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NEW! Micro Matters  
Video Cases animate and connect concepts across chapters and emphasize 
the clinical importance of foundational material. Micro Matters videos 
are accessible via QR codes in select chapters and are also assignable in 
MasteringMicrobiology.

»Engage with compelling healthcare applications

»

NEW! Interactive Microbiology 
is a dynamic suite of interactive 
tutorials and animations that teach 
key concepts in microbiology 
including Operons; Biofilms and 
Quorum Sensing; Complement; 
Antibiotic Resistance, Mechanisms 
and Selection; Aerobic Respiration in 
Prokaryotes, and more. Each tutorial 
presents the concept within a real 
healthcare scenario and allows you 
to learn from manipulating variables, 
predicting outcomes, and answering 
assessment questions. 

 CHAPTER 13 Characterizing and Classifying Viruses, Viroids, and Prions 401

chapter SummARy
1. Viruses, viroids, and prions are acellular disease-causing  

agents that lack cell structure and cannot metabolize, grow,  
self-reproduce, or respond to their environment.

Characteristics of Viruses (pp. 378–383)

1. A virus is a tiny infectious agent with nucleic acid surrounded 
by proteinaceous capsomeres that form a coat called a capsid. 
A virus exists in an extracellular state and an intracellular state. 
A virion is a complete viral particle, including a nucleic acid and 
a capsid, outside a cell.

2. The genomes of viruses include either DNA or RNA. Viral 
genomes may be dsDNA, ssDNA, dsRNA, or ssRNA. They may 
exist as linear or circular and singular or multiple molecules of 
nucleic acid, depending on the type of virus.

3. Viruses are specific for their hosts’ cells because viral attachment 
molecules are complementary in shape to specific receptor 
molecules on the host’s cells.

4. All types of organisms can be infected by viruses. A 
bacteriophage (or phage) is a virus that infects a bacterial cell.

5. Virions can have a membranous envelope or be naked—that is, 
have no envelope.

Classification of Viruses (pp. 383–385)

1. Viruses are classified based on type of nucleic acid, presence of an 
envelope, shape, and size.

2. The International Committee on Taxonomy of Viruses (ICTV) has 
recognized viral family and genus names. With the exception of 
three orders, higher taxa are not established.

Viral Replication (pp. 385–393)

1. Viruses depend on random contact with a specific host cell type 
for replication. Typically, a virus in a cell proceeds with a lytic 
replication cycle with five stages: attachment, entry, synthesis, 
assembly, and release.

ANIMATIONS: Viral Replication: Overview

2. Once attachment has been made between virion and host cell, 
the nucleic acid enters the cell. With phages, only the nucleic acid 
enters the host cell. With animal viruses, the entire virion often 
enters the cell, where the capsid is then removed in a process 
called uncoating.

ANIMATIONS: Viral Replication: Animal Viruses

3. Within the host cell, the viral nucleic acid directs synthesis of more 
viruses using metabolic enzymes and ribosomes of the host cell.

4. Assembly of synthesized virions occurs in the host cell, typically 
as capsomeres surround replicated or transcribed nucleic acids to 
form new virions.

5. Virions are released from the host cell either by lysis 
of the host cell (seen with phages and animal viruses) 
or by the extrusion of enveloped virions through 
the host’s cytoplasmic membrane (called budding), 
a process seen only with certain animal viruses. If 
budding continues over time, the infection is persistent. 
An envelope is derived from a cell membrane.

ANIMATIONS: Viral Replication: Virulent Bacteriophages

6. Temperate phages (lysogenic phages) enter a bacterial cell and 
remain inactive in a process called lysogeny or a lysogenic 
replication cycle. Such inactive phages are called prophages and 
are inserted into the chromosome of the cell and passed to its 
daughter cells. Lysogenic conversion results when phages carry 
genes that alter the phenotype of a bacterium. At some point in 
the generations that follow, a prophage may be excised from the 
chromosome in a process known as induction. At that point the 
prophage again becomes a lytic virus.

ANIMATIONS: Viral Replication: Temperate Bacteriophages

7. With the exception of hepatitis B virus, dsDNA viruses use their 
DNA like cellular DNA in transcription and replication.

8. Some ssRNA viruses have positive-sense single-stranded RNA 
(+ssRNA), which can be directly translated by ribosomes to 
synthesize protein. From the positive-strand RNA (+ssRNA), 
complementary negative-sense single-stranded RNA (−ssRNA) is 
transcribed to serve as a template for more +ssRNA.

9. Retroviruses, such as HIV, are +ssRNA viruses that carry reverse 
transcriptase, which transcribes DNA from RNA. This reverse 
process (DNA transcribed from RNA) is reflected in the name 
retrovirus.

10. −ssRNA viruses carry an RNA-dependent RNA transcriptase for 
transcribing mRNA from the −ssRNA genome, and the mRNA 
is translated to protein. Transcription of RNA from RNA is not 
found in cells.

11. In dsRNA viruses, the positive strand of RNA functions as 
mRNA, and each strand functions as a template for an RNA 
complement.

12. In latency, a process similar to lysogeny, an animal virus remains 
inactive in a cell, possibly for years, as part of a chromosome or in 
the cytosol. A latent virus is also known as a provirus. A provirus 
that has become incorporated into a host’s chromosome remains 
there.
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NEW! Disease in Depth One- or two-page spreads feature important and representative diseases. 
These highly visual spreads contain illustrations, micrographs, and infographics, providing in-depth 
overviews of selected diseases for comprehensive study and review.

Disease in Depth Video Tutors walk through the presented disease, concluding with an “Investigate It!” question for 
independent research, furthering your understanding of microbiology’s relevancy and importance. Dr. Bauman also 
includes video tutors to coach students through key process art figures in the book.

NEW! Disease in Depth Coaching Activities feature 
personalized hints and feedback and provide guidance 
through each disease, prompting students to explore 
further with independent research. 

»
»

NEW! Connecting Concepts Coaching Activities 
reinforce a “big picture” understanding of microbiology 
by showing how concepts in a particular chapter connect 
across other chapters in the text.

LM 20 μm

R. rickettsii escaping an endothelial cell TEM
1 μm

Physicians treat RMSF by removing the tick 
and prescribing doxycycline for most adults 
or chloramphenicol for children and 
pregnant women. An effective vaccine is 
not available.

Wearing tight-fitting clothing, using tick 
repellents, promptly removing ticks, and 
avoiding tick-infested areas, especially in 
spring and summer when ticks are most 
voracious, help prevent infection. 

Serological tests such as latex 
agglutination and fluorescent antibody 
stains are used to confirm an initial 
diagnosis based on sudden fever and 
headache following exposure to hard ticks, 
plus a rash on the soles or palms. Nucleic 
acid probes of specimens from rash lesions 
provide specific and accurate diagnosis. 
Early diagnosis is crucial because prompt 
treatment often makes the difference 
between recovery and death. 

TREATMENT AND PREVENTION
Though the earliest 
documented cases of Rocky 
Mountain spotted fever were
in the Rocky Mountains,
the disease is actually more 
prevalent in the Appalachian 
Mountains.

About 1 week after infection, patients experience fever, 
headache, chills, muscle pain, nausea, and vomiting. In 
most cases (90%), a spotted, non-itchy rash develops on 
the trunk and appendages, including palms and soles, 
sites not involved in rashes caused by the chickenpox or 
measles viruses. In about 50% of patients, the rash  
develops into subcutaneous hemorrhages called 
petechiae. In severe cases, the respiratory, central 
nervous, gastrointestinal, and renal systems fail. Even 
with treatment, almost 5% of patients die. 

Rickettsia rickettsii is a small (0.3–1 µm), nonmotile, aerobic, 
Gram-negative, intracellular parasite that has a cell wall of 
peptidoglycan and an outer membrane of lipopolysaccharide 
surrounded by an organized slime layer. Rickettsias do not Gram stain 
well, so scientists use Gimenez-stained yolk sac smear (shown here).

Rickettsias cannot use glucose as a nutrient; instead, they oxidize 
amino acids and Krebs cycle intermediates, such as glutamic acid and 
succinic acid. For this reason, rickettsias are obliged to live inside other 
cells, where these nutrients are provided. 

Rickettsias require a vector for 
transmission between hosts. For R. 
rickettsii, this vector is a hard tick of the 
genus Dermacentor. Male ticks infect 
female ticks during mating. Female ticks 
transmit bacteria to eggs forming in their 
ovaries—a process called transovarian 
transmission. Dermacentor can survive 
without feeding for for more than four 
years, making tick elimination in the wild 
problematic.

Subcutaneous hemorrhages (petechiae) of RMSF 
patient

Rickettsia

Rickettsia rickettsii causes Rocky Mountain 
spotted fever (RMSF), the most severe and most 
reported spotted fever rickettsiosis. Hard ticks 
in the genus Dermacentor transmit R. rickettsii 
among humans and rodents. R. rickettsii is 
typically dormant in the salivary glands of its 
tick vectors; only when the arachnids feed for 
several hours is the bacterium infective. 

ROCKY MOUNTAIN 
SPOTTED FEVER

EPIDEMIOLOGY

PATHOGEN VECTORSIGNS AND SYMPTOMS

DISEASE 
IN DEPTH

PATHOGENESIS

Infected tick introduces R. rickettsii in 
its saliva. This occurs only after the tick has 
fed for at least six hours. Active bacteria 
are released into the mammalian host’s 
circulatory system.

1

R. rickettsi triggers endocytosis 
by cells lining blood vessels 
(endothelium); then it lyses the 
endosome’s membrane, escaping 
into the cytosol.

2

Rickettsias divide every 8–12
hours in the host cell's cytosol. Daughter 
rickettsias escape from long cytoplasmic 
extensions of the host cell and infect 
other endothelial cells.

3

R. rickettsii secretes no toxins, and disease is not the 
product of immune response. Apparently, damage to the 
endothelial cells leads to leakage of blood into the tissues, 
which results in low blood pressure and insufficient 
nutrient and oxygen delivery to the body’s organs.

4

INVESTIGATE IT!
DIAGNOSIS

Scan this QR code to watch Dr. 
Bauman's Video Tutor explore 
Rocky Mountain Spotted Fever. 
Then go to MasteringMicrobiology 
to investigate further and record 
your research findings on the 
following question:

How do rickettsias avoid being phagocytize by 
macrophages and neutrophils?

R. rickettsi 
escaping 
into cytosol

Endosome

Endothelial cells 
lining small 
blood vessel

Engorged 
Dermacentor

INSIDE BLOOD VESSEL

INSIDE BLOOD VESSEL

Blood leaks 
into tissue

Cases of Rocky Mountain 
spotted fever in the United 
States, 2002–2014.

1–400
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Rickettsias

Negative Positive
Latex agglutination test.
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Master Microbiology at your own pace, wherever you go!

NEW! Mobile-friendly Dynamic Study Modules help 
students acquire, retain, and recall information faster 
and more effectively than ever before. These flashcard-
style modules are available as a self-study tool or can be 
assigned by instructors.  

EXPANDED! Dr. Bauman’s Video Tutors, developed 
and narrated by the author, carefully teach key concepts 
using textbook art, bringing the illustrations to life and 
helping you visualize and understand complex topics and 
important processes. The Fifth Edition includes new video 
tutors on key concepts as well as the Disease in Depth 
overviews. You can quickly access the video tutors by 
scanning QR codes with a mobile device for on-the-go 
tutoring; instructors may also assign them as coaching 
activities in MasteringMicrobiology.

»

NEW! Adaptive Follow-Up Assignments in 
MasteringMicrobiology are based on each student’s 
performance on the original homework assignment and, 
when assigned, provide additional coaching and practice.

»

»NEW! MicroBoosters offer a mobile-
friendly way for you to review (or learn for 
the first time) foundational concepts that are 
important in order to understand Microbiology, 
including Study Skills, Basic General and 
Organic Chemistry, Cell Biology, and more. 
MicroBoosters can be assigned through 
MasteringMicrobiology and are available for 
self-study as Dynamic Study Modules. 
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Learn how today’s microbiologists think.»
UPDATED! Every chapter has 
been revised to reflect the current 
State of the Science, including the 
latest research and technology. 
Highlights of content updates 
include extensive discussions 
on the impact of genomics in 
understanding disease diagnosis 
and treatment options.

Develop higher-level thinking skills  
and conceptual understanding

NEW! Learning Catalytics is a “bring your own device” (laptop, 
smartphone, or tablet) classroom system for student engagement and 
assessment. With Learning Catalytics, instructors can assess students in 
real time using open-ended tasks to probe student understanding.

NEW! ASM Curriculum Guidelines pre-test and post-test assessments are 
assignable in MasteringMicrobiology to facilitate efficient and customizable 
assessment of the six underlying concepts and 22 related topics of lasting 
importance in undergraduate microbiology courses as determined by the  
American Society of Microbiology.

»
»
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Connect Lecture and Lab

MicroLab Tutors help instructors and 
students get the most out of lab time 
and make the connection between 
microbiology concepts, lab techniques,  
and real-world applications.

These tutorials combine live-action video 
and molecular animation with assessment 
and answer-specific feedback to coach 
students in how to interpret and analyze 
different lab results.

MicroLab Tutor Coaching 
Activities include the  
following topics:
» Use and Application of the  

Acid-Fast Stain
» Multitest Systems—API 20E
» Aseptic Transfer of Bacteria
» ELISA
» Gram Stain
» Use and Application of 

Microscopy
» Polymerase Chain Reaction 

(PCR)
» Safety in the Microbiology 

Laboratory
» Quantifying Bacteria 

with Serial Dilutions 
and Pour Plates

» Smear Preparation and 
Fixation

» Streak Plate Technique
» Survey of Protozoa
» Identification of 

Unknown Bacteria

»

»

»
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Lab Technique Videos give students an opportunity to see 
techniques performed correctly and quiz themselves on lab 
procedures both before and after lab time.

Lab Technique videos can be 
assigned as pre-lab quizzes in 
MasteringMicrobiology and include 
coaching and feedback on the following 
techniques:

» NEW! The Scientific Method
» NEW! How to Write a Lab Report 
» Acid-Fast Staining
» Amylase Production
» Carbohydrate Catabolism
» Compound Microscope
» Differential and Selective Media
» Disk-Diffusion Assay
» ELISA
» Gram Stain
» Hydrogen Sulfide Production
» Litmus Milk Reactions
» Negative Staining
» Respiration
» Serial Dilutions
» Simple Staining
» Smear Preparation
» Structural Stains
» Safety in the Microbiology Laboratory

Also Available for the Microbiology Lab Course

NEW EDITION!   
Microbiology: A Laboratory Manual, Global Edition,  
Eleventh Edition  
by James G. Cappuccino  
and Chad Welsh ©2017  
978-1-292-17578-2 • 1-292-17578-8
The Eleventh Edition of this popular laboratory manual has been 
thoroughly revised with easy-to-adapt Lab Reports and the latest 
protocols from governing agencies including the EPA, ASM, and 
AOAC, along with two new lab exercises: one on Food Safety, and 
another covering the BSL 1 Biological Safety Level.

Techniques in Microbiology:  
A Student Handbook  
by John M. Lammert 
978-0-13-224011-6 • 0-13-224011-4
This concise, visually-appealing 
handbook provides step-by-step 
instructions for the most frequently-
used microbiology lab techniques.  

Laboratory Experiments in 
Microbiology, Eleventh Edition  
by Ted R. Johnson and Christine L. Case
978-0-32-199493-6 • 0-32-199493-0

»
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 »The very best instructor & student support

MasteringMicrobiology with Pearson eText 

MasteringMicrobiology is the most effective and widely 
used online homework, tutorial, and assessment system 
for the sciences, delivering self-paced tutorials that 
focus on your course objectives, provide individualized 
coaching, and respond to your students’ progress. 

NEW! Learning Catalytics is a “bring your own device” 
(laptop, smartphone, or tablet) classroom system for 
student engagement and assessment. With Learning 
Catalytics, instructors can assess students in real time 
using open-ended tasks to probe student understanding.

Test Bank (Download Only) 
by Robert W. Bauman, Nichol Dolby

The Fifth Edition Test Bank includes hundreds of multiple 
choice, true/false, and short answer/essay questions that 
are correlated to the book’s Learning Outcomes and 
Bloom’s Taxonomy rankings. Available electronically in 
the “Instructor Resources” area of MasteringMicrobiology, 
in both Microsoft Word® and in TestGen formats.

Instructor’s Manual (Download Only) 
by Robert W. Bauman, Nichol Dolby

This guide can be downloaded from the “Instructor 
Resources” area of MasteringMicrobiology and includes a 
detailed chapter outline and summary for each chapter 
as well as answers to in-text Clinical Case Studies, “Tell 
Me Why” questions, Critical Thinking questions, and end-
of-chapter Questions for Review.

Instructor’s Resource Material
The Instructor’s Resource Material offers a wealth of 
instructor media resources, including presentation art, 
lecture outlines, test items, and answer keys—all in one 
convenient location. These resources help instructors 
prepare for class—and create dynamic lectures—in half 
the time! The Instructor’s Resource Materials include:
» All figures from the text with and without labels in 

both JPEG and PowerPoint® formats
» All figures from the book with the Label Edit feature 

and selected “process” figures from the text with the 
Step Edit feature in PowerPoint format

» All tables from the text
» PowerPoint lecture outlines, including figures and 

tables from the book and links to the animations and 
videos

All items provided on the IRC can also be 
downloaded from the “Instructor Resources” area of 
MasteringMicrobiology, which also includes:  
Video Tutors, MicroFlix™ Animations, Microbiology 
Animations, Microbiology Videos, Lab Technique Videos, 
and more.
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The reemergence of whooping cough, mumps, and measles and the emergence of snail fever, spot-
ted fever rickettsiosis, Middle East respiratory syndrome, and other diseases; the cases of strep 
throat, MRSA, and tuberculosis; the progress of cutting-edge research into microbial genetics; the 
challenge of increasingly drug-resistant pathogens; the continual discovery of microorganisms 
previously unknown—these are just a few examples of why exploring microbiology has never 
been more exciting, or more important. Welcome!

I have taught microbiology to undergraduates for over 27 years and witnessed firsthand how 
students struggle with the same topics and concepts year after year. To address these challenging 
topics, I have created 14 new Video Tutors: three in addition to those already incorporated into the 
first 18 chapters of the text and 11 that cover the Disease in Depth features. The Video Tutors and 
Disease in Depth features walk students through key concepts in microbiology, bringing the art of 
the textbook to life and important concepts into view. In creating this textbook, my aim was to help 
students see complex topics of microbiology—especially metabolism, genetics, and immunology—
in a way that they can understand, while at the same time presenting a thorough and accurate 
overview of microbiology. I also wished to highlight the many positive effects of microorganisms 
on our lives, along with the medically important microorganisms that cause disease.

New to This Edition
In approaching the fifth edition, my goal was to build upon the strengths and success of the previ-
ous editions by updating it with the latest scientific and educational research and data available 
and by incorporating the many terrific suggestions I have received from colleagues and students 
alike. The feedback from instructors who adopted previous editions has been immensely gratifying 
and is much appreciated. The Microbe at a Glance features have been widely praised by instructors 
and students, so I, along with art editor Kelly Murphy, developed 11 new Disease in Depth features, 
most as two-page spreads, that use compelling art and photos to provide a detailed, visually un-
surpassed overview of a specific disease. Each Disease in Depth feature includes an Investigate It! 
question with a QR code directing students to a Video Tutor that explores the topic and encourages 
further, independent research. These activities are assignable in MasteringMicrobiology®. Another 
goal for this edition was to provide additional instruction on important foundational concepts and 
processes. To that end, I developed and narrated three new core concept Video Tutors, accessible 
via QR codes in the textbook and assignable in MasteringMicrobiology. 

The result is, once again, a collaborative effort of educators, students, editors, and top scientific 
illustrators: a textbook that, I hope, continues to improve upon conventional explanations and 
illustrations in substantive and effective ways.

In this new edition:

•		NEW Disease in Depth features highlight important and representative diseases for each body 
system, extending the visual impact of the art program as well as the highly praised  Microbe at a 
Glance features. Each of these 11 visual features contains infographics, provides  in-depth cover-
age of the selected disease, and includes a QR code and Investigate It! question that  directs stu-
dents to a Video Tutor exploring the topic and prompting further inquiry and critical thinking. 

Preface

A01_BAUM0764_05_SE_FM.indd   12 08/06/16   3:44 PM



 Preface 13

 New assignable Disease in Depth coaching activities in Mastering Microbiology®  encourage 
 students to apply and test their understanding of key concepts.

•	NEW Video Tutors developed and narrated by the author walk students through key con-
cepts. New to this edition are Video Tutors on glycolysis, protein translation, and antigen 
processing. These Video Tutors bring the textbook art to life and help students visualize and 
understand tough topics and important processes. Thirty-two video tutorials are accessible 
via QR codes in the textbook and are accompanied by multiple-choice questions, assignable 
in MasteringMicrobiology®.

•	NEW Tell Me Why critical thinking questions end every main section within each chapter. 
These questions strengthen the pedagogy and organization of each chapter and consistently 
provide stop-and-think opportunities for students as they read.

•	NEW Expanded coverage of helminths is provided in new Highlight features, and an 
 emphasis on virulence factors is included the Disease in Depth features.

•	The genetics chapters (Chapters 7–8) have been reviewed and revised by genetics special-
ists. These now reflect the most current understanding of this rapidly evolving field, includ-
ing new discussion of next-generation DNA sequencing.

•	Over 330 NEW and revised micrographs, photos, and figures enhance student under-
standing of the text and boxed features.

•	NEW and EXPANDED MasteringMicrobiology includes new Interactive Microbiology   
animations and tutorials; new MicroBooster remedial video tutorials; new Disease in  
Depth  coaching activities; new Video Tutors with assessments; new MicroCareers and 
Clinical Case Study coaching activities; and a plethora of microbiology lab resources. NEW 
 Interactive  Microbiology is a dynamic suite of interactive tutorials and animations that 
teach key  concepts in the context of a clinical setting. Students actively engage with each 
topic and learn from manipulating variables, predicting outcomes, and answering forma-
tive and  summative assessments. Topics include Operons; Complement; Biofilms and Quo-
rum  Sensing; Antibiotic Resistance, Mechanisms; Antibiotic Resistance, Selection; Aerobic 
 Respiration in Prokaryotes; and Human Microbiota. NEW MicroBoosters are a suite of brief 
video tutorials that cover key concepts that students often need to review, including Study 
Skills, Math, Basic Chemistry, Cell Biology, Basic Biology and more! The Micro Lab resources 
include MicroLab Tutors, which use lab technique videos, 3-D molecular animations, and 
step-by-step tutorials to help students make connections between lecture and lab; Lab 
 Technique Videos and pre-lab quizzes to ensure that students come prepared for lab time; 
and Lab Practical and post-lab quizzes to reinforce what students have learned. 

MasteringMicrobiology offers students access to Dynamic Study Modules to help them acquire, 
retain, and recall information faster and more efficiently than ever before with textbook-specific 
explanations and art. Dynamic Study Modules are available for use as a self-study tool or as 
assignments. Instructors also now have the option to give Adaptive Follow-Up assignments that 
provide student-specific additional coaching and practice. These question sets continuously adapt 
to each student’s needs, making efficient use of homework time. 

MasteringMicrobiology also includes Learning Catalytics—a “bring your own device” student 
engagement, assessment, and classroom intelligence system. With Learning Catalytics, instructors 
can assess students in real time using open-ended tasks to probe student understanding using 
Pearson’s library of questions or designing their own.

The following section provides a detailed outline of this edition’s chapter-by-chapter revisions.
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ChAPTER 4 MICROSCOPY, STAINING, AND CLASSIfICATION
•	Added four Tell Me Why critical thinking questions to text
•	Revised two figures for enhanced pedagogy (Figs. 4.4, 4.6)
•	Revised Learning Outcome regarding simple stains, which now 

include Gomori methenamine silver stain and  hematoxylin and 
eosin stains

•	Added fill-in-the-blank Concept Map about Gram stain and cell 
wall structure to end-of-chapter review

•	Revised coverage of history of taxonomy
•	Expanded discussion of resolution, immersion oil, mordants, 

definition of microbial species, and role of George Fox in the 
discovery of the archaea and three domains of life

•	Revised section on microbial taxonomy to more fully  address 
genomic techniques in taxonomy

•	At request of reviewers and instructors, removed  detailed figures 
for dark field, phase, and scanning electron  microscopy so as to 
reduce complexity and chapter length

•	Added three critical thinking questions and a new photo to 
Emerging Disease Case Study: Necrotizing Fasciitis

ChAPTER 5 MICROBIAL METABOLISM
•	Added six Tell Me Why critical thinking questions to text
•	Added two new figure questions (Figs. 5.4, 5.13)
•	Added one new end-of-chapter fill-in-the-blank question
•	Revised 14 figures for greater clarity and better pedagogy (Figs. 5.5, 

5.6, 5.10, 5.11, 5.12, 5.13, 5.14, 5.16, 5.17, 5.18, 5.19, 5.26, 5.30; end-of-
chapter critical thinking question 1)

•	Clarified and expanded discussion of enzymatic activation through 
allosteric sites and competitive and noncompetitive inhibition of 
enzyme activity 

•	Added fill-in Concept Map over aerobic respiration

ChAPTER 6 MICROBIAL NUTRITION AND GROWTh
•	Added three Tell Me Why critical thinking questions to text 
•	Revised five figures for greater clarity and better pedagogy  

(Figs. 6.7, 6.8, 6.9, 6.17, 6.20)
•	Added two new photos (Figs. 6.13, 6.24b)
•	Expanded discussion of singlet oxygen and superoxide  radicals as 

oxidizing agents
•	Clarified the method of counting microbes using a cell counter 
•	Added fill-in Concept Map over culture media

ChAPTER 7 MICROBIAL GENETICS
•	Added four Tell Me Why critical thinking questions to text
•	Upgraded 20 figures for greater clarity, accuracy, ease of reading, 

and better pedagogy (Figs. 7.1, 7.5, 7.6, 7.7, 7.9, 7.10, 7.11, 7.13, 7.20, 
7.21, 7.22, 7.23, 7.26, 7.27, 7.28, 7.30, 7.34, 7.35, 7.36, 7.37)

•	Updated text to discuss the smallest cellular genome at 112,091 bp 
(candidatus Nasuia deltocephalinicola)

•	Included recent discovery that chloroplast chromosomes are linear 
rather than circular

•	Increased discussion of use of RNA as enzymes (ribozymes)

ChAPTER 1 A BRIEf hISTORY Of MICROBIOLOGY
•	Added three Tell Me Why critical thinking questions to text
•	Added three new photos (chapter opener, Fig. 1.6b, Highlight box 

on MERS)
•	Updated map showing countries having transmission of variant 

Creutzfeldt-Jakob disease (vJCD) 
•	Added CDC-preferred term “healthcare-associated infection (HAI)” 

(formerly nosocomial infection)
•	Added introductory coverage of normal microbiota and of agar in 

micro labs
•	Clarified the use of controls in Pasteur’s experiment to  disprove 

spontaneous generation
•	Clarified industrial use of microbes in making yogurt and pest 

control
•	Introduced the success of gene therapy to treat several  inherited 

immune deficiencies
•	Updated box: “The New Normal”: The Challenge of Emerging and 

Reemerging Diseases to include Middle East respiratory syndrome 
(MERS), Ebola, chikungunya, and measles

•	Added to list of current problems in microbiology: biofilms, tests for 
infections, and persistent antimicrobial-drug resistance

•	Added three critical thinking questions to Emerging  Disease Case 
Study: Variant Creutzfeldt-Jacob Disease

•	New end-of-chapter, short-answer question on healthcare-
associated (nosocomial) infections

•	Added fill-in Concept Map over types of microbes and some of 
their major characteristics

ChAPTER 2 ThE ChEMISTRY Of MICROBIOLOGY
•	Added five Tell Me Why critical thinking questions to text
•	Eleven figures revised for better pedagogy (Figs. 2.2, 2.3, 2.6,  

2.11, 2.15, 2.17, 2.19, 2.21, 2.22, 2.23; amino group in Table 2.3)
•	New Learning Outcomes concerning terms regarding  elements, 

valence electrons and chemical bonding, organic compounds, 
contrasting ionic and covalent bonds, and lipids

•	New figure legend question for enhanced pedagogy (Fig. 2.3)
•	Expanded coverage of term “nucleoside” because nucleoside 

analogs treat many diseases 
•	Added fill-in Concept Map over nucleotide structure and function

ChAPTER 3 CELL STRUCTURE AND fUNCTION
•	Added 12 Tell Me Why critical thinking questions to text
•	Two new photos (Figs. 3.5b, 3.8a)
•	Revised and enhanced artwork in 14 figures for enhanced 

pedagogy (Figs. 3.4, 3.8b, 3.9, 3.12, 3.14, 3.15, 3.17, 3.18, 3.19, 3.20, 
3.21, 3.22, 3.24, 3.35)

•	Added one new figure (structure of glucose versus NAG and NAM) 
(Fig. 3.13)

•	Enhanced discussion of flagella and cilia structure and  function, 
comparison and contrast between the outer and cytoplasmic 
membranes of Gram-negative cells, and  movement across cell 
membranes

Chapter-by-Chapter Revisions
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•	Revised seven figures for greater clarity, accuracy, ease of reading, 
and better pedagogy (Figs. 10.2, 10.3, 10.6, 10.8, 10.13, 10.15; map of 
worldwide, community-associated MRSA)

•	Three new photos (Highlight, Fig. 10.10, Clinical Case Study)
•	Added three critical thinking questions to Emerging Disease Case 

Study: Community-Associated MRSA and updated map with 
newly published data

ChAPTER 11 ChARACTERIzING AND CLASSIfYING 
PROkARYOTES

•	Added four Tell Me Why critical thinking questions to text
•	Six new Learning Outcomes (for proteobacteria, including newly 

discovered zetaproteobacteria)
•	Thirteen new photos (Figs. 11.1, 11.2a, 11.5, 11.7, 11.11a, 11.16, 11.17, 

11.19, 11.21, 11.22, 11.23, 11.24b, 11.27b)
•	Ten revised figures for better pedagogy (Figs. 11.1, 11.3, 11.4, 11.6, 

11.10, 11.14, 11.17, 11.21, 11.26, 11.27)
•	Clarified and expanded coverage of (1) “snapping  division,” 

which is a distinctive characteristic of corynebacteria,  including C. 
diphtheriae, (2) floc formation and its use in  sewage treatment, and 
(3) methicillin-resistant strains of Staphylococcus aureus

•	Updated with new discoveries in bacterial and archaeal 
  systematics: six classes of proteobacteria rather than four and five 
phyla of archaea (rather than two) 

•	Removed box on Botox and box on the possible link between 
 cyanobacteria and brain disease to make room for new material

•	Three new critical thinking questions over pertussis as a 
 reemerging disease 

•	Added fill-in Concept Map over domain Archaea

ChAPTER 12 ChARACTERIzING AND CLASSIfYING 
EUkARYOTES

•	Added six Tell Me Why critical thinking questions to text
•	Eight new photos (Figs. 12.11, 12.12a and b, 12.13c, 12.14, 12.20, 

12.25, 12.27)
•	Seven revised figures for more accurate and lucid pedagogy  

(Figs. 12.1, 12.3, 12.7, 12.8, 12.17, 12.23; map for aspergillosis)
•	As reviewers requested, shortened chapter by  eliminating detailed 

discussion and artwork of ciliate (Paramecium)  conjugation 
and of sexual reproduction by zygomycetes,  ascomycetes, and 
basidiomycetes 

•	Updated algal, fungal, protozoan, water mold, and slime mold 
taxonomy

•	Clarified and expanded coverage of (1) meiosis, (2) alveoli in 
protists, and (3) use of radiation as an energy source for some fungi

•	Added new critical thinking questions: three about the emerging 
disease aspergillosis and two at end of chapter about genomics in 
relationship to metabolism in various environments 

•	Added fill-in Concept Map over eukaryotic microorganisms

ChAPTER 13 ChARACTERIzING AND CLASSIfYING VIRUSES, 
VIROIDS, AND PRIONS

•	Added four Tell Me Why critical thinking questions to text
•	Four new photos (Figs. 13.1b, 13.21, 13.24; bacteriophage box)
•	Upgraded eight figures for better pedagogy and currency (Figs. 

