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Preface

We are pleased to present this fifth.edition of Bifology of Microorganisms
to students and instructors of microbiology. Although each edition of this
textbook has represented a marked advance over earlier editions, this pres-
ent edition represents the most complete revision that has ever been ac-
complished. A quick glance will tell the reader why: The book has been
produced for the first time completely in full color. The extensive use of
color made it necessary to redesign the whole book. Most of the line
drawings are completely new, and even those that were retained from
earlier editions have, to a great extent, been fully redrawn. The number
of full-color photographs has also been greatly increased. Microbiology is
a colorful subject. For the first cime in a college textbook, this colorful
subject is revealed to the student.

Although the new full-color design is the most obvious change from
earlier editions, the content of the book has also been greatly altered. The
science of microbiology continues to undergo rapid changes through the
impact of new developments in cell and molecular biology, and through
major advances in medical and environmental microbiology. The revolu-
tion. in microbial genetics, first reflected in the previous edition, is now
fully presented in the fifth edition. Gene cloning and genetic engineering
are having profound impact on the teaching and practice of microbiology.
Microbes continue to make important research tools for the study of many
fundamental biological processes. Yet microbes are more than research
toois—they are of considerable importance and interest in themsclves.
Therefore, the second major focus of this book is on what microbes are
doing in the world at large. Basic research in such areas as ecology and
evolution is advancing rapidly because of our increased understanding of
fundamental microbial processes. At the same time, practical develop-
ments in biotechnology, food processing, and agriculture arise from ap-
plications of micrabiological principles. And whole areas, such as virology
and immunology, are moving so rapidly that they must be treated in com-
pletely new ways. However, the basic approach which has made this book
so popular in earlier editions has not been changed.

So many new things have been added to this edition that it is more
efficient to list them in outline form. Details can be found in the table of
contents and in the chapters themselves.

1; Chapter 1, greatly enlarged in this new edition, is now subtitled “An
Overview of Microbiology and Cell Biology.” It not only includes a
brief, well-illustrated introduction to the nature of microbial life but
also an extensive section on microbiological methods, material re-
quested by many instructors.
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Chapter 2, ‘‘Cell Chemistry,” is a completely new
chapter, added to provide a compact source of
information on the important chemicals of living
organisms. Chemistry is, to a great extent, the
language of biology, and we have felt that by
providing this overview early in the book, stu-
dents will have a convenient reference source for
review of the basic chemistry of microbial life.

. Chapter 3, ““Cell Biology,”” incorporates much of

the material found in Chapters 2 and 3 of the
previous edition, but greatly enhanced and pre-
sented in an integrated fashion. Most of the fig-
ures in-this chapter are completely new, and have
been greatly enhanced by the full-color treat-
ment.

Chapter -4, ‘‘Nutrition, Metabolism, and Biosyn-
thesis,” contains a2 more compact treatment of
microbial metabolism than that found in Chap-
ters 4 and 5 of the previous edition. The present
Chapter 4 presents only the key concepts of en-
ergetics and heterotrophic metabolism, and the
specialized material has been moved to the com-
pletely new Chapter 16.

Chapter 5, “Macromolecules and Molecular Ge-

netics,” is of course almost completely new, re- -

fiecting the phenomenal advances that have been
made in this field. We have also placed this chap-
ter earlier in the book, reflecting our conviction
that genetics is so important and pervasive in
modern microbiology that it must be covered as
early as possible. Chapter 5 also provides an in-
troduction to the following molecularly oriented
chapters.

The field of virology has changed so remarkably
that the virology chapter in this book has been
completely rewritten, and the material on animal
viruses greatly expanded. The chapter has been
organized in such a way that instructors can
choose those Kinds of materials that will be most
useful for their specific courses.

In Chapter 7, ‘“Microbial Genetics,” the material
on transposons and plasmids has been consid-
erably enhanced, and a whole new section on
genetics of yeast has been added, reflecting the
current exciting research on these important eu-
caryotic microorganisms.

The chapter “Gene Manipulation and Genetic
Engineering,” so popular in the previousedition,
has been updated and enlarged, and new material
on the uses of genetic engineering added.

. The growth process-can be viewed either as a

process of macromolecular biosynthesis or as a
process with enormous practical implications.
Chapter 9, “Growth and Its Control,” has been
moved so that it comes agfter rather than before

10.

