asparagine Asn polar
Aspartic acid Asp =
Cysteine Cys polar
Glutamic acid Glu =
Glutamine GIn polar
Glycine Gly polar
Histidine His +
Isoleucine Ile nonpolar
Leucine Leu nonpolar
Lysine Lys +
Methionine Met nonpolar
Phenylalanine Phe nonpolar
Proline Pro nonpolar
Serine Ser polar
Threonine Thr polar
Tryptophan Trp nonpolar
Tyrosine Tyr polar
Valine Val nonpolar
+ = positively charged; — = negatively charged.

used it in its general sense in the first sentence of this para-
graph. But not all polypeptides are large enough to be con-
sidered proteins. In chapter 9, we see that protein synthesis
is not just a random connection of amino acids; it is directed
by information provided in DNA.

Protein Structure and Diversity

The reason that proteins are so varied and specific is that they
do not function in the form of a simple straight chain of amino
acids (called the primary structure). A protein has a natural

Amino Acid Structural Formula
H Hozcarbon
[o}
1/ 5
Alani H—N—C—C
anine |
OH
H—C—H
|
H
H H
R
H—N—C—C
| “ow
Valine CH
H—C—H H—C—H
| |
H H
H H o
[ V
H—N—C—C\
Cysteine |
OH
H—C —H
|
SH
H H o
[ Vs
H—N—C—C
| AN
OH
H—C—H
|
; (63
Phenylalanine H_(I:/ \ICI:_H
H—C§ /C—H
©
|
H
H H o
[
H—N—C—C\
I OH
H—C—H
|
Tyrosine c
Y H—(I:/ \Icl:—H
H—C§ /C—H
©
|
OH

Figure 2.21 Structural formulas of selected amino
acids. The basic structure common to all amino acids is shown in
blue type; and the variable group, or R group, is placed in a colored
box. Note the variations in structure of this reactive component.



tendency to assume more complex levels of organization, called
the secondary, tertiary, and quaternary structures (figure 2.22).
The primary (1°) structure is the type, number, and order
of amino acids in the chain, which varies extensively from
protein to protein. The secondary (2°) structure arises when
various functional groups exposed on the outer surface of the
molecule interact by forming hydrogen bonds. This interaction
causes the amino acid chain to twist into a coiled configuration
called the o helix or to fold into an accordion pattern called a
B-pleated sheet. Many proteins contain both types of secondary
configurations. Proteins at the secondary level undergo a third
degree of torsion called the tertiary (3°) structure created by
additional bonds between functional groups (figure 2.22c).
In proteins with the sulfur-containing amino acid cysteine,
considerable tertiary stability is achieved through covalent
disulfide bonds between sulfur atoms on two different
parts of the molecule. Some complex proteins assume

a quaternary (4°) structure, in which more than one
polypeptide forms a large, multiunit protein. This is typi-

cal of antibodies (see chapter 15) and some enzymes that

act in cell synthesis.

The most important outcome of the various forms of
bonding and folding is that each different type of protein
develops a unique shape, and its surface displays a distinc-
tive pattern of pockets and bulges. As a result, a protein can
react only with molecules that complement or fit its particular
surface features like a lock and key. Such a degree of specificity
can provide the functional diversity required for many thou-
sands of different cellular activities. Enzymes serve as the cata-
lysts for all chemical reactions in cells, and nearly every reaction
requires a different enzyme (see chapter 8). This specificity
comes from the architecture of the binding site which deter-
mines which molecules fit it. The same is true of antibodies;
antibodies are complex glycoproteins with specific regions of
attachment for bacteria, viruses, and other microorganisms.
Certain bacterial toxins (poisonous products) react with only
one specific organ or tissue; and proteins embedded in the cell
membrane have reactive sites restricted to a certain nutrient.
The functional three-dimensional form of a protein is termed
the native state, and if it is disrupted by some means, the protein
is said to be denatured. Such agents as heat, acid, alcohol, and
some disinfectants disrupt (and thus denature) the stabilizing
intrachain bonds and cause the molecule to become nonfunc-
tional, as described in chapter 11.

The Nucleic Acids: A Cell Computer and
Its Programs

The nucleic acids, deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA), were originally isolated from the cell
nucleus. Shortly thereafter, they were also found in other
parts of nucleated cells, in cells with no nuclei (bacteria), and
in viruses. The universal occurrence of nucleic acids in all
known cells and viruses emphasizes their important roles as
informational molecules. DNA, the master computer of cells,
contains a special coded genetic program with detailed and
specific instructions for each organism’s heredity. It transfers
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the details of its program to RNA, “helper” molecules respon-
sible for carrying out DNA's instructions and translating the
DNA program into proteins that can perform life functions.
For now, let us briefly consider the structure and some func-
tions of DNA, RNA, and a close relative, adenosine triphos-
phate (ATP).

Both DNA and RNA are polymers of repeating units
called nucleotides, each of which is composed of three smaller
units: a nitrogen base, a pentose (5-carbon) sugar, and a

Amino acid sequence

Beta-pleated sheet

Alpha helix Random caoil

(b)

Folded polypeptide chain

Two or more
polypeptide chains

Figure 2.22 Stages in the formation of a functioning
protein. (a) Its primary structure is a series of amino acids bound
in a chain. (b) Its secondary structure develops when the chain

forms hydrogen bonds that fold it into one of several configurations
such as an o helix or B-pleated sheet. Some proteins have several
configurations in the same molecule. (c) A protein’s tertiary structure is
due to further folding of the molecule into a three-dimensional mass
that is stabilized by hydrogen, ionic, and disulfide bonds between
functional groups. (d) The quaternary structure exists only in proteins
that consist of more than one polypeptide chain. The chains in this
protein each have a different color.
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N base

Pentose sugar

Phosphate

(a) A nucleotide, composed of a phosphate, a pentose
sugar, and a nitrogen base (either AT,C,G, or U) is
the monomer of both DNA and RNA.

Backbone

Backbone

H bonds

(b) In DNA, the polymer is composed of
alternating deoxyribose (D) and
phosphate (P) with nitrogen bases (A,T,C,G)
attached to the deoxyribose. DNA almost
always exists in pairs of strands, oriented
so that the bases are paired across the
central axis of the molecule.

(c) In RNA, the polymer
is composed of
alternating ribose (R)
and phosphate (P)
attached to nitrogen
bases (A,U,C,G), but
it is usually a single
strand.

Figure 2.23 The general structure of nucleic acids.

phosphate (figure 2.23a).° The nitrogen base is a cyclic compound
that comes in two forms: purines (two rings) and pyrimidines
(one ring). There are two types of purines—adenine (A) and
guanine (G)—and three types of pyrimidines—thymine (T),
cytosine (C), and uracil (U) (figure 2.24). A characteristic that
differentiates DNA from RNA is that DNA contains all of the
nitrogen bases except uracil, and RNA contains all of the
nitrogen bases except thymine. The nitrogen base is covalently
bonded to the sugar ribose in RNA and deoxyribose (because it
has one less oxygen than ribose) in DNA. Phosphate provides
the final covalent bridge that connects sugars in series. Thus,
the backbone of a nucleic acid strand is a chain of alternating
phosphate-sugar-phosphate-sugar molecules, and the nitro-
gen bases branch off the side of this backbone (figure 2.23b,c).

The Double Helix of DNA

DNA is a huge molecule formed by two very long polynucle-
otide strands linked along their length by hydrogen bonds
between complementary pairs of nitrogen bases. The pairing

6. The nitrogen base plus the pentose is called a nucleoside.

Deoxyribose Ribose
(a) Pentose sugars
H H
N\ /
N o
N N H
A e
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] ]
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| | |
H H H
Adenine (A) Guanine (G)

(b) Purine bases

H H
\ /
(o] N o
H H
H.C H H
3 / /
N | Y f‘\N
H ril o H T/go H T/ko
H H H
Thymine (T) Cytosine (C) Uracil (U)

(c) Pyrimidine bases

Figure 2.24 The sugars and nitrogen bases that make up
DNA and RNA. (a) DNA contains deoxyribose, and RNA contains
ribose. (b) A and G purine bases are found in both DNA and RNA.

(c) Pyrimidine bases are found in both DNA and RNA, but T is found
only in DNA, and U is found only in RNA.

of the nitrogen bases occurs according to a predictable pat-
tern: Adenine always pairs with thymine, and cytosine with
guanine. The bases are attracted in this way because each pair
shares oxygen, nitrogen, and hydrogen atoms exactly posi-
tioned to align perfectly for hydrogen bonds (figure 2.25).
For ease in understanding the structure of DNA, it is
sometimes compared to a ladder, with the sugar-phosphate
backbone representing the rails and the paired nitrogen
bases representing the steps. Owing to the manner of nucle-
otide pairing and stacking of the bases, the actual configu-
ration of DNA is a double helix that looks somewhat like a
spiral staircase. As is true of protein, the structure of DNA is
intimately related to its function. DNA molecules are usually
extremely long. The hydrogen bonds between pairs break
apart when DNA is being copied, and the fixed complemen-
tary base pairing is essential to maintain the genetic code.

RNA: Organizers of Protein Synthesis

Like DNA, RNA consists of a long chain of nucleotides. How-
ever, RNA is often a single strand, except in some viruses.



Figure 2.25 A structural
representation of

the double helix of

DNA. Shown are the details
of hydrogen bonds between
the nitrogen bases of the two
strands.

It contains ribose sugar instead of deoxyribose and uracil
instead of thymine (see figure 2.23). Several functional types of
RNA are formed using the DNA template through a replica-
tionlike process. Three major types of RNA are important for
protein synthesis. Messenger RNA (mRNA) is a copy of a gene
(a single functional part of the DNA) that provides the order
and type of amino acids in a protein; transfer RNA (tRNA) is a
carrier that delivers the correct amino acids for protein assem-
bly; and ribosomal RNA (rRNA) is a major component of ribos-
omes (described in chapter 4). A fourth type of RNA is the RNA
that acts to regulate the genes and gene expression. More infor-
mation on these important processes is presented in chapter 9.

ATP: The Energy Molecule of Cells

Arelative of RNA involved in an entirely different cell activity is
adenosine triphosphate (ATP). ATP is a nucleotide containing
adenine, ribose, and three phosphates rather than just one (fig-
ure 2.26). It belongs to a category of high-energy compounds
(also including guanosine triphosphate [GTP]) that give off
energy when the bond is broken between the second and third
(outermost) phosphate. The presence of these high-energy
bonds makes it possible for ATP to release and store energy for
cellular chemical reactions. Breakage of the bond of the terminal
phosphate releases energy to do cellular work and also gener-
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Figure 2.26 An ATP molecule. (a) The structural formula.
Wavy lines connecting the phosphates represent bonds that release
large amounts of energy. (b) A ball and stick model.

ates adenosine diphosphate (ADP). ADP can be converted back
to ATP when the third phosphate is restored, thereby serving
as an energy depot. Carriers for oxidation-reduction activities
(nicotinamide adenine dinucleotide [NAD], for instance) are
also derivatives of nucleotides (see chapter 8).

2.2 Learning Outcomes—Can You ...

5. ... name the four main families of biochemicals?

6. ... provide examples of cell components made from each of
the families of biochemicals?

7. ... explain primary, secondary, tertiary, and quaternary
structure as seen in proteins?

8. ... list the three components of nucleic acids?
9. ... name the nucleotides of DNA? RNA?
10. ... list the three components of ATP?

2.3 Cells: Where Chemicals Come to Life

As we proceed in this chemical survey from the level of sim-

ple molecules to increasingly complex levels of macromol-

ecules, at some point we cross a line from the realm of lifeless

molecules and arrive at the fundamental unit of life called a

cell.” A cell is indeed a huge aggregate of carbon, hydrogen,
7. The word cell was originally coined from an Old English term

meaning “small room” because of the way plant cells looked to early
microscopists.
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oxygen, nitrogen, and many other atoms, and it follows the
basic laws of chemistry and physics, but it is much more. The
combination of these atoms produces characteristics, reac-
tions, and products that can only be described as living.

Fundamental Characteristics of Cells

The bodies of living things such as bacteria and protozoa
consist of only a single cell, whereas those of animals and
plants contain trillions of cells. Regardless of the organism,
all cells have a few common characteristics. They tend to be
spherical, polygonal, cubical, or cylindrical, and their proto-
plasm (internal cell contents) is encased in a cell or cytoplas-
mic membrane (see Insight 2.3). They have chromosomes
containing DNA and ribosomes for protein synthesis, and
they are exceedingly complex in function. Aside from these
few similarities, most cell types fall into one of three funda-
mentally different lines (discussed in chapter 1): the small,
seemingly simple bacterial and archaeal cells and the larger,
structurally more complicated eukaryotic cells.

Eukaryotic cells are found in animals, plants, fungi, and
protists. They contain a number of complex internal parts
called organelles that perform useful functions for the cell
involving growth, nutrition, or metabolism. By convention,
organelles are defined as cell components that perform spe-
cific functions and are enclosed by membranes. Organelles
also partition the eukaryotic cell into smaller compartments.
The most visible organelle is the nucleus, a roughly ball-
shaped mass surrounded by a double membrane that contains
the DNA of the cell. Other organelles include the Golgi appa-
ratus, endoplasmic reticulum, vacuoles, and mitochondria.

Bacterial and archaeal cells may seem to be the cellu-
lar “have nots” because, for the sake of comparison, they
are described by what they lack. They have no nucleus
and generally no other organelles. This apparent simplic-
ity is misleading, however, because the fine structure of

{,/”_\ K /Chapter Summary

2.1 Atoms, Bonds, and Molecules: Fundamental Building
Blocks

e Protons (p*) and neutrons (n°) make up the nucleus of an
atom. Electrons (e~) orbit the nucleus.

e All elements are composed of atoms but differ in the
numbers of protons, neutrons, and electrons they possess.

¢ [sotopes are varieties of one element that contain the same
number of protons but different numbers of neutrons.

e The number of electrons in an element’s outermost orbital
(compared with the total number possible) determines
the element’s chemical properties and reactivity.

e Covalent bonds are chemical bonds in which electrons
are shared between atoms. Equally distributed electrons
form nonpolar covalent bonds, whereas unequally dis-
tributed electrons form polar covalent bonds.

¢ Jonic bonds are chemical bonds resulting from oppo-
site charges. The outer electron shell either donates or
receives electrons from another atom so that the outer
shell of each atom is completely filled.

Case File 2

In this case, S. enterica Typhimurium was
identified as the outbreak strain and was
found in peanut products manufactured in
the PCA plant as well as in ill persons—and
even in a tanker truck that had been used
to transport peanut paste. Complicating matters was the fact
that other companies had used the peanut paste to manufacture
food items; at last count, the paste had been traced to over 3,000
peanut-containing products, including peanut butter crackers
and dog biscuits. Two other S. enterica strains, Mbandaka and
Senftenberg, were discovered in cracks in the concrete floor of the
PCA processing plant, and a third variant, Tennessee, was found in
peanut butter in the factory. Comparison of DNA from these three
strains with DNA from strains isolated from ill individuals revealed
that none of the strains were linked to any illness.

On January 28, 2009, PCA announced a voluntary recall of all
peanuts and peanut-containing products processed in its Georgia
facility since January 1, 2007. Records indicated the company had
knowingly shipped peanut butter containing Salmonella at least
12 times in the previous 2 years, and a criminal inquiry was begun
that same month. PCA filed for bankruptcy on February 13.

Wrap-Up

See: 2009. MMWR 58:85-90.

prokaryotes is complex. Overall, prokaryotic cells can
engage in nearly every activity that eukaryotic cells can,
and many can function in ways that eukaryotes cannot.
Chapters 4 and 5 delve deeply into the properties of
prokaryotic and eukaryotic cells.

2.3 Learning Outcome—Can You ...

11. ... point out three characteristics all cells share?

® Hydrogen bonds are weak chemical attractions that
form between covalently bonded hydrogens and either
oxygens or nitrogens on different molecules. These as
well as van der Waals forces are critically important in
biological processes.

® Chemical equations express the chemical exchanges
between atoms or molecules.

® Solutions are mixtures of solutes and solvents that cannot
be separated by filtration or settling.

® The pH, ranging from a highly acidic solution to a highly
basic solution, refers to the concentration of hydrogen
ions. It is expressed as a number from 0 to 14.

® Biologists define organic molecules as those containing
both carbon and hydrogen.

e Carbon is the backbone of biological compounds because
of its ability to form single, double, or triple covalent
bonds with itself and many different elements.



e Functional (R) groups are specific arrangements of
organic molecules that confer distinct properties, includ-
ing chemical reactivity, to organic compounds.

2.2 Macromolecules: Superstructures of Life

® Macromolecules are very large organic molecules (poly-
mers) built up by polymerization of smaller molecular
subunits (monomers).

¢ Carbohydrates are biological molecules whose polymers
are monomers linked together by glycosidic bonds. Their
main functions are protection and support (in organisms
with cell walls) and also nutrient and energy stores.

e Lipids are biological molecules such as fats that are
insoluble in water. Their main functions are as cell com-
ponents, cell secretions, and nutrient and energy stores.

® Proteins are biological molecules whose polymers are
chains of amino acid monomers linked together by
peptide bonds.
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® Proteins are called the “shapers of life” because of the
many biological roles they play in cell structure and cell
metabolism.

® Protein structure determines protein function. Structure
and shape are dictated by amino acid composition and
by the pH and temperature of the protein’s immediate
environment.