13.5, 13.8, 13.12, 13.13, 13.14, 13.16, 13.18, 13.22)
•	One new figure showing prion templating (Fig. 13.23)
•	Two new Learning Outcomes concerning (1) structures of viruses 

and (2) control of prions
•	Updated viral nomenclature to correspond to changes  approved by  

the International Committee on Taxonomy of  Viruses (ICTV) in 2014

•	Expanded table comparing and contrasting DNA replication, 
transcription, and translation

•	Discussed codon and tRNA for 21st amino acid, selenocysteine
•	Enhanced and clarified discussion of lac and trp operons and of the 

action of cAMP and CAP as activators 
•	Expanded and reorganized discussion of DNA repair systems
•	Clarified and updated information on the events in  conjugation, 

particularly with Hfr cells
•	Expanded coverage of nucleotides and pyrophosphate (diphosphate)
• Added critical thinking questions to Emerging Disease Case Study: 

Vibrio vulnificus Infection
•	Revised the chapter to better explain differences between  archaeal, 

bacterial, and eukaryotic genetics 
•	Added fill-in Concept Map over point mutations

ChAPTER 8 RECOMBINANT DNA TEChNOLOGY
•	Added five Tell Me Why critical thinking questions to text
•	Added six Learning Outcomes concerning uses of  synthetic nucleic 

acids, PCR, fluorescent in situ hybridization (FISH), functional 
genomics, Sanger sequencing, and next- generation sequencing

•	Added one new figure (Fig. 8.10)
•	Modified Fig. 8.7 for better pedagogy
•	Deleted figures for Southern blots and Sanger automated DNA 

sequencing as these techniques are historical and  less-commonly 
used today

•	Added discussion of real-time PCR (RT-PCR), Sanger sequencing 
methods, next-generation DNA sequencing (NGS), including 
pyrosequencing and fluorescent methods, functional genomics, 
microbiomes, and biomedical animal models

•	New Highlight boxes: How Do You Fix a Mosquito? on controlling 
dengue and The Human Microbiome Project

ChAPTER 9 CONTROLLING MICROBIAL GROWTh IN ThE 
ENVIRONMENT

•	Added four Tell Me Why critical thinking questions to text
•	Revised five figures for better accuracy, currency, and  pedagogy 

(Figs. 9.2, 9.7, 9.13, 9.15, 9.16)
•	Two new photos (Fig. 9.9, Beneficial Microbes)
•	Updated techniques for deactivation of prions, coverage of 

thimerosal in vaccines, and activity of AOAC International in 
developing disinfection standards

•	Added three critical thinking questions to Emerging Disease Case 
Study: Acanthamoeba Keratitis

•	Added critical thinking question concerning salmonellosis 
pandemic from smoked salmon 

•	Added fill-in Concept Map over moist heat applications to control 
microbes

ChAPTER 10 CONTROLLING MICROBIAL GROWTh IN ThE 
BODY: ANTIMICROBIAL DRUGS

•	Added four Tell Me Why critical thinking questions to text
•	Updated and revised tables of antimicrobials to include all 

new antimicrobials mentioned in disease chapters, including 
carbapenems and capreomycin (antibacterials); enfuvirtide (newly 
approved anti-HIV-1); ciclopirox (antifungal); and bithionol 
(anthelmintic); updated sources of drugs, modes of action, clinical 
considerations, and methods of resistance

•	Updated adverse effects of aminoglycosides 
•	Updated the mechanism of resistance against quinolone 

 antibacterial drugs
•	Removed amantadine as a treatment for influenza A
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•	Revised five figures for better pedagogy (Figs. 17.2, 17.3, 17.6,  
17.11, 17.14)

ChAPTER 18 hYPERSENSITIVITIES, AUTOIMMUNE DISEASES, 
AND IMMUNE DEfICIENCIES

•	Added three Tell Me Why critical thinking questions to text
•	Revised one figure for greater clarity and accuracy (Fig. 18.7)
•	Expanded coverage of type III hypersensitivity, the relationship 

between hypersensitivities and autoimmune disorders
•	Removed figure and text for a very rare disease, immune throm-

bocytopenic purpura, to make room for new material in  
Chapter 19

ChAPTER 19 PAThOGENIC GRAM-POSITIVE BACTERIA
•	Added nine Tell Me Why critical thinking questions to text
•	Added three Disease in Depth visual presentations of disease: 

necrotizing fasciitis, listeriosis, and tuberculosis
•	Twenty-five new photos (Figs. 19.1, 19.12, 19.17, 19.19, 19.20, 19.21)
•	Seven revisions to figures for consistency, currency,  accuracy, and 

better pedagogy (Figs. 19.5, 19.23; Disease in Depth: Necrottizing 
Fasciitis, Listeriosis, and Tuberculosis; Microbe at a Glance: 
Streptococcus and Clostridium)

•	Updated all diagnoses and incidence data
•	Revised two Learning Outcomes for better pedagogy (19.10, 19.13)
•	Revised Chapter Summary for better pedagogy (for  Staphylococcus; 

Streptococcus; Enterococcus, Bacillus; Clostridium; Listeria; Mycoplasma; 
Corynebacterium; Mycobacterium)

•	Updated definitions for multi-drug-resistant (MDR) and 
 extensively drug-resistant (XDR) tuberculosis

•	Updated treatment regimen for inhalation anthrax,  bioterrorist 
anthrax, botulism, tetanus, listeriosis,  mycoplasmal  pneumonia, 
nongonococcal urethritis, and tuberculosis

•	Updated and enhanced discussion of mycolic acids, role of 
Streptococcus mutans in tooth decay, and anthrax vaccine

•	Added a figure question regarding snapping division in 
corynebacteria

•	Added three critical thinking questions and updated  incidence 
maps for the discussion of Buruli ulcer 

•	Added Clinical Case Study regarding tuberculosis

ChAPTER 20 PAThOGENIC GRAM-NEGATIVE COCCI  
AND BACILLI

•	Added three Tell Me Why critical thinking questions to text
•	Added one Disease in Depth visual presentation of disease on 

urinary tract infections
•	Updated all diagnoses and incidence data, including maps
•	Updated to replace term nosocomial with healthcare-associated
•	Revised Chapter Summary for better pedagogy (Pathogenic, Gram-

Negative, Facultatively Anaerobic Bacilli;  Pathogenic, Gram-Negative, 
Aerobic Bacilli; Pathogenic, Gram- Negative, Anaerobic Bacilli)

•	Updated treatment regimen for gonorrhea, meningococcus 
meningitis, bubonic plague, bartonellosis, brucellosis, and 
Legionnaires’ disease

•	Added one new figure (Fig. 20.1) and figure question on the 
potential effects of lipid A

•	Revised nine figures for better pedagogy (Microbe at a Glance: 
Neisseria gonorrhoeae; Figs. 20.2, 20.3, 20.14, 20.18, 20.19, 20.22,  
20.23, 20.28)

•	Added three critical thinking questions and updated  incidence 
maps for the discussion of melioidosis

•	Added discussion on the benefits and costs to a virus of  having an 
envelope versus being naked

•	Clarified and expanded text concerning lytic cycle of phage 
replication; use of phage typing; replication of animal  viruses, 
particularly ssDNA viruses; link between viruses and human 
cancers; viroids; and prions

•	Updated techniques for deactivation of prions and treatment of 
prion disease

•	Updated Emerging Disease Case Study: Chikungunya; added three 
critical thinking questions to the discussion

ChAPTER 14 INfECTION, INfECTIOUS DISEASES, AND 
EPIDEMIOLOGY

•	Added eight Tell Me Why critical thinking questions to text
•	Changed eight figures for better pedagogy, timeliness, or clarity 

(Figs. 14.3, 14.4, 14.5, 14.9, 14.10, 14.14, 14.16, 14.20)
•	Revised and updated coverage of (1) number of human cells in a 

body and the number of cellular microbiota, (2) microbiome, and 
(3) symbioses (added terms symbiont and amensalism)

•	Updated to replace term nosocomial with healthcare-associated (in all 
chapters)

•	Updated epidemiology charts, tables, and graphs 
•	Updated list of nationally notifiable infectious diseases
•	Three new critical thinking questions added to the  discussion of 

Hantavirus as an emerging disease 
•	Added fill-in Concept Map over transmission of diseases

ChAPTER 15 INNATE IMMUNITY
•	Added two Tell Me Why critical thinking questions to text
•	Modified nine figures for enhanced clarity and better  pedagogy 

(Figs. 15.4, 15.6, 15.7, 15.8, 15.9, 15.11, 15.12, 15.13, 15.14)
•	Three new photos (Figs. 15.1, 15.5b)
•	Updated and expanded coverage of the action of  antimicrobial 

peptides (defensins), Toll-like receptor 10 (TLR10), complement 
activation, complement cascade, and membrane attack complexes

•	Expanded and clarified discussion of inflammatory mediators

ChAPTER 16 SPECIfIC DEfENSE: ADAPTIVE IMMUNITY
•	Added three Tell Me Why critical thinking questions to text
•	Revised and clarified (1) function and structure of tonsils, (2) flow 

of lymph, and (3) mucosa-associated lymphoid tissue
•	Reordered the discussion of topics in adaptive immunity to better 

align with the way events occur; for example, MHC and antigen 
processing are discussed before T cells and  cell-mediated immunity, 
which are discussed before B cells and antibody-mediated immunity

•	Removed discussion of T-independent antibody immunity as it was 
too advanced for beginning students

•	Revised three pieces of art for enhanced pedagogy (Figs. 16.2, 16.3, 
16.10)

•	Added three critical thinking questions and updated  incidence map 
for the discussion of microsporidiosis 

•	Added fill-in Concept Map over antibodies

ChAPTER 17 IMMUNIzATION AND IMMUNE TESTING
•	Added a Tell Me Why critical thinking question to text
•	Updated to newly revised CDC 2015 vaccination schedule for 

children, adolescents, and adults
•	Updated table of vaccine-preventable diseases in the United States
•	Enhanced discussion of development of attenuated viral vaccines
•	Added two points to chapter summary about recombinant gene 

technology and vaccine production and about vaccine safety
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•	Eight revised, updated, enhanced, and pedagogically more effective 
figures (Figs. 23.1, 23.3, 23.5, 23.6, 23.9, 23.14, 23.17, 23.24)

•	Added three critical thinking questions and updated  incidence 
maps for the discussions of babesiosis and of schistosomiasis 

•	Added fill-in Concept Map over intestinal protozoan parasites

ChAPTER 24 PAThOGENIC DNA VIRUSES
•	Added five Tell Me Why critical thinking questions to text
•	Updated all diagnoses and incidence data
•	Updated treatment regimen for shingles, history of smallpox 

vaccination, and the effect of adenovirus 36 on obesity
•	Four new photos (Figs. 24.3, 24.15, 24.16c, 24.22)
•	Reformatted one figure for better pedagogy (Fig. 24.21)
•	Added three critical thinking questions and updated  incidence 

maps for the discussion of monkeypox 
•	New Disease in Depth: Papillomas with three new photos and three 

new figures

ChAPTER 25 PAThOGENIC RNA VIRUSES
•	Added six Tell Me Why critical thinking questions to text
•	Updated all diagnoses and incidence data
•	Updated treatment regimen for colds, hepatitis E, hepatitis C, AIDS, 

measles, respiratory syncytial virus infection, and Lassa hemorrhagic 
fever

•	Updated, revised, and expanded discussion of coronavirus 
respiratory syndromes, Nipah virus encephalitis, hepatitis E virus, 
and respiratory syncytial viral disease

•	Clarified definition of zoonosis
•	Added Learning Outcome about mumps
•	Sixteen figures revised, updated, or enhanced for better  pedagogy 

(Figs. 25.2, 25.9, 25.10, 25.11, 25.12, 25.14, 25.17, 25.18, 25.19, 25.21, 
25.23, 25.24, 25.26, 25.28, 25.29, 25.36)

•	Thirteen new photos (chapter opener; Figs. 25.1, 25.7, 25.16b, 
25.22b, 25.27, 25.30, 25.32; Highlight box on bats and Nipah virus)

•	New Microbe at a Glance box on measles virus
•	Two new Emerging Disease Case Study boxes on norovirus 

gastroenteritis and tick-borne encephalitis
•	Two new Disease in Depth features on Ebola hemorrhagic fever 

and influenza
•	Added three critical thinking questions to the box on  influenza 

H1N1

ChAPTER 26 INDUSTRIAL AND ENVIRONMENTAL 
MICROBIOLOGY

•	Added four Tell Me Why critical thinking questions to text
•	Added Learning Outcome on eutrophication
•	Three figures revised, updated, or enhanced for better  pedagogy 

(Figs. 26.6, 26.8, 26.15)
•	Revised and clarified water contamination and water pollution
•	Updated list of bioterrorist threats to include the additions 

to category C
•	New Emerging Disease Case Study regarding primary  amebic 

meningoencephalitis (Naegleria fowleri infection)

ChAPTER 21 RICkETTSIAS, ChLAMYDIAS, SPIROChETES,  
AND VIBRIOS

•	Added three Tell Me Why critical thinking questions to text 
•	New Disease in Depth: Spotted Fever Rickettsiosis
•	Updated all diagnoses and incidence data 
•	Modified/updated nine figures (Figs. 21.1, 21.2, 21.3, 21.5, 21.8, 

21.12, 21.13, 21.17, 21.20)
•	Two new photos (Figs. 21.11, 21.19)
•	Updated treatment regimen for rickettsial spotted fever (Rocky 

Mountain spotted fever, RMSF), murine typhus, scrub typhus, 
human monocytic ehrlichiosis,  anaplasmosis (formerly called 
human granulocytic ehrlichiosis),  lymphogranuloma venereum, 
trachoma, cholera, and gastric ulcers

•	Updated and expanded coverage of epidemic typhus, murine 
typhus, scrub typhus, spotted fever rickettsioses (RMSF), 
ehrlichiosis, anaplasmosis, lymphogranuloma  venereum, urethritis, 
yaws, Borrelia, and cholera

ChAPTER 22 PAThOGENIC fUNGI
•	Added five Tell Me Why critical thinking questions to text 
•	Added new Disease in Depth: Candidiasis
•	Updated all diagnoses and incidence data 
•	New Learning Outcomes: antifungal vaccines, mycetomas
•	Added one new photo for enhanced pedagogy (Fig. 22.19)
•	Updated treatment regimen for  paracoccidioidomycosis, 

Pneumocystis pneumonia, candidiasis, aspergillosis,  Malassezia 
infections, mycetoma, and sporotrichosis

•	Enhanced discussion of dearth of antifungal vaccines
•	Added three critical thinking questions and updated  incidence 

maps for the discussion of blastomycosis 
•	Added fill-in Concept Map over systemic mycoses

ChAPTER 23 PARASITIC PROTOzOA, hELMINThS,  
AND ARThROPOD VECTORS

•	Added four Tell Me Why critical thinking questions to text
•	Added two new Disease in Depth spreads: Giardiasis and Malaria
•	Rearranged the chapter to cover vectors first; expanded  coverage of 

vectors 
•	New Learning Outcomes: parasitology, definitive versus 

intermediate hosts, biological versus mechanical vectors,  ascariasis, 
hookworm infestations, pinworms, anisakiasis

•	Updated all diagnoses and incidence data
•	Updated treatment regimen for Acanthamoeba keratitis, 

 leishmaniasis, trichomoniasis, malaria, Cryptosporidium  enteritis, 
and infestation with Fasciola

•	Added mention of emerging human pathogen of malaria: 
Plasmodium knowlesi

•	Updated stages in life cycle of Toxoplasma
•	Simplified discussion of life cycles of Trypanosoma cruzi and of T. 

brucei
•	Added roundworm Anisakis and its disease anisakiasis at teachers’ 

requests
•	Twenty-four new, more engaging photos (Figs. 23.2, 23.10, 23.12, 

23.13, 23.18; Disease in Depth: Giardiasis; Disease in Depth: 
Malaria; Emerging Disease Case Study: Babesiosis)

A01_BAUM0764_05_SE_FM.indd   17 08/06/16   3:44 PM



18

Christopher Thompson 
Loyola University, Maryland

Marie N. Yearling  
Laramie County Community College

Video Tutor Reviewers
Jason Adams  

College of Dupage
Abiodun Adibi  

Hampton University
Melody J. Bernot  

Ball State University
Denise Foley  

Santiago Canyon College
Emily Getty  

Ivy Tech Community College
Mary Ann Arnold Hedrick 

Wytheville Community College
Cristi Hunnes  

Rocky Mountain College
Sudeep Majumdar  

Temple College
Bhavya Mathur  

Chattahoochee Technical College
Daniel Brian Nichols 

Seton Hall University
Kevin Sorensen  

Snow College
Sandra L. Specht  

Sinclair Community College

Book Reviewers
Dena Berg 

Tarrant County College
Carroll Bottoms  

Collin College 
Nick Butkevitch 

Schoolcraft College
Kari Cargill 

Montana State University
Richard J. Cristiano  

Houston Community College  
Northwest—Spring Branch campus

Ann Evancoe 
Hudson Valley Community College

Tod Fairbanks 
Palm Beach State College

Teresa G. Fischer  
Indian River State College

Sandra M. Fox-Moon 
Anne Arundel Community College and 
University of Maryland

Eric Gillock 
Fort Hays State University

Raymond Harris 
Prince George’s Community College

Jennifer Hatchel 
College of Coastal Georgia

Barbara R. Heard  
Atlantic Cape Community College

Nazanin Hebel 
Houston Community College—Northwest

Amy Helms 
Collin College

David T. Jenkins  
University of Alabama at Birmingham

Denice D. King  
Cleveland State Community College

Todd Martin 
Metropolitan Community College,  
Blue River

Jennifer Metzler 
Ball State University

Mary Miller 
Baton Rouge Community College

Alicia Musser 
Lansing Community College

Gregory Nasello 
Lewis and Clark Community College

Dana Newton  
College of the Albemarle

Johanna Porter-Kelley 
Winston-Salem State University

Jennifer Reaves 
Jackson State Community College

Jackie Reynolds 
Richland College

Steven Scott 
Merritt College

Amy Siegesmund 
Pacific Lutheran University

Tony A. Slieman  
University of South Dakota

Lori Smith 
American River College

Vetaley Stashenko 
Palm Beach State College, Belle Glade

Jennifer Swartz  
Pikes Peak Community College

I wish to thank the hundreds of instructors and students who participated in reviews, class 
tests, and focus groups for earlier editions of the textbook. Your comments have informed this 
book from beginning to end, and I am deeply grateful. For the fifth edition, I extend my deepest 
appreciation to the following reviewers.

Reviewers for the fifth Edition

A01_BAUM0764_05_SE_FM.indd   18 08/06/16   3:44 PM



19

Thanks to Michéle Shuster and Amy Helms for their work on 
the media and print supplements for this edition. Special thanks 
are due to Lauren Beebe and Andrea Stefanowicz for managing 
the supplements, to Kyle Doctor in production for his work on 
the Instructor’s Resource DVD, and to Joe Mochnick for his 
management of the extraordinary array of media resources for 
students and instructors, especially MasteringMicrobiology®. 
Thanks also to Jordan Roeder, RN, and Nan Kemp and for 
their administrative, editorial, and research assistance. I am 
grateful to Neena Bali and now Lauren Harp in Marketing; they 
lead the amazing Pearson sales representatives to do a terrific 
job of keeping in touch with the professors and students who 
provide so many wonderful suggestions for this textbook. As 
always, I am humbled, inspired, and encouraged by the sales 
representatives; your role on the team deserves more gratitude 
than I can express here or with citrus fruit.

I am especially grateful to Phil Mixter of Washington State 
University, Mary Jane Niles of the University of San Francisco, 
Bronwen Steele of Estrella Mountain Community College, Jan 
Miller of American River College, and Jane Reece for their 
expertise and advice.

I am further indebted to Sam Schwarzlose for his excellent work 
on the Video Tutor assessments and to Terry Austin for lending 
his technical expertise to the project.

On the home front: Thank you, Jennie and Nick Knapp, 
Elizabeth Bauman, Jeremy Bauman, Larry Latham, Josh Wood, 
and Mike Isley. You keep me even-keeled. My wife Michelle 
deserves more recognition than I can possibly express: “Many 
are noble, but you excel them all.” Thank you.

Robert W. Bauman
Amarillo, Texas

As has been the case with all previous editions, I am ever more 
cognizant that this book is a team effort. I am deeply grateful 
once again to Kelsey Churchman of Pearson Science and to the 
team she gathered to produce the fifth edition. Kelsey, dedicated 
project manager Lauren Beebe, and invaluable program 
manager Chriscelle Palaganas helped develop the vision for 
this fifth edition, generating ideas to make it more effective and 
compelling. As project manager, Lauren also had the unenviable 
task of coordinating everything and keeping me on track—thank 
you, Lauren, for being understanding, patient, and lenient, 
especially when I misplaced a deadline. Kari Hopperstead was 
invaluable in developmental editing. I am grateful.

Thank you to Barbara Yien, project editor of the first two 
editions, for years of support and for introducing me to 
chocolate truffles. I am excited for your growing family and 
new responsibilities! I am grateful to Frank Ruggirello for his 
unflagging encouragement and support of my work and this 
book; enjoy your new adventures! I am also indebted to Daryl 
Fox, whose early support for this book never wavered.

Anita Wagner Hueftle—the eagle-eyed—edited the manuscript 
thoroughly and meticulously, suggesting important changes 
for clarity, accuracy, and consistency. The incomparable Kelly 
Murphy did a magnificently superb job as art development 
editor, helping to conceptualize new illustrations and suggesting 
ways to improve the art overall—thank you, Kelly for taking the 
original art of my friend Ken Probst and enhancing this book’s 
amazingly beautiful biological illustrations. My thanks to 
Lachina for rendering the art in this edition. Andrea Stefanowicz 
and Lumina Datamatics expertly guided the project through 
production. Andrea, thank you for meticulously improving the 
text. Maureen “Mo” Spuhler remains the most amazing photo 
researcher. I am in your debt, “Molybdenum.” Rich Robison 
and Brent Selinger supplied many of the text’s wonderful and 
unique micrographs. Emily Friel created the beautiful interior 
design and the stunning cover.

Acknowledgments

Dhriti Bhattacharyya
Sumitra Datta 

Amity University Kolkata

Rajeev Kaul 
University of Delhi

Gopalakrishnan Menon 
Tomsk State University

The publishers would like to thank the following for contributing to and reviewing the Global Edition:

A01_BAUM0764_05_SE_FM.indd   19 8/11/16   10:33 AM



20

Acids and Bases 66
Salts 68

Organic Macromolecules 68
Functional Groups 69
Lipids 70
Carbohydrates 72
Proteins 74
Nucleotides and Nucleic Acids 78

chaPtEr SuMMary 81 • QuEStionS For rEviEW 82   
critical thinking 83 • concEPt MaPPing 84

3 
Cell Structure and  
function 85
Processes of Life 86
Prokaryotic and Eukaryotic  
Cells: An Overview 87
External Structures of Bacterial  
Cells 89

Glycocalyces 89
Flagella 89
Fimbriae and Pili 92

Bacterial Cell Walls 93
Gram-Positive Bacterial Cell Walls 94
Gram-Negative Bacterial Cell Walls 96
Bacteria Without Cell Walls 96

Bacterial Cytoplasmic Membranes 96
Structure 96
Function 97

Cytoplasm of Bacteria 102
Cytosol 102
Inclusions 102
Endospores 103
Nonmembranous Organelles 104

External Structures of Archaea 104
Glycocalyces 105
Flagella 105
Fimbriae and Hami 105

Archaeal Cell Walls and Cytoplasmic Membranes 106
Cytoplasm of Archaea 106
External Structure of Eukaryotic Cells 107

Glycocalyces 107
Eukaryotic Cell Walls and Cytoplasmic Membranes 107

1 
A Brief  
history of  
 Microbiology 31
The Early Years of  
Microbiology 32

What Does Life Really Look  
Like? 32

How Can Microbes Be  
Classified? 33

The Golden Age of Microbiology 37
Does Microbial Life Spontaneously Generate? 37
What Causes Fermentation? 40
What Causes Disease? 41
How Can We Prevent Infection and Disease? 45

The Modern Age of Microbiology 48
What Are the Basic Chemical Reactions of Life? 48
How Do Genes Work? 48
What Roles Do Microorganisms Play in the Environment? 50
How Do We Defend Against Disease? 50
What Will the Future Hold? 51

chaPtEr SuMMary 52 • QuEStionS For rEviEW 52   
critical thinking 54 • concEPt MaPPing 55

2 
The Chemistry of 
 Microbiology 56
Atoms 57

Atomic Structure 57
Isotopes 57
Electron Configurations 58

Chemical Bonds 60
Nonpolar Covalent Bonds 60
Polar Covalent Bonds 61
Ionic Bonds 62
Hydrogen Bonds 63

Chemical Reactions 64
Synthesis Reactions 64
Decomposition Reactions 64
Exchange Reactions 65

Water, Acids, Bases, and Salts 65
Water 65

Table of Contents

A01_BAUM0764_05_SE_FM.indd   20 08/06/16   3:44 PM



 table of contents 21

Carbohydrate Catabolism 161
Glycolysis 161
Cellular Respiration 163
Pentose Phosphate Pathway 169
Fermentation 169

Other Catabolic Pathways 171
Lipid Catabolism 171
Protein Catabolism 172

Photosynthesis 173
Chemicals and Structures 173
Light-Dependent Reactions 174
Light-Independent Reactions 175

Other Anabolic Pathways 178
Carbohydrate Biosynthesis 178
Lipid Biosynthesis 179
Amino Acid Biosynthesis 179
Nucleotide Biosynthesis 180

Integration and Regulation of Metabolic functions 181

chaPtEr SuMMary 183 • QuEStionS For rEviEW 185   
critical thinking 187 • concEPt MaPPing 189

6 
Microbial Nutrition  
and Growth 190
Growth  
Requirements 191

Nutrients: Chemical  
and Energy  
Requirements 191

Physical  
Requirements 194

Associations and Biofilms 197
Culturing Microorganisms 199

Clinical Sampling 200
Obtaining Pure Cultures 201
Culture Media 202
Special Culture Techniques 206
Preserving Cultures 206

Growth of Microbial Populations 207
Generation Time 208
Mathematical Considerations in Population Growth 208
Phases of Microbial Population Growth 208
Continuous Culture in a Chemostat 210
Measuring Microbial Reproduction 210

chaPtEr SuMMary 215 • QuEStionS For rEviEW 217   
critical thinking 218 • concEPt MaPPing 219

Cytoplasm of Eukaryotes 109
Flagella 109
Cilia 109
Other Nonmembranous Organelles 110
Membranous Organelles 111
Endosymbiotic Theory 115

chaPtEr SuMMary 117 • QuEStionS For rEviEW 119   
critical thinking 122 • concEPt MaPPing 123

4 
Microscopy,  
Staining, and  
 Classification 124
Units of Measurement 125
Microscopy 126

General Principles of  
Microscopy 126

Light Microscopy 127
Electron Microscopy 132
Probe Microscopy 133

Staining 134
Preparing Specimens for Staining 134
Principles of Staining 136
Simple Stains 136
Differential Stains 137
Special Stains 138
Staining for Electron Microscopy 139

Classification and Identification of Microorganisms 140
Linnaeus and Taxonomic Categories 141
Domains 143
Taxonomic and Identifying Characteristics 144
Taxonomic Keys 147

chaPtEr SuMMary 148 • QuEStionS For rEviEW 149   
critical thinking 151 • concEPt MaPPing 151

5 
Microbial  
Metabolism 152
Basic Chemical Reactions  
Underlying Metabolism 153

Catabolism and Anabolism 153
Oxidation and Reduction  

Reactions 154
ATP Production and Energy  

Storage 154
The Roles of Enzymes  

in Metabolism 155

A01_BAUM0764_05_SE_FM.indd   21 08/06/16   3:44 PM



22 table of contents

Separating DNA Molecules: Gel Electrophoresis and the 
Southern Blot 273

DNA Microarrays 273
Inserting DNA into Cells 274

Applications of Recombinant DNA Technology 275
Genetic Mapping 275
Microbial Community Studies 278
Pharmaceutical and Therapeutic Applications 279
Agricultural Applications 281

The Ethics and Safety of Recombinant DNA 
Technology 282

chaPtEr SuMMary 284 • QuEStionS For rEviEW 285   
critical thinking 286 • concEPt MaPPing 287

9 
Controlling  
Microbial  
Growth in the  
Environment 288
Basic Principles of Microbial  
Control 289

Terminology of Microbial  
Control 289

Microbial Death Rates 290
Action of Antimicrobial Agents 291

The Selection of Microbial Control Methods 291
Factors Affecting the Efficacy of Antimicrobial Methods 291
Biosafety Levels 293

Physical Methods of Microbial Control 294
Heat-Related Methods 294
Refrigeration and Freezing 297
Desiccation and Lyophilization 297
Filtration 298
Osmotic Pressure 299
Radiation 299

Chemical Methods of Microbial Control 301
Phenol and Phenolics 302
Alcohols 302
Halogens 302
Oxidizing Agents 304
Surfactants 304
Heavy Metals 305
Aldehydes 305
Gaseous Agents 305
Enzymes 306
Antimicrobial Drugs 306
Methods for Evaluating Disinfectants and Antiseptics 306
Development of Resistant Microbes 308

chaPtEr SuMMary 308 • QuEStionS For rEviEW 309   
critical thinking 311 • concEPt MaPPing 312

7 
Microbial  
Genetics 220
The Structure and  
Replication of  
Genomes 221

The Structure of Nucleic  
Acids 221

The Structure of Prokaryotic Genomes 221
The Structure of Eukaryotic Genomes 223
DNA Replication 225

Gene function 230
The Relationship Between Genotype and Phenotype 230
The Transfer of Genetic Information 230
The Events in Transcription 231
Translation 234
Regulation of Genetic Expression 239

Mutations of Genes 243
Types of Mutations 244
Effects of Point Mutations 245
Mutagens 245
Frequency of Mutation 247
DNA Repair 248
Identifying Mutants, Mutagens, and Carcinogens 248

Genetic Recombination and Transfer 251
Horizontal Gene Transfer Among Prokaryotes 252
Transposons and Transposition 257

chaPtEr SuMMary 259 • QuEStionS For rEviEW 260   
critical thinking 263 • concEPt MaPPing 264

8 
Recombinant  
DNA  
 Technology 265
The Role of Recombinant  
DNA Technology in  
Biotechnology 266
The Tools of Recombinant  
DNA Technology 266

Mutagens 266
The Use of Reverse Transcriptase to Synthesize cDNA 267
Synthetic Nucleic Acids 267
Restriction Enzymes 268
Vectors 270
Gene Libraries 271

Techniques of Recombinant DNA Technology 271
Multiplying DNA In Vitro: The Polymerase Chain 

Reaction 271
Selecting a Clone of Recombinant Cells 273

A01_BAUM0764_05_SE_FM.indd   22 08/06/16   3:44 PM



 table of contents 23

Survey of Bacteria 355
Deeply Branching and Phototrophic Bacteria 355
Low G + C Gram-Positive Bacteria 357
High G + C Gram-Positive Bacteria 360
Gram-Negative Proteobacteria 362
Other Gram-Negative Bacteria 371

chaPtEr SuMMary 372 • QuEStionS For rEviEW 373   
critical thinking 375 • concEPt MaPPing 375

12 
Characterizing  
and Classifying  
Eukaryotes 376
General Characteristics of  
Eukaryotic Organisms 377

Reproduction of  
Eukaryotes 377

Classification of Eukaryotic  
Organisms 380

Protozoa 381
Distribution of Protozoa 381
Morphology of Protozoa 382
Nutrition of Protozoa 382
Reproduction of Protozoa 383
Classification of Protozoa 383

fungi 387
The Significance of Fungi 388
Morphology of Fungi 388
Nutrition of Fungi 389
Reproduction of Fungi 390
Classification of Fungi 391
Lichens 394

Algae 396
Distribution of Algae 396
Morphology of Algae 396
Reproduction of Algae 396
Classification of Algae 397

Water Molds 399
Other Eukaryotes of Microbiological Interest: Parasitic 
helminths and Vectors 400

Arachnids 400
Insects 400

chaPtEr SuMMary 402 • QuEStionS For rEviEW 403   
critical thinking 405 • concEPt MaPPing 406

10 
Controlling  
Microbial Growth  
in the Body:  
Antimicrobial  
Drugs 313
The history of Antimicrobial  
Agents 314
Mechanisms of Antimicrobial  
Action 315

Inhibition of Cell Wall Synthesis 316
Inhibition of Protein Synthesis 318
Disruption of Cytoplasmic Membranes 319
Inhibition of Metabolic Pathways 320
Inhibition of Nucleic Acid Synthesis 321
Prevention of Virus Attachment, Entry, or Uncoating 323

Clinical Considerations in Prescribing Antimicrobial 
Drugs 323

Spectrum of Action 323
Effectiveness 324
Routes of Administration 326
Safety and Side Effects 327

Resistance to Antimicrobial Drugs 328
The Development of Resistance in Populations 328
Mechanisms of Resistance 328
Multiple Resistance and Cross Resistance 331
Retarding Resistance 331

chaPtEr SuMMary 343 • QuEStionS For rEviEW 344   
critical thinking 345 • concEPt MaPPing 346

11 
Characterizing  
and Classifying  
Prokaryotes 347
General Characteristics of  
Prokaryotic Organisms 348

Morphology of Prokaryotic  
Cells 348

Endospores 348
Reproduction of Prokaryotic Cells 349
Arrangements of Prokaryotic Cells 350

Modern Prokaryotic Classification 352
Survey of Archaea 352

Extremophiles 353
Methanogens 355

A01_BAUM0764_05_SE_FM.indd   23 08/06/16   3:44 PM



24 table of contents

The Invasion and Establishment of Microbes in hosts: 
Infection 441

Exposure to Microbes: Contamination and Infection 441
Portals of Entry 441
The Role of Adhesion in Infection 443

The Nature of Infectious Disease 444
Manifestations of Disease: Symptoms, Signs, and 

Syndromes 444
Causation of Disease: Etiology 445
Virulence Factors of Infectious Agents 447
The Stages of Infectious Diseases 450

The Movement of Pathogens Out of hosts: Portals of 
Exit 452
Modes of Infectious Disease Transmission 452

Contact Transmission 452
Vehicle Transmission 452
Vector Transmission 453

Classification of Infectious Diseases 454
Epidemiology of Infectious Diseases 456

Frequency of Disease 456
Epidemiological Studies 457
Hospital Epidemiology: Healthcare-Associated (Nosocomial) 

Infections 459
Epidemiology and Public Health 461

chaPtEr SuMMary 464 • QuEStionS For rEviEW 465   
critical thinking 467 • concEPt MaPPing 468

15 
Innate  
Immunity 469
An Overview of the Body’s  
Defenses 470
The Body’s first Line of  
Defense 470

The Role of Skin in Innate  
Immunity 470

The Role of Mucous Membranes  
in Innate Immunity 471

The Role of the Lacrimal Apparatus in Innate Immunity 472
The Role of Normal Microbiota in Innate Immunity 472
Other First-Line Defenses 473

The Body’s Second Line of Defense 474
Defense Components of Blood 474
Phagocytosis 477
Nonphagocytic Killing 478
Nonspecific Chemical Defenses Against Pathogens 479
Inflammation 484
Fever 487

chaPtEr SuMMary 489 • QuEStionS For rEviEW 490   
critical thinking 492 • concEPt MaPPing 493

13 
Characterizing  
and  Classifying  
Viruses, Viroids,  
and  Prions 407
Characteristics of Viruses 408

Genetic Material of Viruses 409
Hosts of Viruses 409
Sizes of Viruses 410
Capsid Morphology 410
Viral Shapes 410
The Viral Envelope 412

Classification of Viruses 413
Viral Replication 415

Lytic Replication of Bacteriophages 415
Lysogenic Replication of Bacteriophages 418
Replication of Animal Viruses 418

The Role of Viruses in Cancer 423
Culturing Viruses in the Laboratory 424

Culturing Viruses in Mature Organisms 425
Culturing Viruses in Embryonated Chicken Eggs 426
Culturing Viruses in Cell (Tissue) Culture 426

Are Viruses Alive? 427
Other Parasitic Particles: Viroids and Prions 427

Characteristics of Viroids 427
Characteristics of Prions 428

chaPtEr SuMMary 431 • QuEStionS For rEviEW 432   
critical thinking 433 • concEPt MaPPing 434

14 
Infection,  
Infectious  
Diseases, and  
Epidemiology 435
Symbiotic Relationships Between  
Microbes and Their hosts 436

Types of Symbiosis 436
Normal Microbiota in Hosts 437
How Normal Microbiota Become Opportunistic 