11.
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15.

16.

the molecular material, thus making it possible
to discuss microbial growth in macromolecular
terms. But at the same time, the practical mate-
rial on the control of microbial growth has been
considerably increased. Because microbial
growth in foods is one of the most important
practical considerations, a whole new section on
food microbiology has been added.

Continuing with the innovations in this new edi-
tion, a whole new chapter, ‘“Microbial Biotech-
nology,” has been added. A number of important
industrial microbial processes predate the era of
genetic engineering so that this chapter attempts
10 provide a complete overview of economically
important microbial processes. For added stu-
dent interest, beer- and wine-making are given
extensive treatment for the first time in this book
(including a brief section on home brewing).

Beginning with Chapter 11, a series of chapters,
either new or greatly rewritten, provides exten-
sive coverage of the field of medical microbiol-
ogy and immunology. Chapter 11 begins this part
of the book with a presentation of the principles
of bost-parasite relationships.

Probably no field in biology has advanced so rap-
idly, and has become so important both theoret-
ically and practically, as immunology. “Immu-
-nology and Immunity,”” a chapter so popular in
the last edition, has been considerably enhanced
and has benefited from extensive new illustra-
tions.

Chapter 13, “Clinical and Diagnostic Microbi-
ology”, is completely new in this edition, We
‘have been impressed not only by the great so-
phistication of modern diagnostic methods in mi-
crobiology but by the way in which genetics is
revolutionizing this field. Building on the ge-
netics background of Chapters 5-9, the present
chapter has an extensive treatment of the new
monoclonal antibody and nucleic acid probe
technology for diagnostic microbiology.
Continuing the expanded coverage of medical
microbiology, Chapter 14, “Epidemiology and
Public Health Microbiology,’” is a brief but al-
most completely new treatment of this subject.

Responding to the requests of many instructors,
we have added a separate, rather lengthy, chapter
““Major Microbial Diseases.’”’ The diseases in this
chapter are arranged, as much as is possible, by
organ systems affected or by mechanisms of
transmission. As such, this chapter will com-
plement Chapter 19, which provides the con-
ventional taxonomic treatment of pathogens
along with the groups of other bacteria.

Probably no new chapter has been written so en-
thusiastically by your two authors as has Chapter



16, ““Metabolic Diversity among the Microorga-
nisms.” In the previous editions, some of this
material was included in the chapter on metab-
olism or in separate chapters on biosynthesis and
autotrophy, but it came too early in the book to
warrant the detailed treatment that it deserves.
In the present chapter, an integrated picture of
metabolic diversity is presented for the first time.
Note that this chapter also provides an overview
of material needed for the definitive discussion
of ecology, evolution, and systematics in the next
several chapters.

17. Chapter 17, “Microbial Ecology,” while retain-
ing much of the material from the previous edi-
tion, has been considerably expanded by the ad-
dition of material on enrichment culture,
measurement of microbial activity in nature,
and plant-microbe interactions {with emphasis
on Rbizobium and Agrobacterium).

18. Chapter 18, ‘“‘“Molecular Systematics and Micro--

bial Evolution,” is completely new and reflects
the current excitement in the use of molecular
techniques to classify microorganisms. In this
chapter, the new classification of microbes which
emphasizes the vast differences between eubac-
teria and archaebacteria has been given in con-
siderable detail.

19. Finally, Chapter 19, *‘The Bacteria,” provides that
detailed and authoritative reference to procar-
yotic diversity that instructors have come to ex-
pect from this book.

The instructor or student reading the above list of
innovations can well imagine why we are so excited
and enthusiastic about this new edition of “Biology
of Microorganisms.” New chapters, extensive revi-
sions, new design, and especially, full-color art! How-
ever, this is not the end of the innovations. A whole
array of new supplements have been developed by
the publisher to make the book more accessible to
the student and more useful to the instructor. These
supplements include a Study Guide, Test Item File,
Computerized Test Item File, Instructor's Manual, and
Color Transparencies. In addition, Study Questions

have been included at the end of each chapter in the .

book itself.