® Nucleic acids are biological molecules whose polymers
are chains of nucleotide monomers linked together
by phosphate—pentose sugar covalent bonds. Double-
stranded nucleic acids are linked together by hydrogen
bonds. Nucleic acids are information molecules that direct
cell metabolism and reproduction. Nucleotides such as
ATP also serve as energy transfer molecules in cells.

2.3 Cells: Where Chemicals Come to Life

e As the atom is the fundamental unit of matter, so is the
cell the fundamental unit of life.

’C\z\// Multiple-Choice and True-False Questions Knowledge and Comprehension

Multiple-Choice Questions. Select the correct answer from the answers provided.

1.

The smallest unit of matter with unique characteristics is
a. an electron. c. an atom.
b. a molecule. d. a proton.

. The charge of a proton is exactly balanced by the

chargeofa(an) .

a. negative, positive, electron
b. positive, neutral, neutron
c. positive, negative, electron
d. neutral, negative, electron

. Electrons move around the nucleus of an atom in pathways
called
a. shells. c. circles.
b. orbitals. d. rings.

. Bonds in which atoms share electrons are defined as ____ bonds.
a. hydrogen c. double
b. ionic d. covalent

. Hydrogen bonds can form between ____ adjacent to each
other.

a. two hydrogen atoms

b. two oxygen atoms

c. a hydrogen atom and an oxygen atom
d. negative charges

. An atom that can donate electrons during a reaction is called
a. an oxidizing agent. c. an ionic agent.
b. areducing agent. d. an electrolyte.

. Asolution witha pHof 2 ____ than a solution with a pH of 8.
a. has less H* c. has more OH~
b. has more H* d. is less concentrated

8. Proteins are synthesized by linking amino acids with ____
bonds.
a. disulfide c. peptide
b. glycosidic d. ester

9. DNA is a hereditary molecule that is composed of
a. deoxyribose, phosphate, and nitrogen bases.
b. deoxyribose, a pentose, and nucleic acids.
c. sugar, proteins, and thymine.
d. adenine, phosphate, and ribose.

10. RNA plays an important role in what biological process?

a. replication c. lipid metabolism
b. protein synthesis d. water transport

True-False Questions. If the statement is true, leave as is. If it is
false, correct it by rewriting the sentence.

11. Elements have varying numbers of protons, neutrons, and
electrons.

12. Covalent bonds are those that are made between two different
elements.

13. A compound is called “organic” if it is made of all-natural
elements.

14. Cysteine is the amino acid that participates in disulfide bonds
in proteins.

15. Membranes are mainly composed of macromolecules called
carbohydrates.

// Critical Thinking Questions Application and Analysis

These questions are suggested as a writing-to-learn experience. For each question, compose a one- or two-paragraph answer that includes
the factual information needed to completely address the question.

1. Which kinds of elements tend to make covalent bonds?
2. Distinguish between a single and a double bond.

3. Why are hydrogen bonds relatively weak?
4. What determines whether a substance is an acid or a base?
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5. What atoms must be present in a molecule for it to be
considered organic?

6. What characteristics of carbon make it ideal for the formation
of organic compounds?

7. The “octet rule” in chemistry helps predict the tendency of
atoms to acquire or donate electrons from the outer shell. It
says that those with fewer than 4 tend to donate electrons
and those with more than 4 tend to accept additional
electrons; those with exactly 4 can do both. Using this rule,
determine what category each of the following elements falls

// Concept Mapping Synthesis

Appendix D provides guidance for working with concept maps.

1. Supply your own linking words or phrases in this concept
map, and provide the missing concepts in the empty boxes.

hd .//Visual Connections Synthesis

{

These questions use visual images or previous content to make
connections to this chapter’s concepts.

1. Figure 2.19a and Figure 2.20. Speculate on why sterols like
cholesterol can add “stiffness” to membranes that contain
them.

into: N, S, C, P, O, H, Ca, Fe, and Mg. (You will need to work
out the valence of the atoms.)

8. Draw the following molecules and determine which are polar:
Cl,, NH;, CH,.

9. Distinguish between polar and ionic compounds, using your
own words.

10. Looking at figure 2.25, can you see why adenine forms

hydrogen bonds with thymine and why cytosine forms them
with guanine?
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Tools of the Laboratory

The Methods for Studying Microorganisms

One August morning in 2008, a large proportion of the inmates at a Wisconsin county jail awoke
complaining of nausea, vomiting, and diarrhea. The local health department suspected an outbreak of food-
borne illness, and along with the Wisconsin Division of Public Health, initiated an investigation.

Because of the strict routine and controlled environment of prison life, it was relatively easy to find
out what the inmates had eaten in the past 24 hours and how their food had been prepared. A written
questionnaire distributed to the inmates revealed 194 probable cases of food intoxication. Four respondents
commented on the unusual taste of the casserole they had eaten the night before, which contained macaroni,
ground beef, ground turkey, frozen vegetables, and gravy. Stool samples were obtained from six symptomatic
inmates and cultured for the presence of pathogenic bacteria.

B What five basic techniques are used to identify a microorganism in the laboratory?
B What types of media might a lab technician use to differentiate bacteria from one another?

Continuing the Case appears on page 66.

Outline and Learning Outcomes

3.1 Methods of Culturing Microorganisms: The Five I's
1. Explain what the five I's mean and what each step entails.
2. Name and define the three ways to categorize media.
3. Provide examples for each of the three categories of media.

3.2 The Microscope: Window on an Invisible Realm

4. Convert among different lengths within the metric system.
Describe the earliest microscopes.
List and describe the three elements of good microscopy.
Differentiate between the principles of light and electron microscopy.
Name the two main categories of stains.
Give examples of a simple, differential, and special stain.

0 0 N o
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An Overview of Major Techniques Performed by Microbiologists to Locate,
Grow, Observe, and Characterize Microorganisms

Specimen Collection:

Nearly any object or material can serve as a source of
microbes. Common ones are body fluids and tissues,
foods, water, or soil. Specimens are removed by some
form of sampling device: a swab, syringe, or a special
transport system that holds, maintains, and preserves
the microbes in the sample.

&) Syringe
8 ) -";‘A'

Bird

Streak plate embryo

Blood bottle

1. Inoculation:

The sample is placed into a container of sterile medium containing appropriate
nutrients to sustain growth. Inoculation involves spreading the sample on the
surface of a solid medium or introducing the sample into a flask or tube. Selection
of media with specialized functions can improve later steps of isolation and
identification. Some microbes may require a live organism (animal, egg) as the
growth medium.

Isolation

Subculture

4. Inspection:
The colonies or broth cultures are observed

3. Isolation:

One result of inoculation and
incubation is isolation of the microbe.
Isolated microbes may take the form
of separate colonies (discrete mounds
of cells) on solid media, or turbidity
(free-floating cells) in broths. Further
isolation by subculturing involves
taking a bit of growth from an isolated
colony and inoculating a separate
medium. This is one way to make a
pure culture that contains only a
single species of microbe.

the specimen contents. Slides are made to

used to gather specific information on
microscopic morphology.

Figure 3.1 A summary of the general laboratory techniques carried out by microbiologists.

macroscopically for growth characteristics (color,
texture, size) that could be useful in analyzing

assess microscopic details such as cell shape,
size, and motility. Staining techniques may be

a0
.
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Incubator

2. Incubation:

An incubator creates the proper growth temperature and other
conditions. This promotes multiplication of the microbes over a
period of hours, days, and even weeks. Incubation produces a
culture—the visible growth of the microbe in or on the medium.

7 Y e
(B o [ B \
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Microscopic morphology:
shape, staining reactions

Biochemical
tests

Immunologic tests

DNA
analysis

5. ldentification:

A major purpose of the Five I's is to determine
the type of microbe, usually to the level of
species. Information used in identification can
include relevant data already taken during initial
inspection and additional tests that further
describe and differentiate the microbes.
Specialized tests include biochemical tests to
determine metabolic activities specific to the
microbe, immunologic tests, and genetic analysis.

It is not necessary to perform all

the steps shown or to perform them exactly in this order, but all microbiologists participate in at least some of these activities. In some cases, one
may proceed right from the sample to inspection, and in others, only inoculation and incubation on special media are required.



3.1 Methods of Culturing
Microorganisms: The Five I's

Biologists studying large organisms such as animals and
plants can, for the most part, immediately see and differentiate
their experimental subjects from the surrounding environment
and from one another. In fact, they can use their senses of sight,
smell, hearing, and even touch to detect and evaluate identify-
ing characteristics and to keep track of growth and develop-
mental changes. Microbiologists, however, are confronted by
some unique problems. First, most habitats (such as the soil
and the human mouth) harbor microbes in complex associa-
tions, so it is often necessary to separate the species from one
another. Second, to maintain and keep track of such small
research subjects, microbiologists usually have to grow them
under artificial (and thus distorting) conditions. A third dif-
ficulty in working with microbes is that they are invisible and
widely distributed, and undesirable ones can be introduced
into an experiment and cause misleading results.
Microbiologists use five basic techniques to manipulate,
grow, examine, and characterize microorganisms in the
laboratory: inoculation, incubation, isolation, inspection,
and identification (the Five I’s; figure 3.1). Some or all
of these procedures are performed by microbiologists,
whether beginning laboratory students, researchers attempt-
ing to isolate drug-producing bacteria from soil, or clinical
microbiologists working with a specimen from a patient’s
infection. These procedures make it possible to handle and
maintain microorganisms as discrete entities whose detailed

b P Mixture of cells in sample
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A\ e
Separation of
) Parent 2 cells by spreading
cells = or dilution on agar
medium
/ \ Incubation

Growth increases the
\' number of cells.

=

(L= S @ —=X2 ) Microbes become
} A visible as isolated
- colonies containing

millions of cells.

Figure 3.2 Isolation technique.

— Microscopic view

— Macroscopic view

Stages in the formation of an isolated colony,
showing the microscopic events and the macroscopic result. Separation techniques
such as streaking can be used to isolate single cells. After numerous cell divisions, a
macroscopic mound of cells, or a colony, will be formed. This is a relatively simple yet
successful way to separate different types of bacteria in a mixed sample.
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biology can be studied and recorded. Keep in mind as we
move through this chapter: It is not necessary to cultivate a
microorganism to identify it anymore, though it still remains
a very common method. You will read about noncultivation
methods of identifying microbes in chapter 17.

Inoculation: Producing a Culture

To cultivate, or culture, microorganisms, one introduces a tiny
sample (the inoculum) into a container of nutrient medium
(pl. media), which provides an environment in which they
multiply. This process is called inoculation. Any instrument
used for sampling and inoculation must initially be sterile.
The observable growth that appears in or on the medium after
incubation is known as a culture. The nature of the sample
being cultured depends on the objectives of the analysis. Clini-
cal specimens for determining the cause of an infectious disease
are obtained from body fluids (blood, cerebrospinal fluid),
discharges (sputum, urine, feces), or diseased tissue. Other sam-
ples subject to microbiological analysis are soil, water, sewage,
foods, air, and inanimate objects. Procedures for proper speci-
men collection are discussed in chapter 17.

Isolation: Separating One Species
from Another

Certain isolation techniques are based on the concept that if
an individual bacterial cell is separated from other cells and
provided adequate space on a nutrient surface, it will grow
into a discrete mound of cells called a colony (figure 3.2). If
it was formed from a single cell, a colony consists of just that
one species and no other. Proper isolation requires
that a small number of cells be inoculated into
a relatively large volume or over an expan-
sive area of medium. It generally requires
the following materials: a medium that has
a relatively firm surface (see agar in “Physi-
cal States of Media,” page 60), a Petri dish
(a clear, flat dish with a cover), and inoculat-
ing tools. In the streak plate method, a small
droplet of culture or sample is spread over the
surface of the medium with an inoculating
loop according to a pattern that gradually
thins out the sample and separates the cells
spatially over several sections of the plate
(figure 3.3a,b). Because of its ease and effec-
tiveness, the streak plate is the method of
choice for most applications.

In the loop dilution, or pour plate, tech-
nique, the sample is inoculated serially into
a series of cooled but still liquid agar tubes
so as to dilute the number of cells in each
successive tube in the series (figure 3.3c,d).
Inoculated tubes are then plated out (poured)
into sterile Petri dishes and are allowed to
solidify (harden). The end result (usually in
the second or third plate) is that the number
of cells per volume is so decreased that cells
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have ample space to grow into separate colonies. One dif-
ference between this and the streak plate method is that in
this technique some of the colonies will develop deep in the
medium itself and not just on the surface.

With the spread plate technique, a small volume of liquid,
diluted sample is pipetted onto the surface of the medium and
spread around evenly by a sterile spreading tool (sometimes
called a “hockey stick”). Like the streak plate, cells are pushed
onto separate areas on the surface so that they can form indi-
vidual colonies (figure 3.3¢,f).

Before we continue to cover information on the Five Is,
we will take a side trip to look at media in more detail.

Figure 3.3 Methods for isolating bacteria.

Note: This method only works if the spreading tool (usually an inoculating loop)

is resterilized after each of steps 1-4.
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(c) Steps In Loop Dilution
“Hockey stick”
1 2

(e) Steps In a Spread Plate

(a) Steps in a quadrant streak
plate and (b) resulting isolated colonies of bacteria. (c) Steps in the loop dilution
method and (d) the appearance of plate 3. (e) Spread plate and (f) its result.

Media: Providing Nutrients in the Laboratory

A major stimulus to the rise of microbiology in the late 1800s
was the development of techniques for growing microbes out
of their natural habitats and in pure form in the laboratory.
This milestone enabled the close examination of a microbe and
its morphology, physiology, and genetics. It was evident from
the very first that for successful cultivation, each microorgan-
ism had to be provided with all of its required nutrients in an
artificial medium.

Some microbes require only a very few simple inorganic
compounds for growth; others need a complex list of specific

(b)

(d)

U]
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[\ [cl g A BN Animal Inoculation: “Living Media” I

A great deal of attention has been focused on the uses of ani-
mals in biology and medicine. Animal rights activists are vocal
about practically any experimentation with animals and have
expressed their outrage quite forcefully. Certain kinds of animal
testing may seem trivial and unnecessary, but many times it
is absolutely necessary to use animals bred for experimental
purposes, such as guinea pigs, mice, chickens, and even arma-
dillos. Such animals can be an indispensable aid for studying,
growing, and identifying microorganisms. One special use of
animals involves inoculation of the early life stages (embryos) of
birds. Vaccines for influenza are currently produced in chicken
embryos. The major rationales for live animal inoculation can be
summarized as follows:

1. Animal inoculation is an essential step in testing the effects
of drugs and the effectiveness of vaccines before they are
administered to humans. It makes progress toward preven-
tion, treatment, and cure possible without risking the lives
of humans.

2. Researchers develop animal models for evaluating new
diseases or for studying the cause or process of a disease.
Koch’s postulates are a series of proofs to determine the
causative agent of a disease and require a controlled experi-
ment with an animal that can develop a typical case of the
disease.

3. Animals are an important source of antibodies, antisera,
antitoxins, and other immune products that can be used in
therapy or testing.

inorganic and organic compounds. This tremendous diversity
is evident in the types of media that can be prepared. More than
500 different types of media are used in culturing and identify-
ing microorganisms. Culture media are contained in test tubes,
flasks, or Petri dishes, and they are inoculated by such tools
as loops, needles, pipettes, and swabs. Media are extremely
varied in nutrient content and consistency and can be specially
formulated for a particular purpose. Culturing microbes that
cannot grow on artificial media (all viruses and certain bacte-
ria) requires cell cultures or host animals (Insight 3.1).

For an experiment to be properly controlled, sterile tech-
nique is necessary. This means that the inoculation must start
with a sterile medium and inoculating tools with sterile tips

Table 3.1 Three Categories of Media Classification

Physical State* Chemical Composition

1. Liquid

2. Semisolid

3. Solid (can be converted to liquid)
4. Solid (cannot be liquefied)

2. Nonsynthetic (complex; not
chemically defined)

1. Synthetic (chemically defined)

4. Animals are sometimes required to determine the pathogenic-
ity or toxicity of certain bacteria. One such test is the mouse
neutralization test for the presence of botulism toxin in food.
This test can help identify even very tiny amounts of toxin
and thereby can avert outbreaks of this disease. Occasionally,
it is necessary to inoculate an animal to distinguish between
pathogenic or nonpathogenic strains of Listeria or Candida (a
yeast).

5. Some microbes will not grow on artificial media but will
grow in a suitable animal and can be recovered in a more
or less pure form. These include animal viruses, the spi-
rochete of syphilis, and the leprosy bacillus (grown in
armadillos).

The nude or athymic mouse has genetic defects in hair formation
and thymus development. It is widely used to study cancer, immune
function, and infectious diseases.

must be used. Measures must be taken to prevent introduc-
tion of nonsterile materials, such as room air and fingers,
directly into the media.

Types of Media
Media can be classified according to three properties (table 3.1):

1. physical state,
2. chemical composition, and
3. purpose, functional type.

Most media discussed here are designed for bacteria and
fungi, though algae and some protozoa can be propagated
in media.

Functional Type

1. General purpose
2. Enriched

3. Selective

4. Differential

5. Anaerobic growth
6. Specimen transport
7. Assay

8. Enumeration

*Some media can serve more than one function. For example, a medium such as brain-heart infusion is general purpose and enriched; mannitol salt agar is both

selective and differential; and blood agar is both enriched and differential.
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Physical States of Media

Liquid media are water-based solutions that do not solidify
at temperatures above freezing and that tend to flow freely
when the container is tilted (figure 3.4). These media, termed
broths, milks, or infusions, are made by dissolving various
solutes in distilled water. Growth occurs throughout the
container and can then present a dispersed, cloudy, or par-
ticulate appearance. A common laboratory medium, nutrient
broth, contains beef extract and peptone dissolved in water.
Methylene blue milk and litmus milk are opaque liquids con-
taining whole milk and dyes. Fluid thioglycollate is a slightly
viscous broth used for determining patterns of growth in
oxygen.