Pathogens 438
Reservoirs of Infectious Diseases of humans 440

Animal Reservoirs 440
Human Carriers 441
Nonliving Reservoirs 441

A01_BAUM0764_05_SE_FM.indd   24 08/06/16   3:44 PM



 table of contents 25

Labeled Antibody Tests 537
Point-of-Care Testing 541

chaPtEr SuMMary 542 • QuEStionS For rEviEW 543   
critical thinking 545 • concEPt MaPPing 546

18 
Immune  
Disorders 547
hypersensitivities 548

Type I (Immediate)  
Hypersensitivity 548

Type II (Cytotoxic)  
Hypersensitivity 552

Type III (Immune Complex– 
Mediated)  
Hypersensitivity 555

Type IV (Delayed or Cell-Mediated) Hypersensitivity 557
Autoimmune Diseases 561

Causes of Autoimmune Diseases 561
Examples of Autoimmune Diseases 561

Immunodeficiency Diseases 562
Primary Immunodeficiency Diseases 563
Acquired Immunodeficiency Diseases 563

chaPtEr SuMMary 564 • QuEStionS For rEviEW 565   
critical thinking 567 • concEPt MaPPing 567

19 
Pathogenic  
Gram-Positive  
 Bacteria 568
Staphylococcus 569

Structure and  
Physiology 569

Pathogenicity 569
Epidemiology 570
Staphylococcal  

Diseases 571
Diagnosis, Treatment,  

and Prevention 572
Streptococcus 573

Group A Streptococcus: Streptococcus pyogenes 574
Group B Streptococcus: Streptococcus agalactiae 578
Other Beta-Hemolytic Streptococci 579
Alpha-Hemolytic Streptococci: The Viridans  

Group 579
Streptococcus pneumoniae 579

Enterococcus 581
Structure and Physiology 581

16 
Adaptive  
Immunity 494
Overview of Adaptive  
Immunity 495
Elements of Adaptive  
Immunity 496

The Tissues and Organs of the  
Lymphatic System 496

Antigens 498
Preparation for an Adaptive  

Immune Response 499
T Lymphocytes (T Cells) 501
B Lymphocytes (B Cells) and Antibodies 504
Immune Response Cytokines 510

Cell-Mediated Immune Responses 511
Activation of Cytotoxic T Cell Clones and Their Functions 511
The Perforin-Granzyme Cytotoxic Pathway 513
The CD95 Cytotoxic Pathway 513
Memory T Cells 513
T Cell Regulation 514

Antibody Immune Responses 514
Inducement of T-Dependent Antibody Immunity with Clonal 

Selection 514
Memory Cells and the Establishment of Immunological 

Memory 516
Types of Acquired Immunity 517

Naturally Acquired Active Immunity 517
Naturally Acquired Passive Immunity 517
Artificially Acquired Active Immunity 518
Artificially Acquired Passive Immunotherapy 518

chaPtEr SuMMary 520 • QuEStionS For rEviEW 521   
critical thinking 523 • concEPt MaPPing 524

17 
Immunization  
and Immune  
 Testing 525
Immunization 526

Brief History of Immunization 526
Active Immunization 527
Passive Immunotherapy 532

Serological Tests That Use  
Antigens and Corresponding Antibodies 533

Precipitation Tests 534
Turbidimetric and Nephelometric Tests 535
Agglutination Tests 535
Neutralization Tests 536
The Complement Fixation Test 537

A01_BAUM0764_05_SE_FM.indd   25 08/06/16   3:44 PM



26 table of contents

Bordetella 628
Burkholderia 630
Pseudomonads 630
Francisella 632
Legionella 633
Coxiella 634

Pathogenic, Gram-Negative, Anaerobic Bacilli 635
Bacteroides 635
Prevotella 635

chaPtEr SuMMary 636 • QuEStionS For rEviEW 637   
critical thinking 639 • concEPt MaPPing 640

21 
Rickettsias,  
Chlamydias,  
 Spirochetes,  
and Vibrios 641
Rickettsias 642

Rickettsia 642
Orientia tsutsugamushi 643
Ehrlichia and Anaplasma 646

Chlamydias 647
Chlamydia trachomatis 647
Chlamydophila  

pneumoniae 650
Chlamydophila psittaci 650

Spirochetes 650
Treponema 651
Borrelia 654
Leptospira 657

Pathogenic Gram-Negative Vibrios 658
Vibrio 658
Campylobacter jejuni 660
Helicobacter pylori 660

chaPtEr SuMMary 663 • QuEStionS For rEviEW 664   
critical thinking 666 • concEPt MaPPing 667

22 
Pathogenic  
fungi 668
An Overview of Medical  
Mycology 669

The Epidemiology of  
Mycoses 669

Categories of Fungal Agents:  
True Fungal Pathogens and  
Opportunistic Fungi 669

Pathogenesis, Epidemiology, and Diseases 581
Diagnosis, Treatment, and Prevention 582

Bacillus 583
Structure, Physiology, and Pathogenicity 583
Epidemiology 583
Disease 583
Diagnosis, Treatment, and Prevention 584

Clostridium 584
Clostridium perfringens 585
Clostridium difficile 585
Clostridium botulinum 586
Clostridium tetani 588

Listeria 590
Mycoplasmas 590

Mycoplasma pneumoniae 591
Other Mycoplasmas 594

Corynebacterium 594
Pathogenesis, Epidemiology, and Disease 595
Diagnosis, Treatment, and Prevention 595

Mycobacterium 595
Tuberculosis 596
Leprosy 596
Other Mycobacterial Infections 597

Propionibacterium 600
Nocardia and Actinomyces 602

Nocardia asteroides 602
Actinomyces 602

chaPtEr SuMMary 603 • QuEStionS For rEviEW 605   
critical thinking 606 • concEPt MaPPing 607

20 
Pathogenic  
Gram-Negative  
Cocci and  
Bacilli 608
Pathogenic Gram-Negative  
Cocci: Neisseria 609

Structure and Physiology of  
Neisseria 609

The Gonococcus: Neisseria gonorrhoeae 610
The Meningococcus: Neisseria meningitidis 612

Pathogenic, Gram-Negative, facultatively Anaerobic 
Bacilli 613

The Enterobacteriaceae: An Overview 613
Coliform Opportunistic Enterobacteriaceae 616
Noncoliform Opportunistic Enterobacteriaceae 620
Truly Pathogenic Enterobacteriaceae 621
The Pasteurellaceae 625

Pathogenic, Gram-Negative, Aerobic Bacilli 626
Bartonella 627
Brucella 627

A01_BAUM0764_05_SE_FM.indd   26 08/06/16   3:44 PM



 table of contents 27

24 
Pathogenic  
DNA  
Viruses 730
Poxviridae 731

Smallpox 731
Molluscum  

Contagiosum 733
Other Poxvirus  

Infections 733
Herpesviridae 734

Infections of Human  
Herpesvirus 1  
and 2 735

Human Herpesvirus 3  
(Varicella-Zoster Virus)  
Infections 738

Human Herpesvirus 4 (Epstein-Barr Virus) Infections 740
Human Herpesvirus 5 (Cytomegalovirus) Infections 741
Other Herpesvirus Infections 742

Papillomaviridae and Polyomaviridae 743
Papillomavirus Infections 743
Polyomavirus Infections 743

Adenoviridae 745
Hepadnaviridae 746

Hepatitis B Infections 747
The Role of Hepatitis B Virus in Hepatic Cancer 749

Parvoviridae 749

chaPtEr SuMMary 750 • QuEStionS For rEviEW 751   
critical thinking 753 • concEPt MaPPing 754

25 
Pathogenic  
RNA  
Viruses 755
Naked, Positive ssRNA  
Viruses: Picornaviridae,  
Caliciviridae, Astroviridae,  
and Hepeviridae 756

Common Colds Caused by  
Rhinoviruses 756

Diseases of  
Enteroviruses 757

Hepatitis A 760
Acute Gastroenteritis 760
Hepatitis E 761

Clinical Manifestations of Fungal Diseases 670
The Diagnosis of Fungal Infections 670
Antifungal Therapies 671
Antifungal Vaccines 671

Systemic Mycoses Caused by Pathogenic fungi 672
Histoplasmosis 673
Blastomycosis 674
Coccidioidomycosis 675
Paracoccidioidomycosis 677

Systemic Mycoses Caused by Opportunistic fungi 677
Pneumocystis Pneumonia 677
Candidiasis 678
Aspergillosis 678
Cryptococcosis 682
Zygomycoses 684
The Emergence of Fungal Opportunists in AIDS Patients 684

Superficial, Cutaneous, and Subcutaneous Mycoses 685
Superficial Mycoses 685
Cutaneous and Subcutaneous Mycoses 686

fungal Intoxications and Allergies 689
Mycotoxicoses 689
Mushroom Poisoning (Mycetismus) 689
Allergies to Fungi 689

chaPtEr SuMMary 691 • QuEStionS For rEviEW 692   
critical thinking 694 • concEPt MaPPing 695

23 
Parasitic  
Protozoa,  
helminths,  
and Arthropod  
Vectors 696
Parasitology 697
Arthropod Vectors 698
Protozoan Parasites of  
humans 698

Ciliates 698
Amoebas 699
Flagellates 700
Apicomplexans 705

helminthic Parasites of humans 713
Cestodes 713
Trematodes 717
Nematodes 719

chaPtEr SuMMary 724 • QuEStionS For rEviEW 726   
critical thinking 728 • concEPt MaPPing 729

A01_BAUM0764_05_SE_FM.indd   27 08/06/16   3:44 PM



28 table of contents

Industrial Products of Microorganisms 807
Water Treatment 809

Environmental Microbiology 816
Microbial Ecology 816
Bioremediation 817
The Problem of Acid Mine Drainage 817
The Roles of Microorganisms in Biogeochemical Cycles 819
Soil Microbiology 821
Aquatic Microbiology 823

Biological Warfare and Bioterrorism 825
Assessing Microorganisms as Potential Agents of Warfare  

or Terror 825
Known Microbial Threats 826
Defense Against Bioterrorism 827
The Roles of Recombinant Genetic Technology in 

Bioterrorism 827

chaPtEr SuMMary 828 • QuEStionS For rEviEW 830   
critical thinking 833 • concEPt MaPPing 834

Answers to Questions for Review 835

Glossary 839
Credits 859
Index 862

Enveloped, Positive ssRNA Viruses: Togaviridae, 
Flaviviridae, and Coronaviridae 762

Diseases of +RNA Arboviruses 762
Other Diseases of Enveloped +ssRNA Viruses 766

Enveloped, Positive ssRNA Viruses with Reverse 
Transcriptase: Retroviridae 769

Oncogenic Retroviruses (Deltaretrovirus) 770
Immunosuppressive Retroviruses (Lentivirus) and Acquired 

Immunodeficiency Syndrome 770
Enveloped, Unsegmented, Negative ssRNA Viruses: 
Paramyxoviridae, Rhabdoviridae, and Filoviridae 777

Measles 777
Diseases of Parainfluenza Virus 779
Mumps 780
Disease of Respiratory Syncytial Virus 780
Rabies 781
Hemorrhagic Fevers 783

Enveloped, Segmented, Negative ssRNA Viruses: 
Orthomyxoviridae, Bunyaviridae, and Arenaviridae 783

Influenza 783
Diseases of Bunyaviruses 787
Diseases of Arenaviruses 787

Naked, Segmented dsRNA Viruses: Reoviridae 790
Rotavirus Infections 790
Coltivirus Infections 791

chaPtEr SuMMary 792 • QuEStionS For rEviEW 794   
critical thinking 796 • concEPt MaPPing 797

26 
Applied and  
Environmental  
Microbiology 798
food Microbiology 799

The Roles of Microorganisms in  
Food Production 799

The Causes and Prevention of  
Food Spoilage 802

Foodborne Illnesses 806
Industrial Microbiology 806

The Roles of Microbes in Industrial  
Fermentations 806

A01_BAUM0764_05_SE_FM.indd   28 08/06/16   3:44 PM



29

babesiosis 712
snail fever reemerges  
in china 720
monkeypox 734
Norovirus in the Dorm 761
tick-borne encephalitis 764
h1n1 influenza 786
attack in the lake 810

chikungunya 424
Hantavirus Pulmonary  
syndrome 463
microsporidiosis 518
buruli Ulcer 600
melioidosis 632
a new cause of spots 643
Pulmonary blastomycosis 675

variant creutzfeldt-Jakob  
Disease 50
necrotizing fasciitis 147
Vibrio vulnificus infection 241
Acanthamoeba Keratitis 293
community-associated mrsa 329
Pertussis 367
aspergillosis 393

EMErGinG DisEasE CASE STUDY

your teeth might make you fat 360
lymphocyte receptor Diversity: the star of the show 506
can Pets help Decrease children’s allergy risks? 548
When Kissing triggers allergic reactions 552
Does “Killer mold” exist? 690
catch a cold and catch obesity? 746
nipah virus: from Pigs to humans 778
could bioterrorists manufacture viruses from scratch? 828

emerging and reemerging Diseases: “the new normal” 38
biofilms: slime matters 93
studying biofilms in Plastic “rocks” 132
What’s that fishy smell? 172
hydrogen-loving microbes in yellowstone’s hot springs 194
how Do you “fix” a mosquito? 269
the human microbiome Project 280
microbes in sushi? 299
microbe altruism: Why Do they Do it? 315

HiGHLIGHT

a microtube of superglue 365
fungi for $10,000 a Pound 394
Good viruses? Who Knew? 411
Prescription bacteriophages? 417
a bioterrorist Worm 437
cowpox: to vaccinate or not to vaccinate? 532
microbes to the rescue? 584
eliminating Dengue 765
oil-eating microbes to the rescue in the Gulf 818

bread, Wine, and beer 37
architecture-Preserving bacteria 67
Plastics made Perfect? 102
Glowing viruses 141
a nuclear Waste–eating microbe? 197
life in a hot tub 228
hard to swallow? 303
Probiotics: Using live microorganisms to treat or Prevent 
Disease 328

bEnEFiCialMICROBES

feature Boxes

A01_BAUM0764_05_SE_FM.indd   29 08/06/16   3:44 PM



30 featUre boxes

a Deadly carrier 441
tb in the nursery 454
Legionella in the Produce aisle 462
evaluating an abnormal cbc 477
the stealth invader 484
the first time’s not the Problem 557
a fatal case of methicillin-resistant  
Staphylococcus aureus (mrsa) 573
this cough can Kill 596
a Painful Problem 616
a heart-rending experience 617
a sick camper 625
When “health food” isn’t 630

remedy for fever or Prescription for 
Death? 46
can spicy food cause Ulcers? 51
raw oysters and antacids: a Deadly 
mix? 68
the big Game 98
cavities Gone Wild 199
boils in the locker room 209
Deadly horizontal Gene transfer 258
antibiotic overkill 324
battling the enemy 326
tough Decision 332
invasion from Within or Without? 430

CliniCal CASE STUDY
nightmare on the island 633
the case of the lactovegetarians 662
What’s ailing the bird enthusiast? 683
Disease from a cave 684
a Protozoan mystery 703
a sick soldier 705
a fluke Disease? 719
Grandfather’s shingles 741
a child with Warts 745
the eyes have it 749
a threat from the Wild 782
the sick addict 786

Streptococcus pneumoniae 580
Clostridium botulinum 588
Neisseria gonorrhoeae 611
Treponema pallidum 652
Helicobacter pylori 661

Histoplasma capsulatum 674
Aspergillus 682
Orthopoxvirus variola  
(smallpox virus) 733

MiCrobE AT A GLANCE
Adenovirus 747
Lentivirus human immunodeficiency 
virus (hiv) 773
Morbillivirus measles virus 779

necrotizing fasciitis 576
listeriosis 592
tuberculosis 598
bacterial Urinary tract infections 618

rocky mountain spotted fever 644
candidiasis 680
Giardiasis 706
malaria 708

DisEasE IN DEPTH
Papillomas 744
ebola 784
influenza 788

A01_BAUM0764_05_SE_FM.indd   30 08/06/16   3:44 PM



A Brief History  
of Microbiology

1

Aquatic 
microorganisms, 
such as these, 
thrilled early 
microscopists with 
their beauty and 
antics.

Life as we know it wouLd not exist 
without microorganisms. Plants depend 
on microorganisms to help them obtain  
the nitrogen they need for survival. 
animals such as cows and sheep need 
microbes in order to digest the carbohy-
drates in their plant-based diets. ecosys-
tems rely on microorganisms to enrich 
soil, degrade wastes, and support life. we 
use microorganisms to make wine and 
cheese and to develop vaccines and anti-
biotics. through recombinant dna tech-
nology (genetic engineering), we are now 
able to harness the power of these small 
microbes to do big jobs like mass pro-
ducing important pharmaceuticals such 
as blood-clotting factor Viii and insulin for 
patients who desperately need them.

the human body is home to trillions 
of microorganisms, many of which help 
keep us healthy. Microorganisms are an 
essential part of our lives. of course, 
some microorganisms do cause harm to 
us, from the common cold to more seri-
ous diseases such as tuberculosis, malaria, 
and aids. the threats of bioterrorism and 
new or re-emerging infectious diseases 
are real.

this textbook explores the roles—
both beneficial and harmful—that micro-
organisms play in our lives, as well as their 
sophisticated structures and processes. 
this chapter will explore not only the 
history of microbiology, but how new 
 discoveries have led to a number of new 
disciplines within the field of microbiology. 
we begin with the invention of crude  
microscopes that revealed, for the first 
time, the existence of this miraculous, 
miniature world.
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Science is the study of nature that proceeds by posing ques-
tions about observations. Why are there seasons? What is the 
function of the nodules at the base of this plant? Why does this 
bread taste sour? What does plaque from between teeth look 
like when magnified? What causes the spread of diseases?

Many early written records show that people have always 
asked questions like these. For example, the Greek physician 
Hippocrates (ca. 460–ca. 377 b.c.) wondered whether there is 
a link between environment and disease, and the Greek histo-
rian Thucydides (ca. 460–ca. 404 b.c.) questioned why he and 
other survivors of the plague could have close contact with vic-
tims and not fall ill again. For many centuries, the answers to 
these and other fundamental questions about the nature of life 
remained largely unanswered. But about 350 years ago, the in-
vention of the microscope began to provide some clues.

In this chapter, we’ll see how one man’s determination to 
answer a fundamental question about the nature of life—What 
does life really look like?—led to the birth of a new science 
called microbiology. We’ll then see how the search for answers 
to other questions, such as those concerning spontaneous 
generation, the reason fermentation occurs, and the cause of 
disease, prompted advances in this new science. Finally, we’ll 
look briefly at some of the key questions microbiologists are 
asking today.

The Early Years of Microbiology
The early years of microbiology brought the first observations 
of microbial life and the initial efforts to organize them into log-
ical classifications.

What Does Life Really Look Like?
LeArning OutcOmes

1.1 Describe the world-changing scientific contributions of 
Leeuwenhoek.

1.2 Define microbes in the words of Leeuwenhoek and as we 
know them today.

A few people have changed the world of science forever. We’ve 
all heard of Galileo, Newton, and Einstein, but the list also in-
cludes Antoni van Leeuwenhoek (lā´vĕn-huk; 1632–1723), a 
Dutch tailor, merchant, and lens grinder, and the man who first 
discovered the bacterial world (FIGURE 1.1).

Leeuwenhoek was born in Delft, the Netherlands, and lived 
most of his 90 years in the city of his birth. What set Leeuwen-
hoek apart from many other men of his generation was an in-
satiable curiosity coupled with an almost stubborn desire to 
do everything for himself. His journey to fame began simply 
enough, when as a cloth merchant he needed to examine the 
quality of cloth. Rather than merely buying a magnifying lens, 
he learned to make glass lenses of his own (FIGURE 1.2). Soon 
he began asking, “What does it really look like?” of everything 
in his world: the stinger of a bee, the brain of a fly, the leg of a 
louse, a drop of blood, flakes of his own skin. To find answers, 

he spent hours examining, reexamining, and recording every 
detail of each object he observed.

Making and looking through his simple microscopes, really 
no more than magnifying glasses, became the overwhelming 
passion of his life. His enthusiasm and dedication are evident 
from the fact that he sometimes personally extracted the metal 

▲ FIGURE 1.1 Antoni van Leeuwenhoek. Leeuwenhoek reported 
the existence of protozoa in 1674 and of bacteria in 1676. Why did 
 Leeuwenhoek discover protozoa before bacteria?

Lens Specimen holder

▲ FIGURE 1.2 reproduction of Leeuwenhoek’s microscope. 
This simple device is little more than a magnifying glass with screws for 
manipulating the specimen, yet with it, Leeuwenhoek changed the way 
we see our world. The lens, which is convex on both sides, is about the 
size of a pinhead. The object to be viewed was mounted either directly 
on the specimen holder or inside a small glass tube, which was then 
mounted on the specimen holder.

Figure 1.1 Protozoa are generally larger than bacteria.
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for a microscope from ore. Further, he often made a new 
microscope for each specimen, which remained mounted so 
that he could view it again and again. Then one day, he turned 
a lens onto a drop of water. We don’t know what he expected to 
see, but certainly he saw more than he had anticipated. As he 
reported to the Royal Society of London1 in 1674, he was sur-
prised and delighted by

some green streaks, spirally wound serpent-wise, and or-
derly arranged. . . . Among these there were, besides, very 
many little animalcules, some were round, while others a 
bit bigger consisted of an oval. On these last, I saw two little 
legs near the head, and two little fins at the hind most end 
of the body. . . . And the motion of most of these animal-
cules in the water was so swift, and so various, upwards, 
downwards, and round about, that ’twas wonderful to see.2

Leeuwenhoek had discovered the previously unknown micro-
bial world, which today we know to be populated with tiny an-
imals, fungi, algae, and single-celled protozoa (FIGURE 1.3). In a 
later report to the Royal Society, he noted that

the number of these animals in the plaque of a man’s teeth, 
are so many that I believe they exceed the number of men 
in a kingdom. . . . in a quantity of matter no bigger than the 
1/100 part of a [grain of] sand.

From the figure accompanying his report and the precise 
description of the size of these organisms from between 
his teeth, we know that Leeuwenhoek was reporting the 
existence of  bacteria. By the end of the 19th century, Leeuwen-
hoek’s “beasties,” as he sometimes dubbed them, were called 
microorganisms, and today we also know them as microbes. 

Both terms include all organisms that are too small to be seen 
without a microscope.

Because of the quality of his microscopes, his profound ob-
servational skills, his detailed reports over a 50-year period, and 
his report of the discovery of many types of microorganisms, 
Antoni van Leeuwenhoek was elected to the Royal Society in 
1680. He was one of the more famous scientists of his time.

How Can Microbes Be Classified?
LeArning OutcOmes

1.3 List six groups of microorganisms.
1.4 Explain why protozoa, algae, and nonmicrobial parasitic 

worms are studied in microbiology.
1.5 Differentiate prokaryotic from eukaryotic organisms.

Shortly after Leeuwenhoek made his discoveries, the Swedish 
botanist Carolus Linnaeus (1707–1778) developed a taxonomic 
system—a system for naming plants and animals and group-
ing similar organisms together. For instance, Linnaeus and 
other scientists of the period grouped all organisms into either 
the animal kingdom or the plant kingdom. Today, biologists 
still use this basic system, but they have modified Linnaeus’s 
scheme by adding categories that more realistically reflect the 
relationships among organisms. For example, scientists no 
 longer classify yeasts, molds, and mushrooms as plants but 
 instead as fungi. (We examine taxonomic schemes in more 
 detail in Chapter 4.)

The microorganisms that Leeuwenhoek described can be 
grouped into six basic categories: bacteria, archaea, fungi, pro-
tozoa, algae, and small multicellular animals. The only types of 
microbes not described by Leeuwenhoek are viruses,3 which are 
too small to be seen without an electron microscope. We briefly 
consider organisms in the first five categories in the following 
sections.

Bacteria and Archaea
Bacteria and archaea are prokaryotic,4 meaning that their cells 
lack nuclei; that is, their genes are not surrounded by a mem-
brane. Bacterial cell walls are composed of a polysaccharide 
called peptidoglycan, though some bacteria lack cell walls. The 
cell walls of archaea lack peptidoglycan and instead are com-
posed of other chemicals. Members of both groups reproduce 
asexually. (Chapters 3, 4, and 11 examine other differences 
 between bacteria and archaea, and Chapters 19–21 discuss 
pathogenic [disease-causing] bacteria.)

Most archaea and bacteria are much smaller than eukary-
otic cells (FIGURE 1.4). They live singly or in pairs, chains, or 
clusters in almost every habitat containing sufficient moisture. 
Archaea are often found in extreme environments, such as the 
highly saline and arsenic-rich Mono Lake in California, acidic 

1The Royal Society of London for the Promotion of Natural Knowledge, granted a royal 
charter in 1662, is one of the older and more prestigious scientific groups in Europe.

50 μmLM

▲ FIGURE 1.3 the microbial world. Leeuwenhoek reported seeing 
a scene very much like this, full of numerous fantastic, cavorting creatures.

3Technically, viruses are not “organisms,” because they neither replicate themselves nor 
carry on the chemical reactions of living things.
4From Greek pro, meaning “before,” and karyon, meaning “kernel” (which, in this case, 
refers to the nucleus of a cell).

2Antony von Leeuwenhoek, in a letter to the Royal Society of London for the Promotion of 
Natural Knowledge.
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hot springs in Yellowstone National Park, and oxygen-depleted 
mud at the bottom of swamps. No archaea are known to cause 
disease.

Though bacteria may have a poor reputation in our world, 
the great majority do not cause disease in animals, humans, 
or crops. Indeed, bacteria are beneficial to us in many ways. 
For example, without beneficial bacteria, our bodies would be 
much more susceptible to disease. Also, bacteria (and fungi) de-
grade dead plants and animals to release phosphorus, sulfur, 
nitrogen, and carbon back into the air, soil, and water to be used 
by new generations of organisms. Without microbial recyclers, 
the world would be buried under the corpses of uncountable 
dead organisms.

Fungi
Fungi (fŭn´jī)5 are eukaryotic;6 that is, each of their cells con-
tains a nucleus composed of genetic material surrounded by 
a distinct membrane. Fungi are different from plants because 
fungi obtain their food from other organisms (rather than 
making it for themselves). They differ from animals by having 
cell walls.

Microscopic fungi include some molds and yeasts. Molds 
are typically multicellular organisms that grow as long filaments 
that intertwine to make up the body of the mold. Molds repro-
duce by sexual and asexual spores, which are cells that produce 
a new individual without fusing with another cell (FIGURE 1.5a). 
The cottony growths on cheese, bread, and jams are molds. Pen-
icillium chrysogenum (pen-i-sil´ē-ŭm krī-so´jĕn-ŭm) is a mold 
that produces penicillin.

Yeasts are unicellular and typically oval to round. They 
 reproduce asexually by budding, a process in which a daughter 
cell grows off the mother cell. Some yeasts also produce sex-
ual spores. An example of a useful yeast is Saccharomyces cere-
visiae (sak-ă-rō-mī´sēz se-ri-vis´ē-ī; FIGURE 1.5b), which causes 

bread to rise and produces alcohol from sugar (see Beneficial 
 Microbes: Bread, Wine, and Beer on p. 37). Another example of 
a yeast is Candida albicans (kan´did-ă al´bi-kanz), which causes 
most cases of yeast infections in women. (Chapters 12, 22,  
and 26 discuss fungi and their significance in the environment, 
in food production, and as agents of human disease.)

Protozoa
Protozoa are single-celled eukaryotes that are similar to  animals 
in their nutritional needs and cellular structure. In fact, protozoa is 
Greek for “first animals,” though scientists  today  classify them in 
their own groups rather than as animals. Most protozoa are capa-
ble of locomotion, and one way scientists  categorize protozoa is 
according to their locomotive structures: pseudopods,7 cilia,8 or fla-
gella.9 Pseudopods are extensions of a cell that flow in the direc-
tion of travel (FIGURE 1.6a). Cilia are numerous short protrusions 
of a cell that beat rhythmically to propel the protozoan through its 
environment (FIGURE 1.6b). Flagella are also extensions of a cell 
but are fewer, longer, and more whiplike than cilia (FIGURE 1.6c). 
Some protozoa, such as the malaria-causing Plasmodium (plaz-
mō´dē-ŭm), are nonmotile in their mature forms.

Many protozoa live freely in water, but some live inside 
animal hosts, where they can cause disease. Most protozoa 
reproduce asexually, though some are sexual as well.  (Chapters 12 
and 23 further examine protozoa and some  diseases they cause.)

20 μmLM

Prokaryotic
bacterial cells

Nucleus of
eukaryotic cheek cell

▲ FIGURE 1.4 cells of the bacterium Streptococcus (dark blue) 
and two human cheek cells. Notice the size difference.

5Plural of the Latin fungus, meaning “mushroom.”
6From Greek eu, meaning “true,” and karyon, meaning “kernel.”

5 μmSEM 5 μmSEM(a)

Hyphae Spores Budding cells

(b)

▲ FIGURE 1.5 Fungi. (a) The mold Penicillium chrysogenum, which 
produces penicillin, has long filamentous hyphae that intertwine to form 
its body. It reproduces by spores. (b) The yeast Saccharomyces cerevisiae. 
Yeasts are round to oval and typically reproduce by budding.

7Plural Greek pseudes, meaning “false,” and podos, meaning “foot.”
8Plural of the Latin cilium, meaning “eyelid.”
9Plural of the Latin flagellum, meaning “whip.”

M01_BAUM0764_05_SE_C01.indd   34 08/04/16   6:29 AM



 CHAPTER 1 A Brief History of Microbiology 35

Algae
Algae10 are unicellular or multicellular photosynthetic eukary-
otes; that is, like plants, they make their own food from carbon 
dioxide and water using energy from sunlight. They differ from 
plants in the relative simplicity of their reproductive structures. 
Algae are categorized on the basis of their pigmentation and the 
composition of their cell walls.

Large algae, commonly called seaweeds and kelps, are 
common in the world’s oceans. Manufacturers use gelatinous 
chemicals from the cell walls of some large algae as thicken-
ers and emulsifiers in many foods and cosmetics. Scientists use 
the algae-derived chemical called agar to solidify laboratory 
media.

Unicellular algae (FIGURE 1.7) are common in freshwater 
ponds, streams, and lakes and in the oceans as well. They are 
the major food of small aquatic and marine animals and pro-
vide most of the world’s oxygen as a by-product of photosyn-
thesis. The glasslike cell walls of diatoms provide grit for many 
polishing compounds. (Chapter 12 discusses other aspects of 
the biology of algae.)

Other Organisms of importance to microbiologists
Microbiologists also study parasitic worms, which range in size 
from microscopic forms (FIGURE 1.8) to adult tapeworms over 
10 meters (approximately 33 feet) in length. Even though most 
parasitic worms are not microscopic as adults, many of them 
cause diseases that were studied by early microbiologists, so mi-
crobiology books and classes often discuss parasitic worms. Fur-
ther, laboratory scientists diagnose infections of parasitic worms 
by finding microscopic eggs and immature stages in blood, fe-
cal, urine, and lymph specimens. (Chapter 23 discusses parasitic 
worms.)

The only type of microbe that remained hidden from Leeu-
wenhoek and other early microbiologists was the virus, which 
is typically much smaller than the smallest prokaryote and is 
not usually visible by light microscopy (FIGURE 1.9). Viruses 
were not seen until the electron microscope was invented in 
1932. All viruses are acellular (not composed of cells) obligatory 
parasites composed of small amounts of genetic material (either 
DNA or RNA) surrounded by a protein coat. (Chapter 13 exam-
ines the general characteristics of viruses, and Chapters 24 and 
25 discuss specific viral pathogens.)

Leeuwenhoek first reported the existence of most types 
of microorganisms in the late 1600s, but microbiology did not 

10Plural of the Latin alga, meaning “seaweed.”

▶ FIGURE 1.6 Locomotive structures of protozoa. (a) Pseudo-
pods are cellular extensions used for locomotion and feeding, as seen in 
Amoeba proteus. (b) Blepharisma americana moves by means of cilia.  
(c) Flagella are whiplike extensions that are less numerous and longer 
than cilia, as seen in  Peranema. How do cilia and flagella differ?

200 µmLM(a)

PseudopodsNucleus

(c) 20 µmLM

Flagellum

Cilia

(b) 10 µmLM

Figure 1.6 Cilia are short, numerous, and often cover the cell, whereas 
flagella are long and relatively few in number.
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develop significantly as a field of study for almost two cen-
turies. There were a number of reasons for this delay. First, 
Leeuwenhoek was a suspicious and secretive man. Though 
he built over 400 microscopes, he never trained an apprentice, 
and he never sold or gave away a microscope. In fact, he never 
let anyone—not his family or such distinguished visitors as the 
czar of Russia—so much as peek through his very best instru-
ments. When Leeuwenhoek died, the secret of creating superior 
microscopes was lost. It took almost 100 years for scientists to 
make microscopes of equivalent quality.

Another reason that microbiology was slow to develop as 
a science is that scientists in the 1700s considered microbes to 
be curiosities of nature and insignificant to human affairs. But 
in the late 1800s, scientists began to adopt a new philosophy, 

one that demanded experimental evidence rather than mere 
acceptance of traditional knowledge. This fresh philosophi-
cal foundation, accompanied by improved microscopes, new 
laboratory techniques, and a drive to answer a series of piv-
otal questions, propelled microbiology to the forefront as a 
 scientific discipline.

10 μmLM(a) 10 μmLM(b)

▲ FIGURE 1.7 Algae. (a) Spirogyra. These microscopic algae grow as chains of cells containing  
helical photosynthetic structures. (b) Diatoms. These beautiful algae have glasslike cell walls.

▲ FIGURE 1.8 An immature stage of a parasitic worm in blood.

30 µmLM

Red blood cell

▲ FIGURE 1.9 A colorized electron microscope image of viruses 
infecting a bacterium. Viruses, which are acellular obligatory parasites, 
are generally too small to be seen with a light microscope. Notice how 
small the viruses are compared to the bacterium.

75 nmTEM

Virus

Bacterium

Viruses
assembling
inside cell
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Microorganisms play important roles in people’s lives; for example, 
pathogens have undeniably altered the course of history. However, 
what may be the most important microbiological event—one that 
has had a greater impact on culture and society than that of any 
disease or epidemic—was the domestication of the yeast used by 
bakers and brewers. Its scientific name, Saccharomyces cerevisiae, 
translates from Latin as “sugar fungus [that makes] beer.”