This edition has been greatly benefited from the

computer-assisted publication skills of Science Tech
Publishers, the company responsible for complete
editorial and production matters. The use of the com-
puter has made it possible to revise and insert im-
portant new information almost up until the end of
the book production cycle. The following individuals
working at or under the auspices of Science Tech
deserve special recognition: Irene Slater for careful
keyboarding of a lengthy and extremely complex
manuscript; Susan Fariss, Elizabeth McBride, and Ka-

Preface Xi

thy Rosner for editorial assistance; Ed Phillips, Lisa
Buckley, Cathy Schmaeng, Julie Whitty, Randy Kam-
pen, Lucy Taylor, and Tony Dunn for art; Ruth Siegel
for photo research, Barbara Littlewood for the index,
and Kathie Brock for consultation. Thomas D. Brock
was responsible for the design and for supervision of
all editorial, art, typesetting, and production.

Many individuals have reviewed the manuscript
or portions of it, or made special efforts to provide
color photographs and we are extremely grateful for
their efforts. These include: ‘-

. Jan-Hendrik Becking, Wageningen University

. Ben B. Bohlool, University of Hawaii

. Willy Burgdorfer, Rocky Mountain Laboratory

. Thomas R. Corner, Michigan State University

. Robert Gallo, National Institutes of Health

. Patricia Grilione, San Jose State University

. Holger Jannasch, Woods Hole Oceanographic In-
stitute

. James Hu, Massachusetts Institute of Technology

. Ronald E. Hurlbert, Washington State University

.- Allan Konopka, Purdue University

. Donald Lehman, Wright State University

. Alan Liss, State University of New York at Bingh-
amton :

. John Martinko, Southern Illinois University

. William Matthai, Tarrant County Junior College

. William McClain, University of Wisconsin-Madison
. James E. Miller, Delaware Valley College

. Kenneth Nealson, University of Wisconsin-Milwau-
kee

. Norbert Pfennig, University of Konstanz

. Francis Steiner, Hillsdale College

. Howard Temin, University of Wisconsin-Madison
. Carl Woese, University of Illinois-Urbana

. Stephen Zinder, Cornell University

In addition, the Credits section at the end of the book
lists the many more who have provided photographs.

" The authors would also like to pay special thanks
to David Smith of the University of Delaware, a co-
author on the fourth edition, who was unable because
of circumstances ‘to participate in the present revi-
sion. His -advice and consultation during the early
planning stages for the present edition were ex-
tremely helpful. MTM wishes to thank his wife, Nancy,
for her patience and understanding during this very
time-consuming revision. TDB wishes to thank MTM
for his efforts above and beyond the call of duty, Rob-
ert Sickles of Prentice-Hall Editorial for his support
in bringing out this innovative edition, and Eleanor
Hiatt of Prentice-Hall Production for her careful su-
pervision and unfailing good humor.



Contents

Preface ix

Introduction: An Overview
of Microbiology and Cell

Biology 1

1.1 Microorganisms as Cells 2

1.2 Cell Structure 8

1.3  The Procaryotic Cell 10

1.4  The Eucaryotic Cell 13

1.5 Algae 14 .

1.6 Fungi 15

1.7 Lichens 18

1.8 Protozoa 19

1.9  The Slime Molds 19

1.10 Classification of Living Organisms
21

1.11 Populations, Communities, and
Ecosystems 22

1.12 The Laboratory Study of
Microorganisms 24

1.13 Microscopy 24

1.14 The Culture of Microorganisms 28

1.15 Sterilization and Aseptic Technique
30

1.16 Procedures for Isolating
Microorganisms from Nature 32

1.17 The Impact.of Microorganisms on
Human Affairs 33

1.18 A Brief History of Microbiology 35

Study Questions 40
Supplementary Readings 41

Cell Chemistry 42

2.1

2.2
2.3

Atoms, Molecules, and Chemical
Bonding 42

Chemical Bonds 43

Small Molecules: Monomers 46

2.4

2.5
2.6

2.7
2.8

From Carbohydrate to
Polysaccharide 46

From Fatty Acids to Lipids 49
From Nucleotides to Nucleic Acids
50

From Amino Acids to Proteins 52
Stercoisomerism 58

Study Questions 59
Supplementary Readings 59

Cell Biology 60

3.1
3.2

3.3
34
35
3.6
3.7
3.8
3.9
3.10

3.1
3.12
3.13
3.14

3.15

3.16
3.17

3.18

The Importance of Being Small 60
Comparative Structure

and Function of Procaryotic

and Eucaryotic Cells 61

Cell Membrane: Structure 63

Cell Membrane: Function 67

Cell Wall: Eubacteria 72

Cell Wall: Archaebacteria 81

Cell Wall: Eucaryotes 82

Flagella and Motility 84
Chemotaxis in Bacteria 89
Procaryotic Cell Surface Structures
and Cell Inclusions 93