At ordinary room temperature, semisolid media exhibit
a clotlike consistency (figure 3.5) because they contain an
amount of solidifying agent (agar or gelatin) that thickens
them but does not produce a firm substrate. Semisolid media
are used to determine the motility of bacteria and to localize
a reaction at a specific site.

Solid media provide a firm surface on which cells
can form discrete colonies (figure 3.6) and are advanta-
geous for isolating and culturing bacteria and fungi.
They come in two forms: liquefiable and nonliquefiable.
Liquefiable solid media, sometimes called reversible solid
media, contain a solidifying agent that changes their
physical properties in response to temperature. By far
the most widely used and effective of these agents is
agar, a complex polysaccharide isolated from the red alga
Gelidium. The benefits of agar are numerous. It is solid at
room temperature, and it melts (liquefies) at the boiling
temperature of water (100°C). Once liquefied, agar does
not resolidify until it cools to 42°C, so it can be inoculated
and poured in liquid form at temperatures (45° to 50°C)
that will not harm the microbes or the handler. Agar is
flexible and moldable, and it provides a basic framework
to hold moisture and nutrients, though it is not itself a
digestible nutrient for most microorganisms.

Any medium containing 1% to 5% agar usually has
the word agar in its name. Nutrient agar is a common one.
Like nutrient broth, it contains beef extract and peptone,
as well as 1.5% agar by weight. Many of the examples
covered in the section on functional categories of media
contain agar. Although gelatin is not nearly as satisfac-
tory as agar, it will create a reasonably solid surface in
concentrations of 10% to 15%. Agar medium is illustrated
in figure 3.7 and figure 3.9.

Nonliquefiable solid media have less versatile applica-
tions than agar media because they do not melt. They
include materials such as rice grains (used to grow fungi),
cooked meat media (good for anaerobes), and potato slices;
all of these media start out solid and remain solid after heat
sterilization. Other solid media containing egg and serum
start out liquid and are permanently coagulated or hardened
by moist heat.

Figure 3.4 Sample
liquid media. (a) Liquid
media tend to flow freely
when the container is tilted.
(b) Urea broth is used to
show a biochemical reaction
in which the enzyme urease
digests urea and releases
ammonium. This raises

the pH of the solution and
causes the dye to become
increasingly pink. Left:
uninoculated broth, pH 7;
middle: weak positive, pH
7.5; right: strong positive,
pH 8.0.

Figure 3.5 Sample
semisolid media.

(a) Semisolid media

have more body than
liquid media but less
body than solid media.
They do not flow freely
and have a soft, clotlike
consistency. (b) Sulfur
indole motility medium
(SIM). The (1) medium is
stabbed with an inoculum
and incubated. Location
of growth indicates
nonmotility (2) or motility
(3). If H,S gas is released, a
black precipitate forms (4).

Figure 3.6 Solid
media that are
reversible to liquids.
(a) Media containing
1%-5% agar are solid
enough to remain in place
when containers are tilted
or inverted. They are
reversibly solid and can

be liquefied with heat,
poured into a different
container, and resolidified.
(b) Nutrient gelatin
contains enough gelatin
(12%) to take on a solid
consistency. The top tube
shows it as a solid. The
bottom tube indicates what
happens when it is warmed
or when microbial enzymes
digest the gelatin and

liquefy it.

(b)

() 1

(b)




Chemical Content of Media

Media whose compositions are precisely chemically
defined are termed synthetic (also known as defined). Such
media contain pure organic and inorganic compounds that
vary little from one source to another and have a molecular
content specified by means of an exact formula. Synthetic
media come in many forms. Some media, such as minimal
media for fungi, contain nothing more than a few essen-
tial compounds such as salts and amino acids dissolved
in water. Others contain a variety of defined organic and
inorganic chemicals (table 3.2). Such standardized and
reproducible media are most useful in research and cell
culture when the exact nutritional needs of the test organ-
isms are known. If even one component of a given medium
is not chemically definable, the medium belongs in the
complex category.

Complex, or nonsynthetic, media contain at least one
ingredient that is not chemically definable—not a simple,
pure compound and not representable by an exact chemical
formula. Most of these substances are extracts of animals,
plants, or yeasts, including such materials as ground-up cells,
tissues, and secretions. Examples are blood, serum, and meat
extracts or infusions. Other nonsynthetic ingredients are
milk, yeast extract, soybean digests, and peptone. Peptone is
a partially degraded protein, rich in amino acids, that is often
used as a carbon and nitrogen source. Nutrient broth, blood
agar, and MacConkey agar, though different in function
and appearance, are all complex nonsynthetic media. They
present a rich mixture of nutrients for microbes that have
complex nutritional needs.

Table 3.2 provides a practical comparison of the two cat-
egories, using a Staphylococcus medium. Every substance in
medium A is known to a very precise degree. The substances
in medium B are mostly macromolecules that contain dozens
of unknown (but required) nutrients. Both A and B will satis-
factorily grow the bacterium.

Media for Different Purposes

Microbiologists have many types of media at their disposal,
with new ones being devised all the time. Depending on
what is added, a microbiologist can fine-tune a medium for
nearly any purpose. Until recently, microbiologists knew
of only a few species of bacteria or fungi that could not be
cultivated artificially. Newer DNA detection technologies
have shown us just how wrong we were; it is now thought
that there are many times more microbes that we don’t know
how to cultivate in the lab than those that we do. Previous
discovery and identification of microorganisms relied on our
ability to grow them. Now we can detect a single bacterium
in its natural habitat.

General-purpose media are designed to grow as broad
a spectrum of microbes as possible. As a rule, they are
nonsynthetic and contain a mixture of nutrients that could
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Table 3.2A Chemically Defined Synthetic Medium
for Growth and Maintenance of
Pathogenic Staphylococcus aureus

0.25 Grams 0.5 Grams 0.12 Grams
Each of These Each of These Each of These
Amino Acids Amino Acids Amino Acids
Cystine Arginine Aspartic acid
Histidine Glycine Glutamic acid
Leucine Isoleucine
Phenylalanine Lysine
Proline Methionine
Tryptophan Serine
Tyrosine Threonine

Valine

Additional ingredients

0.005 mole nicotinamide

0.005 mole thiamine .

0.005 mole pyridoxine Vitamins

0.5 micrograms biotin

1.25 grams magnesium sulfate

1.25 grams dipotassium hydrogen phosphate
1.25 grams sodium chloride Salts

0.125 grams iron chloride

Ingredients dissolvedin 1,000 milliliters of distilled water and buffered
to a final pH of 7.0.

Table 3.2B Brain-Heart Infusion Broth: A Complex,
Nonsynthetic Medium for Growth
and Maintenance of Pathogenic
Staphylococcus aureus

27.5 grams brain, heart extract, peptone extract
2 grams glucose
5 grams sodium chloride
2.5 grams di-sodium hydrogen phosphate

Ingredients dissolved in 1,000 milliliters of distilled water and buffered
to a final pH of 7.0.

support the growth of a variety of microbial life. Examples
include nutrient agar and broth, brain-heart infusion, and
trypticase soy agar (TSA). An enriched medium contains
complex organic substances such as blood, serum, hemo-
globin, or special growth factors (specific vitamins, amino
acids) that certain species must have in order to grow. Bac-
teria that require growth factors and complex nutrients are
termed fastidious. Blood agar, which is made by adding
sterile sheep, horse, or rabbit blood to a sterile agar base
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(figure 3.7a) is widely employed to grow fastidious strepto-
cocci and other pathogens. Pathogenic Neisseria (one species
causes gonorrhea) are grown on Thayer-Martin medium
or “chocolate” agar, which is made by heating blood agar
(figure 3.7D).

Selective and Differential Media Some of the most inven-
tive media recipes belong to the categories of selective and
differential media (figure 3.8). These media are designed for
special microbial groups, and they have extensive applica-
tions in isolation and identification. They can permit, in a
single step, the preliminary identification of a genus or even
a species.

A selective medium (table 3.3) contains one or more
agents that inhibit the growth of a certain microbe or

Figure 3.7 Examples of enriched media.

(a) Blood agar
plate growing bacteria from the human throat. Note that this medium
also differentiates among colonies by the zones of hemolysis (clear
areas) they may show. (b) Culture of Neisseria sp. on chocolate agar.
Chocolate agar gets its brownish color from cooked blood (not
chocolate) and does not produce hemolysis.

microbes (call them A, B, and C) but not others (D) and
thereby encourages, or selects, microbe D and allows it to
grow. Selective media are very important in primary iso-
lation of a specific type of microorganism from samples
containing dozens of different species—for example, feces,
saliva, skin, water, and soil. They speed up isolation by
suppressing the unwanted background organisms and
favoring growth of the desired ones.

Mixed sample 4‘~ ‘
i

¥

e
T
E—

Selective medium
(One species grows.)

General-purpose
nonselective medium
(a) (All species grow.)

I 1

Mixed sample 4t» |
)

&

Differential medium
(All 3 species grow but may
show different reactions.)

General-purpose
nondifferential medium
(All species have a similar
(b) appearance.)

Figure 3.8 Comparison of selective and differential
media with general-purpose media. (a) A mixed sample
containing three different species is streaked onto plates of general-
purpose nonselective medium and selective medium. Note the
results. (b) Another mixed sample containing three different species is
streaked onto plates of general-purpose nondifferential medium and
differential medium. Note the results.



Table 3.3 Selective Media, Agents, and Functions

Medium

Mueller tellurite
Enterococcus faecalis broth
Phenylethanol agar
Tomato juice agar
MacConkey agar
Salmonella/Shigella (SS) agar
Lowenstein-Jensen

Sabouraud’s agar

Selective Agent
Potassium tellurite
Sodium azide, tetrazolium
Phenylethanol chloride
Tomato juice, acid

Bile, crystal violet

Bile, citrate, brilliant green
Malachite green dye

pH of 5.6 (acid)

Mannitol salt agar (MSA) (figure 3.94) contains a
high concentration of NaCl (7.5%) that is quite inhibitory
to most human pathogens. One exception is the genus
Staphylococcus, which grows well in this medium and
consequently can be amplified in mixed samples. Bile
salts, a component of feces, inhibit most gram-positive
bacteria while permitting many gram-negative rods to
grow. Media for isolating intestinal pathogens (Mac-
Conkey agar, Hektoen enteric [HE] agar) contain bile salts
as a selective agent (figure 3.9b). Dyes such as methylene
blue and crystal violet also inhibit certain gram-positive
bacteria. Other agents that have selective properties
are antimicrobial drugs and acid. Some selective media
contain strongly inhibitory agents to favor the
growth of a pathogen that would otherwise
be overlooked because of its low numbers

a
Figure 3.9 Examples of media that are &
both selective and differential. (a) Mannitol
salt agar is used to isolate members of the genus
Staphylococcus. It is selective because Staphylococcus can grow in
the presence of 7.5% sodium chloride, whereas many other species
are inhibited by this high concentration. It contains a dye that also
differentiates those species of Staphylococcus that produce acid
from mannitol and turn the phenol red dye to a bright yellow.
(b) MacConkey agar selects against gram-positive bacteria. It also
differentiates between lactose-fermenting bacteria (indicated by a
pink-red reaction in the center of the colony) and lactose-negative
bacteria (indicated by an off-white colony with no dye reaction).
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Used For

Isolation of Corynebacterium diphtheriae
Isolation of fecal enterococci

Isolation of staphylococci and streptococci
Isolation of lactobacilli from saliva

Isolation of gram-negative enterics
Isolation of Salmonella and Shigella

Isolation and maintenance of Mycobacterium

Isolation of fungi—inhibits bacteria

in a specimen. Selenite and brilliant green dye are used in
media to isolate Salmonella from feces, and sodium azide
is used to isolate enterococci from water and food.
Differential media allow multiple types of microorgan-
isms to grow but are designed to display visible differences
among those microorganisms. Differentiation shows up as
variations in colony size or color, in media color changes, or
in the formation of gas bubbles and precipitates (table 3.4).
These variations come from the type of chemicals these
media contain and the ways that microbes react to them.
For example, when microbe X metabolizes a certain sub-
stance not used by organism Y, then X will cause a visible
change in the medium and Y will not. The simplest differ-
ential media show two reaction types such as the use or
nonuse of a particular nutrient or a color change in
some colonies but not in others. Some media are
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Table 3.4 Differential Media

Substances
That Facilitate Differentiates
Medium Differentiation Between
Blood agar Intact red blood cells Types of hemolysis
displayed by different

Mannitol salt
agar

Mannitol, phenol red

species of Streptococcus

Species of Staphylococcus

Hektoen Brom thymol blue, Salmonella, Shigella,

enteric (HE) acid fuchsin, sucrose, other lactose fermenters

agar salicin, thiosulfate,ferric ~from nonfermenters

ammonium citrate

MacConkey Lactose, neutral red Bacteria that ferment

agar lactose (lowering the
pH) from those that do
not

Urea broth Urea, phenol red Bacteria that hydrolyze
urea to ammonia

Sulfur Thiosulfate, iron HS,S gas producers from

indole nonproducers

motility (SIM)

Triple-sugar Triple sugars, iron, and ~ Fermentation of sugars,

iron agar phenol red dye H,S production

(TSIA)

Birdseed agar  Seeds from thistle plant ~ Cryptococcus neoformans

and other fungi

sufficiently complex to show three or four different reactions
(figure 3.10). A single medium can be both selective and dif-
ferential, owing to different ingredients in its composition.
MacConkey agar, for example, appears in table 3.3 (selective
media) and table 3.4 (differential media).

Dyes can be used as differential agents because many of
them are pH indicators that change color in response to the
production of an acid or a base. For example, MacConkey
agar contains neutral red, a dye that is yellow when neutral
and pink or red when acidic. A common intestinal bacterium
such as Escherichia coli that gives off acid when it metabolizes
the lactose in the medium develops red to pink colonies, and
one like Salmonella that does not give off acid remains its
natural color (off-white).

Miscellaneous Media A reducing medium contains a sub-
stance (thioglycollic acid or cystine) that absorbs oxygen or
slows the penetration of oxygen in a medium, thus reducing
its availability. Reducing media are important for growing
anaerobic bacteria or for determining oxygen requirements of
isolates (described in chapter 7). Carbohydrate fermentation
media contain sugars that can be fermented (converted
to acids) and a pH indicator to show this reaction (see

(@)

=

\S." saproplivticus
LS. ayeus
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(b)

Figure 3.10 Media that differentiate characteristics.

(a) Triple-sugar iron agar (TSIA) in a slant tube. This medium contains
three fermentable carbohydrates, phenol red to indicate pH changes,
and a chemical (iron) that indicates H,S gas production. Reactions

(from left to right) are: no growth; growth with no acid production; acid
production in the bottom (butt) only; acid production all through the
medium; and acid production in the butt with H,S gas formation (black).
(b) A state-of-the-art medium developed for culturing and identifying
the most common urinary pathogens. CHROMagar Orientation™ uses
color-forming reactions to distinguish at least seven species and permits
rapid identification and treatment. In the example, the bacteria were
streaked so as to spell their own names.

figure 3.9a and figure 3.11). Media for other biochemical reac-
tions that provide the basis for identifying bacteria and fungi
are presented in chapter 17.

Transport media are used to maintain and preserve
specimens that have to be held for a period of time before
clinical analysis or to sustain delicate species that die rapidly
if not held under stable conditions. Transport media contain



Gas bubble

Outline of
Durham tube

Figure 3.11 Carbohydrate fermentation in broths. This
medium is designed to show fermentation (acid production) and gas
formation by means of a small, inverted Durham tube for collecting gas
bubbles. The tube on the left is an uninoculated negative control; the
center tube is positive for acid (yellow) and gas (open space); the tube
on the right shows growth but neither acid nor gas.

salts, buffers, and absorbants to prevent cell destruction by
enzymes, pH changes, and toxic substances but will not sup-
port growth. Assay media are used by technologists to test
the effectiveness of antimicrobial drugs (see chapter 12) and
by drug manufacturers to assess the effect of disinfectants,
antiseptics, cosmetics, and preservatives on the growth of
microorganisms. Enumeration media are used by industrial
and environmental microbiologists to count the numbers of
organisms in milk, water, food, soil, and other samples.

Back to the Five I's: Incubation,
Inspection, and Identification

Once a container of mediumhasbeen inoculated, itisincubated,
which means it is placed in a temperature-controlled chamber
(incubator) to encourage multiplication. Although microbes
have adapted to growth at temperatures ranging from freezing
to boiling, the usual temperatures used in laboratory propaga-
tion fall between 20°C and 40°C. Incubators can also control the
content of atmospheric gases such as oxygen and carbon diox-
ide that may be required for the growth of certain microbes.
During the incubation period (ranging from a day to several
weeks), the microbe multiplies and produces growth that is
observable macroscopically. Microbial growth in a liquid
medium materializes as cloudiness, sediment, scum, or color. A
common manifestation of growth on solid media is the appear-
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ance of colonies, especially in bacteria and fungi. Colonies are
actually large masses of piled-up cells (see chapter 7).