The earliest record of the use of yeast comes from Persia (mod-
ern Iran), where archaeologists have found the remains of grapes 
and wine preservatives in pottery vessels more than 7000 years 
old. Brewing of beer likely started even earlier, its beginnings un-
documented. The earliest examples of leavened bread are from 
Egypt and show that bread making was routine about 6000 years 
ago. Before that time, bread was unleavened and flat.

It is likely that making wine and brewing beer occurred earlier 
than the use of leavened bread because Saccharomyces is naturally 
found on grapes, which can begin to ferment while still on the vine. 
Historians hypothesize that early bakers may have exposed bread 
dough to circulating air, hoping that the invisible and inexplica-
ble “fermentation principle” would inoculate the bread. Another 

hypothesis is that bakers learned to 
add small amounts of beer or wine to 
the bread, intentionally inoculating the 
dough with yeast. Of course, all those years 
before Leeuwenhoek and Pasteur, no one knew that 
the fermenting ingredient of wine was a living organism.

Besides its role in baking and in making alcoholic beverages, 
S. cerevisiae is an important tool for the study of cells. Scientists 
use yeast to delve into the mysteries of cellular function, organiza-
tion, and genetics, making Saccharomyces the most intensely stud-
ied eukaryote. In fact, molecular biologists published the complete 
sequence of the genes of S. cerevisiae in 1996—the first complete 
sequence published for any eukaryotic cell.

Today, scientists are working toward using S. cerevisiae in 
novel ways. For example, some nutritionists and gastroenterolo-
gists are examining the use of Saccharomyces as a probiotic, that 
is, a microorganism intentionally taken to ward off disease and 
promote good health. Research suggests that the yeast helps treat 
diarrhea and colitis and may even help prevent these and other 
gastrointestinal diseases.

BeneficialMicrobes
Bread, Wine, and Beer

TELL ME WHY

Some people consider Leeuwenhoek the “Father of Microbiology.” 
 Explain why this moniker makes sense.

The Golden Age of Microbiology
LeArning OutcOme

1.6 List and answer four questions that propelled research in 
what is called the “Golden Age of Microbiology.”

For about 50 years, during what is sometimes called the 
“Golden Age of Microbiology,” scientists and the blossoming 
field of microbiology were driven by the search for answers to 
the following four questions:

•	 Is spontaneous generation of microbial life possible?
•	 What causes fermentation?
•	 What causes disease?
•	 How can we prevent infection and disease?

Competition among scientists who were striving to be the first 
to answer these questions drove exploration and discovery in 
microbiology during the late 1800s and early 1900s. These scien-
tists’ discoveries and the fields of study they initiated continue 
to shape the course of microbiological research today.

In the next sections, we consider these questions and how 
the great scientists accumulated the experimental evidence that 
answered them.

Does Microbial Life Spontaneously 
Generate?
LeArning OutcOmes

1.7 Identify the scientists who argued in favor of 
spontaneous generation.

1.8 Compare and contrast the investigations of Redi, 
Needham, Spallanzani, and Pasteur concerning 
spontaneous generation.

1.9 List four steps in the scientific method of investigation.

A dry lake bed has lain under the relentless North African desert 
sun for eight long months. The cracks in the baked, parched mud 
are wider than a man’s hand. There is no sign of life anywhere in 
the scorched terrain. With the abruptness characteristic of desert 
storms, rain falls in a torrent, and a raging flood of roiling wa-
ter and mud crashes down the dry streambed and fills the lake. 
Within hours, what had been a lifeless, dry mudflat becomes a 
pool of water teeming with billions of shrimp; by the next day it is 
home to hundreds of toads. Where did these animals come from?

Many philosophers and scientists of past ages thought 
that living things arose via three processes: through asexual 
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reproduction, through sexual reproduction, or from nonliv-
ing matter. The appearance of shrimp and toads in the mud of 
what so recently was a dry lake bed was seen as an example of 
the third process, which came to be known as abiogenesis,11 or 
spontaneous generation. The theory of spontaneous generation 
as promulgated by Aristotle (384–322 b.c.) was widely accepted 
for over 2000 years because it seemed to explain a variety of 
commonly observed phenomena, such as the appearance of 
maggots on spoiling meat. However, the validity of the theory 
came under challenge in the 17th century.

redi’s experiments
In the late 1600s, the Italian physician Francesco Redi (1626–
1697) demonstrated by a series of experiments that when decay-
ing meat was kept isolated from flies, maggots never  developed, 
whereas meat exposed to flies was soon infested with maggots 
(FIGURE 1.10). As a result of experiments such as these, scien-
tists began to doubt Aristotle’s theory and adopt the view that 
animals come only from other animals.

needham’s experiments
The debate over spontaneous generation was rekindled when 
Leeuwenhoek discovered microbes and showed that they ap-
peared after a few days in freshly collected rainwater. Though 
scientists agreed that larger animals could not arise sponta-
neously, they disagreed about Leeuwenhoek’s “wee animal-
cules”; surely they did not have parents, did they? They must 
arise spontaneously.

The proponents of spontaneous generation pointed to the 
careful demonstrations of British investigator John T. Needham 
(1713–1781). He boiled beef gravy and infusions12 of plant ma-
terial in vials, which he then tightly sealed with corks. Some 
days later, Needham observed that the vials were cloudy, and 
examination revealed an abundance of “microscopical animals 
of most dimensions.” As he explained it, there must be a “life 
force” that causes inanimate matter to spontaneously come to  

11From Greek a, meaning “not”; bios, meaning “life”; and genein, meaning “to produce.”

▲ FIGURE 1.10 redi’s experiments. When the flask remained 
 unsealed, maggots covered the meat within a few days. When the flask 
was sealed, flies were kept away, and no maggots appeared on the 
meat. When the flask opening was covered with gauze, flies were kept 
away, and no maggots appeared on the meat, although a few maggots 
 appeared on top of the gauze.

Flask unsealed Flask sealed Flask covered
with gauze

HigHlight
Emerging and Reemerging Diseases: “The New Normal”

Middle East respiratory syndrome (MERS). 
West Nile encephalitis. Chikungunya. 
Ebola! These and diseases like them are 
emerging diseases—ones that have been 
diagnosed in a population for the first time 
or are rapidly increasing in incidence or 
geographic range. Among them are Middle 
East respiratory syndrome (MERS), a highly 
fatal, viral disease ostensibly acquired from 
camels and mosquito-born chikungunya, 
which causes severe joint pain. Indeed, 
unfamiliar diseases have become “the new 
normal” for health care workers, according 
to the Centers for Disease Control and 
Prevention (CDC) in Atlanta, Georgia.

Meanwhile, diseases once thought 
to be near eradication, such as measles, 
whooping cough, and tuberculosis, have 

reemerged in troubling outbreaks. Other 
near-vanquished pathogens such as small-
pox or anthrax could become potential 
weapons in bioterrorist attacks.

How do emerging and reemerging dis-
eases arise? Some are introduced to humans 
as we move into remote jungles and contact 
infected animals, some are carried by insects 
whose range is spreading as climate changes, 
and some take advantage of the AIDS crisis, 
infecting immunocompromised patients. In 
other cases, previously harmless microbes 
acquire new genes that allow them to be 
infective and cause disease. Some emerging 
pathogens spread with the speed of jet planes 
carrying infected people around the globe, 
and still others arise when previously treatable 
microbes develop resistance to our antibiotics.

However they arise, emerging and 
reemerging diseases that may develop 
into the next generation of high-profile 
infectious diseases are being monitored 
by scientists. Throughout this text, you will 
encounter many boxed discussions of such 
emerging and reemerging diseases.

mers virus may be transmitted from camels  
to people.

12Infusions are broths made by heating water containing plant or animal material.
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life because he had heated the vials sufficiently to kill every-
thing. Needham’s experiments so impressed the Royal Society 
that they elected him a member.

spallanzani’s experiments
Then, in 1799, the Italian Catholic priest and scientist Lazzaro 
Spallanzani (1729–1799) reported results that contradicted 
Needham’s findings. Spallanzani boiled infusions for almost an 
hour and sealed the vials by melting their slender necks closed. 
His infusions remained clear unless he broke the seal and ex-
posed the infusion to air, after which they became cloudy with 
microorganisms. He concluded three things:

•	 Needham either had failed to heat his vials sufficiently to 
kill all microbes or had not sealed them tightly enough.

•	 Microorganisms exist in the air and can contaminate 
 experiments.

•	 Spontaneous generation of microorganisms does not occur; 
all living things arise from other living things.

Although Spallanzani’s experiments would appear to have 
settled the controversy once and for all, it proved difficult to de-
throne a theory that had held sway for 2000 years, especially 
when so notable a man as Aristotle had propounded it. One of 
the criticisms of Spallanzani’s work was that his sealed vials 
did not allow enough air for organisms to thrive; another objec-
tion was that his prolonged heating destroyed the “life force.” 
The debate continued until the French chemist Louis Pasteur 
(FIGURE 1.11) conducted experiments that finally laid the the-
ory of spontaneous generation to rest.

Pasteur’s experiments
Louis Pasteur (1822–1895) was an indefatigable worker who 
pushed himself as hard as he pushed others. As he wrote his sisters, 
“To will is a great thing dear sisters, for Action and Work usually 

follow Will, and almost always Work is accompanied by Success. 
These three things, Work, Will, Success, fill human existence. Will 
opens the door to success both brilliant and happy; Work passes 
these doors, and at the end of the journey Success comes to crown 
one’s efforts.” When his wife complained about his long hours in 
the laboratory, he replied, “I will lead you to fame.”

Pasteur’s determination and hard work are apparent in his 
investigations of spontaneous generation. Like Spallanzani, he 
boiled infusions long enough to kill everything. But instead of 
sealing the flasks, he bent their necks into an S-shape, which al-
lowed air to enter while preventing the introduction of dust and 
microbes into the broth (FIGURE 1.12).

Crowded for space and lacking funds, he improvised an 
incubator in the opening under a staircase. Day after day, he 

▲ FIGURE 1.11 Louis Pasteur. Often called the Father of Microbi-
ology, he disproved spontaneous generation. In this depiction, Pasteur 
examines some bacterial cultures.

▲ FIGURE 1.12 Pasteur’s experiments with “swan-necked flasks.” As long as the flask  
remained upright, no microbial growth appeared in the infusion.

Boil infusion. Infusion sits;
no microbes appear.

Months

Steam escapes
from open end
of flask.

Air moves in
and out of flask.

Dust from
air settles
in bend.

Infusion remains
sterile indefinitely.
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40 CHAPTER 1 A Brief History of Microbiology

crawled on hands and knees into this incommodious space 
and examined his flasks for the cloudiness that would indi-
cate the presence of living organisms. In 1861, he reported 
that his “swan-necked flasks” remained free of microbes even 
18 months later. Because the flasks contained all the nutrients 
(including air) known to be required by living things, he con-
cluded, “Never will spontaneous generation recover from the 
mortal blow of this simple experiment.”

Pasteur followed this experiment with demonstrations that 
microbes in the air were the “parents” of Needham’s microor-
ganisms. He broke the necks off some flasks, exposing the liquid 
in them directly to the air, and he carefully tilted others so that 
the liquid touched the dust that had accumulated in their necks. 
The next day, all of these flasks were cloudy with microbes. He 
concluded that the microbes in the liquid were the progeny of 
microbes that had been on the dust particles in the air.

the scientific method
The debate over spontaneous generation led in part to the de-
velopment of a generalized scientific method by which ques-
tions are answered through observations of the outcomes of 
carefully controlled experiments instead of by conjecture or ac-
cording to the opinions of any authority figure. The scientific 
method, which provides a framework for conducting an inves-
tigation rather than a rigid set of specific “rules,” consists of 
four basic steps (FIGURE 1.13):

   A group of observations leads a scientist to ask a question 
about some phenomenon.

  The scientist generates a hypothesis—that is, a potential 
answer to the question.

 3 The scientist designs and conducts an experiment to test 
the hypothesis.

 4 Based on the observed results of the experiment, the scientist 
either accepts, rejects, or modifies the hypothesis.

The scientist then returns to earlier steps in the method, either 
modifying hypotheses and then testing them or repeatedly test-
ing accepted hypotheses until the evidence for a hypothesis 
is convincing (Figure 1.13). Accepted hypotheses that explain 

many observations and are repeatedly verified by numerous 
scientists over many years are called theories or laws.

Note that for the scientific community to accept experi-
ments (and their results) as valid, they must include appro-
priate control groups—groups that are treated exactly the 
same as the other groups in the experiment except for the 
one variable that the experiment is designed to test. In Pas-
teur’s experiments on spontaneous generation, for example, 
his “control flasks” were the sterile infusion composed of all 
the nutrients living things need as well as air made available 
through the flasks’ “swan necks.” His “experimental flasks” 
for testing his hypothesis were exposed to exactly the same 
conditions plus contact with the dust in the bend in the neck. 
Because exposure to the dust was the only difference between 
the control and experimental groups, Pasteur was able to con-
clude that the microbes growing in the infusion arrived on 
the dust particles.

What Causes Fermentation?
LeArning OutcOmes

1.10 Discuss the significance of Pasteur’s fermentation 
experiments to our world today.

1.11 Explain why Pasteur may be considered the Father of 
Microbiology.

1.12 Identify the scientist whose experiments led to the field 
of biochemistry and the study of metabolism.

The controversy over spontaneous generation was largely a 
philosophical exercise among men who conducted research to 
gain basic scientific knowledge and not to apply the knowledge 
they gained. However, the second question that moved mi-
crobial studies forward in the 1800s had tremendous practical 
 applications.

Our story resumes in 19th-century France, where spoiled, 
acidic wine was threatening the livelihood of many grape 
growers. This led to a fundamental question, “What causes the 
fermentation of grape juice into wine?” This question was so 

1

2

3

4

▲ FIGURE 1.13 the scientific method, which forms a framework for scientific research.

Question Repeat

Hypothesis
Experiment,
including
control groups

Observations

Modified
experiment

Experimental
data support
hypothesis

Experimental
data do not
support
hypothesis

Theory or law

Modify
hypothesis

Accept
hypothesis

Reject
hypothesis

Observations

1

2
3

4

VideO 
TUToR

M01_BAUM0764_05_SE_C01.indd   40 08/04/16   6:29 AM



 CHAPTER 1 A Brief History of Microbiology 41

important to vintners that they funded research concerning fer-
mentation, hoping scientists could develop methods to promote 
the production of alcohol and prevent spoilage by acid during 
fermentation.

Pasteur’s experiments
Scientists of the 1800s used the word fermentation to mean not 
only the formation of alcohol from sugar but also other chemi-
cal reactions, such as the formation of lactic acid, the putrefac-
tion of meat, and the decomposition of waste. Many scientists 
asserted that air caused fermentation reactions; others insisted 
that living organisms were responsible.

The debate over the cause of fermentation reactions was 
linked to the debate over spontaneous generation. Some sci-
entists proposed that the yeasts observed in fermenting juices 
were nonliving globules of chemicals and gases. Others thought 
that yeasts were alive and were spontaneously generated 
during fermentation. Still others asserted that yeasts not only 
were living organisms but also caused fermentation.

Pasteur conducted a series of careful observations and ex-
periments that answered the question, “What causes fermen-
tation?” First, he observed yeast cells growing and budding 
in grape juice and conducted experiments showing that they 
arise only from other yeast cells. Then, by sealing some sterile 
flasks containing grape juice and yeast and by leaving others 
open to the air, he demonstrated that yeast could grow with or 
without oxygen; that is, he discovered that yeasts are facultative 
anaerobes13—organisms that can live with or without oxygen. 
Finally, by introducing bacteria and yeast cells into different 
flasks of sterile grape juice, he proved that bacteria ferment 
grape juice to produce acids and that yeast cells ferment grape 
juice to produce alcohol (FIGURE 1.14).

Pasteur’s discovery that anaerobic bacteria fermented grape 
juice into acids suggested a method for preventing the spoilage 
of wine. His name became a household word when he developed 
pasteurization, a process of heating the grape juice just enough 
to kill most contaminating bacteria without changing the juice’s 
basic qualities. After pasteurization, wine makers added yeast 
to ensure that alcohol fermentation occurred. Pasteur thus be-
gan the field of industrial microbiology (or biotechnology) in 
which microbes are intentionally used to manufacture products 
(TABLE 1.1 on p. 43; see also Chapter 26). Today, pasteurization 
is used routinely on milk to eliminate pathogens that cause such 
diseases as bovine tuberculosis and brucellosis; it is also used to 
eliminate pathogens in juices and other beverages.

These are just a few of the many experiments Pasteur con-
ducted with microbes. Although a few of Pasteur’s successes 
can be attributed to the superior microscopes available in the 
late 1800s, his genius is clearly evident in his carefully designed 
and straightforward experiments. Because of his many, varied, 
and significant accomplishments in working with microbes, 
Pasteur may be considered the Father of Microbiology.

Buchner’s experiments
Studies on fermentation began with the idea that fermenta-
tion reactions were strictly chemical and did not involve living 

 organisms. This idea was supplanted by Pasteur’s work show-
ing that fermentation proceeded only when living cells were 
present and that different types of microorganisms growing un-
der varied conditions produced different end products.

In 1897, the German scientist Eduard Buchner (1860–1917) 
resurrected the chemical explanation by showing that fermen-
tation does not require living cells. Buchner’s experiments 
demonstrated the presence of enzymes, which are cell-produced 
proteins that promote chemical reactions. Buchner’s work be-
gan the field of biochemistry and the study of metabolism, a 
term that refers to the sum of all chemical reactions within an 
organism.

What Causes Disease?
LeArning OutcOmes

1.13 List at least seven contributions made by Koch to the 
field of microbiology.

1.14 List the four steps that must be taken to prove the cause 
of an infectious disease.

1.15 Describe the contribution of Gram to the field of 
microbiology.

You are a physician in London, and it is August 1854. It is past 
midnight, and you have been visiting patients since before 
dawn. As you enter the room of your next patient, you observe 
with frustration and despair that this case is like hundreds of 
others you and your colleagues have attended in the neighbor-
hood over the past month.

A five-year-old boy with a vacant stare lies in bed 
 listlessly. As you watch, he is suddenly gripped by severe 
 abdominal cramps, and his gastrointestinal tract empties in 
an explosion of watery diarrhea. The voided fluid is clear, 
 colorless, odorless, and streaked with thin flecks of white 
 mucus, reminiscent of water poured off a pot of cooking rice. 
His anxious mother changes his bedclothes as his father gives 
him a sip of water, but it is of little use. With a heavy heart, 
you confirm the parents’ fear—their child has cholera, and 
there is nothing you can do. He will likely die before morn-
ing. As you despondently turn to go, the question that has 
haunted you for two months is foremost in your mind: What 
causes such a disease?

The third question that propelled the advance of microbiol-
ogy concerned disease, defined generally as any abnormal con-
dition in the body. Prior to the 1800s, disease was attributed to 
various factors, including evil spirits, astrological signs, imbal-
ances in body fluids, and foul vapors. Although the Italian phi-
losopher Girolamo Fracastoro (1478–1553) conjectured as early 
as 1546 that “germs14 of contagion” cause disease, the idea that 

13From Greek an, meaning “not”; aer, meaning “air” (i.e., oxygen); and bios, meaning “life.”
14From Latin germen, meaning “sprout.”
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germs might be invisible living organisms awaited Leeuwen-
hoek’s investigations 130 years later.

Pasteur ’s discovery that bacteria are responsible for 
spoiling wine led naturally to his hypothesis in 1857 that 
microorganisms are also responsible for diseases. This idea 
came to be known as the germ theory of disease. Because a 
particular disease is typically accompanied by the same symp-
toms in all affected individuals, early investigators suspected 
that diseases such as cholera, tuberculosis, and anthrax are each 
caused by a specific germ, called a pathogen.15 Today, we know 
that some diseases are genetic and that allergic reactions and 

environmental toxins cause others, so the germ theory applies 
only to infectious16 diseases.

Just as Pasteur was the chief investigator in disproving 
spontaneous generation and determining the cause of fermenta-
tion, so Robert Koch (1843–1910) dominated etiology17  (disease 
causation) (FIGURE 1.15).

Figure 1.14 The sealed flask that remained free of microorganisms served as the control.

▲ FIGURE 1.14 How Pasteur applied the scientific method in investigating the 
 nature of fermentation. After observing that fermenting grape juice contained both yeasts 
and bacteria, Pasteur hypothesized that these organisms cause fermentation. On eliminating 
the possibility that fermentation could occur spontaneously or be caused by air (hypotheses 
I and II), he concluded that fermentation requires the presence of living cells. The results of 
additional experiments (those testing hypotheses III and IV) indicated that bacteria ferment 
grape juice to produce acids and that yeasts ferment grape juice to produce alcohol. Which 
of Pasteur’s flasks was the control?

Observation:

Hypothesis Experiment

Fermenting
grape juice

Day 1: Flasks of grape juice
are heated sufficiently to kill
all microbes.

Spontaneous
fermentation occurs.

No fermentation;
juice remains
free of microbes.

Flask is
sealed.

Flask remains
open to air
via curved neck.

Juice in flask is
inoculated with
bacteria and sealed.

Juice in flask is
inoculated with
yeast and sealed.

Day 2

Microscopic analysis
shows juice contains
yeasts and bacteria.

Air ferments
grape juice.
    

Bacteria ferment
grape juice
into alcohol.

Yeasts ferment
grape juice
into alcohol.

No fermentation;
juice remains
free of microbes.

Bacteria reproduce;
acids are produced.

Yeasts reproduce;
alcohol is produced.

Reject
hypothesis I.

Reject
hypothesis II.

Modify hypothesis III;
bacteria ferment
grape juice into acids.

Accept hypothesis IV;
yeasts ferment grape
juice into alcohol.

Observation Conclusion

I.

II.

III.

IV.

15From Greek pathos, meaning “disease,” and genein, meaning “to produce.”
16From Latin inficere, meaning “to taint” (i.e., with a pathogen).
17From Greek aitia, meaning “cause,” and logos, meaning “word” or “study.”
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18Now known as Bacillus anthracis—Latin for “the rod of anthrax.”
19Named for Richard Petri, Koch’s coworker, who invented them in 1887.

▲ FIGURE 1.15 robert Koch. Koch was instrumental in modifying 
the scientific method to prove that a given pathogen caused a specific 
disease.

TABLE 1.1  some industrial uses of microbes

Product or Process Contribution of Microorganism

Foods and Beverages

Cheese Flavoring and ripening produced by 
bacteria and fungi; flavors dependent 
on the source of milk and the type of 
microorganism

Alcoholic beverages Alcohol produced by bacteria or yeast by 
fermentation of sugars in fruit juice or grain

Soy sauce Produced by fungal fermentation of 
soybeans

Vinegar Produced by bacterial fermentation of  
sugar

Yogurt Produced by certain bacteria growing in 
milk

Sour cream Produced by bacteria growing in cream

Artificial sweetener Amino acids synthesized by bacteria from 
sugar

Bread Rising of dough produced by action of 
yeast; sourdough results from bacteria-
produced acids

Other Products

Antibiotics Produced by bacteria and fungi

Human growth 
hormone, human 
insulin

Produced by genetically engineered 
bacteria

Laundry enzymes Isolated from bacteria

Vitamins Isolated from bacteria

Diatomaceous earth 
(in polishes and 
buffing compounds)

Composed of cell walls of microscopic 
algae

Pest control 
chemicals

Insect pests killed or inhibited by insect-
destroying bacteria

Drain opener Protein-digesting and fat-digesting  
enzymes produced by bacteria

Koch’s experiments
Koch was a country doctor in Germany when he began a race 
with Pasteur to discover the cause of anthrax, which is a po-
tentially fatal disease, primarily of animals, in which toxins 
produce ulceration of the skin. Anthrax, which can spread to 
humans, caused untold financial losses to farmers and ranchers 
in the 1800s.

Koch carefully examined the blood of infected animals, and 
in every case he identified rod-shaped bacteria18 in chains. He 
observed the formation of resting stages (endospores) within 
the bacterial cells and showed that the endospores always pro-
duced anthrax when they were injected into mice. This was the 
first time that a bacterium was proven to cause a disease. Koch 
published his findings in 1876. As a result of his successful work 
on anthrax, Koch moved to Berlin and was given facilities and 
funding to continue his research.

Heartened by his success, Koch turned his attention to other 
diseases. He had been fortunate when he chose anthrax for his 

initial investigations, because anthrax bacteria are quite large 
and easily identified with the microscopes of that time. How-
ever, most bacteria are very small, and different types exhibit 
few or no visible differences. Koch was puzzled regarding how 
he was to distinguish among these bacteria.

He solved the problem by taking specimens (e.g., blood, 
pus, or sputum) from disease victims and then smearing the 
specimens onto a solid surface such as a slice of potato or a gela-
tin medium. He then waited for bacteria and fungi present in the 
specimen to multiply and form distinct colonies (FIGURE 1.16). 
Koch hypothesized that each colony consisted of the progeny of 
a single cell. He then inoculated samples from each colony into 
laboratory animals to see which caused disease. Koch’s method 
of isolation is a standard technique in microbiological and med-
ical labs to this day, though agar derived from red algae is used 
instead of gelatin or potato.

Koch and his colleagues are also responsible for many other 
advances in laboratory microbiology, including the following:

•	 Simple staining techniques for bacterial cells and flagella
•	 The first photomicrograph of bacteria
•	 The first photograph of bacteria in diseased tissue
•	 Techniques for estimating the number of bacteria in a solu-

tion based on the number of colonies that form after inocu-
lation onto a solid surface

•	 The use of steam to sterilize growth media
•	 The use of Petri19 dishes to hold solid growth media
•	 Laboratory techniques such as transferring bacteria 

 between media using a metal wire that has been  
heat-sterilized in a flame

•	 Elucidation of bacteria as distinct species
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Koch’s Postulates
After discovering the anthrax bacterium, Koch continued to 
search for disease agents. In two pivotal scientific publications 
in 1882 and 1884, he announced that the cause of tuberculosis 
was a rod-shaped bacterium, Mycobacterium tuberculosis (mī´kō-
bak-tēr´ē-ŭm too-ber-kyū-lō´sis). In 1905, he received the Nobel 
Prize in Physiology or Medicine for this work.

In his publications on tuberculosis, Koch elucidated a 
 series of steps that must be taken to prove the cause of any in-
fectious disease. These steps, now known as Koch’s postulates, 
are one of his important contributions to microbiology. His 
postulates (which we discuss in more detail in Chapter 14) are 
the following:

1. The suspected causative agent must be found in every case 
of the disease and be absent from healthy hosts.

2. The agent must be isolated and grown outside the host.
3. When the agent is introduced to a healthy, susceptible host, 

the host must get the disease.
4. The same agent must be found in the diseased experimental 

host.

We use the term suspected causative agent because it is 
merely “suspected” until the postulates have been fulfilled, and 
“agent” can refer to any fungus, protozoan, bacterium, virus, 
or other pathogen. There are practical and ethical limits in the 
application of Koch’s postulates, but in almost every case they 
must be satisfied before the cause of an infectious disease is 
proven.

During microbiology’s “Golden Age,” other scientists used 
Koch’s postulates and laboratory techniques introduced by 
Koch and Pasteur to discover the causes of most protozoan and 
bacterial diseases as well as some viral diseases. For example, 
Charles Laveran (1845–1922) showed that a protozoan is the 
cause of malaria, and Edwin Klebs (1834–1913) described the 

bacterium that causes diphtheria. Dmitri Ivanovsky (1864–1920) 
and Martinus Beijerinck (1851–1931) discovered that a certain 
disease in tobacco plants is caused by a pathogen that passes 
through filters with such extremely small pores that bacteria 
cannot pass through. Beijerinck, recognizing that the pathogen 
was not bacterial, called it a filterable virus. Now such pathogens 
are simply called viruses. As previously noted, viruses could not 
be seen until electron microscopes were invented in 1932. The 
American physician Walter Reed (1851–1902) proved in 1900 
that viruses can cause such diseases as yellow fever in humans. 
(Chapter 13 deals with virology, and Chapters 24 and 25 deal 
with viral diseases.)

A partial list of scientists and the pathogens they discov-
ered is provided in TABLE 1.2.

gram’s stain
The first of Koch’s postulates demands that the suspected agent 
be found in every case of a given disease, which presupposes 
that minute microbes can be seen and identified. However, be-
cause most microbes are colorless and difficult to see, scientists 
began to use dyes to stain them and make them more visible 
under the microscope.

Though Koch reported a simple staining technique in 1877, 
the Danish scientist Hans Christian Gram (1853–1938) devel-
oped a more important staining technique in 1884. His proce-
dure, which involves the application of a series of dyes, leaves 
some microbes purple and others pink. We now label the purple 
cells as Gram positive and the pink ones as Gram negative, and 
we use the Gram procedure to separate bacteria into these two 
large groups (FIGURE 1.17).

The Gram stain is still the most widely used staining tech-
nique. It is one of the first steps carried out when bacteria are 
being identified, and it is one of the procedures you will learn in 
microbiology lab. (Chapter 4 discusses the full procedure.)

◀ FIGURE 1.16 Bacterial 
colonies on a solid surface 
(agar). Differences in colony 
size, shape, and color indicate 
the presence of different species. 
Such differences allowed Koch to 
isolate specific types of microbes 
that could be tested for their 
ability to cause disease.Bacterium 12
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How Can We Prevent Infection  
and Disease?
LeArning OutcOmes

1.16 Identify six health care practitioners who did pioneering 
research in the areas of public health microbiology and 
epidemiology.

1.17 Name two scientists whose work with vaccines began 
the field of immunology.

1.18 Describe the quest for a “magic bullet.”

The last great question that drove microbiological research 
during the “Golden Age” was how to prevent infectious 
 diseases. Though some methods of preventing or limiting 
disease were discovered even before it was understood that 
microorganisms caused contagious diseases, great advances oc-
curred after Pasteur and Koch showed that life comes from life 
and that microorganisms can cause diseases.

In the mid-1800s, modern principles of hygiene, such as 
those involving sewage and water treatment, personal clean-
liness, and pest control, were not widely practiced. Typically, 
medical personnel and health care facilities lacked adequate 

TABLE 1.2   Other notable scientists of the “golden Age of microbiology”  
and the Agents of disease they discovered

Scientist Year Disease Agent

Albert Neisser 1879 Gonorrhea Neisseria gonorrhoeae (bacterium)

Charles Laveran 1880 Malaria Plasmodium species (protozoa)

Carl Eberth 1880 Typhoid fever Salmonella enterica serotype Typhi 
(bacterium)

Edwin Klebs 1883 Diphtheria Corynebacterium diphtheriae 
(bacterium)

Theodor Escherich 1884 Traveler’s diarrhea  
Bladder infection

Escherichia coli (bacterium)

Albert Fraenkel 1884 Pneumonia Streptococcus pneumoniae 
(bacterium)

David Bruce 1887 Undulant fever (brucellosis) Brucella melitensis (bacterium)

Anton Weichselbaum 1887 Meningococcal meningitis Neisseria meningitidis (bacterium)

A. A. Gartner 1888 Salmonellosis (form of food 
poisoning)

Salmonella species (bacterium)

Shibasaburo Kitasato 1889 Tetanus Clostridium tetani (bacterium)

Dmitri lvanovsky and 

Martinus Beijerinck

1892 

1898

Tobacco mosaic disease Tobamovirus tobacco mosaic virus

William Welch and George Nuttall 1892 Gas gangrene Clostridium perfringens (bacterium)

Alexandre Yersin and Shibasaburo Kitasato 1894 Bubonic plague Yersinia pestis (bacterium)

Kiyoshi Shiga 1898 Shigellosis (a type of severe 
diarrhea)

Shigella dysenteriae (bacterium)

Walter Reed 1900 Yellow fever Flavivirus yellow fever virus

Robert Forde and Joseph Dutton 1902 African sleeping sickness Trypanosoma brucei gambiense 
(protozoan)

▲ FIGURE 1.17 results of gram staining. Gram-positive cells (in 
this case, Staphylococcus aureus) are purple; Gram-negative cells (in this 
case, Escherichia coli ) are pink.

Gram-positive Gram-negative

20 µmLM
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cleanliness. Healthcare-associated infections (HAI, formerly 
called nosocomial20 infections) were rampant. For example, surgi-
cal patients frequently succumbed to gangrene acquired while 
under their doctor’s care, and many women who gave birth 
in hospitals died from puerperal21 fever. Six health care prac-
titioners who were especially instrumental in changing health 
care delivery methods were Semmelweis, Lister, Nightingale, 
Snow, Jenner, and Ehrlich.

semmelweis and Handwashing
Ignaz Semmelweis (1818–1865) was a physician on the obstet-
ric ward of a teaching hospital in Vienna. In about 1848, he 
observed that women giving birth in the wing where medical 

students were trained died from puerperal fever at a rate 
20 times higher than the mortality rates of either women at-
tended by midwives in an adjoining wing or women who gave 
birth at home.

Though Pasteur had not yet elaborated his germ theory 
of disease, Semmelweis hypothesized that medical students 
carried “cadaver particles” from their autopsy studies into the 
delivery rooms and that these “particles” resulted in puerperal 
fever. Semmelweis gained support for his hypothesis when 
a doctor who sliced his finger during an autopsy died after 
showing symptoms similar to those of puerperal fever. Today, 
we know that the primary cause of puerperal fever is a bacte-
rium in the genus Streptococcus (strep-tō-kok´ŭs; see Figure 
1.4), which is usually harmless on the skin or in the mouth but 
causes severe complications when it enters the blood.

Semmelweis began requiring medical students to wash 
their hands with chlorinated lime water, a substance long used 
to eliminate the smell of cadavers. Mortality in the subsequent 
year dropped from 18.3% to 1.3%. Despite his success, Semmel-
weis was ridiculed by the director of the hospital and eventually 
was forced to leave. He returned to his native Hungary, where 
his insistence on handwashing met with general approval when 
it continued to produce higher patient survival rates.

Though his impressive record made it easier for later doc-
tors to institute changes, Semmelweis was unsuccessful in gain-
ing support for his method from most European doctors. He 
became severely depressed and was committed to a mental hos-
pital, where he died from an infection of Streptococcus, the very 
organism he had fought for so long.