Gas Vesicles 94

Bacterial Endospores 95
Eucaryotic Organelles 100
Relationships of Chloroplasts and
Mitochondria to Bacteria 103
Arrangement of DNA in Procaryotes
104

The Eucaryotic Nucleus 105

Cell Division and Sexual
Reproduction 107

Comparisons of the Procaryotic and
Eucaryotic Cell 109

Study Questions 111
Supplementary Readings 112

iii



iv  Contents

4

Nutrition, Metabolism,
and Biosynthesis 113

4.1 Nutrition and Biosynthesis 115

4.2 Energy 117

4.3 Activation Energy, Catalysis, and
Enzymes 118

4.4  Ozxidation-Reduction 120

45 Electron Carriers 122

4.6  High Energy Phosphate Compounds
and ATP 124

4.7  Energy Release in Biological Systems
125

4.8  Fermentation 125

4.9  Respiration 128

4.10 The Tricarboxylic Acid Cycle 128

4.11 Electron Transport Systems 128

4.12 Energy Conservation in the Electron
Transport System 131

4.13 The Balance Sheet of Aerobic
Respiration 134

4.14 Turnover of ATP and the Role of
Energy-Storage Compounds 135

4.15 Alrernate Modes of Energy
Generation 136 -

4.16 Biosynthetic Pathways: Anabolism
137

4.17 Sugar Metabolism 138

4.18 Amino Acid Biosynthesis 139

4.19 Purine and Pyrimidine Biosynthesis
141

4.20 Regulation of Enzyme Activity 142

4.21 laboratory Culture of
Microorganisms 144
Study Questions 148
Supplementary Readings 149

Macromolecules

and ’Molqcular Genetics 150

5.10

5.11

Overview 151

DNA Structure 153

Restriction Enzymes and Their
Action on DNA 166

DNA Replication 168

Genetic Elements 171
Rearrangement of Genes 173
Synthetic DNA 174

RNA Structure and Function 175
Transfer RNA 180

Translation: The Process of Protein
Synthesis 181

Regulation of Protein Synthesis 184

Positive Control of Protein Synthesis
186

Attenuation 188

Contrasts Between Gene Expression
in Procaryotes and Eucaryotes 189
The Genetic Code 190

Mutants and Their Isolation 192
The Molecular Basis of Mutation
194

Mutagens 197

Mutagenesis and Carcinogenesis
199

Study Questions 201
Supplementary Readings 202

Viruses 203

6.1
6.2
6.3
6.4
6.5
6.6

6.7
6.8

6.9
6.10

6.11
6.12
6.13

6.14

6.15

6.16
6.17
6.18
6.19

6.20

6.21

6.22
6.23
6.24

The Nature of the Virus Particle
204

The Classification of Viruses 209
The Virus Host 210
Quantification of Viruses 210
General Features of Virus
Reproduction 214

Early Events of Virus Multiplication
215

Viral Genetics 218

General Overview of Bacterial
Viruses 220

RNA Bacteriophages 220
Single-Stranded Icoszhedral DNA
Bacteriophages 222
Single-Stranded Filamentous DNA