In some ways, culturing microbes is analogous to garden-
ing. Cultures are formed by “seeding” tiny plots (media) with
microbial cells. Extreme care is taken to exclude weeds (con-
taminants). Once microbes have grown after incubation, the
clinician must inspect the container (Petri dish, test tube, etc.).
A pure culture is a container of medium that grows only a sin-
gle known species or type of microorganism (figure 3.12a).

(b)

(c)

Figure 3.12 Various conditions of cultures. (a) Three

tubes containing pure cultures of Escherichia coli (white), Micrococcus
luteus (yellow), and Serratia marcescens (red). (b) A mixed culture of
M. luteus (bright yellow colonies) and E. coli (faint white colonies).

(c) This plate of S. marcescens was overexposed to room air, and it has
developed a large, white colony. Because this intruder is not desirable
and not identified, the culture is now contaminated.
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This type of culture is most frequently used for laboratory
study, because it allows the systematic examination and con-
trol of one microorganism by itself. Instead of the term pure
culture, some microbiologists prefer the term axenic, mean-
ing that the culture is free of other living things except for the
one being studied. A standard method for preparing a pure
culture is to subculture, or make a second-level culture from
a well-isolated colony. A tiny bit of cells is transferred into
a separate container of media and incubated (see figure 3.1,
step 3).

A mixed culture (figure 3.12b) is a container that holds
two or more identified, easily differentiated species of micro-
organisms, not unlike a garden plot containing both carrots
and onions. A contaminated culture (figure 3.12c) was once
pure or mixed (and thus a known entity) but has since had
contaminants (unwanted microbes of uncertain identity)
introduced into it, like weeds into a garden. Because con-
taminants have the potential for causing disruption, constant
vigilance is required to exclude them from microbiology
laboratories, as you will no doubt witness from your own
experience. Contaminants get into cultures when the lids
of tubes or Petri dishes are left off for too long, allowing
airborne microbes to settle into the medium. They can also
enter on an incompletely sterilized inoculating loop or on an

Case File 3

The process of identifying a microbial
pathogen in the laboratory follows a cus-
tomary path of inoculation, incubation, iso-
lation, inspection, and identification, often
referred to as the Five I's. These steps allow
a laboratory technician to sample, grow, and isolate a microbe
in order to determine its physical, biochemical, and physiologi-
cal properties. Once characterization is complete, it is gener-
ally a simple matter to identify the unknown microbe.

Biochemical tests of the prisoners’ stool samples were
negative for Salmonella, Shigella, Campylobacter, and Esch-
erichia coli O157:H7. However, Clostridium perfringens
enterotoxin was present in all six samples. C. perfringens is
found in soil and also commonly inhabits the intestinal tracts
of mammals, including humans. In addition, it is a frequent
contaminant of meats and gravies and is usually associated
with inadequate heating and cooling during the cooking pro-
cess. When food products contaminated with C. perfringens
are allowed to remain at temperatures between 40°C and
50°C (104°F and 122°F), enterotoxin-producing vegetative
cells are rapidly produced; illness results from the enterotox-
in's action on the small intestine. C. perfringens is responsible
for an estimated 250,000 cases of diarrhea annually in the
United States.

Continuing the Case /

instrument that you have inadvertently reused or touched to
the table or your skin.

How does one determine (i.e., identify) what sorts of
microorganisms have been isolated in cultures? Certainly,
microscopic appearance can be valuable in differentiating
the smaller, simpler prokaryotic cells from the larger, more
complex eukaryotic cells. Appearance can be especially use-
ful in identifying eukaryotic microorganisms to the level of
genus or species because of their distinctive morphological
features; however, bacteria are generally not identifiable by
these methods because very different species may appear
quite similar. For them, we must include other techniques,
some of which characterize their cellular metabolism. These
methods, called biochemical tests, can determine fundamen-
tal chemical characteristics such as nutrient requirements,
products given off during growth, presence of enzymes, and
mechanisms for deriving energy.

Several modern analytical and diagnostic tools that focus
on genetic characteristics can detect microbes based on their
DNA. Identification can also be accomplished by testing the
isolate against known antibodies (immunologic testing).
In the case of certain pathogens, further information on a
microbe is obtained by inoculating a suitable laboratory ani-
mal. A profile is prepared by compiling physiological testing
results with both macroscopic and microscopic traits. The
profile then becomes the raw material used in final identifi-
cation. In chapter 17, we present more detailed examples of
identification methods.

Maintenance and Disposal of Cultures

In most medical laboratories, the cultures and specimens
constitute a potential hazard and require prompt and proper
disposal. Both steam sterilizing (see autoclave, chapter 11) and
incineration (burning) are used to destroy microorganisms. On
the other hand, many teaching and research laboratories main-
tain a line of stock cultures that represent “living catalogs” for
study and experimentation. The largest culture collection can
be found at the American Type Culture Collection in Manassas,
Virginia, which maintains a voluminous array of frozen and
freeze-dried fungal, bacterial, viral, and algal cultures.

3.1 Learning Outcomes—Can You ...

1. ... explain what the Five I's mean and what each step entails?
2. ... name and define the three ways to categorize media?
3. ... provide examples for each of the three categories of media?

3.2 The Microscope: Window on
an Invisible Realm
Imagine Leeuwenhoek’s excitement and wonder when he first

viewed a drop of rainwater and glimpsed an amazing micro-
scopic world teeming with unearthly creatures. Beginning



microbiology students still experience this sensation, and
even experienced microbiologists remember their first view.
Before we examine microscopes, let’s consider how small
microbes actually are.

Microbial Dimensions:
How Small Is Small?

When we say that microbes are too small to be seen with the
unaided eye, what sorts of dimensions are we talking about?
The concept of thinking small is best visualized by comparing
microbes with the larger organisms of the macroscopic world
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and also with the atoms and molecules of the molecular world
(figure 3.13). Whereas the dimensions of macroscopic organ-
isms are usually given in centimeters (cm) and meters (m),
those of microorganisms fall within the range of millimeters
(mm) to micrometers (um) to nanometers (nm). The size range
of most microbes extends from the smallest bacteria, measur-
ing around 200 nm, to protozoa and algae that measure 3 to
4 mm and are visible with the naked eye. Viruses, which can
infect all organisms including microbes, measure between
20 nm and 800 nm, and some of them are thus not much big-
ger than large molecules, whereas others are just a tad larger
than the smallest bacteria.
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Figure 3.13 The size of things.

Common measurements encountered in microbiology and a scale of comparison from the macroscopic

to the microscopic, molecular, and atomic. Most microbes encountered in our studies will fall between 100 pm and 10 nm in overall dimensions.
The microbes shown are more or less to scale within size zone but not between size zones.
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Figure 3.14 Effects of magnification. Demonstration of the
magnification and image-forming capacity of clear glass “lenses.”
Given a proper source of illumination, this magnifying glass and crystal
ball magnify a ruler two to three times.

The microbial existence is indeed another world, but it
would remain largely uncharted without an essential tool:
the microscope. Your efforts in exploring microbes will
be more meaningful if you understand some essentials of
microscopy and specimen preparation.

Magnification and Microscope Design

A discovery by early microscopists that spurred the
advancement of microbiology was that a clear, glass sphere
could act as a lens to magnify small objects. Magnification
in most microscopes results from a complex interaction

Ocular
(eyepiece)

Body

between visible light waves and the curvature of the lens.
When a beam or ray of light transmitted through air strikes
and passes through the convex surface of glass, it experi-
ences some degree of refraction, defined as the bending
or change in the angle of the light ray as it passes through
a medium such as a lens. The greater the difference in the
composition of the two substances the light passes between,
the more pronounced is the refraction. When an object is
placed a certain distance from the spherical lens and illumi-
nated with light, an optical replica, or image, of it is formed
by the refracted light. Depending upon the size and curva-
ture of the lens, the image appears enlarged to a particular
degree, which is called its power of magnification and is
usually identified with a number combined with X (read
“times”). This behavior of light is evident if one looks through
an everyday object such as a glass ball or a magnifying glass
(figure 3.14). It is basic to the function of all optical, or light,
microscopes, though many of them have additional features
that define, refine, and increase the size of the image.

The first microscopes were simple, meaning they con-
tained just a single magnifying lens and a few working parts.
Examples of this type of microscope are a magnifying glass, a
hand lens, and Leeuwenhoek’s basic little tool shown earlier
in figure 1.8a. Among the refinements that led to the develop-
ment of today’s compound microscope were the addition of a
second magnifying lens system, a lamp in the base to give off
visible light and illuminate the specimen, and a special lens
called the condenser that converges or focuses the rays of light
to a single point on the object. The fundamental parts of a mod-
ern compound light microscope are illustrated in figure 3.15.

>> Interpupillary adjustment

Nosepiece

Objective lens (4)

Mechanical stage

Substage condenser

Aperture
diaphragm control

Base with light source

Figure 3.15 The parts

of a student laboratory
microscope. This microscope
is a compound light microscope
with two oculars (called binocular).
It has four objective lenses, a
mechanical stage to move the
specimen, a condenser, an iris
diaphragm, and a built-in lamp.

Field diaphragm lever

Light intensity control

Arm

Coarse focus
adjustment knob

Fine focus
adjustment knob

Stage adjustment knobs



Principles of Light Microscopy

To be most effective, a microscope should provide adequate
magnification, resolution, and good contrast. Magnification
of the object or specimen by a compound microscope occurs
in two phases. The first lens in this system (the one clos-
est to the specimen) is the objective lens, and the second
(the one closest to the eye) is the ocular lens, or eyepiece
(figure 3.16). The objective forms the initial image of the
specimen, called the real image. When this image is pro-
jected up through the microscope body to the plane of the
eyepiece, the ocular lens forms a second image, the virtual
image. The virtual image is the one that will be received by
the eye and converted to a retinal and visual image. The
magnifying power of the objective alone usually ranges

Brain

Ocular lens
Virtual image

Objective lens

Light rays
strike
specimen.

QI
N\ /

Real image
Condenser lens

Light source

Figure 3.16 The pathway of light and the two stages in
magnification of a compound microscope. As light passes
through the condenser, it forms a solid beam that is focused on

the specimen. Light leaving the specimen that enters the objective
lens is refracted so that an enlarged primary image, the real

image, is formed. One does not see this image, but its degree of
magnification is represented by the lower circle. The real image

is projected through the ocular, and a second image, the virtual
image, is formed by a similar process. The virtual image is the final
magnified image that is received by the retina and perceived by the
brain. Notice that the lens systems cause the image to be reversed.
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from 4X to 100X, and the power of the ocular alone ranges
from 10X to 20X. The total power of magnification of the
final image formed by the combined lenses is a product of
the separate powers of the two lenses:

Usual
Power of X power X Total
objective of ocular magnification
10X low power objective X 10X 100X
40X high dry objective X 10X = 400X
100X oil immersion objective X 10X = 1,000x

Microscopes are equipped with a nosepiece holding three or
more objectives that can be rotated into position as needed.
The power of the ocular usually remains constant for a given
microscope. Depending on the power of the ocular, the total
magnification of standard light microscopes can vary from
40X with the lowest power objective (called the scanning
objective) to 2,000X with the highest power objective (the oil
immersion objective).

Resolution: Distinguishing Magnified Objects Clearly ~As
important as magnification is for visualizing tiny objects
or cells, an additional optical property is essential for see-
ing clearly. That property is resolution, or resolving power.
Resolution is the capacity of an optical system to distinguish
or separate two adjacent objects or points from one another.
For example, at a certain fixed distance, the lens in the human
eye can resolve two small objects as separate points just as
long as the two objects are no closer than 0.2 millimeters
apart. The eye examination given by optometrists is in fact a
test of the resolving power of the human eye for various-size
letters read at a distance of 20 feet. Because microorganisms
are extremely small and usually very close together, they will
not be seen with clarity or any degree of detail unless the
microscope’s lenses can resolve them.

A simple equation in the form of a fraction expresses the
main factors in resolution:

Wavelength of
light in nm
2 X Numerical aperture of
objective lens

Resolving power (RP) =

This equation demonstrates that the resolving power is a
function of the wavelength of light that forms the image,
along with certain characteristics of the objective. The light
source for optical microscopes consists of a band of colored
wavelengths in the visible spectrum. The shortest visible
wavelengths are in the violet-blue portion of the spectrum
(400 nanometers), and the longest are in the red portion
(750 nanometers). Because the wavelength must pass between
the objects that are being resolved, shorter wavelengths (in
the 400-500 nanometer range) will provide better resolution
(figure 3.17). Some microscopes have a special blue filter
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(a) (b)

Figure 3.17 Effect of wavelength on resolution. A simple
model demonstrates how the wavelength influences the resolving
power of a microscope. Here an outline of a hand represents the
object being illuminated, and two different-size circles represent the
wavelengths of light. In (a), the longer waves are too large to penetrate
between the finer spaces and produce a fuzzy, undetailed image. In
(b), shorter waves are small enough to enter small spaces and produce
a much more detailed image that is recognizable as a hand.

A Note About Oil Immersion Lenses

The most important thing to remember is that a higher numeri-
cal aperture number will provide better resolution. In order
for the oil immersion lens to arrive at its maximum resolving
capacity, a drop of oil must be inserted between the tip of the
lens and the specimen on the glass slide. Because oil has the
same optical qualities as glass, it prevents refractive loss that
normally occurs as peripheral light passes from the slide into
the air; this property effectively increases the numerical aper-
ture (figure 3.18).

Objective lens

Slide

Figure 3.18 Workings of an oil immersion lens. Without
oil, some of the peripheral light that passes through the specimen
is scattered into the air or onto the glass slide; this scattering
decreases resolution.

placed over the lamp to limit the longer wavelengths of light
from entering the specimen.

The other factor influencing resolution is the numerical
aperture, a mathematical constant that describes the relative
efficiency of a lens in bending light rays. Without going into
the mathematical derivation of this constant, it is sufficient to
say that each objective has a fixed numerical aperture read-
ing that is determined by the microscope design and ranges
from 0.1 in the lowest power lens to approximately 1.25 in the
highest power (oil immersion) lens.

In practical terms, the oil immersion lens can resolve any
cell or cell part as long as it is at least 0.2 micron in diameter,
and it can resolve two adjacent objects as long as they are
at least 0.2 micron apart (figure 3.19). In general, organisms
that are 0.5 micron or more in diameter are readily seen. This
includes fungi and protozoa, some of their internal struc-
tures, and most bacteria. However, a few bacteria and most
viruses are far too small to be resolved by the optical micro-
scope and require electron microscopy (discussed later in this
chapter). In summary then, the factor that most limits the
clarity of a microscope’s image is its resolving power. Even
if a light microscope were designed to magnify several thou-
sand times, its resolving power could not be increased, and
the image it produced would simply be enlarged and fuzzy.

ot elab’e

Resolvable

Figure 3.19 Effect of magnification. Comparison of cells
that would not be resolvable versus those that would be resolvable
under oil immersion at 1,000X magnification. Note that in addition
to differentiating two adjacent things, good resolution also means
being able to observe an object clearly.



Contrast The third quality of a well-magnified image is
its degree of contrast from its surroundings. The contrast is
measured by a quality called the refractive index. Refractive
index refers to the degree of bending that light undergoes as
it passes from one medium (such as water or glass) to another
medium, such as some bacterial cells. The higher the differ-
ence in refractive indexes (the more bending of light), the
sharper the contrast that is registered by the microscope and
the eye. Because too much light can reduce contrast and burn
out the image, an adjustable iris diaphragm on most micro-
scopes controls the amount of light entering the condenser.
The lack of contrast in cell components is compensated for
by using special lenses (the phase-contrast microscope) and
by adding dyes.

Variations on the Light Microscope

Optical microscopes that use visible light can be described
by the nature of their field, meaning the circular area
viewed through the ocular lens. There are four types of
visible-light microscopes: bright-field, dark-field, phase-
contrast, and interference. A fifth type of optical micro-
scope, the fluorescence microscope, uses ultraviolet
radiation as the illuminating source; and another, the
confocal microscope, uses a laser beam. Each of these
microscopes is adapted for viewing specimens in a par-
ticular way, as described in table 3.5.

Preparing Specimens for Optical Microscopes

A specimen for optical microscopy is generally prepared
by mounting a sample on a suitable glass slide that sits on
the stage between the condenser and the objective lens.
The manner in which a slide specimen, or mount, is pre-
pared depends upon: (1) the condition of the specimen,
either in a living or preserved state; (2) the aims of the
examiner, whether to observe overall structure, identify
the microorganisms, or see movement; and (3) the type of
microscopy available, whether it is bright-field, dark-field,
phase-contrast, or fluorescence.

Fresh, Living Preparations

Live samples of microorganisms are placed in wet mounts or
in hanging drop mounts so that they can be observed as near
to their natural state as possible. The cells are suspended in
a suitable fluid (water, broth, saline) that temporarily main-
tains viability and provides space and a medium for locomo-
tion. A wet mount consists of a drop or two of the culture
placed on a slide and overlaid with a coverslip. Although this
type of mount is quick and easy to prepare, it has certain dis-
advantages. The coverslip can damage larger cells, and the
slide is very susceptible to drying and can contaminate the
handler’s fingers. A more satisfactory alternative is the hang-
ing drop preparation made with a special concave (depres-
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Hanging drop
containing specimen

Vaseline
//Depression

Coverslip

slide

Figure 3.20 Hanging drop technique. Cross-section view of
slide and coverslip. (Vaseline actually surrounds entire well of slide.)

sion) slide, a Vaseline adhesive or sealant, and a coverslip
from which a tiny drop of sample is suspended (figure 3.20).
These types of short-term mounts provide a true assessment
of the size, shape, arrangement, color, and motility of cells.
Greater cellular detail can be observed with phase-contrast
or interference microscopy.