Lister’s Antiseptic technique
Shortly after Semmelweis was rejected in Vienna, the English 
physician Joseph Lister (1827–1912) modified and advanced 
the idea of antisepsis22 in health care settings. As a surgeon, 
Lister was aware of the dreadful consequences that resulted 
from the infection of wounds. Therefore, he began spraying 
wounds, surgical incisions, and dressings with carbolic acid 
(phenol), a chemical that had previously proven effective in 
reducing odor and decay in sewage. Like Semmelweis, he ini-
tially met with some resistance, but when he showed that it 
reduced deaths among his patients by two-thirds, his method 
was accepted into common practice. In this manner, Lister 
vindicated Semmelweis, became the founder of antiseptic sur-
gery, and opened new fields of research into antisepsis and 
disinfection.

nightingale and nursing
Florence Nightingale (1820–1910) (FIGURE 1.18) was a dedi-
cated English nurse who introduced cleanliness and other an-
tiseptic techniques into nursing practice. She was instrumental 

In the late 18th century, Phila-
delphia was one of the larger 
and wealthier cities in the United 
States and served as the capital. 
That changed in 1793. The city 
had an unusually wet spring, 
which left behind stagnant pools 
that became breeding grounds 
for mosquitoes. At about the 
same time, refugees from the 
slave revolution in Haiti fled to 
Philadelphia, carrying the yellow 
fever virus. In late August 1793, a 
female Aedes aegypti mosquito 
bit an infected refugee and then 

bit a healthy Philadelphian. This began a yellow fever epidemic 
that killed 10% of the city’s population within three months and 
led another 30% to flee for their lives. Victims suffered from high 
fever, nausea, skin eruptions, black vomit, and jaundice.

The treatment for yellow fever in the 18th century was 
 often worse than the disease: physicians administered potions 
to purge the victims’ intestines and drained up to four-fifths 
of their patients’ blood in the mistaken belief the bloodletting 
would stem fever. These attempted remedies often left patients 
tired, weak, and unable to fight the virus. Without effective 
 treatments, the epidemic stopped only when the first frost 
 arrived.

1. People who left the city seemed to have milder cases of 
yellow fever or avoided the infection altogether. Explain 
why.

2. The story mentions that the coming of the first frost 
brought an end to the epidemic. Discuss the possible 
reasons why this would provide at least temporary relief 
from the epidemic.

clinical Case study
Remedy for Fever or  
Prescription for Death?

22From Greek anti, meaning “against,” and sepein, meaning “putrefaction.”

20From Greek nosos, meaning “disease,” and komein, meaning “to care for” (relating to a 
hospital).
21From Latin puerperus, meaning “childbirth.”
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in  setting standards of hygiene that saved innumerable lives 
during the Crimean War of 1854–1856. One of her first requi-
sitions in the military hospital was for 200 scrubbing brushes, 
which she and her assistants used diligently in the squalid 
wards. She next arranged for each patient’s filthy clothes and 
dressings to be replaced or cleaned at a different location, thus 
removing many sources of infection. She thoroughly docu-
mented statistical comparisons to show that poor food and 
unsanitary conditions in the hospitals were responsible for the 
deaths of many soldiers.

After the war, Nightingale returned to England, where 
she actively exerted political pressure to reform hospitals and 
 implement public health policies. Perhaps her greatest achieve-
ments were in nursing education. For example, she founded 
the Nightingale School for Nurses—the first of its kind in 
the world.

snow and epidemiology
Another English physician, John Snow (1813–1858), also played 
a key role in setting standards for good public hygiene to pre-
vent the spread of infectious diseases. Snow had been studying 
the propagation of cholera and suspected that the disease was 
spread by a contaminating agent in water. In 1854, he mapped 
the occurrence of cholera cases during an epidemic in London 
and showed that they centered around a public water supply 
on Broad Street.

Though Snow did not know the cause of cholera, his careful 
documentation of the epidemic highlighted the critical need for 
adequate sewage treatment and a pure water supply. His study 
was the foundation for two branches of microbiology—infection 
control and epidemiology,23 which is the study of the 
 occurrence, distribution, and spread of disease in humans.

Jenner’s Vaccine
In 1796, the English physician Edward Jenner (1749–1823) tested 
the hypothesis that a mild disease called cowpox provided pro-
tection against potentially fatal smallpox. After he intentionally 
inoculated a boy with pus collected from a milkmaid’s cowpox 
lesion, the boy developed cowpox and survived. When Jenner 
then infected the boy with smallpox pus, he found that the boy 
had become immune24 to smallpox.  (Today, experiments that 
intentionally expose human subjects to deadly pathogens are 
unethical.) In 1798, Jenner reported similar results from addi-
tional experiments, demonstrating the validity of the procedure 
he named vaccination after Vaccinia  virus,25 the virus that causes 
cowpox. Because vaccination stimulates a long-lasting response 
by the body’s protective immune system, the term immunization 
is often used synonymously  today. Jenner began the field of 
 immunology—the study of the body’s specific defenses against 
pathogens. (Chapters 16–18 discuss immunology.)

Pasteur later capitalized on Jenner’s work by producing 
weakened strains of various pathogens for use in preventing 
the serious diseases they cause. In honor of Jenner’s work with 
cowpox, Pasteur used the term vaccine to refer to all weakened, 
protective strains of pathogens. He subsequently developed 
successful vaccines against fowl cholera, anthrax, and rabies.

ehrlich’s “magic Bullets”
Gram’s discovery that stained bacteria could be differentiated 
into two types by color suggested to the German microbiolo-
gist Paul Ehrlich (1854–1915) that chemicals could be used to 
kill microorganisms differentially. To investigate this idea, 
Ehrlich undertook an exhaustive survey of chemicals to find 
a “magic bullet” that would destroy pathogens while remain-
ing nontoxic to humans. By 1908, he had discovered a chem-
ical active against the causative agent of syphilis, though the 
arsenic-based drug can have serious side effects in humans. His 
discoveries began the branch of medical microbiology known 
as chemotherapy.

In summary, the Golden Age of Microbiology was a time when 
researchers proved that living things come from other living 
things, that microorganisms can cause fermentation and dis-
ease, and that certain procedures and chemicals can limit, pre-
vent, and cure infectious diseases. These discoveries were made 
by scientists who applied the scientific method to biological 
investigation, and they led to an explosion of knowledge in a 
number of scientific disciplines (FIGURE 1.19).

TELL ME WHY

Some people consider Pasteur or Koch to be the Father of Micro-
biology, rather than Leeuwenhoek. Why might they be correct?

 

▲ FIGURE 1.18 Florence nightingale. The founder of modern 
nursing, she was influential in introducing antiseptic technique into 
 nursing practice.

23From Greek epi, meaning “upon”; demos, meaning “people”; and logos, meaning “word” 
or “study.”
24From Latin immunis, meaning “free.”
25From Latin vacca, meaning “cow.”
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The Modern Age of Microbiology
LeArning OutcOme

1.19 List four major questions that drive microbiological 
 investigations today.

The vast increase in the number of microbiological investiga-
tions and in scientific knowledge during the 1800s opened new 
fields of science, including disciplines called environmental 
microbiology, immunology, epidemiology, chemotherapy, and 
genetic engineering (TABLE 1.3). Microorganisms played a sig-
nificant role in the development of these disciplines  because 

microorganisms are relatively easy to grow, take up little 
space, and are available by the trillions. Much of what has been 
learned about microbes also applies to other organisms, includ-
ing humans. In the rest of this text we examine advances made 
in these branches of microbiology, though it would require 
thousands of books this size to deal with all that is known.

Once the developing science of microbiology had successfully 
answered questions about spontaneous generation, fermentation, 
and disease, additional questions arose in each branch of the new 
science. In this section, we briefly consider some of the 20th cen-
tury’s overarching questions in both basic and applied research. 
The chapter concludes with a look at some of the questions that 
might propel microbiological  research for the next 50 years.

What Are the Basic Chemical  
Reactions of Life?
Biochemistry is the study of metabolism—that is, the chemical 
reactions that occur in living organisms. Biochemistry began with 
Pasteur’s work on fermentation by yeast and bacteria and with 
Buchner’s discovery of enzymes in yeast extract, but by the early 
1900s, many scientists thought that the metabolic reactions of mi-
crobes had little to do with the metabolism of plants and animals.

In contrast, microbiologists Albert Kluyver (1888–1956) and 
his student C. B. van Niel (1897–1985) proposed that basic bio-
chemical reactions are shared by all living things, that these reac-
tions are relatively few in number, and that their primary feature 
is the transfer of electrons and hydrogen ions. In adopting this 
view, scientists could use microbes as model systems to answer 
questions about metabolism in all organisms. Research during 
the 20th century validated this approach to understanding ba-
sic metabolic processes, but scientists have also documented an 
amazing metabolic diversity. (Chapter 5 discusses basic meta-
bolic processes, and Chapter 6 considers metabolic diversity.)

Basic biochemical research has many practical applications, 
including the following:

•	 The design of herbicides and pesticides that are specific in 
their action and have no long-term adverse effects on the 
environment.

•	 The diagnosis of illnesses and the monitoring of a patient’s 
responses to treatment. For example, physicians routinely 
monitor liver disease by measuring blood levels of certain 
enzymes and products of liver metabolism.

•	 The treatment of metabolic diseases. One example is treat-
ing phenylketonuria, a disease resulting from the inability 
to properly metabolize the amino acid phenylalanine, by 
eliminating foods containing phenylalanine from the diet.

•	 The design of drugs to treat leukemia, gout, bacterial infec-
tions, malaria, herpes, AIDS, asthma, and heart attacks.

How Do Genes Work?
Genetics, the scientific study of inheritance, started in the mid-
1800s as an offshoot of botany, but scientists studying microbes 
made most of the great advances in this discipline.

▲ FIGURE 1.19 some of the many scientific disciplines and 
 applications that arose from the pioneering work of scientists just 
before and around the time of the golden age of microbiology.
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microbial genetics
While working with the bacterium Streptococcus pneumoniae 
(strep-tō-kok´ŭs nū-mō´nē-ī), Oswald Avery (1877–1955), 
Colin MacLeod (1909–1972), and Maclyn McCarty (1911–
2005) determined that genes are contained in molecules of 
DNA. In 1958, George Beadle (1903–1989) and Edward Tatum 
(1909–1975), working with the bread mold Neurospora crassa 
(noo-ros´pōr-ă kras´ă), established that a gene’s activity is re-

lated to the function of the specific protein coded by that gene. 
Other researchers, also working with microbes, determined 
the exact way in which genetic information is translated into a 
protein, the rates and mechanisms of genetic mutation, and the 
methods by which cells control genetic expression. (Chapter 7 
examines all these aspects of microbial genetics.)

Over the past 40 years, advances in microbial genetics 
 developed into several new disciplines that are among the 
 faster-growing areas of scientific research today, including 
 molecular biology, recombinant DNA technology, and gene therapy.

molecular Biology
Molecular biology combines aspects of biochemistry, cell biol-
ogy, and genetics to explain cell function at the molecular level. 
Molecular biologists are particularly concerned with genome26 
sequencing. Using techniques perfected on microorganisms, 
molecular biologists have sequenced the genomes of many or-
ganisms, including humans and many of their pathogens. It 
is hoped that a fuller understanding of the genomes of organ-
isms will result in practical ways to limit disease, repair genetic 
 defects, and enhance agricultural yield.

The American Nobel Prize winner Linus Pauling (1901–
1994) proposed in 1965 that gene sequences could provide a 
means of understanding evolutionary relationships and pro-
cesses, establishing taxonomic categories that more closely 
reflect these relationships, and identifying the existence of mi-
crobes that have never been cultured in a laboratory. Two exam-
ples illustrate such uses of gene sequencing data:

•	 In the 1970s, Carl Woese (1928–2012) and George Fox 
(1945–) discovered that significant differences in nucleic 
acid sequences among organisms clearly reveal that cells 
belong to one of three major groups—bacteria, archaea, or 
eukaryotes—and not merely two groups (prokaryotes and 
eukaryotes), as previously thought.

•	 Scientists showed in 1990 that cat scratch disease is caused 
by a bacterium that had not been cultured. The bacterium 
was discovered by comparing the sequence of a portion of 
its ribonucleic acid with ribonucleic acid sequences from 
all other known bacteria. This is a standard technique in 
modern bacterial identification.

recombinant dnA technology
Molecular biology is  applied in recombinant DNA 
technology,27 commonly called genetic engineering, which was 
first developed using microbial models. Geneticists manipulate 
genes in microbes, plants, and animals for practical applications. 
For instance, once scientists have inserted the gene for a human 
blood-clotting factor into the bacterium Escherichia coli (esh-ĕ-
rik´ē-ă kō´lī), the bacterium produces the factor in a pure form. 
This technology is a benefit to hemophiliacs, who previously 
depended on clotting factor derived from donated blood, which 
was possibly contaminated by life-threatening viral pathogens.

TABLE 1.3  Fields of microbiology

Disciplines Subject(s) of Study

Basic research

microbe centered

Bacteriology Bacteria and archaea

Phycology Algae

Mycology Fungi

Protozoology Protozoa

Parasitology Parasitic protozoa and parasitic animals

Virology Viruses

Process centered

Microbial metabolism Biochemistry: chemical reactions within cells

Microbial genetics Functions of DNA and RNA

Environmental 
microbiology

Relationships between microbes and 
among microbes, other organisms, and 
their environment

Applied microbiology

medical microbiology

Serology Antibodies in blood serum, particularly as 
an indicator of infection

Immunology Body’s defenses against specific diseases

Epidemiology Frequency, distribution, and spread of 
disease

Etiology Causes of disease

Infection control Hygiene in health care settings and 
control of nosocomial infections

Chemotherapy Development and use of drugs to treat 
infectious diseases

Applied environmental microbiology

Bioremediation Use of microbes to remove pollutants

Public health 
microbiology

Sewage treatment, water purification, 
and control of insects that spread disease

Agricultural 
microbiology

Use of microbes to control insect pests

industrial microbiology (Biotechnology)

Food and beverage 
technology

Reduction or elimination of harmful 
microbes in food and drink

Pharmaceutical 
microbiology

Manufacture of vaccines and antibiotics

Recombinant DNA 
technology (genetic 
engineering)

Alteration of microbial genes to 
synthesize useful products

26A genome is the total genetic information of an organism.
27Recombinant DNA is DNA composed of genes from more than one organism.
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gene therapy
An exciting new area of study is the use of recombinant DNA 
technology for gene therapy, a process that involves inserting 
a missing gene or repairing a defective one in human cells. In 
such procedures, researchers insert a desired gene into host cells, 
where it is incorporated into a chromosome and begins to func-
tion normally. Doctors have successfully treated several inherited 
immune deficiencies with gene therapy. (Chapter 8 examines 
 recombinant DNA technology and gene therapy in more detail.)

What Roles Do Microorganisms Play  
in the Environment?
LeArning OutcOmes

1.20 Identify the field of microbiology that studies the role of 
microorganisms in the environment.

1.21 Name the fastest-growing scientific disciplines in 
microbiology today.

Ever since Koch and Pasteur, most research in microbiology has fo-
cused on pure cultures of individual species; however, microorgan-
isms are not alone in the “real world.” Instead, they live in natural 
microbial communities in the soil, water, the human body, and other 
habitats, and these communities play critical roles in such processes 
as the production of vitamins and bioremediation—the use of living 
bacteria, fungi, and algae to detoxify polluted environments.

Microbial communities also play an essential role in the 
decay of dead organisms and the recycling of chemicals such 
as carbon, nitrogen, and sulfur. Martinus Beijerinck discovered 
bacteria capable of converting nitrogen gas (N2) from the air into 

nitrate (NO3), the form of nitrogen used by plants, and the Rus-
sian microbiologist Sergei Winogradsky (1856–1953) elucidated 
the role of microorganisms in the recycling of sulfur. Together 
these two microbiologists developed laboratory techniques for 
several important aspects of environmental microbiology.

Another role of microbes in the environment is the 
causation of disease. Although most microorganisms are not 
pathogenic, in this book (particularly in Chapters 19–25), we 
focus on pathogenic microbes because of the threat they pose 
to human health. We examine their characteristics and the dis-
eases they cause as well as the steps we can take to limit their 
abundance and control their spread in the environment, such as 
sewage treatment, water purification, disinfection, pasteuriza-
tion, and sterilization.

How Do We Defend Against Disease?
Why do some people get sick during the flu season while their 
close friends and family remain well? The germ theory of dis-
ease showed not only that microorganisms can cause diseases, 
but also that the body can defend itself—otherwise, everyone 
would be sick most of the time.

The work of Jenner and Pasteur on vaccines showed that 
the body can protect itself from repeated diseases by the same 
organism. The German bacteriologist Emil von Behring (1854–
1917) and the Japanese microbiologist Shibasaburo  Kitasato 
(1852–1931), working in Koch’s laboratory, reported the 
existence in the blood of chemicals and cells that fight infection. 
Their studies developed into the fields of serology, the study of 
blood serum28—specifically, the chemicals in the liquid portion 
of blood that fight disease—and immunology, the study of the 
body’s defense against specific pathogens. (Chapters 15–18 

Ellen screamed obscenities as 
she staggered from the room and 
collapsed in the hallway, jerking 
uncontrollably and unable to 
stand. Her parents were shocked 
that their kind, considerate, and 
lovable daughter had changed 
so drastically during the past 
year. Sadly, she couldn’t even 
 remember her siblings’ names.

Ellen had joined the 
nearly 200 Europeans and one Canadian afflicted with variant 
Creutzfeldt-Jakob disease (vCJD; what the media call “mad cow 
disease” because most humans with the condition acquired the 
pathogen from eating infected beef). Because vCJD affects the 
brain by slowly eroding nervous tissue and leaving the brain full 
of spongelike holes, the signs and symptoms of vCJD are neu-
rological. Ellen’s disease started with insomnia, depression, and 

confusion, but eventually it led 
to uncontrollable emotional and 
verbal outbursts, inability to 
 coordinate movements, coma, and 
death. Typically, the disease lasts 
about a year, and there is no treatment.

Variant CJD resembles the rare genetic disorder Creutzfeldt- 
Jakob disease (named for its discoverers), which is caused by a 
mutation and occurs in the elderly. The difference is that the variant 
form of CJD results from an acquired infection and often strikes and 
kills college-aged people, like Ellen in our story. For more about 
vCJD, see pp. 428–430.

1. The vCJD pathogen is primarily transmitted when a person 
or animal consumes nervous tissue (brains). How could 
 cattle become infected?

2. Why is vCJD called variant?
3. What effect does this pathogen have on cattle?

emerging Disease Case study
Variant Creutzfeldt-Jakob Disease
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cover these aspects of microbiology, which are of utmost impor-
tance to physicians, nurses, and other health care practitioners.)

Ehrlich introduced the idea of a “magic bullet” that would 
kill pathogens, but it was not until Alexander Fleming (1881–
1955) discovered penicillin (FIGURE 1.20) in 1929 and Gerhard 
Domagk (1895–1964) discovered sulfa drugs in 1935 that medi-
cal personnel finally had drugs effective against a wide range of 
bacteria. (We study chemotherapy and some physical and chem-
ical agents used to control microorganisms in the environment 
in Chapters 9 and 10.)

What Will the Future Hold?
Science is built on asking and answering questions. What began 
with the questioning curiosity of a dedicated lens grinder in the 
Netherlands has come far in the past 350 years, expanding into 
disciplines as diverse as immunology, recombinant DNA tech-

nology, and bioremediation. However, the adage remains true: 
The more questions we answer, the more questions we have.

What will microbiologists discover next? Among the ques-
tions for the next 50 years are the following:

•	 How can we develop successful programs to control or erad-
icate diseases such as tuberculosis, malaria, AIDS, and Ebola?

•	 What is it about the physiology of life forms known 
only by their nucleic acid sequences that has prevented 
 researchers from growing them in the laboratory?

•	 Can bacteria and archaea be used in ultraminiature tech-
nologies, such as living computer circuit boards?

•	 How can an understanding of microbial biofilms— 
aggregates of microbial cells growing together on a 
surface—help us understand aspects of microbial action 
in preventing and curing diseases, recycling nutrients, 
 degrading pollutants, and moderating climate change?

•	 How can we reduce the threat from microbes resistant 
to antimicrobial drugs, particularly so-called persistent 
cells that resist antimicrobial treatment without acquiring 
 genetic changes?

•	 Can we develop inexpensive, rapid, accurate, and simple 
tests for infections?

•	 Can microorganisms that grow normally in the body 
 bolster our ability to fight disease, lose weight, and 
 maintain good mental health?

•	 Can microorganisms or their genes be used to develop 
 sustainable fuels or bioremediate synthetic chemicals?

TELL ME WHY

Why are so many modern questions in microbiology related to  
genetics?

 

▲ FIGURE 1.20 the effects of penicillin on a bacterial “lawn” in 
a Petri dish. The clear area (zone of inhibition) surrounding the fungus 
colony, which is producing the antibiotic, is where the penicillin prevented 
bacterial growth.

Fungus colony
(Penicillium)

Bacteria
(Staphylococcus)

Zone of inhibition

28Latin, meaning “whey.” Serum is the liquid that remains after blood coagulates.

Ramona is a young mom who takes 
care of her two children during the day 
and takes pre-nursing classes at night. 
 Juggling the needs of her family and her 
studies means a hectic schedule, late 
nights, very little sleep, and eating on 
the run. Ramona particularly loves spicy 
food, and she eats a lot of it. She adds 
hot sauce to nearly every meal, which 
tends to be Mexican fast food. She also 
likes to drink wine with dinner on the 

weekends, and sneaks an occasional cigarette when her children 
aren’t watching.

One night, Ramona notices a burning pain in her upper abdo-
men. It disappears after a few minutes but then comes back a couple 

of nights later. Pretty soon, she is feeling the pain every night—
sometimes accompanied by nausea. She mentions her symptoms 
to her best friend, who suggests that she might have an ulcer. Her 
friend knows about Ramona’s love of spicy food and advises her to 
cut back on the hot sauce to see if that improves her symptoms. 
 Ramona takes the advice, but the pain and nausea continue. A physi-
cian finds the pictured bacteria in her stomach. The cells lack nuclei.

1. How would Koch have determined if ulcers are caused by 
a microbe?

2. How can Ramona tell if these cells are prokaryotes, fungi, 
algae, or protozoa?

3. The cells have been stained with the procedure developed 
by Gram. How would you describe them to Ramona, as 
Gram positive or Gram negative?

clinical Case study
Can Spicy Food Cause Ulcers?

20 μmLM
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cHapter SummaRy
The Early Years of Microbiology (pp. 32–37)

1. Leeuwenhoek’s observations of microbes introduced most types 
of microorganisms to the world. His discoveries were named and 
classified by Linnaeus in his taxonomic system.

2. Small prokaryotes—bacteria and archaea—live in a variety of 
communities and in most habitats. Even though some cause 
 disease, most are beneficial.

3. Relatively large microscopic eukaryotic fungi include molds and 
yeasts.

4. Animal-like protozoa are single-celled eukaryotes. Some cause disease.

5. Plantlike eukaryotic algae are important providers of oxygen, 
serve as food for many marine animals, and make chemicals used 
in microbiological growth media.

6. Parasitic worms, the largest organisms studied by microbiol-
ogists, are often visible without a microscope, although their 
 immature stages are microscopic.

7. Viruses, the smallest microbes, are so small they can be seen only 
by using an electron microscope.

The Golden Age of Microbiology (pp. 37–48)

1. The study of the Golden Age of Microbiology  includes 
a look at the men who proposed or refuted the theory 
of spontaneous generation: Aristotle, Redi, Needham, 
Spallanzani, and Pasteur (the Father of  Microbiology). 
The scientific method that emerged then remains the 
accepted sequence of study today.

2. The study of fermentation by Pasteur and Buchner led to 
the fields of industrial microbiology (biotechnology) and 
biochemistry and to the study of metabolism.

3. Koch, Pasteur, and others proved that pathogens cause infectious 
diseases, an idea that is known as the germ theory of disease. 
 Etiology is the study of the causation of diseases.

4. Koch initiated careful microbiological laboratory techniques in 
his search for disease agents. Koch’s postulates, the logical steps 
he followed to prove the cause of an infectious disease, remain an 
important part of microbiology today.

5. The procedure for the Gram stain was developed in the 1880s 
and is still used to differentiate bacteria into two categories: Gram 
positive and Gram negative.

6. The investigations of Semmelweis, Lister, Nightingale, and Snow 
are the foundations on which infection control, including control 
of healthcare-associated infections (HAI), and epidemiology are 
built.

7. Jenner’s use of a cowpox-based vaccine for preventing smallpox 
began the field of immunology. Pasteur significantly advanced 
the field.

8. Ehrlich’s search for “magic bullets”—chemicals that differen-
tially kill microorganisms—laid the foundations for the field of 
 chemotherapy.

The Modern Age of Microbiology (pp. 48–51)

1. Microbiology in the modern age has focused on answering ques-
tions regarding biochemistry, which is the study of metabolism; 
microbial genetics, which is the study of inheritance in microor-
ganisms; and molecular biology, which involves investigations of 
cell function at the molecular level.

2. Scientists have applied knowledge from basic research to answer 
questions in recombinant DNA technology and gene therapy.

3. The study of microorganisms in their natural environment is 
 environmental microbiology.

4. The discovery of chemicals in the blood that are active against specific 
pathogens advanced immunology and began the field of serology.

5. Advancements in chemotherapy were made in the 1900s with the 
discovery of numerous substances, such as penicillin and sulfa 
drugs, that inhibit pathogens.

Visit the masteringmicrobiology study area to challenge your 
understanding with practice tests, interactive Microbiology, clinical case 
studies, and additional review and learning resources!

Questions foR REviEW
Answers to the Questions for Review (except Short Answer questions) begin on p. 835.

Multiple Choice
1. Which of the following microorganisms does not cause diseases?

a. archaea
b. bacteria

c. fungi
d. protozoa

2. Which of the following microorganisms produces penicillin?
a. bacteria
b. molds

c. algae
d. yeasts

3. Which of the following diseases is caused by archaea?
a. cat scratch
b. variant CJD

c. brucellosis
d. none of the above

4. Of the following scientists, who first discovered the causative 
agent of pneumonia?
a. David Bruce
b. Charles Laveran

c. Edwin Klebs
d. Albert Fraenkel

VideO 
TUToR
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5. Of the following scientists, who studied Streptococcus and later 
died of an infection caused by it?
a. Joseph Lister
b. Ignaz Semmelweis
c. Robert Koch
d. Louis Pasteur

6. Which scientist first hypothesized that medical personnel can 
 infect patients with pathogens?
a. Edward Jenner
b. Joseph Lister
c. John Snow
d. Ignaz Semmelweis

7. Which of the following types of microbes was not described by 
Leeuwenhoek?
a. bacteria
b. molds
c. archaea
d. viruses

8. Which of the following favored the theory of spontaneous 
 generation?
a. Spallanzani
b. Needham
c. Pasteur
d. Koch

9. A scientist who studies the occurrence, distribution, and spread of 
diseases in humans is a(n) .
a. genetic technologist
b. earth microbiologist
c. epidemiologist
d. environmental microbiologist

10. The laboratory of Robert Koch contributed which of the following 
to the field of microbiology?
a. simple staining technique
b. use of Petri dishes
c. first photomicrograph of bacteria
d. all of the above

Fill in the Blanks
Fill in the blanks with the name(s) of the scientist(s) whose investiga-
tions led to the following fields of study in microbiology.

1. Environmental microbiology  and 

2. Biochemistry  and 

3. Chemotherapy 

4. Immunology 

5. Infection control 

6. Etiology 

7. Epidemiology 

8. Biotechnology 

9. Food microbiology 

Short Answer
1. Why was the theory of spontaneous generation a hindrance to the 

development of the field of microbiology?

2. Discuss the significant difference between the flasks used by 
 Pasteur and Spallanzani. How did Pasteur’s investigation settle 
the dispute about spontaneous generation?

3. List six types of microorganisms.

4. Defend this statement: “The investigations of Antoni van 
Leeuwenhoek changed the world forever.”

5. Why would a macroscopic tapeworm be studied in microbiology?

6. Describe what has been called the “Golden Age of Microbiology” 
with reference to four major questions that propelled scientists 
during that period.

7. List four major questions that drive microbiological investigations 
today.

8. Refer to the four steps in the scientific method in describing 
Pasteur’s fermentation experiments.

9. List Koch’s postulates and explain why they are significant.

10. Name the bacterium that causes puerperal fever. How did Semmel-
weis’s hypothesis help to control this bacterium from spreading?

VISUALIzE IT!
1. On the photos below, label cilium, flagellum, nucleus, and  

pseudopod.

3 421

2. Show where microbes ended up in Pasteur’s experiment.
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Matching
Match each of the following descriptions with the person it best 
 describes. An answer may be used more than once.

1.   Developed smallpox 
 immunization

2.   First photomicrograph of 
bacteria

3.   Germ theory of disease

4.  Germs cause disease

5.   Sought a “magic bullet” 
to destroy pathogens

6.  Early epidemiologist

7.   Father of  
Microbiology

8.  Classification system

9.  Discoverer of bacteria

10.   Discoverer of  
protozoa

11.   Founder of antiseptic 
surgery

12.   Developed the most 
widely used bacterial 
staining technique

A. John Snow

B. Paul Ehrlich

C. Louis Pasteur

D. Antoni van Leeuwenhoek

E. Carolus Linnaeus

F. John Needham

G. Eduard Buchner

H. Robert Koch

I. Joseph Lister

J. Edward Jenner

K. Girolamo Fracastoro

L. Hans Christian Gram

critical THinKinG
1. If Robert Koch had become interested in a viral disease, such as 

influenza, instead of anthrax (caused by a bacterium), how might 
his list of lifetime accomplishments be different? Why?

2. In 1911, the Polish scientist Casimir Funk proposed that a 
 limited diet of polished white rice (rice without the husks) 
caused beriberi, a disease of the central nervous system. Even 
though history has proven him correct—beriberi is caused by 
a thiamine deficiency, which in his day resulted from unsophisti-
cated milling techniques that removed the thiamine-rich husks—
Funk was criticized by his contemporaries, who told him to find 
the microbe that caused beriberi. Explain how the prevailing 
scientific philosophy of the day shaped Funk’s detractors’ point 
of view.

3. Haemophilus influenzae does not cause flu, but it received its 
name because it was once thought to be the cause. Explain how 
a proper application of Koch’s postulates would have prevented 
this error in nomenclature.

4. Just before winter break in early December, your roommate stocks 
the refrigerator with a gallon of milk, but both of you leave before 
opening it. When you return in January, the milk has soured. Your 
roommate is annoyed because the milk was pasteurized and thus 
should not have spoiled. Explain why your roommate’s position 
is unreasonable.

5. Explain the significant role that control groups play in order to 
validate a scientific experiment.

6. The British General Board of Health concluded in 1855 that the 
Broad Street cholera epidemic discussed in the chapter (see p. 47) 
resulted from fermentation of “nocturnal clouds of vapor” from 
the polluted Thames River. How could an epidemiologist prove 
or disprove this claim?

7. Compare and contrast the investigations of Redi, Needham, 
Spallanzani, and Pasteur in relation to the idea of spontaneous 
generation.

8. If you were a career counselor directing a student in the field of 
medical microbiology, describe three possible disciplines you 
could suggest.

9. A few bacteria produce disease because they derive nutrition 
from human cells and produce toxic wastes. Algae do not typi-
cally cause disease. Why not?

10. Imagine that you discover a new microorganism. How will you 
determine which class of microorganisms it belongs to?

11. French microbiologists, led by Pasteur, tried to isolate a single 
bacterium by diluting liquid media until only a single type of 
 bacterium could be microscopically observed in a sample of the 
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concept maPPinG
Using the following terms, fill in the following concept map that describes what microbiologists study. You can also  
complete this and other concept maps online by going to the MasteringMicrobiology Study Area.

Acellular
Algae
Animal-like
Archaea
Bacteria

Eukaryotes
Fungi
Molds
Multicellular
Obligate intracellular parasites

Parasitic worms
Photosynthetic
Prokaryotes
Protozoa
Unicellular (2)

Viruses
Yeasts

Microbiologists

study

such as such as

including which are which are which are

or

which are which are

which are which are

Prokaryotes

Unicellular

Fungi Parasitic worms Viruses

Multicellular Unicellular

Animal-like

Multicellular

Photosynthetic

1

2 3

5

4 6

7

9

8

10

11

12

diluted medium. What advantages does Koch’s method have 
over the French method?

12. Why aren’t Koch’s postulates always useful in proving the cause 
of a given disease? Consider a variety of diseases, such as chol-
era, pneumonia, Alzheimer’s, AIDS, Down syndrome, and lung 
cancer.

13. Albert Kluyver said, “From elephant to . . . bacterium—it is all the 
same!” What did he mean?

14. The ability of farmers around the world to produce crops such as 
corn, wheat, and rice is often limited by the lack of nitrogen-based 
fertilizer. How might scientists use Beijerinck’s discovery to 
 increase world supplies of grain?

M01_BAUM0764_05_SE_C01.indd   55 08/04/16   6:29 AM



Enceladus—an icy 
moon of Saturn—
has southern fissures 
that contain liquid 
water. Can life exist 
there?

2

Is there mIcrobIal lIfe elsewhere  
in the solar system? Using telescopic 
observations and space probes of some of 
our nearest neighbors, we have identified 
chemicals necessary for life. for example, 
both Venus and mars have water and 
carbon, in the form of carbon dioxide 
(co2); however, enceladus, a small 
moon circling saturn, is an even stronger 
candidate for life beyond earth. enceladus 
has warm liquid water beneath its frozen 
exterior; carbon is available in co2 and 
in organic molecules such as methane 
and propane; nitrogen is dissolved in 
the water. thus, enceladus has carbon, 
hydrogen, nitrogen, oxygen, and liquid 
water. the south pole of enceladus has 
fissures that spew water and dissolved 
chemicals hundreds of kilometers into 
space. these fissures are similar to 
oceanic hydrothermal vents that support 
life in the depths of earth’s oceans.

how does an understanding of the 
chemistry of microbial life matter to our 
everyday lives? one way involves the 
concept of selective toxicity, the idea that 
because of chemical differences between 
the harmful microbes and us, drugs can 
be toxic to them and relatively harmless 
to us. Understanding these chemical 
differences and action of antimicrobial 
drugs begins with an understanding 
of basic chemistry—the subject of this 
chapter.

The Chemistry 
of Microbiology
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Learning or reviewing some basic concepts of chemistry will 
enable you to understand more fully the variety of interactions 
between microorganisms and their environment—which includes 
you. If you plan a career in health care, you will find microbial 
chemistry involved in the diagnosis of disease, the response of 
the immune system, the growth and identification of pathogenic 
microorganisms in the laboratory, and the function and selection 
of antimicrobial drugs. Understanding the fundamentals of chem-
istry will even help you preserve your own health.