-Bacteriophages 225

Double-Stranded DNA
Bacteriophages 226

Large Double-Stranded DNA
Bacteriophages 228

Temperate Bacterial Viruses:
Lysogeny 231

A Transposable Phage: Bacteriophage
Mu 236

General Overview of Animal Viruses
238

Small RNA Animal Viruses 243
Negative-Strand RNA Viruses 244

- Double-Stranded RNA Viruses—

Reoviruses = 248

Replication of DNA Viruses of
Animals 249

Herpesviruses 251

Pox Viruses 254
Adenoviruses 254
Retroviruses 256



6.25 Therapy for Virus Infections 260
Study Questions 261
Supplementary Readings 262

Microbial Genetics 263

7.1 Kinds of Genetic Recombination
263

7.2  Genetic Transformation 266

7.3  Transduction 268

7.4 Plasmids 270

7.5 Conjugation and Plasmid:
Chromosome Interactions 272

7.6  Kinds of Plasmids and Their
Biological Significance 278

7.7  Transposons and Insertion Sequences
281

7.8  An Overview of the Bacterial
Genetic Map 284

7.9  Genetics in Eucaryotic
Microorganisms 285

7.10 Cytoplasmic Inheritance 289

7.11 Yeast Genetics 290
Study Questions 294
Supplementary Readings 294

Gene Manipulation and
Genetic Engineering 295

8.1  Gene Cloning Systems 296

8.2  Plasmids as Cloning Vectors 296

8.3  Bacteriophages as Cloning Vectors
298

8.4  Other Vectors 299

8.5 Hosts for Cloning Vectors 300

8.6  Finding the Right Clone 301

8.7  Expression Vectors 304

8.8 The Cloning and Expression of
Mammalian Genes in Bacteria 306

8.9  In Vitro and Site-Directed
Mutagenesis 309

8.10 Practical Results 310

8.11 Genetic Engineering as a Microbial
Research Tool 313

8.12 Principles at the Basis of Genetic
Engincering 313
Study Questions 314
Supplementary Readings 314

Growth and Its Control 315

5.1 Cell Growth 315 ‘
9.2  Population Growth 316
9.3  Measurement of Growth 317

Contents V

9.4  The Growth Cycle of Populations
320

9.5 Effect of Nutrient Concentration on
Growth 322

9.6  Continuous Culture 322

9.7 Growth and Macromolecular
Synthesis 323

9.8  The Energetics of Growth 326

9.9  Cellular Differentiation and
Morphogenesis 328

9.10 Effect of Environmental Factors on
Growth 330

9.11 Temperature 330

9.12 Acidity and Alkalinity (pH) 335

9.13 Water Availability 336

9.14 Oxygen 337

9.15 Control of Microbial Growth: Heat
Sterilization 340

9.16 Control of Microbial Growth:
Radiation 344

9.17 Filter Sterilization 346

9.18 Chemical Control of Microbial
Growth 348

9.19 Germicides, Disinfectants, and
Antiseptics 349

9.20 Chemotherapeutic Agents 351

9.21 Some Aspects of Food Microbiology
353
Study Questions 356
Supplementary Readings 356

1 O Microbial

Biotechnology 357

10.1
10.2
10.3

10.4
10.5
10.6
10.7
10.8
10.9

10.10
10.13

10.12
10.13

Industrial Microorganisms 358
Kinds of Industrial Products 359
Growth and Product Formation in
Industrial Processes 360

The Characteristics of Large-Scale
Fermentations 363

Scale-Up of the Fermentation Process
365

Antibiotics 366

Vitamins and Amino Acids 375
Microbial Bioconversion 377
Enzyme Production by
Microorganisms 377