Fixed, Stained Smears

A more permanent mount for long-term study can be
obtained by preparing fixed, stained specimens. The smear
technique, developed by Robert Koch more than 100 years
ago, consists of spreading a thin film made from a liquid
suspension of cells on a slide and air-drying it. Next, the
air-dried smear is usually heated gently by a process called
heat fixation that simultaneously kills the specimen and
secures it to the slide. Another important action of fixation
is to preserve various cellular components in a natural state
with minimal distortion. Sometimes fixation of microbial
cells is performed with chemicals such as alcohol and
formalin.

Like images on undeveloped photographic film, the
unstained cells of a fixed smear are quite indistinct, no
matter how great the magnification or how fine the
resolving power of the microscope. The process of “devel-
oping” a smear to create contrast and make inconspicuous
features stand out requires staining techniques. Staining
is any procedure that applies colored chemicals called
dyes to specimens. Dyes impart a color to cells or cell
parts by becoming affixed to them through a chemical
reaction. In general, they are classified as basic (cationic)
dyes, which have a positive charge, or acidic (anionic)
dyes, which have a negative charge. Because chemicals of
opposite charge are attracted to each other, cell parts that
are negatively charged will attract basic dyes and those
that are positively charged will attract acidic dyes
(table 3.6). Many cells, especially those of bacteria, have
numerous negatively charged acidic substances and thus
stain more readily with basic dyes. Acidic dyes, on the
other hand, tend to be repelled by cells, so they are good
for negative staining (discussed in the next section).

Negative Versus Positive Staining Two basic types of stain-
ing technique are used, depending upon how a dye reacts



Table 3.5 Comparison of Types of Microscopy

Maximum
Practical
Microscope Magnification Resolution

Visible light as source of illumination

Bright-field 2,000% 0.2 pm (200 nm)

The bright-field microscope in the most widely used type of light microscope. Although we
ordinarily view objects like the words on this page with light reflected off the surface, a bright-
field microscope forms its image when light is transmitted through the specimen. The specimen,
being denser and more opaque than its surroundings, absorbs some of this light, and the rest of
the light is transmitted directly up through the ocular into the field. As a result, the specimen will
produce an image that is darker than the surrounding brightly illuminated field. The bright-field
microscope is a multipurpose instrument that can be used for both live, unstained material and
preserved, stained material.

Paramecium (400X)
Dark-field 2,000 0.2 pm

A bright-field microscope can be adapted as a dark-field microscope by adding a special disc
called a stop to the condenser. The stop blocks all light from entering the objective lens—except
peripheral light that is reflected off the sides of the specimen itself. The resulting image is a
particularly striking one: brightly illuminated specimens surrounded by a dark (black) field. The
most effective use of dark-field microscopy is to visualize living cells that would be distorted

by drying or heat or that cannot be stained with the usual methods. Dark-field microscopy can
outline the organism'’s shape and permit rapid recognition of swimming cells that might appear
in dental and other infections, but it does not reveal fine internal details.

Paramecium (400X)

Phase-contrast 2,000x 0.2 um If similar objects made of clear glass, ice, cellophane, or plastic are immersed in the same
container of water, an observer would have difficulty telling them apart because they have
similar optical properties. Internal components of a live, unstained cell also lack contrast and
can be difficult to distinguish. But cell structures do differ slightly in density, enough that they
can alter the light that passes through them in subtle ways. The phase-contrast microscope

has been constructed to take advantage of this characteristic. This microscope contains devices
that transform the subtle changes in light waves passing through the specimen into differences
in light intensity. For example, denser cell parts such as organelles alter the pathway of light
more than less dense regions (the cytoplasm). Light patterns coming from these regions will
vary in contrast. The amount of internal detail visible by this method is greater than by either
bright-field or dark-field methods. The phase-contrast microscope is most useful for observing
intracellular structures such as bacterial spores, granules, and organelles, as well as the
Paramecium (400x) locomotor structures of eukaryotic cells such as cilia.

Differential interference 2 0oox 0.2 um

Like the phase-contrast microscope, the differential interference contrast (DIC) microscope
provides a detailed view of unstained, live specimens by manipulating the light. But this
microscope has additional refinements, including two prisms that add contrasting colors to the
image and two beams of light rather than a single one. DIC microscopes produce extremely well-
defined images that are vividly colored and appear three-dimensional.

Amoeba proteus (160 X)
Ultraviolet rays as source of illumination

Fluorescent 2,000 0.2 pm

The fluorescent microscope is a specially modified compound microscope furnished with an
ultraviolet (UV) radiation source and a filter that protects the viewer’s eye from injury by these
dangerous rays. The name of this type of microscopy originates from the use of certain dyes
(acridine, fluorescein) and minerals that show fluorescence. The dyes emit visible light when
bombarded by short ultraviolet rays. For an image to be formed, the specimen must first be
coated or placed in contact with a source of fluorescence. Subsequent illumination by ultraviolet
radiation causes the specimen to give off light that will form its own image, usually an intense
yellow, orange, or red against a black field.

Fluorescence microscopy has its most useful applications in diagnosing infections caused by
specific bacteria, protozoans, and viruses.

Cheek epithelial cells (the larger unfocused
green or red cells). Bacteria are the filamentous
green and red rods and the green diplococci (400X).



Maximum

Practical
Microscope Magnification Resolution
Confocal 2 000X 0.2 pm

The scanning confocal microscope overcomes the problem of cells or structures being too thick, a
problem resulting in other microscopes being unable to focus on all their levels. This microscope
uses a laser beam of light to scan various depths in the specimen and deliver a sharp image
focusing on just a single plane. It is thus able to capture a highly focused view at any level,
ranging from the surface to the middle of the cell. It is most often used on fluorescently stained
specimens but it can also be used to visualize live unstained cells and tissues.

Myofibroblasts, cells involved in tissue repair (400X)

Electron beam forms image of specimen

Transmission electron 100,000,000 % 0.5 nm

microscope (TEM)

Transmission electron microscopes are the method of choice for viewing the detailed structure
of cells and viruses. This microscope produces its image by transmitting electrons through the
specimen.

Because electrons cannot readily penetrate thick preparations, the specimen must be sectioned
into extremely thin slices (20-100 nm thick) and stained or coated with metals that will increase
image contrast. The darkest areas of TEM micrographs represent the thicker (denser) parts, and
the lighter areas indicate the more transparent and less dense parts.

Coronavirus, causative agent of many
respiratory infections (100,000X)

Scanning electron 100,000,000 10 nm
microscope (SEM)
The scanning electon microscope provides some of the most dramatic and realistic images in

existence. This instrument is designed to create an extremely detailed three-dimensional view of
all kinds of objects—from plaque on teeth to tapeworm heads. To produce its images, the SEM
does not transmit electrons, it bombards the surface of a whole metal-coated specimen with
electrons while scanning back and forth over it. A shower of electrons deflected from the surface
is picked up with great fidelity by a sophisticated detector, and the electron pattern is displayed
as an image on a television screen.

The contours of the specimen resolved with scanning electron microscopy are very revealing
and often surprising. Areas that look smooth and flat with the light microscope display
intriguing surface features with the SEM.

An alga showing a cell wall made of
calcium disks (10,000

Atomically sharp tip probes surface of specimen

Atomic force 100,000,000 0.01 Angstroms
microscope (AFM)

In atomic force microscopy, a diamond or metal tip with a radius of 1-50 nanometers scans a
specimen and moves up and down with contour of surface at the atomic level. The movement of
the tip is measured with a laser and translated into an image.

500nm
Prion fibrils, which may only be 5 mm in diameter

Scanning tunneling 100,000,000 0.01 Angstroms
microscope (STM)

In scanning tunneling microscopy, a tungsten tip hovers over specimen while electrical voltage
is applied, generating a current that is dependent on the distance between the tip and surface.
Image is produced from the electrical signal of the tip’s pathway. See Insight 3.2 for more
information about probing microscopes.

Strands of DNA (inset is a magnified view of
the bare gold surface, verifying that it is clean).
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with the specimen (summarized in table 3.6). Most procedures
involve a positive stain, in which the dye actually sticks to
the specimen and gives it color. A negative stain, on the other
hand, is just the reverse (like a photographic negative). The
dye does not stick to the specimen but settles around its outer
boundary, forming a silhouette. In a sense, negative staining
“stains” the glass slide to produce a dark background around
the cells. Nigrosin (blue-black) and India ink (a black suspen-
sion of carbon particles) are the dyes most commonly used for
negative staining. The cells themselves do not stain because
these dyes are negatively charged and are repelled by the
negatively charged surface of the cells. The value of negative
staining is its relative simplicity and the reduced shrinkage or
distortion of cells, as the smear is not heat fixed. A quick assess-
ment can thus be made regarding cellular size, shape, and
arrangement. Negative staining is also used to accentuate the
capsule that surrounds certain bacteria and yeasts (figure 3.21).

Simple Versus Differential Staining  Positive staining meth-
ods are classified as simple, differential, or special (figure 3.21).
Whereas simple stains require only a single dye and an
uncomplicated procedure, differential stains use two differ-
ently colored dyes, called the primary dye and the counter-
stain, to distinguish between cell types or parts. These staining
techniques tend to be more complex and sometimes require
additional chemical reagents to produce the desired reaction.

Table 3.6 Comparison of Positive and Negative Stains

Medium Positive Staining Negative Staining

Appearance of  Colored by dye Clear and colorless

cell

Background Not stained (generally  Stained (dark gray or
white) black)

Dyes employed Basic dyes: Acidic dyes:
Crystal violet Nigrosin
Methylene blue India ink
Safranin
Malachite green

Subtypes of Several types: Few types:

stains Simple stain Capsule
Differential stains Spore

Gram stain
Acid-fast stain
Spore stain
Special stains
Capsule
Flagella
Spore
Granules
Nucleic acid

Most simple staining techniques take advantage of the
ready binding of bacterial cells to dyes like malachite green,
crystal violet, basic fuchsin, and safranin. Simple stains cause
all cells in a smear to appear more or less the same color,
regardless of type, but they can still reveal bacterial charac-
teristics such as shape, size, and arrangement.

Types of Differential Stains A satisfactory differential stain
uses differently colored dyes to clearly contrast two cell types
or cell parts. Common combinations are red and purple,
red and green, or pink and blue. Differential stains can also
pinpoint other characteristics, such as the size, shape, and
arrangement of cells. Typical examples include Gram, acid-
fast, and endospore stains. Some staining techniques (spore,
capsule) fall into more than one category.

Gram staining, a century-old method named for its
developer, Hans Christian Gram, remains the most universal
diagnostic staining technique for bacteria. It permits ready
differentiation of major categories based upon the color
reaction of the cells: gram-positive, which stain purple, and
gram-negative, which stain pink (red). The Gram stain is the
basis of several important bacteriological topics, including
bacterial taxonomy, cell wall structure, and identification
and diagnosis of infection; in some cases, it even guides the
selection of the correct drug for an infection. Gram staining is
discussed in greater detail in Insight 4.2.

The acid-fast stain, like the Gram stain, is an important
diagnostic stain that differentiates acid-fast bacteria (pink) from
non-acid-fast bacteria (blue). This stain originated as a specific
method to detect Mycobacterium tuberculosis in specimens. It was
determined that these bacterial cells have a particularly impervi-

Case File 3  Wrap-Up )

In instances where the number of bacteria
in a sample is expected to be especially
large, as would be the case with a fecal
sample, many types of specialized media .\ A ‘
may be used to narrow the possibilities.
Selective media contain inhibitory substances that allow only a
single type of microbe to grow, while differential media allow
most organisms to grow but produce visible differences among
the various microbes. In this case, samples of the casserole the
prisoners had eaten were analyzed using both selective and
differential media and found to contain 43,000 colony-forming
units (CFU) of C. perfringens per gram of casserole.
Investigators learned that the company distributing meals
to the jail routinely froze food that was not served and held it
for up to 72 hours before using it to prepare dishes for later
consumption. In this case, the ground beef and macaroni had
been cooked the previous day, and several other food items
were near their expiration dates. Also, proper documenta-
tion of cooling temperatures for both the ground beef and
the macaroni was unavailable. Investigators concluded that
improper handling of food in the kitchen was responsible for
the prisoners’ illness.

See: CDC. 2009. MMWR 58:138-41.



(a) Simple Stains

(b) Differential Stains

3.2 The Microscope: Window on an Invisible Realm 75

(c) Special Stains

‘b.:

Crystal violet Gram stain India ink capsule stain of
stain of Escherichia Purple cells are gram-positive. Cryptococcus neoformans
coli Red cells are gram-negative.

Methylene blue
stain of Corynebacterium

Acid-fast stain
Red cells are acid-fast.
Blue cells are non-acid-fast.

Spore stain, showing spores (red)
and vegetative cells (blue)

Flagellar stain of Proteus vulgaris
A basic stain was used to
build up the flagella.

@ Figure 3.21 Types of microbiological stains. (a) Simple stains. (b) Differential stains: Gram, acid-fast, and spore. (c) Special stains:

capsule and flagellar.

ous outer wall that holds fast (tightly or tenaciously) to the dye
(carbol fuchsin) even when washed with a solution containing
acid or acid alcohol. This stain is used for other medically impor-
tant mycobacteria such as the Hansen’s disease (leprosy) bacillus
and for Nocardia, an agent of lung or skin infections.

The endospore stain (spore stain) is similar to the acid-
fast method in that a dye is forced by heat into resistant
bodies called spores or endospores (their formation and sig-
nificance are discussed in chapter 4). This stain is designed
to distinguish between spores and the cells that they come
from (so-called vegetative cells). Of significance in medical

microbiology are the gram-positive, spore-forming members
of the genus Bacillus (the cause of anthrax) and Clostridium
(the cause of botulism and tetanus)—dramatic diseases that
we consider in later chapters.

Special stains are used to emphasize certain cell parts that
are not revealed by conventional staining methods. Capsule
staining is a method of observing the microbial capsule, an
unstructured protective layer surrounding the cells of some
bacteria and fungi. Because the capsule does not react with
most stains, it is often negatively stained with India ink, or it
may be demonstrated by special positive stains. The fact that
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|\ [c] i@ The Evolution in Resolution: Probing Microscopes

In the past, chemists, physicists, and biologists had to rely on
indirect methods to provide information on the structures of
the smallest molecules. But technological advances have created
a new generation of microscopes that “see” atomic structure
by actually feeling it. Scanning probe microscopes operate with a
minute needle tapered to a tip that can be as narrow as a single
atom! This probe scans over the exposed surface of a material
on the end of an arm and records an image of its outer texture.
(Think of an old-fashioned record player. . . .) These revolutionary
microscopes have such profound resolution that they have the
potential to image single atoms (but not subatomic structure yet)
and to magnify 100 million times. There are two types of scanning
probe microscopes, the atomic force microscope (AFM) and the
scanning tunneling microscope (STM). The STM uses a tungsten
probe that hovers near the surface of an object and follows its
topography while simultaneously giving off an electrical signal
of its pathway, which is then imaged on a screen. The STM was
used initially for detecting defects on the surfaces of electrical

Scanning tunneling microscopy. The figure
on the left was created when scientists dragged
iron atoms over a copper matrix to spell (in kanji,

a Japanese written alphabet) “atom” (literally:
“original child”). On the right you see a chemical
reaction performed by an STM microscope. At the
top (a), two iodobenzene molecules appear as two
bumps on a copper surface. The STM tip emits a
burst of electrons and causes the iodine groups to
dissociate from each of the benzene groups (b). The
tip then drags away the iodine groups (c), and the
two carbon groups bind to one another (d and e).

Source: http://www.almaden.ibm.com/vis/stm/
atomo.html, page 80.

not all microbes exhibit capsules is a useful feature for identi-
fying pathogens. One example is Cryptococcus, which causes
a serious fungal meningitis in AIDS patients (see chapter 19).
Flagellar staining is a method of revealing flagella,
the tiny, slender filaments used by bacteria for locomotion.
Because the width of bacterial flagella lies beyond the resolv-
ing power of the light microscope, in order to be seen, they
must be enlarged by depositing a coating on the outside of
the filament and then staining it. Their presence, number, and
arrangement on a cell are taxonomically useful.

conductors and computer chips composed of silicon, but it has
also provided the first incredible close-up views of DNA.

The atomic force microscope (AFM) gently forces a diamond
and metal probe down onto the surface of a specimen like a needle
on a record. As it moves along the surface, any deflection of the
metal probe is detected by a sensitive device that relays the infor-
mation to an imager. The AFM is very useful in viewing the
detailed structures of biological molecules such as antibodies and
enzymes.

These powerful new microscopes can also move and posi-
tion atoms, spawning a field called nanotechnology—the science
of the “small.” When this ability to move atoms was first dis-
covered, scientists had some fun (see illustration on the left).
But it has opened up an entirely new way to manipulate atoms
in chemical reactions (illustration on the right) and to create
nanoscale devices for computers and other electronics. In the
future, it may be possible to use microstructures to deliver drugs
and treat disease.

cu\)

3.2 Learning Outcomes—Can You ...

... convert among different lengths within the metric system?
. ... describe the earliest microscopes?

. ... list and describe the three elements of good microscopy?

. ... differentiate between the principles of light and electron
microscopy?

... name the two main categories of stains?