In this chapter, we study atoms, which are the basic units of 
chemistry, and we consider how atoms react with one another to 
form chemical bonds and molecules. Then we examine the three 
major categories of chemical reactions. The chapter concludes with 
a look at the molecules of greatest importance to life: water, acids, 
bases, lipids, carbohydrates, proteins, nucleic acids, and ATP.

Atoms
LEarning OutCOmE

2.1 Define matter and atom and explain how these terms 
relate to one another.

Matter is defined as anything that takes up space and has 
mass.1 The smallest chemical units of matter are atoms. Atoms 
are extremely small, and only the very largest of them can be 
seen using the most powerful microscopes. Therefore, scientists 
have developed various models to conceptualize and illustrate 
the structure of atoms.

Atomic Structure
LEarning OutCOmES

2.2 Draw and label an atom, showing the parts of the 
nucleus and orbiting electrons.

2.3 Define element, atomic number, atomic mass, and dalton and 
explain how these terms relate to one another.

In 1913, the Danish physicist Niels H. D. Bohr (1885–1962) pro-
posed a simple model in which negatively charged subatomic par-
ticles called electrons orbit a centrally located nucleus like planets 
in a miniature solar system (FIGURE 2.1). A nucleus is composed 
of both uncharged neutrons and positively charged protons. (The 
only exception is the nucleus of a normal hydrogen atom, which 
is composed of only a single proton and no neutrons.)

An element is matter that is composed of a single type of 
atom. For example, gold is an element because it consists of 
only gold atoms. In contrast, the ink in your pen is not an ele-
ment because it is composed of many different kinds of atoms.

Elements differ from one another in their atomic number, 
which is the number of protons in their nuclei. For example, the 

1Mass and weight are sometimes confused. Mass is the quantity of material in something, 
whereas weight is the effect of gravity on mass. Even though an astronaut is weightless in 
space, his mass is the same in space as on Earth.

2An atomic mass unit (dalton) is 1/597,728,630,000,000,000,000,000, or 1.673 * 10−24, grams.
3Named for John Dalton, the British chemist who helped develop atomic theory around 1800.
4For many years, scientists thought that there were only 92 naturally occurring elements, 
but natural plutonium was discovered in Africa in 1997.

Electron shells

Electron (e–)

Proton (p+)
Neutron (n0)

Nucleus

▲ FIGURE 2.1  an example of a Bohr model of atomic  structure. 
This drawing is not to scale; for the electrons to be shown in scale with 
the greatly magnified nucleus, the electrons would have to occupy orbits 
located many miles from the nucleus. Put another way, the volume of an 
entire atom is about 100 trillion times the volume of its nucleus.

atomic numbers of hydrogen, carbon, and oxygen are 1, 6, and 8,  
respectively, because all hydrogen nuclei contain a single pro-
ton, all carbon nuclei have six protons, and all oxygen nuclei 
have eight protons.

The atomic mass of an atom (sometimes called its atomic 
weight) is the sum of the masses of its protons, neutrons, and 
electrons. Protons and neutrons each have a mass of approxi-
mately 1 atomic mass unit,2 which is also called a dalton.3 An 
electron is much less massive, with a mass of about 0.00054 
dalton. Electrons are often ignored in discussions of atomic 
mass because their contribution to the overall mass is negligi-
ble. Therefore, the sum of the number of protons and neutrons 
approximates the atomic mass of an atom.

There are 93 naturally occurring elements known;4 how-
ever, organisms typically utilize only about 20 elements, each 
of which has its own symbol that is derived from its English or 
Latin name (TABLE 2.1 on p. 58).

Isotopes
LEarning OutCOmE

2.4 List at least four ways that radioactive isotopes are 
useful.

Every atom of an element has the same number of protons, but 
atoms of a given element can differ in the number of neutrons 
in their nuclei. Atoms that differ in this way are called isotopes. 
For example, there are three naturally occurring isotopes of 
carbon, each having six protons and six electrons (FIGURE 2.2). 
Over 95% of carbon atoms also have six neutrons. Because these 
carbon atoms have six protons and six neutrons, the atomic 
mass of this isotope is about 12 daltons, and it is known as car-
bon-12, symbolized as 12C. Atoms of carbon-13 (13C) have seven 
neutrons per nucleus, and 14C atoms each have eight neutrons.
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Unlike carbon-12 and carbon-13, the nucleus of carbon-14 is 
unstable because of the ratio of its protons and neutrons. Unstable 
atomic nuclei release energy and subatomic particles such as neu-
trons, protons, and electrons in a process called radioactive decay. 
Atoms that undergo radioactive decay are radioactive isotopes. 
Radioactive decay and radioactive isotopes play important roles 

TAblE 2.1  Common Elements of Life

Element Symbol
Atomic 
Number

Atomic Massa 
(daltons) Biological Significance

Hydrogen H 1 1 Component of organic molecules and water; H+ released by acids

boron b 5 11 Essential for plant growth

Carbon C 6 12 backbone of organic molecules

Nitrogen N 7 14 Component of amino acids, proteins, and nucleic acids

Oxygen O 8 16 Component of many organic molecules and water; OH− released 
by bases; necessary for aerobic metabolism

Sodium (Natrium) Na 11 23 Principal cation outside cells

Magnesium Mg 12 24 Component of many energy-transferring enzymes

Silicon Si 14 28 Component of cell wall of diatoms

Phosphorus P 15 31 Component of nucleic acids and ATP

Sulfur S 16 32 Component of proteins

Chlorine Cl 17 35 Principal anion outside cells

Potassium (Kalium) K 19 39 Principal cation inside cells; essential for nerve impulses

Calcium Ca 20 40 Utilized in many intercellular signaling processes; essential for 
muscular contraction

Manganese Mn 25 54 Component of some enzymes; acts as intracellular antioxidant; 
used in photosynthesis

Iron (Ferrum) Fe 26 56 Component of energy-transferring proteins; transports oxygen in 
the blood of many animals

Cobalt Co 27 59 Component of vitamin b12

Copper (Cuprum) Cu 29 64 Component of some enzymes; used in photosynthesis

Zinc Zn 30 65 Component of some enzymes

Molybdenum Mo 42 96 Component of some enzymes

Iodine I 53 127 Component of many brown and red algae

aRounded to nearest whole number.

Carbon-12
6 Protons
6 Neutrons

Proton

Neutron

Additional
neutron

(a) Carbon-13
6 Protons
7 Neutrons

(b) Carbon-14
6 Protons
8 Neutrons

(c)

▲ FIGURE 2.2  nuclei of the three naturally occurring isotopes 
of carbon. Each isotope also has six electrons, which are not shown. 
What are the atomic number and atomic mass of each of these isotopes?

Figure 2.2 The atomic number of all three is 6; their atomic masses are 
12, 13, and 14, respectively.

in microbiological research, medical diagnosis, the treatment of 
disease, and the complete destruction of contaminating microbes 
(sterilization) of medical equipment and chemicals.

Electron Configurations
Although the nuclei of atoms determine their identities, it is 
electrons that determine an atom’s chemical behavior. Nuclei of 
different atoms almost never come close enough together to 
interact.5 Typically, only the electrons of atoms interact. Thus, 
because all of the isotopes of carbon (for example) have the same 
number of electrons, all these isotopes behave the same way in 
chemical reactions, even though their nuclei are different.

Scientists know that electrons do not really orbit the nucleus 
in a two-dimensional circle, as indicated by a Bohr model; instead, 
they speed around a nucleus 100 quadrillion times per second 
in three-dimensional electron shells or clouds that assume unique 
shapes dependent on the energy of the electrons (FIGURE 2.3a). 
More accurately put, an electron shell depicts the probable loca-
tions of electrons at a given time; nevertheless, it is simpler and 
more convenient to draw electron shells as circles (FIGURE 2.3b).

5Except during nuclear reactions, such as occur in nuclear power plants.
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First shell Second shell

+

Electron shells of neon: two-dimensional view(b)

=

First shell Second shell

+ +

Electron shells of neon: three-dimensional view(a)

=

▲ FIGURE 2.3  Electron configurations. (a) Three-dimensional 
model of the electron shells of neon. In this model, the first shell is a small 
sphere, whereas the second shell consists of a larger sphere plus three 
pairs of ellipses that extend from the nucleus at right angles. larger shells 
(not shown) are even more complex. (b) Two-dimensional model (bohr 
diagram) of the electron shells of neon. How many shells does a sodium 
atom need to hold its 11 electrons?

Figure 2.3 Three shells: two electrons in the first shell, eight in the 
second, and a single electron in the third.

Each electron shell can hold only a certain maximum 
number of electrons. For example, the first shell (the one 
nearest the nucleus) can accommodate a maximum of two 
electrons, and the second shell can hold no more than eight 
electrons. Atoms of hydrogen and helium have one and  
two electrons, respectively; thus, these two elements have 
only a single electron shell. A lithium atom, which has three 
electrons, has two shells.

Atoms with more than 10 electrons require more shells. The 
third shell holds up to eight electrons when it is the outermost 
shell, though its capacity increases to 18 when the fourth shell 
contains two electrons. Heavier atoms have even more shells, but 
these atoms do not play significant roles in the processes of life.

Electrons in the outermost shell of atoms are called valence 
electrons. FIGURE 2.4 depicts the electron configurations of 
atoms of some elements important to microbial life. Notice that 
except for helium, atoms of all elements in a given column of 
the periodic table of elements have the same number of valence 
electrons. Helium is placed in the far right-hand column with 
the other inert gases because its outer shell is full, though it has 
two rather than eight valence electrons. Valence electrons are 
critical for interactions between atoms. Next, we consider these 
interactions, which are called chemical bonds.

TELL ME Why

Electrons zip around the nucleus at about 5 million miles per hour. 
Why don’t they fly off?

 

▲ FIGURE 2.4  Bohr diagrams of the first 20 elements and their places within the 
chart known as the periodic table of the elements. Note that the number of valence 
electrons increases from left to right in each row and that every element in a column has the 
same number of valence electrons (with the exception of helium). Heavier atoms have been 
omitted because most heavy elements are less important to living organisms. Neutrons are not 
shown because they have little effect on chemistry.

H

Li

Na

K

Be
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C

Si

N

P
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Periodic table of elements

Nitrogen (N) Oxygen (O) Fluorine (F) Neon (Ne)
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Chemical Bonds
LEarning OutCOmES

2.5 Describe the configuration of electrons in a stable atom 
and explain how valence electrons form chemical bonds.

2.6 Contrast molecules and compounds.

Outer electron shells are stable when they contain eight elec-
trons (except for the first electron shell, which is stable with 
only two electrons, because that is its maximum number). When 
atoms’ outer shells are not filled with eight electrons, they either 
have room for more electrons or have “extra”  electrons, depend-
ing on whether it is easier for them to gain electrons or lose 
electrons. For example, an oxygen atom, with six electrons in its 
outer shell, has two “unfilled spaces” (see Figure 2.4) because it 
requires less energy for the oxygen atom to gain two electrons 
than to lose six electrons. A calcium atom, by contrast, has two 
“extra” electrons in its outer (fourth) shell because it requires 
less energy to lose these two electrons than to gain six new ones. 
When a calcium atom loses two electrons, its third shell, which 
is then its outer shell, is full and stable with eight electrons.

As previously noted, an atom’s outermost electrons are 
called valence electrons, and thus the outermost shell of an atom 
is the valence shell. An atom’s valence,6 defined as its combin-
ing capacity, is considered to be positive if its valence shell has 
extra electrons to give up and to be negative if its valence shell 
has spaces to fill. Thus, a calcium atom, with two electrons in 
its valence shell, has a valence of +2, whereas an oxygen atom, 
with two spaces to fill in its valence shell, has a valence of −2.

Atoms combine with one another by either sharing or trans-
ferring valence electrons in such a way as to fill their valence shells. 
Such interactions between atoms are called chemical bonds. Two 
or more atoms held together by chemical bonds form a molecule. 
A molecule that contains atoms of more than one element is a com-
pound. Two hydrogen atoms bonded together form a hydrogen 
molecule, which is not a compound because only one element is 
involved. However, two hydrogen atoms bonded to an oxygen 
atom form a molecule of water (H2O), which is a compound.

In this section, we discuss the three principal types of chem-
ical bonds: nonpolar covalent bonds, polar covalent bonds, and ionic 
bonds. We also consider hydrogen bonds, which are weak forces 
that act with polar covalent bonds to give certain large chemi-
cals their characteristic three-dimensional shapes.

Nonpolar Covalent Bonds
LEarning OutCOmES

2.7 Contrast nonpolar covalent, polar covalent, and ionic bonds.
2.8 Define organic compound.

A covalent7 bond is the sharing of a pair of electrons between 
two atoms. Consider, for example, what happens when two 

7From Latin co, meaning “with” or “together,” and valentia, meaning “strength.”

hydrogen atoms approach one another. Each hydrogen atom 
consists of a single proton orbited by a single electron. Because 
the valence shell of each hydrogen atom requires two electrons 
in order to be full, each atom shares its single electron with the 
other, forming a hydrogen molecule in which both atoms have 
full shells (FIGURE 2.5a). Similarly, two oxygen atoms can share 
electrons, but they must share two pairs of electrons for their 
valence shells to be full (FIGURE 2.5b). Because two pairs of 
electrons are involved, oxygen atoms form two covalent bonds, 
or a double covalent bond, with one another.

The attraction of an atom for electrons is called its elec-
tronegativity. The more electronegative an atom, the greater 
the pull its nucleus exerts on electrons. Note in FIGURE 2.6, 
which displays the electronegativities of atoms of several 
elements, that electronegativities tend to increase from left 
to right in the chart. The reason is that elements toward the 
right of the chart have more protons and thus exert a greater 
pull on electrons. Electronegativities of elements decrease 
from top to bottom in the chart because the distance between 
the nucleus and the valence shell increases as elements get 
larger.

Atoms with equal or nearly equal electronegativities, such 
as two hydrogen atoms or a hydrogen and a carbon, share 
electrons equally or nearly equally. In chemistry and physics, 
“poles” are opposed forces, such as north and south magnetic 
poles or positive and negative terminals of a battery. In the case 
of atoms with similar electronegativities, the shared electrons 
tend to spend an equal amount of time around each nucleus 
of the pair, and no poles exist; therefore, the bond between 
them is a nonpolar covalent bond. (The covalent bonds illus-
trated in Figure 2.5a–c are nonpolar; formaldehyde, shown in 
Figure 2.5d, is polar.)

A hydrogen molecule can be symbolized a number of 
ways:

H ¬ H  H:H  H2

In the first symbol, the dash represents the chemical bond 
between the atoms. In the second symbol, the dots represent 
the electron pair of the covalent bond. These two symbols are 
known as structural formulas. In the third symbol, known as 
a molecular formula, the subscript “2” indicates the number of 
hydrogen atoms that are bonded, not the number of shared 
electrons. Each of these symbols indicates the same thing—two 
hydrogen atoms are sharing a pair of electrons.

Many atoms need more than one electron to fill their 
valence shell. For instance, a carbon atom has four valence 
electrons and needs to gain four more if it is to have eight in 
its valence shell. FIGURE 2.5c illustrates a carbon atom sharing 
with four hydrogen atoms. As before, a line in the structural 
formula represents a covalent bond formed from the sharing of 
two electrons. Two covalent bonds are formed between an oxy-
gen atom and a carbon atom in formaldehyde (FIGURE 2.5d). 
This fact is represented by a double line, which indicates that 
the carbon atom shares four electrons with the oxygen atom.

Carbon atoms are critical to life. Because a carbon atom has 
four electrons in its valence shell, it has equal tendencies to either 
lose four electrons or gain four electrons. Either event produces 

6From Latin valentia, meaning “strength.”
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a full outer shell. The result is that carbon atoms tend to share 
electrons and form four covalent bonds with one another and 
with many other types of atoms. Each carbon atom in effect 
acts as a four-way intersection where different components of 
a molecule can attach. One result of this feature is that carbon 
atoms can form very large chains that constitute the “back-
bone” of many biologically important molecules. Carbon chains 
can be branched or unbranched, and some even close back on 
themselves to form rings. Compounds that contain carbon and 
hydrogen atoms are called organic compounds. Among the 
many biologically important organic compounds are proteins 
and carbohydrates, which are discussed later in the chapter.

Polar Covalent Bonds
LEarning OutCOmE

2.9 Explain the relationship between electronegativity and 
the polarity of a covalent bond.

If two covalently bound atoms have significantly different elec-
tronegativities, their electrons will not be shared equally. Instead, 
the electron pair will spend more time orbiting the nucleus of the 
atom with greater electronegativity. This type of bond, in which 
there is unequal sharing of electrons, is a polar covalent bond. 

Figure 2.5 Methane and formaldehyde molecules are also compounds because they are composed 
of more than one element.
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▲ FIGURE 2.5  Four molecules formed by covalent bonds. (a) Hydrogen. Each hydrogen 
atom needs another electron to have a full valence shell. The two atoms share their electrons, 
forming a covalent bond. (b) Oxygen. Oxygen atoms have six electrons in their valence shells; thus, 
they need two electrons each. When they share with each other, two covalent bonds are formed. 
Note that the valence electrons of oxygen atoms are in the second shell. (c) A methane molecule, 
which has four single covalent bonds. (d) Formaldehyde. The carbon atom forms a double bond with 
the oxygen atom and single bonds with two hydrogen atoms. Which of these molecules are also 
compounds? Why?
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An example of a molecule with polar covalent bonds is water 
(FIGURE 2.7a).

Because oxygen is more electronegative than hydrogen, the 
electrons spend more time near the oxygen nucleus than near 
the hydrogen nuclei, and thus the oxygen atom acquires a tran-
sient (partial) negative charge (symbolized as δ−). Each of the 
hydrogen nuclei has a corresponding transient positive charge 
(δ+). The covalent bond between an oxygen atom and a hydro-
gen atom is called polar because the atoms have opposite par-
tial electrical charges.

Polar covalent bonds can form between many different 
elements. Generally, molecules with polar covalent bonds 
are water soluble, and nonpolar molecules are not. The most 
important polar covalent bonds for life are those that involve 
hydrogen because they allow hydrogen bonding, which we 
discuss shortly.

Both nonpolar and polar covalent bonds form angles 
between atoms such that the distances between electron orbits are 
maximized. The bond angle for water is shown in FIGURE 2.7b. 

However, it is more convenient to simply draw molecules as if 
all the atoms were in one plane; for example, H—O—H.

Ionic Bonds
LEarning OutCOmES

2.10 Define ionization using the terms cation and anion.
2.11 Contrast the formation of an ionic bond with that of a 

covalent bond.

Consider what happens when two atoms with vastly different 
electronegativities—for example, sodium, with one electron in 
its valence shell and an electronegativity of 0.9, and chlorine, 
with seven electrons in its valence shell and an electronegativity 
of 3.0—come together (FIGURE 2.8). Chlorine has such a higher 
electronegativity that it very strongly attracts sodium’s single 
valence electron, and the result is that the sodium loses that 
electron to chlorine 1 .

Now that the chlorine atom has one more electron than it has 
protons, it has a full negative charge, and the sodium atom, which 
has lost an electron, now has a full positive charge 2 . An atom 
or group of atoms that has either a full negative charge or a full 
positive charge is called an ion. Positively charged ions are called 
cations, whereas negatively charged ions are called anions.

Because of their opposite charges, cations and anions 
attract each other and form what is termed an ionic bond 3 .  

▲ FIGURE 2.7  Polar covalent bonding in a water molecule. 
(a) A bohr model of a water molecule, which has two polar covalent 
bonds. When the electronegativities of two atoms are significantly 
different, the shared electrons of covalent bonds spend more time around 
the more electronegative atom, giving it a transient negative charge (δ−). 
Its partner has a transient positive charge (δ+). (b) The bond angle in a 
water molecule. Atoms maximize the distances between electron orbitals 
in polar and nonpolar covalent bonds.
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▲ FIGURE 2.6  Electronegativity values of selected elements. 
The values are expressed according to the Pauling scale, named for the 
Nobel Prize–winning chemist linus Pauling, who based the scale on bond 
energies. Pauling chose to compare the electronegativity of each element 
to that of fluorine, to which he assigned a value of 4.0.

H

2.1

Li

1.0

Na

0.9

K

0.8

I

Be

1.5

Mg

1.2

Ca

1.0

II
Inert
gasesVIIVIVIVIII

Ga

1.6

Ge

1.8

As

2.0

Se

2.4

Br

2.8

Kr

0.0

B

2.0

Al

1.5

C

2.5

Si

1.8

N

3.0

P

2.1

O

3.5

S

2.5

F

4.0

Cl

3.0

Ne

0.0

He

0.0

Ar

0.0

▲ FIGURE 2.8  the interaction of sodium and chlorine to form  
an ionic bond.
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They form crystalline compounds composed of metallic and 
nonmetallic ions. These compounds are known as salts, such 
as sodium chloride (NaCl), also known as table salt, and potas-
sium chloride (KCl, sodium-free table salt). Ionic bonds differ 
from covalent bonds in that ions do not share electrons. Instead, 
the bond is formed from the attraction of opposite electrical 
charges.

The polar bonds of water molecules interfere with the 
ionic bonds of salts, causing dissociation (also called ionization)  
(FIGURE 2.9). This occurs as the partial negative charge on the 
oxygen atom of water attracts cations, and the partial positive 
charge on hydrogen atoms attracts anions. The presence of 
polar bonds interferes with the attraction between the cation 
and anion.

When cations and anions dissociate from one another and 
become surrounded by water molecules (are hydrated), they are 
called electrolytes because they can conduct electricity through 
the solution. Electrolytes are critical for life because they stabi-
lize a variety of compounds, act as electron carriers, and allow 
electrical gradients to exist within cells. We examine these func-
tions of electrolytes in later chapters.

▲ FIGURE 2.9  Dissociation of naCl in water. When water 
surrounds the ions in a NaCl crystal, the partial charges on water 
molecules are attracted to charged ions, and the water molecules 
hydrate the ions by surrounding them. The partial negative charges 
(δ−) on oxygen atoms are attracted to cations (in this case, the sodium 
ions), and the partial positive charges (δ+) on hydrogen atoms are 
attracted to anions (the chlorine ions). because the ions no longer 
attract one another, the salt crystal dissolves. Hydrated ions are 
called electrolytes.
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▲ FIGURE 2.10  Hydrogen bonds. The transient positive charge 
(symbolized δ+) on a hydrogen atom is attracted to a transient negative 
charge (δ−) on another atom. Such attraction is a hydrogen bond. 
Hydrogen bonds can hold together portions of the same molecule or 
hold two different molecules together. In this case, three hydrogen bonds 
are holding molecules of cytosine and guanine together.
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In nature, chemical bonds range from nonpolar bonds to 
polar bonds to ionic bonds. The important thing to remember is 
that electrons are shared between atoms in covalent bonds and 
transferred from one atom to another in ionic bonds.

hydrogen Bonds
LEarning OutCOmE

2.12 Describe hydrogen bonds and discuss their importance 
in living organisms.

As we have seen, hydrogen atoms bind to oxygen atoms by 
means of polar covalent bonds, resulting in transient positive 
charges on the hydrogen atoms. Hydrogen atoms form polar 
covalent bonds with atoms of other elements as well.

The electrical attraction between a partially charged hydro-
gen atom and a full or partial negative charge on either a differ-
ent region of the same molecule or another molecule is called a 
hydrogen bond (FIGURE 2.10). Hydrogen bonds can be likened 
to weak ionic bonds in that they arise from the attraction of pos-
itive and negative charges. Notice also that although they are a 
consequence of polar covalent bonds between hydrogen atoms 
and other, more electronegative atoms, hydrogen bonds them-
selves are not covalent bonds—they do not involve the sharing 
of electrons.

As we have seen, covalent bonds are essential for life 
because they strongly link atoms together to form molecules. 
Hydrogen bonds, though weaker than covalent bonds, are also 
essential. The cumulative effect of numerous hydrogen bonds 
is to stabilize the three-dimensional shapes of large molecules. 
For example, the familiar double-helix shape of DNA is due in 
part to the stabilizing effects of thousands of hydrogen bonds 
holding the molecule together. Hydrogen bonds play a role 
in the recognition of target cells by pathogens and also play 
a role in maintaining the exact shape of enzymes, antibodies, 
and intercellular chemical messengers, which is critical for their 
correct function. Further, because hydrogen bonds are weak, 
they can be overcome when necessary. For example, the two 
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complementary halves of a DNA molecule are held together 
primarily by hydrogen bonds, and they can be separated for 
DNA replication and other processes (see Chapter 7; Figure 7.6).

TABLE 2.2 summarizes some characteristics of chemical 
bonds.

TELL ME Why

Chlorine and potassium atoms form ionic bonds, carbon atoms form 
nonpolar covalent bonds with nitrogen atoms, and oxygen forms 
polar covalent bonds with phosphorus. Explain why these bonds are 
the types they are.

Chemical Reactions
LEarning OutCOmE

2.13 Describe three general types of chemical reactions found 
in living things.

You are already familiar with many consequences of chemical 
reactions: you add yeast to bread dough, and it rises; enzymes 
in your laundry detergent remove grass stains; and gasoline 
burned in your car releases energy to speed you on your way. 
What exactly is happening in these reactions? What is the pre-
cise definition of chemical reaction?

We have discussed how bonds are formed via the sharing 
of electrons or the attraction of positive and negative charges. 
Scientists define chemical reactions as the making or break-
ing of such chemical bonds. All chemical reactions begin with 
 reactants—the atoms, ions, or molecules that exist at the beginning 
of a reaction. Similarly, all chemical reactions result in products—
the atoms, ions, or molecules left after the reaction is complete. 
Biochemistry involves the chemical reactions of living things.

Reactants and products may have very different physi-
cal and chemical characteristics. For example, hydrogen and 
oxygen are gases and have very different properties from 
water, which is composed of hydrogen and oxygen atoms. 
However, the numbers and types of atoms never change in 
a chemical reaction; atoms are neither destroyed nor created,  
only rearranged.

Now let’s turn our attention to three general categories 
of biochemical reactions (reactions that occur in organisms):  
synthesis, decomposition, and exchange reactions.

Synthesis Reactions
LEarning OutCOmES

2.14 Give an example of a synthesis reaction that involves 
the formation of a water molecule.

2.15 Contrast endothermic and exothermic chemical 
reactions.

Synthesis reactions involve the formation of larger, more complex 
molecules. Synthesis reactions can be expressed symbolically as

Reactant + Reactant S  Product(s)

The arrow indicates the direction of the reaction and the forma-
tion of new chemical bonds. For example, algae make their own 
glucose (sugar) using the following reaction:

6 H2O + 6 CO2 S  C6H12O6 + 6 O2

The reaction is read, “Six molecules of water plus six molecules 
of carbon dioxide yield one molecule of glucose and six mol-
ecules of oxygen.” Notice that the total number and kind of 
atoms are the same on both sides of the reaction.

A common synthesis reaction in biochemistry is a 
 dehydration synthesis, in which two smaller molecules are 
joined together by a covalent bond, and a water molecule is also 
formed (FIGURE 2.11a). The word dehydration in the name of this 
type of reaction refers to the fact that one of the products is a 
water molecule formed when a hydrogen ion (H+) from one reac-
tant combines with a hydroxyl ion (OH−) from another reactant.

Synthesis reactions require energy to break bonds in the 
reactants and to form new bonds to make products. Reactions 
that require energy are said to be endothermic8 reactions 
because they trap energy within new molecular bonds. An 
energy supply for fueling synthesis reactions is one common 
requirement of all living things (Chapter 6).

Taken together, all of the synthesis reactions in an organism 
are called anabolism.

Decomposition Reactions
LEarning OutCOmE

2.16 Give an example of a decomposition reaction that 
involves breaking the bonds of a water molecule.

 

TAblE 2.2  Characteristics of Chemical Bonds

Type of Bond Description Relative Strength

Nonpolar covalent bond Pair of electrons is nearly equally shared between two atoms Strong

Polar covalent bond Electrons spend more time around the more electronegative of two atoms Strong

Ionic bond Electrons are stripped from a cation by an anion Weaker than covalent in aqueous environments

Hydrogen bond Partial positive charges on hydrogen atoms are attracted to full and partial 
negative charges on other molecules or other regions of the same molecule

Weaker than ionic

8From Greek endon, meaning “within,” and thermos, meaning “heat” (energy).
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Decomposition reactions are the reverse of synthesis reac-
tions in that they break bonds within larger molecules to form 
smaller atoms, ions, and molecules. These reactions release 
energy and are therefore exothermic reactions.9 In general, 
decomposition reactions can be represented by the following 
formula:

Reactant S Product + Product

An example of a biologically important decomposition reaction 
is the aerobic decomposition of glucose to form carbon dioxide 
and water:

C6H12O6 + 6 O2 S  6 H2O + 6 CO2

Note that this reaction is exactly the reverse of the synthesis 
reaction in algae that we examined previously. Synthesis and 
decomposition reactions are often reversible in living things.

A common type of decomposition reaction in biochem-
istry is hydrolysis,10 the reverse of dehydration synthesis  
(FIGURE 2.11b). In hydrolytic reactions, a covalent bond in a 
large molecule is broken, and the ionic components of water 
(H+ and OH−) are added to the products.

Collectively, all of the decomposition reactions in an organ-
ism are called catabolism.

Exchange Reactions
LEarning OutCOmE

2.17 Compare exchange reactions to synthesis and 
decomposition reactions.

Exchange reactions (also called transfer reactions) have features 
similar to both synthesis and decomposition reactions. For 
instance, they involve breaking and forming covalent bonds, 
and they involve both endothermic and exothermic steps. 
As the name suggests, atoms are moved from one molecule 

▲ FIGURE 2.11  two types of chemical reactions in living things. (a) Dehydration synthesis. In this energy-requiring 
reaction, a hydroxyl ion (OH−) removed from one reactant and a hydrogen ion (H+) removed from another reactant combine 
to form hydrogen hydroxide (HOH), which is water. (b) Hydrolysis, an energy-yielding reaction that is the reverse of a 
dehydration synthesis reaction. What are the scientific words meaning “energy-requiring” and “energy-releasing”?

Figure 2.11 Endothermic means “energy-requiring,” and exothermic means “energy-releasing.”
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to another. In general, these reactions can be represented  
as either

A + BC S  AB + C

or
AB + CD S  AD + BC

An important exchange reaction within organisms is the phos-
phorylation of glucose:

A AP P PP P PC6H12O6 H+C6H11O6

Glucose Adenosine
triphosphate

Glucose
phosphate

Adenosine
diphosphate

+ + +

The sum of all of the chemical reactions in an organism, 
including catabolic, anabolic, and exchange reactions, is called 
metabolism. (Chapter 5 examines metabolism in more detail.)

TELL ME Why

Why are decomposition reactions exothermic, that is, energy releasing?

Water, Acids, Bases, and Salts
As previously noted, living things depend on organic compounds, 
those that contain carbon and hydrogen atoms. Living things also 
require a variety of inorganic chemicals, which typically lack car-
bon. Such inorganic substances include water, oxygen molecules, 
metal ions, and many acids, bases, and salts. In this section, we 
examine the characteristics of some of these inorganic substances.

Water
LEarning OutCOmE

2.18 Describe five qualities of water that make it vital to life.

Water is the most abundant substance in organisms, constitut-
ing 50% to 99% of their mass. Most of the special characteristics 

 

9From Greek exo, meaning “outside,” and thermos, meaning “heat” (energy).
10From Greek hydor, meaning “water,” and lysis, meaning “loosening.”
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that make water vital result from the fact that a water molecule 
has two polar covalent bonds, which allow hydrogen bonding 
between water molecules and their neighbors. Among the spe-
cial properties of water are the following:

•	 Water molecules are cohesive; that is, they tend to stick to 
one another through hydrogen bonding (FIGURE 2.12). This 
property generates many special characteristics of water, 
including surface tension, which allows water to form a thin 
layer on the surface of cells. This aqueous layer is necessary 
for the transport of dissolved materials into and out of a cell.

•	 Water is an excellent solvent; that is, it dissolves salts and 
other electrically charged molecules because it is attracted 
to both positive and negative charges (see Figure 2.9).

•	 Water remains a liquid across a wider range of temperatures 
than other molecules of its size. This is critical because living 
things require water in liquid form.

•	 Water can absorb significant amounts of heat energy without 
itself changing temperature. Further, when heated water 
molecules eventually evaporate, they take much of this 
absorbed energy with them. These properties moderate 
temperature fluctuations that would otherwise damage 
organisms.

•	 Water molecules participate in many chemical reactions 
within cells both as reactants in hydrolysis and as products 
of dehydration synthesis.

Acids and Bases
LEarning OutCOmE

2.19 Contrast acids, bases, and salts and explain the role of 
buffers.

As we have seen, the polar bonds of water molecules dis-
sociate salts into their component cations and anions. A 

similar process occurs with substances known as acids  
and bases.

An acid is a substance that dissociates into one or more 
hydrogen ions (H+) and one or more anions (FIGURE 2.13a). Acids 
can be inorganic molecules, such as hydrochloric acid (HCl) and 
sulfuric acid (H2SO4), or organic molecules, such as amino acids 
and nucleic acids. Familiar organic acids are found in lemon 
juice, black coffee, and tea. Of course, the anions of organic acids 
contain carbon, whereas those of inorganic acids do not.

A base is a molecule that binds with H+ when dissolved 
in water. Some bases dissociate into cations and hydroxyl ions 
(OH−) (FIGURE 2.13b), which then combine with hydrogen ions 
to form water molecules:

H + + OH -  S  H2O

▲ FIGURE 2.12  the cohesiveness of liquid water. (a) Water molecules are 
cohesive because hydrogen bonds cause them to stick to one another. (b) One result 
of cohesiveness in water is surface tension, which can be strong enough to support the 
weight of insects known as water striders.
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Other bases, such as household ammonia (NH3), directly accept 
hydrogen ions and become compound ions such as NH4

+ 
(ammonium). Another common household base is baking soda 
(sodium bicarbonate, NaHCO3).

Metabolism requires a relatively constant balance of 
acids and bases because hydrogen ions and hydroxyl ions are 
involved in many chemical reactions. Further, many complex 
molecules such as proteins lose their functional shapes when 
acidity changes. If the concentration of either hydrogen ions or 
hydroxyl ions deviates too far from normal, metabolism ceases.