Vinegar 379

Citric Acid and Other Organic
Compounds 380

Yeasts in Industry 381

Alcohol and Alcoholic Beverages
383



vi

11

Contents

10.14 Food From Microorganisms 387

10.15 Production of Mammalian Products
by Engineered Microorganisms 389
Study Questions 390

Supplementary Readings 390

Host-Parasite
Relationships 391

11.1 Microbial Interactions with Higher
Organisms 392

11.2 Normal Flora of the Skin 392

11.3 Normal Flora of the Oral Cavity
393

11.4 Normal Flora of the Gastrointestinal

s Tract 396

11.5 Normal Flora of Other Body Regions
399 ‘

11.6 Germ-Free Animals 400

11.7 Nonspecific Host Defenses 401

11.8 Entry of the Pathogen Into the Host

404

11.9 Colonization and Growth 405

11.10 Exotoxins 407

11.11 Enterotoxins. 410

11.12 Endotoxins 412

11.13 Virulence and Attenuation 413

11.14 Interaction of Pathogens with
Phagocytic Cells 414

11.15 Growth of the Pathogen
Intracellulacly 419

11.16 Inflammation 420

11.17 Chemotherapy 422

Study Questions 427
Supplementary Readings 427

1 2 Immunology

and Immunity 428

12.1 Immunogens and Antigens 429

12.2 Immunoglobulins (Antibodies) 430

12.3 Cells of the Immune System 434

12.4 Histocompatability Antigens and T-
Cell Receprors 436

12.5 The Mechanism of Antibody
Formation 439

12.6 Genetics and Evolution of
Immunoglobulins and T-Cell
Receptors 441

12.7 Monoclonal Antibodies 446

12.8 Antigen-Antibody Reactions 448

12.9 ELISA and Radioimmunoassay 453

12.10 Cell-Mediated Immunity 457

12.11 Allergy, Immune Tolerance, and
Autoimmunity 460

12.12 Complement and Complement
Fixation 463

12.13 Applied Immunology: Immunization
Against Infectious Diseases 468
Study Questions 472

Supplementary Readings 473

1 3 Clinical and Diagnostic

14

- 14.4

Microbiology 474

13.1  Isolation of Pathogens from Clinical
Specimens 474

13.2  Growth-Dependent Identification
Methods: 479

-13.3  Testing Cultures for Antibiotic
Sensitivity 483

13.4 Diagnostic Virology 484

13.5 - 8afety in the Clinical Laboratory
485

13.:6 . Fluorescent Antibodies 486

13.7 Monoclonal Antibodies 487

13.8 Diagnostic Procedures Using ELISA
Tests 487

13.9 Agglutination Tests Used in the

Clinical Laboratory 491
13.10 Immunoblot Procedures 491
13.11 Piagnostic Techniques Using

Nucleic Acids 494

Study Questions = 496

Supplementary Readings 497

Epidemiology and Public
Health Microbiology 498
14.1

14.2
14.3.

The Science cf Epidemiology 498
Terminology 499

Disease Reservoirs 499
Epidemiology of AIDS 500

Modes of Infectious Disease
Transmission 502

Nature of the Host Community 505
Hospital-Acquired (Nesocomial)
Infections 507

Public Health Mcasures for the
Control of Epidemics 508

Global Health Considerations 510

Study Questions 512
Supplementary Readings

145

14.6
14.7

14.8

14.9

512



1 5 Major

Microbial Diseases 513

15.1
15.2
15.3

15.4
15.5

15.6
15.7

15.8
15.9

15.10

15.11
15.12

Airborne Transmission of Pathogens
513

Respiratory Infections: Bacterial
514

Mycobacterium and Tuberculosis
519

Respiratory Infections: Viral 520
Why Are Respiratory Infections So
Common? 524

Sexually Transmitted Diseases 524
Acquired Immune Deficiency
Syndrome (AIDS) 529

Rabies 534

Insect-Transmitted Diseases:
Rickettsias 535
Insect-Transmitted Discases: Malaria
and Plague 538

Foodborne Diseases 541
Waterborne Diseases 544

‘Study Questions 550
- Supplementary Readings 551

16 Metabolic Diversity among
the Microorganisms 552

16.1
16.2

16.3
16.4
16.5

16.6
16.7

16.8
16.9
16.10
16.11

16.12

16.13
16.14

16.15
16.16

Photosynthesis 553

The Role of Chlorophyl! and
Bacteriochlorophyll in
Photosynthesis 554

Anoxygenic Photosynthesis 557
Oxygenic Photosynthesis 559
Additional Aspects of Photosynthetic
Light Reactions 561

Autotrophic CO, Fixation 564

Lithotrophy: Energy from the
Oxidation of Inorganic Electron
Donors 566
Hydrogen-Oxidizing Bacteria 567
Sulfur Bacteria 567
Iron-Oxidizing Bacteria 568
Ammonium and Nitrite Oxidizing
Bacteria 572 )
Autotrophy and ATP Production
Among Lithotrophs 572
Anacrobic Respiration 573
Nitrate Reduction and the
Denitrification Process 575
Sulfate Reduction 576
LCarbonate (CO,) as an Electron
Acceptor 578 .

16.17
16.18

16.19
16.20
16.21
16.22

16.23
16.24

Contents vii

Other Electron Acceptors for
Anaerobic Respiration 579
Metabolic Diversity Among the
Heterotrophs 580

Sugar. Metabolism 585

Organic Acid Metabolism 587
Lipids As Microbial Nutrients 588
Molecular Oxygen (O,) as a
Reactant in Biochemical Processes
589