. ... give examples of a simple, differential, and special stain?

NOo U A
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/ Chapter Summary

3.1 Methods of Culturing Microorganisms: The Five I's

Many microorganisms can be cultured on artificial media,
but some can be cultured only in living tissue or in cells.
Artificial media are classified by their physical state as
either liquid, semisolid, liquefiable solid, or nonliquefi-
able solid.

Artificial media are classified by their chemical composition
as either synthetic or nonsynthetic, depending on whether
the exact chemical composition is known.

Artificial media are classified by their function as either
general-purpose media or media with one or more spe-
cific purposes. Enriched, selective, differential, transport,
assay, and enumerating media are all examples of media
designed for specific purposes.

The Five I's—inoculation, incubation, isolation, inspec-
tion, and identification—summarize the kinds of labora-
tory procedures used in microbiology.

Following inoculation, cultures are incubated at a specified
temperature to encourage growth.

Isolated colonies that originate from single cells are com-
posed of large numbers of cells piled up together.

A culture may exist in one of the following forms: A
pure culture contains only one species or type of micro-
organism. A mixed culture contains two or more known
species. A contaminated culture contains both known
and unknown (unwanted) microorganisms.

During inspection, the cultures are examined and evalu-
ated macroscopically and microscopically.
Microorganisms are identified in terms of their macro-
scopic or immunologic morphology; their microscopic
morphology; their biochemical reactions; and their
genetic characteristics.

Microbial cultures are usually disposed of in two ways:
steam sterilization or incineration.
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3.2 The Microscope: Window on an Invisible Realm

Magnification, resolving power, and contrast all influ-
ence the clarity of specimens viewed through the optical
microscope.

The maximum resolving power of the optical microscope
is 200 nm, or 0.2 um. This is sufficient to see the internal
structures of eukaryotes and the morphology of most
bacteria.

There are six types of optical microscopes. Four types
use visible light for illumination: bright-field, dark-field,
phase-contrast, and interference microscopes. The fluo-
rescence microscope uses UV light for illumination, but
it has the same resolving power as the other optical
microscopes. The confocal microscope can use UV light
or visible light reflected from specimens.

Electron microscopes (EM) use electrons, not light waves,
as an illumination source to provide high magnification
(5,000% to 1,000,000X) and high resolution (0.5 nm).
Electron microscopes can visualize cell ultrastructure
(transmission EM) and three-dimensional images of cell
and virus surface features (scanning EM).
Thenewestgeneration of microscopeis called the scanning
probe microscope and uses precision tips to image struc-
tures at the atomic level.

Specimens viewed through optical microscopes can be
either alive or dead, depending on the type of specimen
preparation, but all EM specimens are dead because they
must be viewed in a vacuum.

Stains increase the contrast of specimens and they can be
designed to differentiate cell shape, structure, and bio-
chemical composition of the specimens being viewed.

<

'C\Z&// Multiple-Choice and True-False Questions Knowledge and Comprehension

Multiple-Choice Questions. Select the correct answer from the answers provided.

1. The term culture refers to the growth of microorganisms

in .
a. rapid, an incubator
b. macroscopic, media

¢. microscopic, the body
d. artificial, colonies

2. A mixed culture is
a. the same as a contaminated culture.
b. one that has been adequately stirred.
¢. one that contains two or more known species.
d. a pond sample containing algae and protozoa.

3. Resolution is with a longer wavelength of light.

a. improved
b. worsened

c. not changed
d. not possible

4. Areal image is produced by the
a. ocular. c. condenser.
b. objective. d. eye.

5. A microscope that has a total magnification of 1,500 X when

using the oil immersion objective has an ocular of what

power?
a. 150X c. 15X
b. 1.5X d. 30X

. The specimen for an electron microscope is always

c. killed.
d. viewed directly.

a. stained with dyes.
b. sliced into thin sections.

. Motility is best observed with a

a. hanging drop preparation.
b. negative stain.

c. streak plate.

d. flagellar stain.
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8.

Chapter 3 Tools of the Laboratory

Bacteria tend to stain more readily with cationic (positively
charged) dyes because bacteria

a. contain large amounts of alkaline substances.

b. contain large amounts of acidic substances.

c. are neutral.

d. have thick cell walls.

. Multiple Matching. For each type of medium, select all

descriptions that fit. For media that fit more than one
description, briefly explain why this is the case.

____ mannitol salt agar a. selective medium

__ chocolate agar b. differential medium

__ MacConkey agar c. chemically defined

___ nutrient broth (synthetic) medium
____Sabouraud’s agar . enriched medium

____ triple-sugar iron agar . general-purpose medium
__ Euglena agar . complex medium

_ SIM medium . transport medium

e - O &

10.

A fastidious organism must be grown on what type of
medium?

a. general-purpose medium

b. differential medium

c. synthetic medium

d. enriched medium

True-False Questions. If the statement is true, leave as is. If it is

11.

12.
13.

14.

15.

false, correct it by rewriting the sentence.

Agar has the disadvantage of being easily decomposed by
microorganisms.

A subculture is a culture made from an isolated colony.

The factor that most limits the clarity of an image in a
microscope is the magnification.

Living specimens can be examined either by light microscopy
or electron microscopy.

The best stain to use to visualize a microorganism with a large
capsule is a simple stain.

// Critical Thinking Questions Application and Analysis

These questions are suggested as a writing-to-learn experience. For each question, compose a one- or two-paragraph answer that includes
the factual information needed to completely address the question.

1.

a. Describe briefly what is involved in the Five I's.
b. Name three basic differences between inoculation and
contamination.

a. Explain what is involved in isolating microorganisms and
why it is necessary to do this.

b. Compare and contrast three common laboratory techniques
for separating bacteria in a mixed sample.

¢. Describe how an isolated colony forms.

d. Explain why an isolated colony and a pure culture are not the
same thing.

. Differentiate between microscopic and macroscopic methods

of observing microorganisms, citing a specific example of each
method.

. Trace the pathway of light from its source to the eye,

explaining what happens as it passes through the major parts
of the microscope.

. Compare bright-field, dark-field, phase-contrast, and

fluorescence microscopy as to field appearance, specimen
appearance, light source, and uses.

. a. Compare and contrast the optical compound microscope

with the electron microscope.
b. Why is the resolution so superior in the electron
microscope?

10.

c. What will you never see in an unretouched electron
micrograph?

. a. Why are some bacteria difficult to grow in the laboratory?

Relate this to what you know so far about metabolism.
b. Why are viruses hard to cultivate in the laboratory?

. Biotechnology companies have engineered hundreds of

different types of mice, rats, pigs, goats, cattle, and rabbits to

have genetic diseases similar to diseases of humans or to

synthesize drugs and other biochemical products. They have

patented these animals, and they sell them to researchers for

study and experimentation.

a. What do you think of creating new life forms just for
experimentation?

b. Comment on the benefits, safety, and ethics of this trend.

. Some human pathogenic bacteria are resistant to most

antibiotics. How would you prove a bacterium is resistant to
antibiotics using laboratory culture techniques?

Some scientists speculate that the reason we can’t grow some
bacteria on artificial medium at this time is that they are
found in polymicrobial communities in their natural
settings. If that were true, how would you go about trying
to cultivate them?
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// Concept Mapping Synthesis

Appendix D provides guidance for working with concept maps.

1. Supply your own linking words or phrases in this concept 2. Construct your own concept map using the following words as

map, and provide the missing concepts in the empty boxes. the concepts. Supply the linking words between each pair of

concepts.
Good magnified inoculation staining
image . . . .
isolation biochemical tests
“““““““ incubation subculturing
inspection source of microbes
! identification transport medium

Contrast Magnification medium streak plate

multiplication

Wavelength

Ls // Visual Connections Synthesis

These questions encourage active learning by connecting previously seen material to this chapter’s concepts.

1. Figure 3.3a and b. If you were using the quadrant streak plate 2. From chapter 1, figure 1.6. Which of these photos from chapter
method to plate a very dilute broth culture (with many fewer 1is an SEM image? Which is a TEM image?
bacteria than the broth used for 3b) would you expect to see
single, isolated colonies in quadrant 4 or quadrant 3? Explain
your answer.

(a) Steps in a Streak Plate Fungus: Thamnidium

Y _ - 4
A single virus particle
B £ .
5 TP
Ay

NI

Virus: Herpes simplex Protozoan: Vorticella

% mme.Ctm www.connect.microbiology.com

|M|CROB|0LOGY Enhance your study of this chapter with study tools and practice tests. Also ask
your instructor about the resources available through ConnectPlus, including the
media-rich eBook, interactive learning tools, and animations.



Prokaryotic Profiles

The Bacteria and Archaea

Case File 4

admitted to the hospital after presenting at the emergency room (ER) in a
semiconscious state. Feeling ill was nothing new for this patient—she had a 9-year history of systemic lupus
erythematosus (SLE), a condition the ER physicians took into account as they examined her. SLE, sometimes
called "lupus,” is an autoimmune disease in which the body produces antibodies against many of its own
tissues; some organs eventually become damaged or fail to function. The specific symptoms of SLE differ,
depending on which organs are affected, but kidney failure, heart problems, lung inflammation, and blood
abnormalities are common. The cause of SLE is unknown.

The patient’s initial workup revealed abnormally rapid breathing, fever, and low blood pressure.
Additionally, her fingers and toes were cold, and she was producing no urine. The ER staff took samples of
her blood and cerebrospinal fluid (CSF) and found bacteria in both. Because of the patient’s history of SLE,
magnetic resonance imaging (MRI) of the abdomen was performed to assess the condition of her organs. The
MRI revealed that the lupus had led to the complete destruction of the patient’s spleen, a complication called
“autosplenectomy” that occurs in approximately 5% of SLE cases.

The presence of bacteria in the blood and the cerebrospinal fluid is considered a serious sign. Why?

Continuing the Case appears on page 88.

Outline and Learning Outcomes

4.1 Prokaryotic Form and Function
1. Name the structures all bacteria possess.
2. Name at least four structures that some, but not all, bacteria possess.
4.2 External Structures
3. Describe the structure and function of four different types of bacterial appendages.
4. Explain how a flagellum works in the presence of an attractant.

80



4.3 The Cell Envelope: The Boundary Layer of Bacteria
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5. Differentiate between the two main types of bacterial envelope structure.
6. Discuss why gram-positive cell walls are stronger than gram-negative cell walls.
7. Name a substance in the envelope structure of some bacteria that can cause severe symptoms in humans.

4.4 Bacterial Internal Structure

8. Identify five things that might be contained in bacterial cytoplasm.
9. Detail the causes and mechanisms of sporogenesis and germination.

4.5 Prokaryotic Shapes, Arrangements, and Sizes
10. Describe the three major shapes of prokaryotes.
11. Describe other more unusual shapes of prokaryotes.

4.6 Classification Systems in the Prokaryotae

12. Differentiate between Bergey’s Manual of Systematic Bacteriology and Bergey’s Manual of Determinative Bacteriology.
13. Name four divisions ending in —cutes and describe their characteristics.

14. Explain what a species is.

4.7 The Archaea
15. List some differences between archaea and bacteria.

In chapter 1, we described prokaryotes as being cells with
no true nucleus. (Eukaryotes have a membrane around
their DNA, and this structure is called the nucleus.) Some
microbiologists have recently been suggesting that we are
not defining what a prokaryote is, only what it is not—and
therefore we are not really defining it at all. This is one way
scientists work. A previously accepted notion (i.e., what a
prokaryote is) is questioned publicly, causing a variety of
reactions ranging from surprise to dismissal. Usually other
scientists begin discussing the question and the truth that
might be behind the assertion is examined in a new way.
But this whole chapter is about the type of cell we call a
prokaryote. So how do we know whether a cell is prokaryotic
or eukaryotic? A prokaryote can be distinguished from the
other type of cell (a eukaryote) because of certain character-
istics it possesses:

® The way its DNA is packaged: Prokaryotes have nuclear
material that is not encased in a membrane (i.e., they
do not have a nucleus). Eukaryotes have a membrane
around their DNA (making up a nucleus). Prokaryotes
don’t wind their DNA around proteins called histones;
eukaryotes do.

® The makeup of its cell wall: Prokaryotes (bacteria and
archaea) generally have a wall structure that is unique
compared to eukaryotes. Bacteria have sturdy walls
made of a chemical called peptidoglycan. Archaeal walls
are also tough and made of other chemicals, distinct from
bacteria and distinct from eukaryotic cells.

e Its internal structures: Prokaryotes don’t have com-
plex, membrane-bounded organelles in their cytoplasm
(eukaryotes do). A few prokaryotes have internal mem-
branes, but they don’t surround organelles.

Both prokaryotic and eukaryotic microbes are found
throughout nature. Both can cause infectious diseases.

Examples of bacterial diseases include “strep” throat, Lyme
disease, and ear infections. The medical response to them is
informed by their “prokaryoteness.” Eukaryotic infections
(examples: histoplasmosis, malaria) often require a differ-
ent approach. In this chapter and coming chapters, you'll
discover why that is.

4.1 Prokaryotic Form and Function

The evolutionary history of prokaryotic cells extends back
at least 3.8 billion years. It is now generally thought that
the very first cells to appear on the earth were a type of
prokaryote, possibly related to modern forms that live on
sulfur compounds in geothermal ocean vents. The fact that
these organisms have endured for so long in such a variety
of habitats indicates a cellular structure and function that
are amazingly versatile and adaptable.

The general cellular organization of a prokaryotic cell can
be represented with this flowchart:

Appendages
Flagella
Pili
Fimbriae
Glycocalyx
Capsule, slime layer

(Outer membrane)
Cell envelope Cell wall

Cell membrane

External

Cytoplasm

Ribosomes

Inclusions
Nucleoid/chromosome
Actin cytoskeleton
Endospore

Internal
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Fimbriae—Fine, hairlike bristles
extending from the cell surface

/ that help in adhesion to other

cells and surfaces.

Glycocalyx (pink coating)—

A coating or layer of molecules
external to the cell wall. It serves
protective, adhesive, and
receptor functions. It may fit
tightly or be very loose

and diffuse.

Inclusion/Granule—Stored
nutrients such as fat, phosphate,
or glycogen deposited in dense
crystals or particles that can be
tapped into when needed.

Bacterial chromosome or
nucleoid—Composed of
condensed DNA molecules.
DNA directs all genetics and
heredity of the cell and codes
for all proteins.

Cell wall—A semirigid casing
that provides structural support
and shape for the cell.

Cell (cytoplasmic) membrane—
A thin sheet of lipid and protein
that surrounds the cytoplasm and
controls the flow of materials into
and out of the cell pool.

Pilus—An elongate, hollow
appendage used in transfers of
DNA to other cells.

Outer membrane—Extra
membrane similar to cell
r— membrane but also containing
L |lipopolysaccharide. Controls
f—, flow of materials, and portions
of it are toxic to mammals
when released.

Plasmid—Double-stranded DNA
circle containing extra genes.

Ribosomes—Tiny particles
composed of protein and RNA
that are the sites of protein
synthesis.

Actin cytoskeleton—Long fibers of proteins
that encircle the cell just inside the cell
membrane and contribute to the shape of

the cell.
Endospore (not shown)—
Dormant body formed within
Flagellum—Specialized appendage attached some bacteria that allows for their
to the cell by a basal body that holds a long, survival in adverse conditions.

rotating filament. The movement pushes the
cell forward and provides motility.

Cytoplasm—Water-based
solution filling the entire cell.

Figure 4.1 Structure of a bacterial cell. Cutaway view of a typical rod-shaped bacterium, showing major structural features. Note that
not all components are found in all cells; dark-blue boxes indicate structures that all bacteria possess.



All bacterial cells invariably have a cell membrane,
cytoplasm, ribosomes, and one (or a few) chromosome(s);
the majority have a cell wall, a cytoskeleton, and some form
of surface coating or glycocalyx. Specific structures that are
found in some but not all prokaryotes are flagella, pili, fim-
briae, inclusions, endospores, and intracellular membranes.

The Structure of a Generalized
Bacterial Cell

Bacterial cells appear featureless and two-dimensional when
viewed with an ordinary microscope. Not until they are
subjected to the scrutiny of the electron microscope and
biochemical studies does their intricate and functionally
complex nature become evident. Note that in this chapter,
the descriptions of prokaryotic structure, except where other-
wise noted, refer to the bacteria. Later in the chapter we will
describe the ways in which archaea differ from bacteria. Oth-
erwise, we will be focusing on bacteria. Figure 4.1 presents
a three-dimensional anatomical view of a generalized, rod-
shaped, bacterial cell. As we survey the principal anatomical
features of this cell, we will perform a microscopic dissection
of sorts, following a course that begins with the outer cell
structures and proceeds to the internal contents.

4.1 Learning Outcomes—Can You ...

1. ... name the structures all bacteria possess?
2. ... name at least four structures that some, but not all, bacteria
possess?

Basal_|
body

Cell

(a)

Figure 4.2 Details of the basal body of a flagellum in a gram-negative cell.

l ] Outer
0 membrane

Cell wall

membrane
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4.2 External Structures

Appendages
Flagella
Pili
Fimbriae
Glycocalyx
Capsule, slime layer

External

Appendages: Cell Extensions

Several discrete types of accessory structures sprout from the
surface of bacteria. These long appendages are common but
are not present on all species. Appendages can be divided
into two major groups: those that provide motility (flagella
and axial filaments) and those that provide attachment points
or channels (fimbriae and pili).