The concentration of hydrogen ions in a solution is 
expressed using a logarithmic pH scale (FIGURE 2.14). The term 
pH comes from potential hydrogen, which is the negative of the 
logarithm of the concentration of hydrogen ions. In this loga-
rithmic scale, it is important to notice that acidity increases as 
pH values decrease and that each decrease by a whole number 
in pH indicates a 10-fold increase in acidity (hydrogen ion con-
centration). For example, a glass of grapefruit juice, which has a 
pH of 3.0, contains 10 times as many hydrogen ions as the same 
volume of tomato juice, which has a pH of 4.0. Similarly, tomato 
juice is 1000 times more acidic than pure water, which has a 
pH of 7.0 (neutral). Water is neutral because it dissociates into 
one hydrogen cation and one hydroxyl anion:

H2O S  H + + OH -

Alkaline (basic) substances have pH values greater than 7.0. 
They reduce the number of free hydrogen ions by combining 
with them. For bases that produce hydroxyl ions, the concentra-
tion of hydroxyl ions is inversely related to the concentration of 
hydrogen ions.

Organisms can tolerate only a certain, relatively narrow 
pH range. Fluctuations outside an organism’s preferred range 
inhibit its metabolism and may even be fatal. Most organ-
isms contain natural buffers—substances, such as proteins, 

▲ FIGURE 2.14  the pH scale. Values below 7 are acidic; values 
above 7 are basic.
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The Alhambra, a Moorish palace constructed of limestone and 
marble beginning in the 9th century, was built to last. but not even 
stone lasts forever. Wind and rain wear away the surface. Acid rain 
reacts with the calcite crystals in limestone and marble. As years 
pass, stone slowly crumbles.

Those who would preserve the Alhambra and other historic 
structures face a dilemma. The microscopic pores that riddle 
limestone and marble make these materials particularly susceptible 
to weathering and decay. Sealing the stone’s pores can reduce 
weathering but can also lock in moisture that speeds the 
stone’s decay.

With the help of Myxococcus xanthus, a bacterium commonly 
found in soil, a team of researchers led by mineralogist Carlos 

Rodríguez-Navarro of the University 
of Granada may have found a way 
to protect the stone of structures like 
the Alhambra.

In many natural environments, 
bacteria instigate the formation of 
calcite crystals like the ones in limestone. In tests conducted 
using samples of the limestone commonly used in historic 
Spanish buildings, M. xanthus formed calcite crystals that lined 
the stone’s pores rather than plugging them. The crystals formed 
by the bacteria are even more durable than the original stone, 
offering the potential for long-term protection.

BeneficialMicrobes
Architecture-Preserving Bacteria

the alhambra
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that prevent drastic changes in internal pH by removing 
excess hydrogen and hydroxyl ions. In a laboratory culture, 
the metabolic activity of microorganisms can change the pH 
of microbial growth solutions as nutrients are taken up and 
wastes are released; therefore, pH buffers are often added to 
them. One common buffer used in microbiological media is 
KH2PO4 (potassium dihydrogen phosphate), which exists as 
either a weak acid or a weak base, depending on the pH of its 
environment. Under acidic conditions, KH2PO4 is a base that 
combines with H+, neutralizing the acidic environment; in alka-
line  conditions, however, KH2PO4 acts as an acid, releasing 
 hydrogen ions.

Microorganisms differ in their ability to tolerate vari-
ous ranges of pH. Many grow best when the pH is between 
6.5 and 8.5. Photosynthetic bacteria known as cyanobacteria 
grow well in more basic solutions. Fungi generally tolerate 
acidic environments better than most prokaryotes, though 
acid-loving prokaryotes, called acidophiles, require acidic 
conditions. Some bacteria are tolerant of acid. One such bac-
terium is Propionibacterium acnes (prō-pē-on-i-bak-tēr´ē-ŭm 
ak´nēz). This bacterium can cause acne in the skin, which 
normally has a pH of about 4.0. Another is Helicobacter pylori 
(hel´ĭ-kō-bak´ter pī´lō-rē),11 a curved bacterium that has been 
shown to cause ulcers in the stomach, where pH can fall as 
low as 1.5 when acid is being actively secreted. Clinical Case 
Study: Raw Oysters and Antacids: A Deadly Mix? focuses 
on how the use of antacids may increase the survival rates of 
certain disease-causing bacteria in the stomach.

Microorganisms can change the pH of their environment 
by utilizing acids and bases and by producing acidic or basic 
wastes. For example, fermentative microorganisms form organic 
acids from the decomposition of sugar, and the bacterium 
Thiobacillus (thī-ō-bă-sil´ŭs) can reduce the pH of its environment 
to 0.0. Some mining companies rely on acid produced by this 
bacterium to dissolve uranium and copper from low-grade ore.

Scientists measure pH with a pH meter or with test papers 
impregnated with chemicals (such as litmus or phenol red) that 
change color in response to pH. In a microbiological laboratory, 
changes in color of such pH indicators incorporated into micro-
bial growth media are commonly used to distinguish among 
bacterial genera.

Salts
As we have seen, a salt is a compound that dissociates in water 
into cations and anions other than H+ and OH−. Acids and 
hydroxyl-yielding bases neutralize each other during exchange 
reactions that produce water and salt. For instance, milk of 
magnesia (magnesium hydroxide) is an antacid used to neutral-
ize excess stomach acid. The chemical reaction is

Mg(OH)2
Magnesium
hydroxide

2 HCl
Hydrochloric

acid

MgCl2
Magnesium

chloride (salt)

2H2O
Water

+ +

11The name pylori refers to the pylorus, a region of the stomach.

Cations and anions of salts are electrolytes. A cell uses elec-
trolytes to create electrical differences between its inside and 
outside, to transfer electrons from one location to another, and 
as important components of many enzymes. Certain organisms 
also use salts such as calcium carbonate (CaCO3) to provide 
structure and support for their cells.

TELL ME Why

Why does the neutralization of an acid by a base often produce 
water?

Organic Macromolecules
Inorganic molecules play important roles in an organism’s 
metabolism; however, water excluded, they compose only 
about 1.5% of its mass. Inorganic molecules are typically too 

 

The highly acidic environment 
of the stomach kills most 
bacteria before they cause 
disease. One bacterium that can 
slightly tolerate conditions as it 
passes through the stomach is 
Vibrio vulnificus—a bacterium 
commonly ingested by eating 

raw tainted oysters. The bacterium cannot be seen, tasted, or 
smelled in food or water.

V. vulnificus is an emerging pathogen and a growing cause 
of food poisoning in the United States: it triggers vomiting, 
diarrhea, and abdominal pain. The pathogen can also infect 
the bloodstream, causing life-threatening illness characterized 
by fever, chills, skin lesions, and deadly loss of blood pressure. 
About 50% of patients with bloodstream infections die. 
V. vulnificus especially affects the immunocompromised and 
people with long-term liver disease.

Researchers have discovered that taking antacids may make 
people more susceptible to becoming ill from V. vulnificus. 
They found that antacids in a simulated gastric environment 
significantly increased the survival rate of V. vulnificus.

1. Why are patients who take antacids at greater risk for 
infections with V. vulnificus?

2. Will antacids raise or lower the pH of the stomach?
3. Other than refraining from antacids, what can people do 

to reduce their risk of infection?

Reference: Adapted from MMWR 45:621–624, 1996.

clinical Case study
Raw Oysters and Antacids: 
A Deadly Mix?
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12Note that the hydroxyl functional group is not the same thing as the hydroxyl ion, because 
the former is covalently bonded to a carbon atom and the latter is unbound.

TAblE 2.3   Functional groups of Organic molecules and Some Classes 
of Compounds in Which they are Found

Structure Name Class of Compounds

OH Hydroxyl Alcohol
Monosaccharide
Amino acid

CH2 CH2OR R� Ether Disaccharide
Polysaccharide

C

O

R R�

Internal carbonyl—a carbon atom  
(in R group) on each side

Ketone
Carbohydrate

C

O

R H

Terminal carbonyl—a carbon atom  
(in R group) on only one side

Aldehyde

C

O

R O H

Carboxyl Amino acid
Protein
Fatty acid

C

H

H

R NH2

Amino Amino acid
Protein

C

O

R O R�

Ester Fat
Wax

CH2 SHR Sulfhydryl Amino acid
Protein

CH2 OR O

OH

OH

P

Organic phosphate Phospholipid
Nucleotide
ATP

small and too simple to constitute an organism’s basic struc-
tures or to perform the complicated chemical reactions required 
of life. These functions are fulfilled by organic molecules, which 
are generally larger and much more complex.

Functional Groups
LEarning OutCOmE

2.20 Define functional group as it relates to organic chemistry.

As we have seen, organic molecules contain carbon and 
hydrogen atoms, and each carbon atom can form four 
covalent bonds with other atoms (see Figure 2.5c and d). 
Carbon atoms that are linked together in branched chains, 
unbranched chains, and rings provide the basic frameworks 
of organic molecules.

Atoms of other elements are bound to these carbon frame-
works to form an unlimited number of compounds. Besides 
carbon and hydrogen, the most common elements in organic 

compounds are oxygen, nitrogen, phosphorus, and sulfur. 
Other elements, such as iron, copper, molybdenum, manga-
nese, zinc, and iodine, are important in some proteins.

Atoms often appear in certain common arrangements called 
functional groups that are common in organic molecules. For 
example, —NH2, the amino functional group, is found in all 
amino acids, and —OH, the hydroxyl functional group,12 is 
common to all alcohols. When a class of organic molecules is 
discussed, the letter R (for residue) designates atoms in the com-
pound that vary from one molecule to another. The symbol R—
OH, therefore, represents the general formula for an alcohol. 
TABLE 2.3 describes some common functional groups of organic 
molecules.

There is a great variety of organic compounds, but all 
organisms use certain basic types. These molecules—known as 
macromolecules because they are very large—are lipids, carbohy-
drates, proteins, and nucleic acids.
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Lipids
LEarning OutCOmES

2.21 Describe the structure of a molecule of fat (triglyceride), 
and compare it to that of phospholipids, waxes, and 
steroids.

2.22 Distinguish among saturated, unsaturated, and 
polyunsaturated fatty acids.

Lipids are a diverse group of organic macromolecules not com-
posed of regular subunits. They have one common trait—they 
are hydrophobic;13 that is, they are insoluble in water. Lipids 
have little or no affinity for water because they are composed 
almost entirely of carbon and hydrogen atoms linked by nonpo-
lar covalent bonds. Because these bonds are nonpolar, they have 
no attraction to the polar bonds of water molecules. To look at 
it another way, the polar water molecules are attracted to each 
other and exclude the nonpolar lipid molecules. There are four 
major groups of lipids in cells: fats (triglycerides), phospholip-
ids, waxes, and steroids.

Fats
Organisms make fats via dehydration synthesis reactions 
that form esters between an alcohol named glycerol and three 
fatty acids, which are long hydrocarbon chains capped by a 
carboxyl functional group (FIGURE 2.15a). Fats are also called 

13From Greek hydor, meaning “water,” and phobos, meaning “fear.”

triglycerides because they contain three fatty acid molecules 
linked to glycerol.

The three fatty acids in a fat molecule may be identical 
or different from one another, but each usually has 12–20 
carbon atoms. An important difference among fatty acids 
is the presence and location of double bonds between car-
bon atoms. When carbon atoms are linked solely by single 
bonds, every carbon atom, with the exception of the termi-
nal ones, is covalently linked to two hydrogen atoms. Such 
a fatty acid is saturated with hydrogen and is thus termed a 
saturated fatty acid (FIGURE 2.15b). In contrast, unsaturated 
fatty acids contain one double bond between adjacent car-
bon atoms (monounsaturated fatty acid) or more than one dou-
ble bond between carbon atoms (polyunsaturated fatty acid). 
Triglycerides with at least one polyunsaturated fatty acid are 
polyunsaturated fats.

Saturated fats (composed solely of saturated fatty acids), 
like those found in animals, are usually solid at room tem-
perature because their fatty acids can be packed closely 
together. Unsaturated fatty acids, by contrast, are bent at 
every double bond and so unsaturated fats cannot be packed 
tightly; they remain liquid at room temperature. Most fats 
in plants are unsaturated or polyunsaturated. TABLE 2.4 
compares the structures and melting points of four common 
fatty acids.

Fats contain an abundance of energy stored in their 
 carbon-carbon covalent bonds. Indeed, a major role of fats in 
organisms is to store energy. Fats can be catabolized to provide 
energy for movement, synthesis, and transport (Chapter 5).

▲ FIGURE 2.15  Fats (triglycerides). (a) Fats are made in 
dehydration synthesis reactions that form ester bonds between a glycerol 
molecule and three fatty acids. (b) Saturated fatty acids have only single 
bonds between their carbon atoms, whereas unsaturated fatty acids have 
double bonds between carbon atoms. Scientists often use abbreviated 
diagrams of fatty acids in which each angle represents a carbon atom 
and most hydrogen atoms are not shown, as seen in part (a) of this figure. 
According to Table 2.4, which fatty acids are shown in Figure 2.15a?

Figure 2.15 Stearic acid, palmitic acid, and oleic acid.

Glycerol + 3 fatty acids Fat (triglyceride)

(a)

C

H H

H
H

H OH

CH OH

C

C

C

CH OH

H O

H O

H O

Monounsaturated fatty acid

Saturated fatty acid

(b)

C

O

HO

CH2 CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH3

CH2

CH2

CH2

C

O

HO

CH2 CH2

CH2

CH2

CH2 CH CH

CH2

CH2

CH2

CH2

CH2

CH3

CH2

CH2

O

O

O

CH O

CH O

C

C

C

CH O

O

Ester bond
O
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Dehydration
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TAblE 2.4  Common Fatty acids in Fats and Cell membranes

Numbers of 
Carbon Atoms: 
Double Bonds

Type of  
Fatty Acid Structure and Formula Common Name

Melting  
Point

16:0 Saturated CH3(CH2)14COOH

Hydrocarbon chain

CH3

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

OH

CH2 O

C

Palmitic acid 63°C

18:0 Saturated CH3(CH2)16COOH

CH3

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

OH

CH2 O

CCH2

CH2

Stearic acid 70°C

18:1 Monounsaturated CH3(CH2)7CH=CH(CH2)7COOH

Double bond

CH

CH2

CH2

CH2

CH2

OH

CH2 O

CCH2

CH2

CH

CH2
CH2

CH2
CH2

CH2
CH2

CH2
CH3

Carboxyl group

Oleic acid 16°C

18:2 Polyunsaturated CH3(CH2)4(CH=CHCH2)2(CH2)6COOH

CH

CH2

CH2

CH2

CH2

OH

CH2 O

CCH2

CH2

CH3

CH2

CH2

CH2 CH

CH2

CH

CH2
CH

linoleic acid −5°C

Phospholipids
Phospholipids are similar to fats, but they contain only two 
fatty acid chains instead of three. In phospholipids, the third 
carbon atom of glycerol is linked to a phosphate (PO4) func-
tional group instead of a fatty acid (FIGURE 2.16a). Like fats, dif-
ferent phospholipids contain different fatty acids. Small organic 
groups linked to the phosphate group provide additional vari-
ety among phospholipid molecules.

The fatty acid “tail” portion of a phospholipid molecule is non-
polar and thus hydrophobic, whereas the phospholipid “head” is 
polar and thus hydrophilic.14 As a result, phospholipids placed in 
a watery environment will always self- assemble into forms that 
keep the fatty acid tails away from water. One way they do this 
is to form a phospholipid bilayer (FIGURE 2.16c). The fatty acid 
tails, which are hydrophobic, congregate in the water-free interior 
of bilayers. The polar phosphate heads, which are hydrophilic, 
orient toward the water on either side of the bilayer. Phospholipid 

bilayers make up the membranes surrounding cells as well as the 
internal membranes of plant, fungal, and animal cells.

Waxes
Waxes contain one long-chain fatty acid linked covalently to a 
long-chain alcohol by an ester bond. Waxes do not have hydro-
philic heads; thus, they are completely water insoluble. Certain 
microorganisms, such as Mycobacterium tuberculosis (mī´kō-bak-
tēr´ē-ŭm too-ber-kyū-lō´sis), are surrounded by a waxy wall, 
making them resistant to drying. Some marine microbes use 
waxes instead of fats as energy storage molecules.

Steroids
A final group of lipids are steroids. Steroids consist of four 
rings (each containing five or six carbon atoms) that are fused 
to one another and attached to various side chains and func-
tional groups (FIGURE 2.17a). Steroids play many roles in human 
metabolism. Some act as hormones; another steroid, cholesterol, 
is perhaps familiar to you as a less desirable component of food. 14From Greek philos, meaning “love.”
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However, cholesterol is also an essential part of the phospholipid 
bilayer membrane surrounding an animal cell. Cells of fungi, 
plants, and one group of bacteria (mycoplasmas) have similar 
sterol molecules in their membranes. Sterols, which are steroids 
with an —OH functional group, interfere with the tight packing 
of the fatty acid chains of phospholipids (FIGURE 2.17b). This 
keeps the membranes fluid and flexible at low temperatures. 
Without steroids such as cholesterol, the membranes of cells 
would become stiff and inflexible in the cold.

Carbohydrates, proteins, and nucleic acid macromolecules 
are composed of simpler subunits known as monomers,15 
which are basic building blocks. The monomers of these mac-
romolecules are joined together to form chains of monomers 
called polymers.16 Some macromolecular polymers are com-
posed of hundreds of thousands of monomers.

Carbohydrates
LEarning OutCOmE

2.23 Discuss the roles carbohydrates play in living systems.

Carbohydrates are organic molecules composed solely of 
atoms of carbon, hydrogen, and oxygen. Most carbohydrate 

15From Greek mono, meaning “one,” and meris, meaning “part.”
16From Greek poly, meaning “many,” and meris, meaning “part.”

17From Greek sakcharon, meaning “sugar.”

compounds contain an equal number of oxygen and carbon 
atoms and twice as many hydrogen atoms as carbon atoms, 
so the general formula for a carbohydrate is (CH2O)n, where n 
indicates the number of CH2O units.

Carbohydrates play many important roles in organisms. 
Large carbohydrates, such as starch and glycogen, are used 
for the long-term storage of chemical energy, and smaller 
carbohydrate molecules serve as a ready energy source, form 
part of the backbones of DNA and RNA, and may be con-
verted into amino acids. Additionally, polymers of carbo-
hydrate form the cell walls of most fungi, plants, algae, and 
prokaryotes and are involved in intercellular interactions 
between animal cells.

monosaccharides
The simplest carbohydrates are monosaccharides17—simple 
sugars (FIGURE 2.18). The general names for the classes of 
monosaccharides are formed from a prefix indicating the num-
ber of carbon atoms and from the suffix -ose. For example, pen-
toses are sugars with five carbon atoms, and hexoses are sugars 
with six carbon atoms. Pentoses and hexoses are particularly 
important in cellular metabolism. For example, deoxyribose, 
which is the sugar component of DNA, is a pentose. Glucose 

▲ FIGURE 2.16  Phospholipids. (a) A phospholipid is composed of a hydrophilic (polar) “head,” 
which is composed of glycerol and a phosphate group, and two hydrophobic (nonpolar) fatty acid 
“tails.” (b) The symbol used to represent phospholipids. (c) In water, phospholipids can self-assemble 
into spherical bilayers. Phospholipids containing unsaturated fatty acids do not pack together as  
tightly as those containing saturated fatty acids.
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is a hexose and the primary energy molecule of cells, and fruc-
tose is a hexose found in fruit. Chemists assign numbers to the 
carbon atoms.

Monosaccharides may exist as linear molecules, but 
because of energy dynamics, each usually takes a cyclic (ring) 
form. In some cases, more than one cyclic structure may exist. 
For example, glucose can assume an alpha (a) configuration or 
a beta (b) configuration (see Figure 2.18a). As we will see, these 
configurations play important roles in the formation of different 
polymers.

Disaccharides
When two monosaccharide molecules are linked together via 
dehydration synthesis, the result is a disaccharide. For exam-
ple, the linkage of two hexoses, glucose and fructose, forms 
sucrose (table sugar) in a dehydration reaction (FIGURE 2.19a). 
Other disaccharides include maltose (malt sugar) and lactose 

▲ FIGURE 2.17  Steroids. (a) Steroids are lipids characterized by 
four “fused” rings. (b) The steroid cholesterol, which has a short chain of 
atoms extending from the fourth ring, functions in animal and protozoan 
cell membranes to prevent packing of phospholipids, thereby keeping the 
membranes fluid at low temperatures.

(a)

(b)

Phospholipids

Cell membrane

Cholesterol

C
C

C
C

C

C
C

C

C
C

C
C

C

C

C
C

C

HO

▲ FIGURE 2.18  monosaccharides (simple sugars). Although 
simple sugars may exist as either linear molecules (at left) or rings (at 
right), energy dynamics in the watery cytoplasm of cells generally favor 
ring forms. (a) Glucose, a hexose, is the primary energy source for cellular 
metabolism and an important monomer in many larger carbohydrates. 
Chemists number the carbon atoms as shown. Alpha and beta ring 
configurations differ in the location of oxygen bound to carbon 1.  
(b) N-acetylglucosamine (NAG), a monomer in bacterial cell walls.
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(milk sugar). Disaccharides can be broken down via hydrolysis 
into their constituent monosaccharides (FIGURE 2.19b).

Polysaccharides
Polysaccharides are polymers composed of tens, hundreds, 
or thousands of monosaccharides that have been covalently 
linked in dehydration synthesis reactions. Even polysac-
charides that contain only glucose monomers can be quite 
diverse because they can differ according to their monosac-
charide monomer configurations (either alpha or beta) and 
their shapes (either branched or unbranched). Cellulose, the 
main constituent of the cell walls of plants and some green 
algae, is a long unbranched molecule that contains only  
β-monomers of glucose linked between carbons 1 and 4 of 
alternating monomers; such bonds are termed β-1,4 bonds 
(FIGURE 2.20a). Amylose, a starch storage compound in plants, 
has only α-1,4 bonds and is unbranched (FIGURE 2.20b); gly-
cogen, a storage molecule formed in the liver and muscle cells 
of animals, is a highly branched molecule with both α-1,4 and 
α-1,6 bonds (FIGURE 2.20c).

The cell walls of bacteria are composed of peptidogly-
can, which is made of polysaccharides and amino acids (see 
Figure 3.15). Polysaccharides may also be linked to lipids to 
form glycolipids, which can form cell markers such as those 
involved in the ABO blood typing system in humans.
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Proteins
LEarning OutCOmES

2.24 Describe five general functions of proteins in organisms.
2.25 Sketch and label four levels of protein structure.

The most complex organic compounds are proteins, which are 
composed mostly of carbon, hydrogen, oxygen, nitrogen, and 
sulfur. Proteins perform many functions in cells, including the 
following:

•	 Structure. Proteins are structural components found in 
cell walls, in membranes, and within cells themselves. 
Proteins are also the primary structural material of hair, 
nails, the outer cells of skin, muscle, and flagella and cilia 
(the last two act to move microorganisms through their 
environment).

•	 Enzymatic catalysis. Catalysts are chemicals that enhance 
the speed or likelihood of a chemical reaction. Protein 
catalysts in cells are called enzymes.

•	 Regulation. Some proteins regulate cell function by 
stimulating or hindering either the action of other proteins 
or the expression of genes. Hormones are examples of 
regulatory proteins.

•	 Transportation. Certain proteins act as channels and 
“pumps” that move substances into or out of cells.

•	 Defense and offense. Antibodies and complement are examples 
of proteins that defend your body against pathogens.

A protein’s function is dependent on its shape, which is 
determined by the molecular structures of its constituent parts 
and by the bonds within the molecule.

amino acids
Proteins are polymers composed of monomers called amino acids. 
Amino acids contain a basic amino group (—NH2), a hydrogen 
atom, and an acidic carboxyl group (—COOH). All attach to the 
same carbon atom, which is known as the α-carbon (FIGURE 2.21). 
A fourth bond attaches the α-carbon to a side group (—R) that var-
ies among different amino acids. The side group may be a single 
hydrogen atom, various chains, or various complex ring struc-
tures. Hundreds of amino acids are possible, but most organisms 
use only 21 amino acids in synthesizing proteins.18 The different 
side groups affect the way amino acids interact with one another 
within a given protein as well as how a protein interacts with other 
molecules. A change in an amino acid’s side group may seriously 
interfere with a protein’s normal function.

Because amino acids contain both an acidic carboxyl group 
and a basic amino group, they have both positive and negative 
charges and are easily soluble in water. Aqueous solutions of 
organic molecules such as amino acids and simple sugars bend 
light rays passing through the solution. Molecules known as d 
forms19 bend light rays clockwise; other molecules bend light 
rays counterclockwise and are known as l forms.20

Many organic molecules exist as both d and l forms that are 
stereoisomers of one another; that is, they have the same atoms and 
functional groups but are mirror images of each other (FIGURE 2.22). 
Amino acids in proteins are almost always l forms—except for gly-
cine, which does not have a  stereoisomer. Interestingly, organisms 
almost always use d sugars in metabolism and polysaccharides. 

▲ FIGURE 2.19  Disaccharides. (a) Formation of the disaccharide sucrose via dehydration 
synthesis. (b) breakdown of sucrose via hydrolysis.
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18While 20 amino acids are commonly listed, the genes of almost all organisms code for a 
21st amino acid—selenocysteine.
19From Latin dexter, meaning “on the right.”
20From Latin laevus, meaning “on the left.”
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21From peptone, the name given to short chains of amino acids resulting from the partial 
digestion of protein.

▲ FIGURE 2.20  Polysaccharides. All three polysaccharides shown here are composed solely of glucose but differ in the 
configuration of the glucose monomers and the amount of branching. (a) Cellulose, the major structural material in plants, is 
unbranched and contains only β-1,4 bonds. (b) Amylose is an unbranched plant starch with only α-1,4 bonds. (c) Glycogen, a 
highly branched storage molecule in animals, is composed of glucose monomers linked by α-1,4 or α-1,6 bonds.
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Rare stereoisomers—d amino acids and l sugars—do exist in some 
bacterial cell walls and in some antibiotics.

Peptide Bonds
Cells link amino acids together in chains that somewhat resemble 
beads on a necklace. By a dehydration synthesis reaction, a cova-
lent bond is formed between the carbon of the carboxyl group of 
one amino acid and the nitrogen of the amino group of the next 

amino acid in the chain (FIGURE 2.23). Cells follow the organ-
ism’s genetic instructions to link amino acids together in precise 
sequences. (Chapter 7 examines this process in more detail.)

Scientists refer to covalent bonds between amino acids by 
a special name: peptide21 bonds. A molecule composed of two 
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22Named for the two German neurobiologists who first described the disease.

▲ FIGURE 2.21  amino acids. (a) The basic structure of an amino acid. The central α-carbon is attached to an amino 
group, a hydrogen atom, a carboxyl group, and a side group (—R group) that varies among amino acids. (b) Some selected 
amino acids, with their side groups highlighted. Note that each amino acid has a distinctive abbreviation.
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▲ FIGURE 2.22  Stereoisomers, molecules that are mirror 
images of one another. When dissolved in water, d isomers bend 
light clockwise, and l forms bend light counterclockwise. Just as a right-
handed glove does not fit a left hand, so a d stereoisomer cannot be 
substituted for an l stereoisomer in metabolic reactions.
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amino acids linked together by a single peptide bond is called 
a dipeptide; longer chains of amino acids are called polypeptides.

Protein Structure
Proteins are unbranched polypeptides composed of hundreds 
to thousands of amino acids linked together in specific patterns 
as determined by genes. The structure of a protein molecule is 

directly related to its function; therefore, understanding protein 
structure is critical to understanding certain specific chemical 
reactions, the action of antibiotics, and specific defenses against 
pathogens. Every protein has at least three levels of structure, 
and some proteins have four levels.

•	 Primary structure. The primary structure of a protein is its 
sequence of amino acids (FIGURE 2.24a). Cells use many 
different types of amino acids in proteins, though not 
every protein contains all types. The primary structures 
of proteins vary widely in length and amino acid 
sequence.

A change in a single amino acid in the sequence can 
drastically affect a protein’s overall structure and function, 
though this is not always the case. For instance, a change 
in a particular amino acid in the primary structure of a 
sheep brain protein, called cellular prion (prē´on) protein, 
may result in a disease called scrapie. The altered protein 
has spread into cows, causing mad cow disease, and spread 
from cows into humans, causing variant Creutzfeldt-Jakob 
(kroytsfelt-yah-kŭp) disease.22

•	 Secondary structure. Ionic bonds, hydrogen bonds, and 
hydrophobic and hydrophilic characteristics cause many 
polypeptide chains to fold into either coils called α-helices 
or accordion-like structures called β-pleated sheets  
(FIGURE 2.24b). Proteins are typically composed of both 
α-helices and β-pleated sheets linked by short sequences 
of amino acids that do not show such secondary structure. 
Because of its primary structure, the protein that causes 
variant Creutzfeldt-Jakob disease has β-pleated sheets 
in locations where the normal protein has α-helices  
(see Chapter 13, Figure 13.22).

•	 Tertiary structure. Polypeptides further fold into complex 
three-dimensional shapes that are not repetitive like 
α-helices and β-pleated sheets (FIGURE 2.24c) but are 
uniquely designed to accomplish the function of the 
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◀ FIGURE 2.23  the linkage of amino acids by 
peptide bonds via a dehydration reaction. In this 
reaction, removing a hydroxyl group from amino acid 
1 and a hydrogen atom from amino acid 2 produces a 
dipeptide—which is two amino acids linked by a single 
peptide bond—and a molecule of water.
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▲ FIGURE 2.24  Levels of protein structure. 
(a) A protein’s primary structure is the sequence 
of amino acids in a polypeptide. (b) Secondary 
structure arises as a result of interactions, such 
as hydrogen bonding, between regions of the 
polypeptide. Secondary structure takes two  
basic shapes: α-helices and β-pleated sheets.  
(c) The more complex tertiary structure is a  
three-dimensional shape defined by further 
hydrogen bonding as well as disulfide bridges 
between neighboring cysteine amino acid 
molecules. (d) Those proteins that are composed 
of more than one polypeptide chain have a 
quaternary structure.
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protein. Scientists are only beginning to understand 
the interactions that determine tertiary structure, but 
it is clear that covalent bonds between —R groups of 
amino acids, hydrogen bonds, ionic bonds, and other 
molecular interactions are important. For instance, 
nonpolar (hydrophobic) side chains fold into the interior 
of molecules, away from the presence of water.

Some proteins form strong covalent bonds between sulfur 
atoms of cysteine amino acids that are brought into proximity 
by the folding of the polypeptide. These disulfide bridges are 
critical in maintaining tertiary structure of many proteins.

•	 Quaternary structure. Some proteins are composed of two or 
more polypeptide chains linked together by disulfide bridges 
or other bonds. The overall shape of such a protein may be 
fibrous (threadlike) or more globular (FIGURE 2.24d).

Organisms may further modify proteins by combining 
them with other organic or inorganic molecules. For instance, 
glycoproteins are proteins covalently bound with carbohydrates, 
lipoproteins are proteins bonded with lipids, nucleoproteins are 
proteins bonded with nucleic acids.

Because protein shape determines protein function, any-
thing that severely interrupts shape also disrupts function. As we 
have seen, amino acid substitution can alter shape and function. 
Additionally, physical and chemical factors, such as heat, changes 
in pH, and salt concentration, can interfere with hydrogen and 
ionic bonding between parts within a protein. This in turn can 
disrupt the three-dimensional structure. This process is called 
denaturation. Denaturation can be temporary (if the denatured 
protein is able to return to its original shape again) or permanent.

Nucleotides and Nucleic Acids
LEarning OutCOmES

2.26 Describe the basic structure of a nucleotide.
2.27 Compare and contrast DNA and RNA.
2.28 Contrast the structures of ATP, ADP, and AMP.

The nucleic acids deoxyribonucleic acid (DNA) and ribo-
nucleic acid (RNA) are the vital genetic material of cells and 
viruses. Moreover, RNA, acting as an enzyme, binds amino 
acids together to form polypeptides. Both DNA and RNA are 
unbranched macromolecular polymers that differ primarily in 
the structures of their monomers, which we discuss next.

nucleotides and nucleosides
Each monomer of nucleic acids is a nucleotide and consists 
of three parts (FIGURE 2.25a): (1) phosphate (PO4

3−); (2) a pen-
tose sugar, either deoxyribose or ribose (FIGURE 2.25b); and 
(3) one of five cyclic (ring-shaped) nitrogenous bases: adenine 
(A), guanine (G), cytosine (C), thymine (T), or uracil (U)  
(FIGURE 2.25c). Adenine and guanine are double-ringed mol-
ecules of a class called purines, whereas cytosine, thymine, 
and uracil have single rings and are pyrimidines. DNA con-
tains A, G, C, and T bases, whereas RNA contains A, G, C, and 
U bases. As their names suggest, DNA nucleotides contain 
deoxyribose, and RNA nucleotides contain ribose. The simi-
larly named nucleosides are nucleotides lacking phosphate; 
that is, a nucleoside is one of the nitrogenous bases attached 
only to a sugar.

◀ FIGURE 2.25  nucleotides. (a) The basic 
structure of nucleotides, each of which is composed 
of a phosphate, a pentose sugar, and a nitrogenous 
base. (b) The pentose sugars deoxyribose, which is 
found in deoxyribonucleic acid (DNA), and ribose,  
which is found in ribonucleic acid (RNA). (c) The 
nitrogenous bases, which are either the double-ringed  
purines adenine or guanine, or the single-ringed pyrimidines 
thymine, cytosine, or uracil. How does a nucleoside differ from a 
nucleotide?

Figure 2.25 A nucleoside is composed only of a nitrogenous 
base and a sugar, whereas a nucleotide has a base, sugar, and 
phosphate.
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◀ FIGURE 2.26  general nucleic acid 
structure. (a) Nucleotides are polymerized 
to form chains in which the nitrogenous bases 
extend from a sugar-phosphate backbone like the 
teeth of a comb. (b) Specific pairs of nitrogenous 
bases form hydrogen bonds between adjacent 
nucleotide chains to form the familiar DNA 
double helix. How can you determine that the 
molecule in (a) is DNA and not RNA?

Figure 2.26 It is DNA because its nucleotides 
have deoxyribose sugar and because some of 
them have thymine bases (not uracil, as in RNA).

23Carbon atoms in organic molecules are commonly identified by numbers. In a 
nucleotide, carbon atoms 1, 2, 3, and so on belong to the base, and carbon atoms 1′, 2′, 3′, 
and so on belong to the sugar.

Each nucleotide or nucleoside is also named for the base it 
contains. Thus, a nucleotide made with ribose, uracil, and phos-
phate is a uracil RNA nucleotide, which is also called a uracil 
ribonucleotide. Likewise, a nucleoside composed of adenine 
and deoxyribose is an adenine DNA nucleoside (or adenine 
deoxyribonucleoside).