Hydrocarbon Transformations 590

‘Nitrogen Metabolism 592

Study ‘Questions 596

Supplementary Readings 597

17 Microbial Ecology 598

171
17.2
17.3

‘Microorganisms in Nature 599

Methods in Microbial Ecology - 600
Enrichment, Isolation, and Counting

‘Methods 601

17.4
17.5

17.6
17.7
17.8
17.9
17.10
17.11

17.12
17.13

17.14
17.15
17.16
17.17
17.18
17.19

17.20
17.21

17.22
17.23

17.24

Measurements of Microbial Activity
in Nature 605

Stable Isotopes and Their Use in
Microbial Biogeochemistry 609
Aquatic Habitats 611

Terrestrial Environments 613
Deep-Sea Microbiology 614
Hydrothermal Vents 616

Global Biogeochemical Cycles 620

‘Biogeochemical Cycles: Carbon

621

Methane and Methanogenesis 622
The Rumen Microbial Ecosystem
625

Biogeochemical Cycles: Nitrogen
628

Biogeochemical Cycles: Sulfur 630
Biogeochemical Cycles: Iron 632
Microbial Mining 634
Biogeochemical Cycles: Trace Metals
and Mercury 637

Petroleum and Natural Gas
(Methane) Biodegradation 639
Biodegradation of Xenobiotics 640
Sewage and Wastewater
Microbiology 641

Plant-Microbe Interactions 644
Agrobacterium/Plant Interactions
645

Rhizobium: Legume Symbiosis 648
Study Questions 655

Supplementary Readings 656



Contents

18 Molecular Systematics and

Microbial Evolution 657

18.1 Evolution of the Earth and Earliest
Life Forms 657

18.2 Molecular Approaches to Bacterial
Phylogeny: Nucleic Acid Sequencing
663

18.3 Ribosomal RNAs as Evolutionary
Chronometers 664

18.4 Microbial Phylogeny as Revealed by
Ribosomal RNA Sequencing 667

18.5 Eubacteria 670

18.6 Archaebacteria 673

18.7 Eucaryotes 674

18.8 Characteristics of the Primary
Kingdoms 675 .

18.9 Taxonomy, Nomenclature, and
Bergey’s Manual 678

18.10 Molecular Taxonomic Approaches:
DNA Base Composition and Nucleic
Acid Hybridization G680
Study Questions 682
Supplementary Readings 682