Flagella—Prokaryotic Propellers

The prokaryotic flagellum (flah-jel’-em), an appendage
of truly amazing construction, is certainly unique in the
biological world. The primary function of flagella is to
confer motility, or self-propulsion—that is, the capacity
of a cell to swim freely through an aqueous habitat. The
extreme thinness of a bacterial flagellum necessitates high
magnification to reveal its special architecture, which has
three distinct parts: the filament, the hook (sheath), and
the basal body (figure 4.2). The filament, a helical structure
composed of proteins, is approximately 20 nanometers in
diameter and varies from 1 to 70 microns in length. It is
inserted into a curved, tubular hook. The hook is anchored
to the cell by the basal body, a stack of rings firmly anchored

(b)

(a) The hook, rings, and rod function together as a

tiny device that rotates the filament 360°. (b) An electron micrograph of the basal body of a bacterial flagellum.
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through the cell wall, to the cell membrane and the outer
membrane. This arrangement permits the hook with its fila-
ment to rotate 360°, rather than undulating back and forth
like a whip as was once thought.

One can generalize that all spirilla, about half of the
bacilli, and a small number of cocci are flagellated (these
bacterial shapes are shown in figure 4.23). Flagella vary
both in number and arrangement according to two general
patterns:

1. In a polar arrangement, the flagella are attached at one
or both ends of the cell. Three subtypes of this pattern
are: monotrichous (mah"-noh-trik’-us), with a single
flagellum; lophotrichous (lo"-foh-), with small bunches
or tufts of flagella emerging from the same site; and
amphitrichous (am”-fee-), with flagella at both poles of
the cell.

2. In a peritrichous (per”-ee-) arrangement, flagella
are dispersed randomly over the surface of the cell
(figure 4.3).

The presence of motility is one piece of information used
in the laboratory identification or diagnosis of pathogens.
Flagella are hard to visualize in the laboratory, but often it
is sufficient to know simply whether a bacterial species is
motile. One way to detect motility is to stab a tiny mass of
cells into a soft (semisolid) medium in a test tube. Growth
spreading rapidly through the entire medium is indicative of
motility. Alternatively, cells can be observed microscopically
with a hanging drop slide. A truly motile cell will flit, dart,
or wobble around the field, making some progress, whereas

arrangements.

one that is nonmotile jiggles about in one place but makes no
progress.

Fine Points of Flagellar Function Flagellated bacteria
can perform some rather sophisticated feats. They can
detect and move in response to chemical signals—a type
of behavior called chemotaxis (ke”-moh-tak’-sis). Posi-
tive chemotaxis is movement of a cell in the direction of a
favorable chemical stimulus (usually a nutrient); negative
chemotaxis is movement away from a repellent (potentially
harmful) compound.

The flagellum is effective in guiding bacteria through
the environment primarily because the system for detecting
chemicals is linked to the mechanisms that drive the flagel-
lum. Located in the cell membrane are clusters of receptors’
that bind specific molecules coming from the immediate
environment. The attachment of sufficient numbers of
these molecules transmits signals to the flagellum and sets
it into rotary motion. The actual “fuel” for the flagellum to
turn is a gradient of protons (hydrogen ions) that are gen-
erated by the metabolism of the bacterium and that bind
to and detach from parts of the flagellar motor within the
cell membrane, causing the filament to rotate. If several
flagella are present, they become aligned and rotate as a
group (figure 4.4). As a flagellum rotates counterclockwise,
the cell itself swims in a smooth linear direction toward the
stimulus; this action is called a run. Runs are interrupted at
various intervals by tumbles, during which the flagellum

1. Cell surface molecules that bind specifically with other molecules.

Figure 4.3 Electron micrographs depicting types of flagellar

(a) Monotrichous flagellum on the bacterium Bdellovibrio.

(b) Lophotrichous flagella on Vibrio fischeri, a common marine bacterium (23,000X).

() Unusual flagella on Aquaspirillum are amphitrichous (and lophotrichous) in arrangement
and coil up into tight loops. (d) An unidentified bacterium discovered inside Paramecium
cells exhibits peritrichous flagella.

(d) Source: (b) From Reichelt and Baumann, Arch. Microbiol. 94:283-330. © Springer-Verlag, 1973.



reverses direction and causes the cell to stop and change its
course. It is believed that attractant molecules inhibit tum-
bles and permit progress toward the stimulus. Repellents
cause numerous tumbles, allowing the bacterium to redirect
itself away from the stimulus (figure 4.5). Some photosyn-
thetic bacteria exhibit phototaxis, movement in response to
light rather than chemicals.

Periplasmic Flagella

Corkscrew-shaped bacteria called spirochetes (spy’-roh-
keets) show an unusual, wriggly mode of locomotion caused

(b)

Figure 4.4 The operation of flagella and the mode

of locomotion in bacteria with polar and peritrichous
flagella. (a) In general, when a polar flagellum rotates in a
counterclockwise direction, the cell swims forward. When the
flagellum reverses direction and rotates clockwise, the cell stops and
tumbles. (b) In peritrichous forms, all flagella sweep toward one end
of the cell and rotate as a single group. During tumbles, the flagella
lose coordination.

Key
[ L
Tumble (T) Run (R) Tumble (T)
-
"
\é\:
—>

(a) No attractant or
repellent

(b) Gradient of attractant concentration

Figure 4.5 Chemotaxis in bacteria. (a) A bacterium moves
via a random series of short runs and tumbles when there is no
attractant or repellent. (b) The cell spends more time on runs as it gets
closer to the attractant.
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by two or more long, coiled threads, the periplasmic flag-
ella or axial filaments. A periplasmic flagellum is a type of
internal flagellum that is enclosed in the space between the
cell wall and the cell membrane (figure 4.6). The filaments
curl closely around the spirochete coils yet are free to contract
and impart a twisting or flexing motion to the cell. This form
of locomotion must be seen in live cells such as the spirochete
of syphilis to be truly appreciated.

Appendages for Attachment and Mating

Thestructures termed pilus (pil-us) and fimbria (fim’'-bree-ah)
are both bacterial surface appendages that provide some type
of adhesion, but not locomotion.

Protoplasmic
cylinder (PC)

Periplasmic

flagella (PF) & Peptidoglycan

Cell membrane

(b)

(©

Figure 4.6 The orientation of periplasmic flagella on

the spirochete cell. (a) Longitudinal section. (b) Cross section
(end-on view). Contraction of the filaments imparts a spinning and
undulating pattern of locomotion. (c) Electron micrograph captures
the details of periplasmic flagella and their insertion points (arrows)

in Borrelia burgdorferi, the cause of Lyme disease. One flagellum has
escaped the outer sheath, probably during preparation for EM. (Bar =
0.2 microns)
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Fimbriae are small, bristlelike fibers sprouting off the
surface of many bacterial cells (figure 4.7). Their exact com-
position varies, but most of them contain protein. Fimbriae
have an inherent tendency to stick to each other and to sur-
faces. They may be responsible for the mutual clinging of
cells that leads to biofilms and other thick aggregates of cells
on the surface of liquids and for the microbial colonization of
inanimate solids such as rocks and glass (Insight 4.1). Some
pathogens can colonize and infect host tissues because of
a tight adhesion between their fimbriae and epithelial cells
(figure 4.7b). For example, the gonococcus (agent of gonor-
rhea) colonizes the genitourinary tract, and Escherichia coli
colonizes the intestine by this means. Mutant forms of these
pathogens that lack fimbriae are unable to cause infections.

A pilus (also called a “sex” pilus) is an elongate, rigid
tubular structure made of a special protein, pilin. So far, true
pili have been found only on gram-negative bacteria, where
they are utilized in a “mating” process between cells called
conjugation,” which involves partial transfer of DNA from

2. Although the term mating is sometimes used for this process, it is not a
form of sexual reproduction.

E. coli cells

Figure 4.7 Form and function of bacterial fimbriae.

(a) Several cells of pathogenic Escherichia coli covered with numerous
stiff fibers called fimbriae (30,000X). Note also the dark-blue granules,
which are the chromosomes. (b) A row of E. coli cells tightly adheres
by their fimbriae to the surface of intestinal cells (12,000X). This is how
the bacterium clings to the body during an infection. (G = glycocalyx)

Fimbriae

Figure 4.8 Three bacteria in the process of conjugating.
Clearly evident are the sex pili forming mutual conjugation bridges
between a donor (upper cell) and two recipients (two lower cells).
(Fimbriae can also be seen on the donor cell.)

one cell to another (figure 4.8). A pilus from the donor cell
unites with a recipient cell thereby providing a cytoplasmic
connection for making the transfer. Production of pili is con-
trolled genetically, and conjugation takes place only between
compatible gram-negative cells. Conjugation in gram-positive
bacteria does occur but involves aggregation proteins rather
than “sex” pili. The roles of pili and conjugation are further
explored in chapter 9.

The Bacterial Surface Coating, or Glycocalyx

The bacterial cell surface is frequently exposed to severe envi-
ronmental conditions. The glycocalyx develops as a coating of
repeating polysaccharide units, protein, or both. This protects
the cell and, in some cases, helps it adhere to its environment.
Glycocalyces differ among bacteria in thickness, organization,
and chemical composition. Some bacteria are covered with a
loose shield called a slime layer that evidently protects them
from loss of water and nutrients (figure 4.9a). A glycocalyx is
called a capsule when it is bound more tightly to the cell than

Slime Layer Capsule

(a) (b)

Figure 4.9 Drawing of sectioned bacterial cells to show
the types of glycocalyces. (a) The slime layer is a loose
structure that is easily washed off. (b) The capsule is a thick,
structured layer that is not readily removed.



INSIGHT 41 Biofilms—The Glue of Life

Being aware of the widespread existence of microorganisms on
earth, we should not be surprised that, when left undisturbed,
they gather in masses, cling to various surfaces, and capture
available moisture and nutrients. The formation of these liv-
ing layers, called biofilms, is actually a universal phenomenon
that all of us have observed. Consider the scum that builds up
in toilet bowls and shower stalls in a short time if they are not
cleaned; or the algae that collect on the walls of swimming pools;
and, more intimately, the constant deposition of plaque on teeth.
Microbes making biofilms is a primeval tendency that has been
occurring for billions of years as a way to create stable habitats
with adequate access to food, water, atmosphere, and other es-
sential factors. Biofilms are often cooperative associations among
several microbial groups (bacteria—and archaea—fungi, algae,
and protozoa) as well as plants and animals.

Substrates are most likely to accept a biofilm if they are
moist and have developed a thin layer of organic material such
as polysaccharides or glycoproteins on their exposed surface

A N , Jz First colonists

Organic surface
coating

l Surface

Cells stick to
coating.

_ ) Glycocalyx
= /& )y
» ’ . (@ l As cells divide, they
: ; ) form a dense mat
bound together by
sticky extracellular
deposits.

Additional microbes
are attracted to
developing film and
create a mature
community with
complex function.

4.2 External Structures

(see figure below). This depositing process occurs within a few
minutes to hours, making a slightly sticky texture that attracts
primary colonists, usually bacteria. These early cells attach and
begin to multiply on the surface. As they grow, various sub-
stances (receptors, fimbriae, slime layers, capsules, and even
DNA molecules) increase the binding of cells to the surface and
thicken the biofilm. The extracellular matrix (the green mate-
rial in our drawing is clearly visible. As the biofilm evolves,
it undergoes specific adaptations to the habitat in which it
forms. In many cases, the earliest colonists contribute nutri-
ents and create microhabitats that serve as a matrix for other
microbes to attach and grow into the film, forming complex
communities. The biofilm varies in thickness and complexity,
depending upon where it occurs and how long it keeps devel-
oping. Complexity ranges from single cell layers to thick micro-
bial mats with dozens of dynamic interactive layers.

Biofilms are a profoundly important force in the devel-
opment of terrestrial and aquatic environments. They dwell
permanently in bedrock and the earth’s sediments, where they
play an essential role in recycling elements, leaching minerals,
and forming soil. Biofilms associated with plant roots promote
the mutual exchange of nutrients between the microbes and
roots. Invasive biofilms can wreak havoc with human-made
structures such as cooling towers, storage tanks, air condition-
ers, and even stone buildings.

Biofilms also have serious medical implications. Biofilms
accumulate most easily on damaged tissues (such as rheumatic
heart valves), hard tissues (teeth), and foreign materials (cath-
eters, intrauterine devices [IUDs], artificial hip joints). But they

also seem to grow on otherwise healthy

tissues under certain conditions. Persis-
" tent ear infections and lung infections
NS in patients with cystic fibrosis are due
to biofilms. Microbes in a biofilm are
extremely difficult to eradicate with anti-
microbials. Previously it was assumed
that the drugs had difficulty penetrating
the viscous biofilm matrix. Now scientists
have discovered that bacteria in biofilms
turn on different genes when they are
in a biofilm than when they are “free-
floating.” This altered gene expression
gives the bacteria a different set of char-
acteristics, often making them impervi-
ous to antibiotics. It is estimated that
treating biofilm-related infections costs
more than 1 billion dollars in the United
States alone.

|
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a slime layer is and it is denser and thicker (figure 4.9b). Cap-
sules can be viewed after a special staining technique
(figure 4.10a). They are also often visible due to a prominently
sticky (mucoid) character to colonies on agar (figure 4.100).

Specialized Functions of the Glycocalyx Capsules are
formed by many pathogenic bacteria, such as Streptococ-
cus pneumoniae (a cause of pneumonia, an infection of the
lung), Haemophilus influenzae (one cause of meningitis),
and Bacillus anthracis (the cause of anthrax). Encapsulated
bacterial cells generally have greater pathogenicity because
capsules protect the bacteria against white blood cells
called phagocytes. Phagocytes are a natural body defense
that can engulf and destroy foreign cells through phagocy-
tosis, thus preventing infection. A capsular coating blocks
the mechanisms that phagocytes use to attach to and engulf
bacteria. By escaping phagocytosis, the bacteria are free to
multiply and infect body tissues. Encapsulated bacteria
that mutate to nonencapsulated forms usually lose their
ability to cause disease.

Other types of glycocalyces can be important in forma-
tion of biofilms. The thick, white plaque that forms on teeth

Figure 4.10 Encapsulated bacteria.

(a) Negative staining
reveals the microscopic appearance of a large, well-developed
capsule. (b) Colony appearance of a nonencapsulated (left) and
encapsulated (right) version of a soil bacterium called Sinorhizobium.

Case File 4 Continuing the Case )

An MRI indicated that the SLE patient’s
spleen was no longer functioning—in other
words, she was “asplenic.” Asplenic indi-
viduals have low levels of both immuno-
globulin M (a type of antibody) and memory <L

B cells (a type of immune system cell that produces antibodies).
Therefore, these patients are at much greater risk of infection by
encapsulated bacteria. In this case, ER physicians ordered cap-
sule staining of the bacteria isolated from the patient’s blood
and CSF. Based in part on the results of the capsule staining,
the bacterium isolated from both types of fluid was identified as
Streptococcus pneumoniae, a heavily encapsulated bacterium
commonly encountered in asplenic patients.

B There are clues here that a specific part of a patient’s defenses
usually acts against encapsulated bacteria. Which part?

comes in part from the surface slimes produced by certain
streptococci in the oral cavity. This slime protects them from
being dislodged from the teeth and provides a niche for other
oral bacteria that, in time, can lead to dental disease. The
glycocalyx of some bacteria is so highly adherent that it is
responsible for persistent colonization of nonliving materi-
als such as plastic catheters, intrauterine devices, and metal
pacemakers that are in common medical use (figure 4.11).

Catheter
surface

Cell
cluster

Staphylococcus aureus cells attached to a catheter by a slime
secretion.



4.2 Learning Outcomes—Can You ...

3. ... describe the structure and function of four different types of
bacterial appendages?

4. ... explain how a flagellum works in the presence of an
attractant?

4.3 The Cell Envelope: The
Boundary Layer of Bacteria

(Outer membrane)
Cell envelope Cell wall

Cell membrane

The majority of bacteria have a chemically complex external
covering, termed the cell envelope, that lies outside of the
cytoplasm. It is composed of two or three basic layers: the
cell wall, the cell membrane, and in some bacteria, the outer
membrane. The layers of the envelope are stacked one upon
another and are often tightly bonded together like the outer
husk and casings of a coconut. Although each envelope layer
performs a distinct function, together they act as a single pro-
tective unit.

Differences in Cell Envelope Structure

More than a hundred years ago, long before the detailed
anatomy of bacteria was even remotely known, a Danish
physician named Hans Christian Gram developed a staining
technique, the Gram stain, that delineates two generally dif-
ferent groups of bacteria (Insight 4.2). The two major groups

Peptidoglycan
Cell membrane
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shown by this technique are the gram-positive bacteria and
the gram-negative bacteria.

The structural difference denoted by the designations
gram-positive and gram-negative lie in the cell envelope
(figure 4.12). In gram-positive cells, a microscopic section
resembles an open-faced sandwich with two layers: the thick
cell wall, composed primarily of peptidoglycan (defined in
the next section), and the cytoplasmic membrane. A similar
section of a gram-negative cell envelope shows a complete
sandwich with three layers: an outer membrane, a thin cell
wall, and the cytoplasmic membrane.

Moving from outside to in, the outer membrane (if
present) lies just under the glycocalyx. Next comes the cell
wall. Finally, the innermost layer is always the cytoplas-
mic membrane. Because only some bacteria have an outer
membrane, we discuss the cell wall first.