To explore the structure and function of nucleotides more 
fully, scan this QR code with your smart phone or tablet. 

nucleic acid Structure
Nucleic acids, like polysaccharides and proteins, are polymers. 
They are composed of nucleotides linked by covalent bonds 
between the phosphate of one nucleotide and the sugar of 
the next. Polymerization results in a linear spine composed of 
alternating sugars and phosphates, with bases extending from 
it rather like the teeth of a comb (FIGURE 2.26a). The two ends 
of a chain of nucleotides are different. At one end, called the 
5′ end23 (five prime end), carbon 5′ of the sugar is attached to a 
phosphate group. At the other end (the 3′ end), carbon 3′ of the 
sugar is attached to a hydroxyl group.

The atoms of the bases in nucleotides are arranged in such a 
manner that hydrogen bonds readily form between specific bases 
of two adjacent nucleic acid chains. Three hydrogen bonds form 
between an adjacent pair composed of cytosine (C) and guanine 
(G), whereas two hydrogen bonds form between an adjacent pair 
composed of adenine (A) and thymine (T) in DNA (FIGURE 2.26b) 
or between an adjacent pair composed of adenine (A) and uracil 
(U) in RNA. Hydrogen bonds do not readily form between other 
combinations of nucleotide bases; for example, adenine does not 
readily pair with cytosine, guanine, or another adenine nucleotide.

In cells, DNA molecules are double stranded. Most 
DNA viruses (viruses that use DNA as a genome) also use 
 double-stranded DNA, though some single-stranded DNA 
viruses are known. The two strands of double-stranded DNA 
are complementary to one another; that is, the specificity of 
nucleotide base pairing ensures that opposite strands are com-
posed of complementary nucleotides. For instance, if one strand 
has the sequence AATGCT, then its complement has TTACGA.

The two strands are also antiparallel; that is, they run in 
opposite directions. One strand runs from the 3′ end to the 5′ 
end, whereas its complement runs in the opposite direction, 
from its 5′ end to its 3′ end. Though hydrogen bonds are rela-
tively weak bonds, thousands of them exist at normal tempera-
tures, forming a stable, double-stranded DNA molecule that 
looks much like a ladder: the two deoxyribose-phosphate chains 
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are the side rails, and base pairs form the rungs. Hydrogen 
bonding also twists the phosphate-deoxyribose backbones into 
a helix. Thus, typical DNA is a double helix.

nucleic acid Function
DNA is the genetic material of all organisms and of DNA viruses; 
it carries instructions for the synthesis of RNA molecules and 
proteins. By controlling the synthesis of enzymes and regula-
tory proteins, DNA controls the synthesis of all other molecules 
in an organism. Genetic instructions are carried in the sequence 
of nucleotides that make up the nucleic acid. Even though only 
four kinds of bases are found in DNA (A, T, G, and C), they can 
be sequenced in distinctive patterns that create genetic diversity 
and code for an infinite number of proteins, just as an alphabet of 
only four letters could spell a very large number of words. Cells 
replicate their DNA molecules and pass copies to their descen-
dants, ensuring that each has the instructions necessary for life.

Several kinds of ribonucleic acids, such as messenger RNA, 
transfer RNA, and ribosomal RNA, play roles in the formation of 
proteins, including catalyzing the synthesis of proteins. RNA mole-
cules also function in place of DNA as the genome of RNA viruses.

TABLE 2.5 compares and contrasts RNA and DNA. (We 
examine the synthesis and function of DNA and RNA in detail 
in Chapter 7.)

atP (adenosine triphosphate)
Phosphate in nucleotides and other molecules is a highly reactive 
functional group and can form covalent bonds with other phos-
phate groups to make diphosphate and triphosphate molecules. 
Such molecules made from ribose nucleotides are important in 
many metabolic reactions. The names of these molecules indicate 
the nucleotide base and the number of phosphate groups they 
contain. Thus, cells make adenosine monophosphate (AMP) from 
the nitrogenous base adenine, ribose sugar, and one phosphate 
group; adenosine diphosphate (ADP), which has two phosphate 
groups; and adenosine triphosphate (ă-den´ō-sēn trī-fos´fāt) or 
ATP, which has three phosphate groups (FIGURE 2.27).

ATP is the principal, short-term, recyclable energy sup-
ply for cells. When the phosphate bonds of ATP are broken, a 
significant amount of energy is released; in fact, more energy 
is released from phosphate bonds than is released from most 
other covalent bonds. For this reason, the phosphate-phosphate 
bonds of ATP are known as high-energy bonds, and to show these 
specialized bonds, ATP can be symbolized as

A P P P

TAblE 2.5  Comparison of nucleic acids

Characteristic DNA RNA

Sugar Deoxyribose Ribose

Purine nucleotides A and G A and G

Pyrimidine nucleotides T and C U and C

Number of strands Double stranded in cells and in most DNA viruses; single 
stranded in parvoviruses

Single stranded in cells and in most RNA viruses; double 
stranded in reoviruses

Function Genetic material of all cells and DNA viruses Protein synthesis in all cells; genetic material of RNA viruses

Energy is released when ATP is converted to ADP and when 
phosphate is removed from ADP to form AMP, though the lat-
ter reaction is not as common in cells. Energy released from the 
phosphate bonds of ATP is used for important life-sustaining 
activities, such as synthesis reactions, locomotion, and transpor-
tation of substances into and out of cells.

Cells also use ATP as a structural molecule in the formation 
of coenzymes. Coenzymes such as flavin adenine dinucleotide, nic-
otinamide nucleotide, and coenzyme A function in many metabolic 
reactions (as discussed in Chapter 5).

A cell’s supply of ATP is limited; therefore, an important 
part of cellular metabolism is to replenish ATP stores. (Chapter 5 
discusses the important ATP-generating reactions.)

TELL ME Why

Why do the cell membranes of microbes living in Arctic water 
likely contain more unsaturated fatty acids than do membranes of 
microbes living in hot springs?

 

▲ FIGURE 2.27  atP. Adenosine triphosphate (ATP), the main short-
term, recyclable energy supply for cells. Energy is stored in high-energy 
bonds between the phosphate groups. What is the relationship between 
AMP and adenine ribonucleotide?

Figure 2.27 AMP and adenine ribonucleotide are two names for  
the same thing.
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chapter SummARy
Atoms (pp. 57–59)

1. Matter is anything that takes up space and has mass. Its smallest 
chemical units, atoms, contain negatively charged electrons 
orbiting a nucleus composed of uncharged neutrons and 
positively charged protons.

2. An element is matter composed of a single type of atom.

3. The number of protons in the nucleus of an atom is its atomic 
number. The sum of the masses of its protons, neutrons, and 
electrons is an atom’s atomic mass, which is estimated by adding 
the number of neutrons and protons (because electrons have  
little mass).

4. Isotopes are atoms of an element that differ only in the numbers 
of neutrons they contain.

Chemical Bonds (pp. 60–64)

1. The region of space occupied by electrons is an electron shell. 
The number of electrons in the outermost shell, or valence shell, 
of an atom determines the atom’s reactivity. Most valence shells 
hold a maximum of eight electrons. Sharing or transferring 
valence electrons to fill a valence shell results in chemical 
bonds.

2. A chemical bond results when two atoms share a pair of electrons. 
The electronegativities of each of the atoms, which is the strength 
of their attraction for electrons, determines whether the bond 
between them will be a nonpolar covalent bond (equal sharing of 
electrons), a polar covalent bond (unequal sharing of electrons), 
or an ionic bond (giving up of electrons from one atom to 
another).

3. A molecule that contains atoms of more than one element is a 
compound. Organic compounds are those that contain carbon 
and hydrogen atoms.

4. An anion is an atom with an extra electron and thus a 
negative charge. A cation has lost an electron and thus has a 
positive charge. Ionic bonding between the two types of ions 
makes salt. When salts dissolve in water, their ions are called 
electrolytes.

5. Hydrogen bonds are relatively weak but important chemical 
bonds. They hold molecules in specific shapes and confer unique 
properties to water molecules.

Chemical Reactions (pp. 64–65)

1. Chemical reactions result from the making or breaking of 
chemical bonds in a process in which reactants are changed into 
products. Biochemistry involves chemical reactions of life.

2. Synthesis reactions form larger, more complex molecules. In 
dehydration synthesis, a molecule of water is removed from the 

reactants as the larger molecule is formed. Endothermic reactions 
require energy. Anabolism is the sum of all synthesis reactions in 
an organism.

3. Decomposition reactions break larger molecules into smaller 
molecules and are exothermic because they release energy. 
Hydrolysis is a decomposition reaction that uses water as one 
of the reactants. The sum of all decomposition reactions in an 
organism is called catabolism.

4. Exchange reactions involve exchanging atoms between  
reactants.

5. Metabolism is the sum of all anabolic, catabolic, and exchange 
chemical reactions in an organism.

Water, Acids, Bases, and Salts (pp. 65–68)

1. Inorganic chemicals typically lack carbon.

2. Water is a vital inorganic compound because of its properties as 
a solvent, its liquidity, its great capacity to absorb heat, and its 
participation in chemical reactions.

3. Acids release hydrogen ions. Bases release hydroxyl anions. 
The relative strength of each is assessed on a logarithmic 
pH scale, which measures the hydrogen ion concentration in a 
substance.

4. Buffers are substances that prevent drastic changes in pH.

Organic Macromolecules (pp. 68–80)

1. Certain groups of atoms in common arrangements, called 
functional groups, are found in organic macromolecules. 
Monomers are simple subunits that can be covalently linked to 
form chainlike polymers.

2. Lipids, which include fats, phospholipids, waxes, and steroids, 
are hydrophobic (insoluble in water) macromolecules.

3. Fat (triglyceride) molecules are formed from a glycerol and three 
chainlike fatty acids. Saturated fatty acids contain more hydrogen 
in their structural formulas than unsaturated fatty acids, which 
contain double bonds between some carbon atoms. If several 
double bonds exist in the fatty acids of a molecule of fat, it is a 
polyunsaturated fat.

4. Phospholipids contain two fatty acid chains and a phosphate 
functional group. The phospholipid head is hydrophilic, whereas 
the fatty acid portion of the molecule is hydrophobic.

5. Waxes contain a long-chain fatty acid covalently linked to 
a long-chain alcohol. Waxes, which are water insoluble, are 
components of cell walls and are sometimes used as energy 
storage molecules.

Visit the masteringmicrobiology Study area to challenge your 
understanding with practice tests, animation quizzes, and clinical case 
studies!
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6. Steroid lipids such as cholesterol help maintain the structural 
integrity of membranes as temperature fluctuates.

7. Carbohydrates such as monosaccharides, disaccharides,  
and polysaccharides serve as energy sources, structural 
molecules, and recognition sites during intercellular  
interactions.

8. Proteins are structural components of cells, enzymatic 
catalysts, regulators of various activities, molecules involved 
in the transportation of substances, and defensive molecules. 
They are composed of amino acids linked by peptide bonds, 
and they possess primary, secondary, tertiary, and (sometimes) 
quaternary structures that affect their function. Denaturation 
of a protein disrupts its structure and consequently its 
function.

Questions fOR RevieW
Answers to the Questions for Review (except Short Answer questions) begin on p. 835.

Multiple Choice
1. Which of the following bases cannot be found in DNA?

a. adenine
b. thymine

c. uracil
d. cytosine

2. The atomic mass of an atom most closely approximates the sum 
of the masses of all its __________.
a. protons
b. isotopes

c. electrons
d. protons and neutrons

3. Carbon-14 contains
a. 8 electrons
b. 8 neutrons

c. 8 protons
d. 14 neutrons

4. Which of the following is not a lipid?
a. triglyceride
b. steroid

c. wax
d. glycerol

5. Which of the following bonds is not directly important for the 
tertiary structure of proteins?
a. disulfide bonds
b. peptide bonds

c. ionic bonds
d. hydrogen bonds

6. In water, cations and anions of salts dissociate from one another 
and become surrounded by water molecules. In this state, the ions 
are also called __________.
a. electrically negative
b. ionically bonded

c. electrolytes
d. hydrogen bonds

7. Which of the following can be most accurately described as a 
decomposition reaction?
a. C6H12O6 + 6 O2 S  6 H2O + 6 CO2
b. glucose + ATP S  glucose phosphate + ADP
c. 6 H2O + 6 CO2 S  C6H12O6 + 6 O2
d. A + BC S  AB + C

8. Which of the following statements about a carbonated cola 
beverage with a pH of 2.9 is true?
a. It has a relatively 

high concentration of 
hydrogen ions.

b. It has a relatively 
low concentration of 
hydrogen ions.

c. It has equal amounts of 
hydroxyl and hydrogen 
ions.

d. Cola is a buffered 
solution.

9. Which of the following is not a polymer?
a. protein
b. DNA

c. glucose
d. cellulose

10. Peptidoglycan is made of polysaccharides and __________.
a. glycogen
b. peptides

c. amino acids
d. glucose

Fill in the Blanks
1. The outermost electron shell of an atom is known as the 

__________________ shell.

2. The type of chemical bond between atoms with nearly equal 
electronegativities is called a(n) __________________ bond.

3. __________________, which is unbranched, is a starch storage 
compound in plants.

4. Common long-term storage molecules are __________________, 
__________________, __________________, and 
__________________.

5. Amino acids contain both a(n) __________________ group and 
a(n) __________________ group and have both positive and 
negative charges that make them easily soluble in water.

6. The reverse of dehydration synthesis is __________________.

7. Anabolic reactions require energy, and are __________________ in 
nature.

8. Lipids are a class of organic macromolecules having one common 
characteristic, that is, they are __________________ in water.

9. The __________________ scale is a measure of the concentration of 
hydrogen ions in a solution.

10. A nucleic acid containing the base uracil would also contain 
__________________ sugar.

9. Deoxyribonucleic acid (DNA) and ribonucleic acid 
(RNA) are unbranched macromolecular polymers of 
nucleotides, each composed of either deoxyribose or 
ribose sugar, ionized phosphate, and a nitrogenous 
base. Five different bases exist: adenine, guanine, 
cytosine, thymine, and uracil. DNA contains A, G, C, 
and T nucleotides. RNA uses U nucleotides instead 
of T nucleotides. Nucleosides are nucleotides lacking phosphate.

10. The structure of nucleic acids allows for genetic diversity, 
the correct copying of genes for their passage on to the next 
generation, and the accurate synthesis of proteins.

11. Adenosine triphosphate (ATP), which is related to adenine 
nucleotide, is the most important short-term energy storage molecule 
in cells. It is also incorporated into the structure of many coenzymes.

ViDEO 
TUTOR
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VISUALIzE IT!
1. Label a portion of the molecule below where the primary 

structure is visible; label two types of secondary structure; circle 
the tertiary structure.

2. Shown is the amino acid tryptophan. Put the letter “C” at the site 
of every carbon atom. Label the amino group, the carboxyl group, 
and the side group.

HN
NH2

OH

O

Short Answer
1. List three main types of chemical bonds, and give an example  

of each.

2. Name five properties of water that are vital to life.

3. What are stereoisomers? Explain the difference between D and L 
forms of amino acids.

4. What is the difference between atomic oxygen and molecular 
oxygen?

5. Explain how the polarity of water molecules makes water an 
excellent solvent.

critical THinking
1. Anthrax is caused by a bacterium, Bacillus anthracis, that avoids 

the body’s defenses against disease by synthesizing an outer 
glycoprotein covering made from D-glutamic acid. This covering 
is not digestible by white blood cells that normally engulf 
bacteria. Why is the covering indigestible?

2. Dehydrogenation is a chemical reaction in which a saturated fat 
is converted to an unsaturated fat. Explain why the name for this 
reaction is an appropriate one.

3. Two freshmen disagree about an aspect of chemistry. The nursing 
major insists that H+ is the symbol for a hydrogen ion. The 
physics major insists that H+ is the symbol for a proton. How can 
you help them resolve their disagreement?

4. Hairdressers use hot straightening irons to straighten curly hair. 
Temporarily straightened hair resumes its natural shape after 
the first wash, whereas permanently straightened hair retains its 
new shape until natural hair grows again. Explain this difference 
based on your knowledge about proteins.

5. When amino acids are synthesized in a test tube, d and l forms 
occur in equal amounts. However, cells use only l forms in 
their proteins. Occasionally, meteorites are found to contain 
amino acids. Based on these facts, how could NASA scientists 
determine whether the amino acids recovered from space are 
evidence of Earth-like extraterrestrial life rather than the result of 
nonmetabolic processes?

6. Explain how baking soda can serve as an excellent remedy to 
treat acne.

7. Neon (atomic mass 10) and argon (atomic mass 18) are inert 
elements, which means that they very rarely form chemical 

bonds. Give the electron configuration of their atoms and explain 
why these elements are inert.

8. An article in the local newspaper about gangrene states that the 
tissue-destroying toxin, lecithinase, is an “organic compound.” 
But many people consider “organic” chemicals to mean 
something is good. Explain the apparent contradiction.

9. The deadly poison hydrogen cyanide has the chemical formula  
C NH . Describe the bonds between carbon and hydrogen and 

between carbon and nitrogen in terms of the number of electrons 
involved.

10. Which unique property of carbon makes it the “backbone” of 
organic molecules?

11. Explain how hydrogen bonds, which are considered to be weak 
ionic bonds, are essential for the stability of large DNA molecules. 

12. How can a single molecule of magnesium hydroxide neutralize 
two molecules of hydrochloric acid?

13. We have seen that it is important that biological membranes 
remain flexible. Most bacteria lack sterols in their membranes and 
instead incorporate unsaturated phospholipids in the membranes 
to resist tight packing and solidification. Examine Table 2.4 on  
p. 71. Which fatty acid might best protect the membranes of an 
ice-dwelling bacterium?

14. Why is there no stereoisomer of glycine?

15. A textbook states that only five nucleotide bases are found in 
cells, but a laboratory worker reports that she has isolated eight 
different nucleotides. Explain why both are correct.
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concept mApping
Using the following terms, fill in the following concept map that describes nucleic acids. You can also complete this  
and other concept maps online by going to the MasteringMicrobiology Study Area.

Nucleic acids

two types in cells

is composed of

contain 3 parts

4 types

Single-stranded

Adenine Cytosine Uracil

1

8

9

is is3 types

5

Phosphate
6

7

is composed of

contain 3 parts

4 types

Guanine Thymine

42

3

15 16

13

12 14

11

10

Adenine (2)
Cytosine (2)
Deoxyribonucleotides
Deoxyribose
DNA

Double-stranded
Guanine (2)
Messenger RNA
Nitrogenous bases (2)
Phosphate

Ribonucleotides
Ribose
RNA
Ribosomal RNA
Single-stranded

Thymine
Transfer RNA
Uracil
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Magnetospirillum 
magnetotacticum, 
a spiral-shaped 
magnetobacterium, 
contains a clearly 
visible line of 
inclusions of 
magnetite, which 
together make a 
magnetosome.

3

Can a miCrobe be a magnet?  
the answer is yes, if it is a 
magnetobacterium.

magnetobacteria are microorganisms 
with an unusual feature: cellular structures 
called magnetosomes. magnetosomes 
are stored deposits (also called inclusions) 
of the mineral magnetite. these deposits 
align magnetobacteria with the lines of 
the earth’s magnetic field, much like a 
compass. in the Southern Hemisphere, 
magnetobacteria exist as south-seeking 
varieties; in the northern Hemisphere, 
they exist as north-seeking varieties.

How do these bacteria benefit from 
magnetosomes? magnetobacteria prefer 
environments with little or no oxygen, 
such as those that exist below the surfaces 
of land and sea. the magnetosomes point 
toward the underground magnetic poles, 
helping magnetobacteria move toward 
regions with little oxygen.

Cell Structure 
and Function
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All living things—including our bodies and the bacterial, pro-
tozoan, and fungal pathogens that attack us—are composed of 
living cells. If we want to understand disease and its treatment, 
therefore, we must first understand the life of cells. How patho-
gens attack our cells, how our bodies defend themselves, how 
current medical treatments assist our bodies in recovering—all 
of these activities have their basis in the biology of our, and our 
pathogens’, cells.

In this chapter, we will examine cells and structures within 
cells. We will discuss similarities and differences among the 
three major kinds of cells—bacterial, archaeal, and eukaryotic. 
The differences are particularly important because they allow 
researchers to develop treatments that inhibit or kill pathogens 
without adversely affecting a patient’s own cells. We will also 
learn about cellular structures that allow pathogens to evade 
the body’s defenses and cause disease.

Processes of Life
Learning OutcOme

3.1 Describe four major processes of living cells.

Microbiology is the study of particularly small living things. 
That raises a question: What does living mean; how do we 
define life? Scientists once thought that living things were com-
posed of special organic chemicals, such as glucose and amino 
acids, that carried a “life force” found only in living organisms. 
These organic chemicals were thought to be formed only by liv-
ing things and to be very different from the inorganic chemicals 
of nonliving things.

The idea that organic chemicals could come only from living 
organisms had to be abandoned in 1828, when Friedrich Wöhler 
(1800–1882) synthesized an organic molecule, urea, using only 
inorganic reactants in his laboratory. Today, we know that all 
living things contain both organic and inorganic chemicals and 
that many organic chemicals can be made from inorganic chem-
icals by laboratory processes. If organic chemicals can be made 
even in the absence of life, what is the difference between a liv-
ing thing and a nonliving thing? What is life?

At first, this may seem a simple question. After all, you can 
usually tell when something is alive. However, defining “life” 

itself can prove troublesome, so biologists generally avoid set-
ting a definition, preferring instead to describe characteristics 
common to all living things. Biologists agree that all living 
things share at least four processes of life: growth, reproduction, 
responsiveness, and metabolism.

•	 Growth. Living things can grow; that is, they can increase 
in size.

•	 Reproduction. Organisms normally have the ability to 
reproduce themselves. Reproduction means that they 
increase in number, producing more organisms organized 
like themselves. Reproduction may be accomplished 
asexually (alone) or sexually with gametes (sex cells). 
Note that reproduction is an increase in number, whereas 
growth is an increase in size. Growth and reproduction 
often occur simultaneously. (We consider several methods 
of reproduction when we examine microorganisms in 
detail in Chapters 11–13.)

•	 Responsiveness. All living things respond to their 
environment. They have the ability to change themselves 
in reaction to changing conditions around or within 
them. Many organisms also have the ability to move 
toward or away from environmental stimuli—a response 
called taxis.

•	 Metabolism. Metabolism can be defined as the ability of 
organisms to take in nutrients from outside themselves 
and use the nutrients in a series of controlled chemical 
reactions to provide the energy and structures needed 
to grow, reproduce, and be responsive. Metabolism 
is a unique process of living things; nonliving things 
cannot metabolize. Cells store metabolic energy in 
the chemical bonds of adenosine triphosphate (ă-den´ō-
sēn trī-fos´fāt), or ATP. (Major processes of microbial 
metabolism, including the generation of ATP, are 
discussed in Chapters 5–7.)

TABLE 3.1 shows how these characteristics, along with cell 
structure, relate to various kinds of microbes.

Organisms may not exhibit these four processes at all 
times. For instance, in some organisms, reproduction may 
be postponed or curtailed by age or disease or, in humans at 
least, by choice. Likewise, the rate of metabolism may be 
reduced, as occurs in a seed, a hibernating animal, or a bacterial 

TAblE 3.1  characteristics of Life and their Distribution in microbes

Characteristic
Bacteria, Archaea, 
Eukaryotes Viruses

growth: increase in size Occurs in all Growth does not occur

reproduction: increase in number Occurs in all Host cell replicates the virus

responsiveness: ability to react to environmental stimuli Occurs in all Reaction to host cells seen in some viruses

metabolism: controlled chemical reactions of organisms Occurs in all Viruses use host cell’s metabolism

cellular structure: membrane-bound structure capable of all 
of the above functions

Present in all Viruses lack cytoplasmic membrane or cellular structure
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endospore,1 and growth often stops when an animal reaches 
a certain size. However, microorganisms typically grow, 
reproduce, respond, and metabolize as long as conditions are 
suitable. (Chapter 6 discusses the proper conditions for the 
metabolism and growth of various types of microorganisms.)

TELL ME Why

The smallest free-living microbe—the bacterium Mycoplasma—is 
nonmotile. Why is it alive, even though it cannot move?

Prokaryotic and Eukaryotic Cells:  
An Overview
Learning OutcOme

3.2 Compare and contrast prokaryotic and eukaryotic cells.

In the 1800s, two German biologists, Theodor Schwann (1810–
1882) and Matthias Schleiden (1804–1881), developed the the-
ory that all living things are composed of cells. Cells are living 
entities, surrounded by a membrane, that are capable of grow-
ing, reproducing, responding, and metabolizing. The smallest 
living things are single-celled microorganisms.

There are many different kinds of cells (FIGURE 3.1). Some 
cells are free-living, independent organisms; others live together 
in colonies or form the bodies of multicellular organisms. Cells 
also exist in various sizes, from the smallest bacteria to bird 
eggs, which are the largest of cells. All cells may be described 
as either prokaryotes (prō-kar´ē-ōts) or eukaryotes (yū-kar´ē-ōts).

Scientists categorize organisms based on shared char-
acteristics into groups called taxa. “Prokaryotic” is a charac-
teristic of organisms in two taxa—domain Archaea and domain 
Bacteria—but “prokaryote” is not itself a taxon. The distinctive 
feature of prokaryotes is that they can read their DNA genetic 
code and simultaneously make proteins—a typical prokaryote 
does not have a membrane surrounding its genetic material. 

In other words, a typical prokaryote does not have a nucleus 
(FIGURE 3.2). (Researchers have discovered a few prokaryotes 
with internal membranes that look like nuclei, but further 
investigation is needed to determine what these structures 
are.) The word prokaryote comes from Greek words meaning 
“before nucleus.” Moreover, electron microscopy has revealed 
that prokaryotes typically lack various types of internal struc-
tures bound with membranes that are present in eukaryotic 
cells.

Bacteria and archaea differ fundamentally in such ways as 
the type of lipids in their cytoplasmic membranes and in the 
chemistry of their cell walls. In many ways, archaea are more 
like eukaryotes than they are like bacteria. (Chapter 11 discusses 
archaea and bacteria in more detail.)

Eukaryotes have a membrane called a nuclear envelope 
surrounding their DNA, forming a nucleus (FIGURE 3.3), which 
sets eukaryotes in domain Eukarya. Indeed, the term eukaryote 
comes from Greek words meaning “true nucleus.” Besides the 
nuclear membrane, eukaryotes have numerous other internal 
membranes that compartmentalize cellular functions. These 
compartments are membrane-bound organelles—specialized 
structures that act like tiny organs to carry on the various func-
tions of the cell. Organelles and their functions are discussed 
later in this chapter. The cells of algae, protozoa, fungi, animals, 
and plants are eukaryotic. Eukaryotes are usually larger and 
more complex than prokaryotes, which are often about 1.0 µm 
in diameter or smaller, as compared to 10–100 µm for eukary-
otic cells (FIGURE 3.4).

Although there are many kinds of cells, they all share the 
characteristic processes of life as previously described, as well 
as certain physical features. In this chapter, we will distinguish 
among bacterial, archaeal, and eukaryotic “versions” of physi-
cal features common to cells, including (1) external structures, 
(2) the cell wall, (3) the cytoplasmic membrane, and (4) the 
cytoplasm. We will also discuss features unique to each type.  

▲ FIGURE 3.1  examples of types of cells. (a) Escherichia coli 
bacterial cells. (b) Paramecium, a single-celled eukaryote. Note the 
differences in magnification.

(a) 1 μmSEM 40 μmLM(b)

▲ FIGURE 3.2  typical prokaryotic cell. Prokaryotes include archaea 
and bacteria. The artist has extended an electron micrograph to show 
three dimensions. Not all prokaryotic cells contain all these features.

Glycocalyx
Cell wall

Flagellum
Cytoplasm

Ribosome

Nucleoid

Cytoplasmic membrane

Inclusions

TEM

0.5 μm

1Endospores are resting stages, produced by some bacteria, that are tolerant of 
environmental extremes.
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◀ FIGURE 3.4  approximate size of various types 
of cells. birds’ eggs are the largest cells. Note that 
Staphylococcus, a bacterium, is smaller than Giardia, 
a unicellular eukaryote. A smallpox virus (Orthopoxvirus) 
is shown only for comparison; viruses are not cellular.

Chicken egg
4.7 cm diameter

(47,000 μm)*

*Actually, the inset box on the egg would
  be too small to be visible.
  (Width of box would be about 0.002 mm.)

Virus
Orthopoxvirus

0.3 μm diameter

Bacterium
Staphylococcus
1 μm diameter

Parasitic protozoan
Giardia

14 μm length

250 nmTEM(a)

Glycocalyx
(capsule)

250 nmTEM(b)

Glycocalyx
(slime layer)

Mitochondrion

Centriole

Lysosome

Golgi body

Rough endoplasmic
reticulum

Smooth endoplasmic
reticulum

Ribosomes

Nuclear pore

Transport vesicles

Secretory vesicle

Cilium

Nucleolus

Cytoskeleton

Cytoplasmic
membrane

Nuclear envelope

10 μm

TEM

▲ FIGURE 3.3  typical eukaryotic cell. Not all eukaryotic cells have all these features. The 
artist has extended the electron micrograph to show three dimensions. Note the difference in 
magnification between this cell and the prokaryotic cell in the previous figure. Besides size, what 
major difference between prokaryotes and eukaryotes was visible to early microscopists?

Figure 3.3 Eukaryotic cells contain nuclei, which are visible with light 
microscopes, whereas prokaryotes lack nuclei.
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(Chapters 11, 12, and 19–23 examine further details of prokary-
otic and eukaryotic organisms, their classification, and their 
ability to cause disease.)

TELL ME Why

In 1985, an Israeli scientist discovered the single-celled microbe 
Epulopiscium fishelsoni. This organism is visible with the naked eye. 
Why did the scientist initially think Epulopiscium was eukaryotic?

What discovery revealed that the microbe is really a giant bacterium?

Next, we explore characteristics of bacterial cells, beginning 
with external features and working into the cell.

External Structures of  
Bacterial Cells
Many cells have special external features that enable them to 
respond to other cells and their environment. In bacteria, these 
features include glycocalyces, flagella, fimbriae, and pili.

Glycocalyces
Learning OutcOmes

3.3 Describe the composition, function, and relevance to 
human health of glycocalyces.

3.4 Distinguish capsules from slime layers.

Some cells have a gelatinous, sticky substance that surrounds 
the outside of the cell. This substance is known as a glycocalyx 
(plural: glycocalyces), which literally means “sweet cup.” The 
glycocalyx may be composed of polysaccharides, polypeptides, 

or both. These chemicals are produced inside the cell and are 
extruded onto the cell’s surface.

When the glycocalyx of a bacterium is composed of orga-
nized repeating units of organic chemicals firmly attached to the 
cell’s surface, the glycocalyx is called a capsule (FIGURE 3.5a). In 
contrast, a loose, water-soluble glycocalyx is called a slime layer 
(FIGURE 3.5b).

Glycocalyces protect cells from drying (desiccation) and 
can also play a role in the ability of pathogens to survive and 
cause disease. For example, slime layers are often sticky and 
provide one means for bacteria to attach to surfaces as biofilms, 
which are aggregates of many bacteria living together on a sur-
face. Oral bacteria colonize the teeth as a biofilm called dental 
plaque. Bacteria in a dental biofilm can produce acid and cause 
dental caries (cavities).

The chemicals in many bacterial capsules can be similar to 
chemicals normally found in the body, preventing bacteria from 
being recognized or devoured by defensive cells of the host. 
For example, the capsules of Streptococcus pneumoniae (strep-
tō-kok´ŭs nū-mō´nē-ī) and Klebsiella pneumoniae (kleb-sē-el´ă 
nū-mō´nē-ī) enable these prokaryotes to avoid destruction by 
defensive cells in the respiratory tract and to cause pneumonia. 
Unencapsulated strains of these same bacterial species do not 
cause disease because the body’s defensive cells destroy them.

Flagella
Learning OutcOmes

3.5 Discuss the structure and function of bacterial flagella.
3.6 List and describe four bacterial flagellar arrangements.

A cell’s motility may enable it to flee from a harmful environ-
ment or move toward a favorable environment, such as one 
where food or light is available. The most notable structures 
responsible for such bacterial movement are flagella. Bacterial 

◀ FIGURE 3.5  glycocalyces. (a) Micrograph of 
a single cell of the bacterium Streptococcus attached 
to a human tonsil cell (blue), showing a prominent 
capsule. (b) An unidentified skin bacterium has a 
slime layer surrounding the cell. What advantage 
does a glycocalyx provide a cell?

250 nmTEM(a)

Glycocalyx
(capsule)

250 nmTEM(b)

Glycocalyx
(slime layer)

Figure 3.5 A glycocalyx provides protection from 
drying and from being devoured; it may also help 
attach cells to one another and to surfaces in the 
environment.
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flagella (singular: flagellum) are long structures that extend 
beyond the surface of a cell and its glycocalyx and propel the 
cell through its environment. Not all bacteria have flagella, but 
for those that do, their flagella are very similar in composition, 
structure, and development. ANIMATIONS: Motility: Overview

structure
Bacterial flagella are composed of three parts: a filament, a hook, 
and a basal body (FIGURE 3.6). A filament is a long hollow shaft, 
about 20 nm in diameter, which extends out of the cell into its 
environment. No membrane covers a filament.

A bacterial flagellum is composed of many identical globu-
lar molecules of a protein called flagellin. A flagellum lengthens 
by growing at its tip as the cell secretes molecules of flagellin 
through the hollow core of the flagellum, to be deposited in 
a clockwise helix at the tip of the filament. Bacterial flagella 
react to external wetness, inhibiting their own growth in dry 
habitats.

At its base, a filament inserts into a curved structure, the 
hook, which is composed of a different protein. The basal 
body, which is composed of still different proteins, anchors 
the filament and hook to the cell wall and cytoplasmic 

◀ FIGURE 3.6  Proximal structure of bacterial flagella. (a) Detail 
of flagellar structure of a Gram-positive cell. (b) Detail of the flagellum of 
a Gram-negative bacterium. How do flagella of Gram-positive bacteria 
differ from those of Gram-negative bacteria?
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Figure 3.6 Flagella of Gram-positive cells have a single pair of rings in 
the basal body that function to attach the flagellum to the cytoplasmic 
membrane. The flagella of Gram-negative cells have two pairs of rings: 
one pair anchors the flagellum to the cytoplasmic membrane, the other 
pair to the cell wall.
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