Structure of the Cell Wall

The cell wall accounts for a number of important bacterial
characteristics. In general, it helps determine the shape of a
bacterium, and it also provides the kind of strong structural
support necessary to keep a bacterium from bursting or
collapsing because of changes in osmotic pressure. In this
way, the cell wall functions like a bicycle tire that maintains
the necessary shape and prevents the more delicate inner
tube (the cytoplasmic membrane) from bursting when it is
expanded.

The cell walls of most bacteria gain their relatively rigid
quality from a unique macromolecule called peptidoglycan
(PG). This compound is composed of a repeating frame-
work of long glycan (sugar) chains cross-linked by short
peptide (protein) fragments to provide a strong but flexible

Cell
membrane Peptidoglycan
Outer membrane
Gram (+)
Gram (-) -
Figure 4.12 A comparison of the
LR envelopes of gram-positive and gram-
O negative cells. (a) A photomicrograph of a
%‘ gram-positive cell wall/membrane and an artist’s
2 L% & interpretation of its open-faced-sandwich-style
Cell membrane Cell membrane layering with two layers. (b) A photomicrograph

Peptidoglycan
(a) (b)

Periplasmic space
Peptidoglycan
Outer membrane

of a gram-negative cell wall/membrane and an
artist’s interpretation of its complete-sandwich-
style layering with three distinct layers.
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[\l i W The Gram Stain: A Grand Stain

In 1884, Hans Christian Gram discovered a staining technique
that could be used to make bacteria in infectious specimens more
visible. His technique consisted of timed, sequential applications
of crystal violet (the primary dye), Gram’s iodine ( the mordant),
an alcohol rinse (decolorizer), and a contrasting counterstain.
The initial counterstain used was yellow or brown and was later
replaced by the red dye safranin. Bacteria that stain purple are
called gram-positive, and those that stain red are called gram-
negative.

Although these staining reactions involve an attraction of
the cell to a charged dye (see chapter 3), it is important to note
that the terms gram-positive and gram-negative are not used to
indicate the electrical charge of cells or dyes but whether or not
a cell retains the primary dye-iodine complex after decoloriza-
tion. There is nothing specific in the reaction of gram-positive

gram-negative bacteria are colorless after decolorization, their pres-
ence is demonstrated by applying the counterstain safranin in the
final step.

This century-old staining method remains the universal basis
for bacterial classification and identification. It permits differen-
tiation of four major categories based upon color reaction and
shape: gram-positive rods, gram-positive cocci, gram-negative
rods, and gram-negative cocci (see table 4.1). The Gram stain can
also be a practical aid in diagnosing infection and in guiding drug
treatment. For example, Gram staining a fresh urine or throat
specimen can help pinpoint the possible cause of infection, and
in some cases it is possible to begin drug therapy on the basis of
this stain. Even in this day of elaborate and expensive medical
technology, the Gram stain remains an important and unbeatable
first tool in diagnosis.

cells to the primary dye or in the reaction
of gram-negative cells to the counterstain.
The different results in the Gram stain are
due to differences in the structure of the

Microscopic Appearance of Cell

Chemical Reaction in Cell Wall
(very magnified view)

cell wall and how it reacts to the series of
reagents applied to the cells.

In the first step, crystal violetis added to
the cells in a smear. It stains them all the same
purple color. The second and key differenti-
ating step is the addition of the mordant—
Gram’s iodine. The mordant is a stabilizer
that causes the dye to form large complexes
in the peptidoglycan meshwork of the cell
wall. Because the peptidoglycan layer in
gram-positive cells is thicker, the entrapment
of the dye is far more extensive in them
than in gram-negative cells. Application of
alcohol in the third step dissolves lipids in
the outer membrane and removes the dye
from the peptidoglycan layer and the gram-
negative cells. By contrast, the crystals of
dye tightly embedded in the peptidoglycan
of gram-positive bacteria are relatively inac-
cessible and resistant to removal. Because

Step

1. Crystal
violet

2. Gram's
iodine

3. Alcohol

4. Safranin
(red dye)

Gram (+)

Gram (-) Gram (-)

EEESIINTN

No effect
of iodine

:f:f:.f:

Outer membrane
weakened; wall
loses dye

Dye complex
trapped in wall

- T

Crystals remain
in cell wall

- =

Red dye masked Red dye stains
by violet the colorless cell

support framework (figure 4.13). The amount and exact
composition of peptidoglycan vary among the major bacte-
rial groups.

Because many bacteria live in aqueous habitats with a
low concentration of dissolved substances, they are con-
stantly absorbing excess water by osmosis. Were it not for
the strength and relative rigidity of the peptidoglycan in
the cell wall, they would rupture from internal pressure.
This function of the cell wall has been a tremendous boon
to the drug industry. Several types of drugs used to treat

infection (penicillin, cephalosporins) are effective because
they target the peptide cross-links in the peptidoglycan,
thereby disrupting its integrity. With their cell walls
incomplete or missing, such cells have very little protec-
tion from lysis (ly’-sis), which is the disintegration or rup-
ture of the cell. Lysozyme, an enzyme contained in tears
and saliva, provides a natural defense against certain bac-
teria by hydrolyzing the bonds in the glycan chains and
causing the wall to break down. (Chapter 11 discusses the
actions of antimicrobial chemical agents.)



(a) The peptidoglycan
can be seen as a
crisscross network
pattern similar to a
chainlink fence.

(b) An idealized view of
the molecular pattern of
peptidoglycan. It contains
alternating glycans (G
and M) bound together in
long strands. The G
stands for N-acetyl
glucosamine, and the M
stands for N-acetyl
muramic acid.
A muramic acid
molecule binds to an
adjoining muramic acid -’
on a parallel chain by
means of a cross-linkage
of peptides.

CH,OH

4

HiC—C—H NH
C ¢c=0

(c) A detailed view of the
links between the
muramic acids.
Tetrapeptide chains
branching off the
muramic acids
connect by
interbridges also
composed of amino
acids. The types of
amino acids in the
interbridge can vary
and it may be
lacking entirely
(gram-negative cells).
It is this linkage that
provides rigid yet
flexible support to the
cell and that may be
targeted by drugs like
penicillin. L
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Peptide cross-links
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Figure 4.13 Structure of peptidoglycan in the cell wall.

The Gram-Positive Cell Wall

The bulk of the gram-positive cell wall is a thick, homogene-
ous sheath of peptidoglycan ranging from 20 to 80 nm in thick-
ness. It also contains tightly bound acidic polysaccharides,
including teichoic acid and lipoteichoic acid (figure 4.14).

Teichoic acid is a polymer of ribitol or glycerol (alcohols) and
phosphate that is embedded in the peptidoglycan sheath.
Lipoteichoic acid is similar in structure but is attached to the
lipids in the plasma membrane. These molecules appear to
function in cell wall maintenance and enlargement during
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Gram-Positive

Lipoteichoic acid

Wall
teichoic acid

Envelope

Gram-Negative

I Lipopolysaccharides I
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Outer
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Membrane
proteins

Periplasmic
space

Membrane
protein

. Peptidoglycan
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Lipopolysaccharide

Figure 4.14 A comparison of the detailed structure of gram-positive and gram-negative cell envelopes.

cell division, and they also contribute to the acidic charge on
the cell surface.

The Gram-Negative Cell Wall

The gram-negative wall is a single, thin (1-3 nm) sheet of
peptidoglycan. Although it acts as a somewhat rigid pro-
tective structure as previously described, its thinness gives
gram-negative bacteria a relatively greater flexibility and
sensitivity to lysis.

Nontypical Cell Walls

Several bacterial groups lack the cell wall structure of
gram-positive or gram-negative bacteria, and some bac-
teria have no cell wall at all. Although these exceptional
forms can stain positive or negative in the Gram stain,
examination of their fine structure and chemistry shows
that they do not really fit the descriptions for typical gram-
negative or -positive cells. For example, the cells of Myco-
bacterium and Nocardia contain peptidoglycan and stain
gram-positive, but the bulk of their cell wall is composed
of unique types of lipids. One of these is a very-long-chain
fatty acid called mycolic acid, or cord factor, that contrib-
utes to the pathogenicity of this group (see chapter 21). The
thick, waxy nature imparted to the cell wall by these lipids
is also responsible for a high degree of resistance to certain
chemicals and dyes. Such resistance is the basis for the

acid-fast stain used to diagnose tuberculosis and leprosy.
In this stain, hot carbol fuchsin dye becomes tenaciously
attached (is held fast) to these cells so that an acid-alcohol
solution will not remove the dye (see chapter 3).

Because they are from a more ancient and primitive line
of prokaryotes, the archaea exhibit unusual and chemically
distinct cell walls. In some, the walls are composed almost
entirely of polysaccharides, and in others, the walls are pure
protein; but as a group, they all lack the true peptidoglycan
structure described previously. Because a few archaea and
all mycoplasmas (next section) lack a cell wall entirely, their
cell membrane must serve the dual functions of support and
transport.

Mycoplasmas and Other
Cell-Wall-Deficient Bacteria

Mycoplasmas are bacteria that naturally lack a cell wall.
Although other bacteria require an intact cell wall to prevent
the bursting of the cell, the mycoplasma cell membrane is
stabilized by sterols and is resistant to lysis. These extremely
tiny, pleomorphic cells are very small bacteria, ranging from
0.1 to 0.5 pm in size. They range in shape from filamentous
to coccus or doughnut-shaped. They are not obligate para-
sites and can be grown on artificial media, although added
sterols are required for the cell membranes of some species.
Mycoplasmas are found in many habitats, including plants,



Figure 4.15 Scanning electron micrograph of
Mycoplasma pneumoniae (magnified 62,000x).
these that naturally lack a cell wall exhibit extreme variation in shape.

Cells like

soil, and animals. The most important medical species is
Mycoplasma pneumoniae (figure 4.15), which adheres to the
epithelial cells in the lung and causes an atypical form of
pneumonia in humans (described in chapter 21).

Some bacteria that ordinarily have a cell wall can lose
it during part of their life cycle. These wall-deficient forms
are referred to as L forms or L-phase variants (for the Lister
Institute, where they were discovered). L forms arise natu-
rally from a mutation in the wall-forming genes, or they
can be induced artificially by treatment with a chemical
such as lysozyme or penicillin that disrupts the cell wall.
When a gram-positive cell is exposed to either of these two
chemicals, it will lose the cell wall completely and become
a protoplast, a fragile cell bounded only by a membrane
that is highly susceptible to lysis (figure 4.16a). A gram-
negative cell exposed to these same substances loses its
peptidoglycan but retains at least part of its outer mem-
brane, leaving a less fragile but nevertheless weakened
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spheroplast (figure 4.16b). Evidence points to a role for L
forms in certain infections.

The Gram-Negative Outer Membrane

The outer membrane (OM) is somewhat similar in construc-
tion to the cell membrane, except that it contains specialized
types of polysaccharides and proteins. The uppermost layer
of the OM contains lipopolysaccharide (LPS). The polysac-
charide chains extending off the surface function as antigens
and receptors. The lipid portion of LPS has been referred to
as endotoxin because it stimulates fever and shock reac-
tions in gram-negative infections such as meningitis and
typhoid fever. The innermost layer of the OM is a phosphol-
ipid layer anchored by means of lipoproteins to the peptido-
glycan layer below. The outer membrane serves as a partial
chemical sieve by allowing only relatively small molecules
to penetrate. Access is provided by special membrane chan-
nels formed by porin proteins that completely span the
outer membrane. The size of these porins can be altered
so as to block the entrance of harmful chemicals, making
them one defense of gram-negative bacteria against certain
antibiotics (see figure 4.14).

Cell Membrane Structure

Appearing just beneath the cell wall is the cell, or cyto-
plasmic, membrane, a very thin (5-10 nm), flexible sheet
molded completely around the cytoplasm. Its general com-
position was described in chapter 2 as a lipid bilayer with
proteins embedded to varying degrees (see Insight 2.3). Bac-
terial cell membranes have this typical structure, containing
primarily phospholipids (making up about 30%-40% of the
membrane mass) and proteins (contributing 60%-70%).
Major exceptions to this description are the membranes of
mycoplasmas, which contain high amounts of sterols—rigid
lipids that stabilize and reinforce the membrane—and the
membranes of archaea, which contain unique branched
hydrocarbons rather than fatty acids.

Mutation or chemical treatment

Cell wall

Cell membrane

(peptidoglycan)

Gram- Cell membrane —m— +-—» Protoplast
Positive Peptidoglycan

lost
(@)

Outer membrane
/Oute.r membrane
4 Peptidoglycan Cell membrane
Gram-_ Cell membrane Spheroplast
Negative ]
Peptidoglycan
lost

(b)

Figure 4.16 The conversion of walled bacterial cells to L forms.

(a) Gram-positive bacteria. (b) Gram-negative bacteria.
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Some environmental bacteria, including photosyn-
thesizers and ammonia oxidizers, contain dense stacks
of internal membranes that are studded with enzymes or
photosynthetic pigments. The inner membranes allow a
higher concentration of these enzymes and pigments and
also accomplish a compartmentalization that allows for
higher energy production.

Functions of the Cell Membrane

Because prokaryotes have none of the eukaryotic organelles,
the cell membrane provides a site for functions such as
energy reactions, nutrient processing, and synthesis. A
major action of the cell membrane is to regulate transport,
that is, the passage of nutrients into the cell and the dis-
charge of wastes. Although water and small uncharged
molecules can diffuse across the membrane unaided, the
membrane is a selectively permeable structure with special
carrier mechanisms for passage of most molecules (see
chapter 7). The glycocalyx and cell wall can bar the passage
of large molecules, but they are not the primary transport
apparatus. The cell membrane is also involved in secretion,
or the discharge of a metabolic product into the extracellular
environment.

The membranes of prokaryotes are an important site for
a number of metabolic activities. Most enzymes of respira-
tion and ATP synthesis reside in the cell membrane since
prokaryotes lack mitochondria (see chapter 8). Enzyme
structures located in the cell membrane also help synthesize
structural macromolecules to be incorporated into the cell
envelope and appendages. Other products (enzymes and
toxins) are secreted by the membrane into the extracellular
environment.

Practical Considerations of Differences
in Cell Envelope Structure

Variations in cell envelope anatomy contribute to several
other differences between the two cell types. The outer
membrane contributes an extra barrier in gram-negative
bacteria that makes them impervious to some antimicrobial
chemicals such as dyes and disinfectants, so they are gener-
ally more difficult to inhibit or kill than are gram-positive
bacteria. One exception is alcohol-based compounds, which
can dissolve the lipids in the outer membrane and disturb its
integrity. Treating infections caused by gram-negative bacte-
ria often requires different drugs from gram-positive infec-
tions, especially drugs that can cross the outer membrane.

The cell envelope or its parts can interact with human
tissues and contribute to disease. Proteins attached to the
outer portion of the cell wall of several gram-positive
species, including Corynebacterium diphtheriae (the agent of
diphtheria) and Streptococcus pyogenes (the cause of strep
throat), also have toxic properties. The lipids in the cell walls
of certain Mycobacterium species are harmful to human cells
as well. Because most macromolecules in the cell walls are
foreign to humans, they stimulate antibody production by
the immune system (see chapter 15).

4.3 Learning Outcomes—Can You ...

5. ... differentiate between the two main types of bacterial enve-
lope structure?

6. ... discuss why gram-positive cell walls are stronger than gram-
negative cell walls?

7. ... name a substance in the envelope structure of some bacte-
ria that can cause severe symptoms in humans?

4.4 Bacterial Internal Structure

Cytoplasm

Ribosomes

Inclusions
Nucleoid/chromosome
Actin cytoskeleton
Endospore

Internal

Contents of the Cell Cytoplasm

Encased by the cell membrane is a gelatinous solution referred
to as cytoplasm, which is another prominent site for many of
the cell’s biochemical and synthetic activities. Its major compo-
nent is water (70%-80%), which serves as a solvent for the cell
pool, a complex mixture of nutrients including sugars, amino
acids, and salts. The components of this pool serve as building
blocks for cell synthesis or as sources of energy. The cytoplasm
also contains larger, discrete cell masses such as the chromatin
body, ribosomes, granules, and actin/tubulin strands that act
as a cytoskeleton in bacteria that have them.

Bacterial Chromosomes and Plasmids:
The Sources of Genetic Information

The hereditary material of most bacteria exists in the form of
a single circular strand of DNA designated as the bacterial
chromosome. Some bacteria have multiple chromosomes. By
definition, bacteria do not have a nucleus; that is, their DNA is
not enclosed by a nuclear membrane but instead is aggregated
in a dense area of the cell called the nucleoid (figure 4.17).
The chromosome is actually an extremely long molecule of

Fluorescent staining

Figure 4.17 Chromosome structure.
highlights the chromosomes of the bacterial pathogen Salmonella
enteritidis. The cytoplasm is orange, and the chromosome fluoresces
bright yellow.



double-stranded DNA that is tightly coiled around special
basic protein molecules so as to fit inside the cell compartment.
Arranged along its length are genetic units (genes) that carry
information required for bacterial maintenance and growth.

Although the chromosome is the minimal genetic require-
ment for bacterial survival, many bacteria contain other, non-
essential pieces of DNA called plasmids (refer to figure 4.1 for a
representation of the nuclear material). These tiny strands exist
as separate double-stranded circles of DNA, although at times
they can become integrated into the chromosome. During conju-
gation, they may be duplicated and passed on to related nearby
bacteria. During bacterial reproduction, they are duplicated and
passed on to offspring. They are not essential to bacterial growth
and metabolism, but they often confer protective traits such as
resisting drugs and producing toxins and enzymes (see chapter
9). Because they can be r