19 The Bacteria 683

19.1 Phototrophic Bacteria 683

19.2 Cyanobacteria 697

19.3 Prochlorophytes 700

19.4 Nitrifying Bacteria 701

19.5 Sulfur and Iron Oxidizing Bacteria
703

19.6 Hydrogen Bacteria 705

19.7 Methylotrophs 707

19.8 Sulfate Reducing Bacteria 711

19.9 Acetogenic Bacteria 714

19.10 Budding Bacteria 715

19.11 Spirilla 719

19.12 Spirochetes 723

19.13 Gliding Bacteria 726

19.14 Sheathed Bacteria 732

19.15 The Pseudomonads 734

19.16 Nitrogen-Fixing Bacteria 736

19.17 Acetic Acid Bacteria 738

19.18 Zymomonas 739

19.19 Vibrio and Related Genera 739

19.20 Enteric Bacteria 741

19.21 Gram-Negative Cocci 745

19.22 Rickettsias 746

19.23 Chlamydias 747

19.24 Gram-Positive Cocci 749

19.25 Lactic Acid Bacteria 751

19.26 Endospore-Forming Bacteria 755

19.27 Mycoplasmas 759

19.28 Actinomycetes 761

19.29 Coryneform Bacteria 761

19.30 Propionic Acid Bacteria 763

19.31 Mycobacierium. 764

19.32 Filamentous Actinomycetes 766

19.33 Halophilic Archaebacteria 769

19.34 Methane-Producing Bacteria:
Methanogens 773

19.35 Sulfur-Dependent Archaebacteria
781

19.36 Thermoplasma 786

19.37 Archacbacteria: Earliest Life Forms?
787

Supplementary Readings 788

Appendix 1: Energy
Calculations 789

Appendix 2: The
Mathematics of Growth and
Chemostat Operation 793

Appendix 3: Bergey’'s
Classification of Bacteria
796

Glossary soo
Credits 807

Index sos



1.1 Microorganisms as Cells

1.2 Cell Structure

1.3 The Procaryotic Cell

1.4 The Eucaryotic Cell

1.5 Algae

1.6 Fungi

1.7 Lichens

1.8 Protozoa

1.9 The Slime Molds

1.10 Classification of Living
Organisms

1.11 Populations, Communities,
and Ecosystems

1.12 The Laboratory Study of
Microorganisms

1.13 Microscopy

1.14 The Culture of
Microorganisms

- 1.15 Sterilization and Aseptic

Technique

1.16 Procedures for Isolating
Microorganisms from Nature

1.17 The Impact of
Microorganisms on Human
Affairs

1.18 A Brief History of
Microbiology

Introduction:
An Overview
of Microbiology
and Cell Biology

Microbiology is the study of microorganisms, a large and diverse group of
organisms that exist as single cells or cell clusters. Microbial cells are thus
distinct from the cells of animals and plants, which are unable to live alone
in nature but can exist only as parts of multicellular organisms (Figure 1.1).
A single microbial cell is generally able to carry out its life processes of
growth, energy generation, and reproduction independently of other cells,
either of the same Kind or of different kinds.

What, then, is microbiology all about? We can list several aspects of
microbiology here: 1) It is about living cells and how they work. 2) It is
about microorganisms, an important class of cells capable of free-living
(independent) existence. 3) It is about microbial diversity and evolution,
about how different kinds of microbes arise, and why. 4) It is about what
microbes do. in the world at large, in human society, in our own bodies.
in the bodies of animals and plants. 5) It is about the central role which
microbiology plays as a basic biological science and how an understanding
of microbiology helps in the understanding of the biology of higher orga-
nisms, even including humans.

Why study microbiology? Microbiology, one of the most important of
the biological sciences, is studied for two major reasons:

1. As a basic biological science, microbiology provides some of the most
accessible research tools for probing the nature of life processes. Our
most sophisticated understanding of the chemical and physical princi-
ples behind living processes has auasen uoi btudics i, micrnniga
nisms.

2. As an applied biological science, microbiology deals with many impor-
tant practical problems in medicine, agriculture, and industry. Some of
the most important diseases of humans, animals, and plants are caused
hy microorganisms. Microorganisms play major roles in soil fertility and
animal production. Many large-scale industrial processes are microbially
based. and are now classified under the heading of biotechnology.

In this book, both the basic and applied aspects of microbiology are covered
in an integrated fashion. We discuss the experimental basis of microbiology,
the general principles of cell structure and function, the classification and
diversity of microorganisms, biochemical processes in cells, and the genetic
basis of microbial growth and evolution. From an applied viewpoint, we
discuss disease processes in humans that are caused by microorganisms. the
roles of microorganisms in food and agriculture. and industrial (biotech-
nological) processes employing microorganisms.

The material in this textbook serves as a foundation for advanced work
in microbiology. It also serves as a basis for further studies in cell biology.

1




2 Chapter 1

Figure 1.1 Living organisms are composed of
cells. Plants (a) and animals (b) are com-

posed of many cells; they are called multicel-
lular. A single plant or animal cell cannot

have an independent existence; each of its

cells is dependent on the other. Microorga-

nisms (c) are free-living cells. A single micro-
bial cell can have an independent existence. (¢}

biochemistry, molecular biology, and genetics. Al-
though a student may begin to study microbiology
primarily because of its applied problems, the basic
concepts learned will serve as a foundation for ad-
vanced study in many areas of contemporary biology.
A firm grasp of microbiological principles will also
serve as a basis for understanding processes in higher
organisms, including humans.

1.1 Microorganisms as Cells

The cell is the fundamental unit of all living matter.
A single cell is an entity, isolated from other cells by
a cell membrane (and perhaps a cell wall) and con-
taining within it a variety of materials and subcellular
structures (Figure 1.2). The cell membrane is the
barrier which separates the inside of the cell from
the-outside. Inside the cell membrane are the various

Introduction: An Overview of Microbiology and Cell Biology

structures and chemicals which make it possible for
the cell to function. Key structures are the nucleus
or nuclear region, where the information needed to
make more cells is stored, and the cytoplasm, where
the machinery for cell growth and function is pres-
ent.

All cells contain certain types of chemical com-
ponents: proteins, nucleic acids, lipids, and polysac-
charides. Because these chemical components are
common throughout the living world, it is thought
that all cells have descended from a single common
ancestor, the universal ancestor. Through billions of
years of evolution, the tremendous diversity of cell
types that exist roday has arisen.

Although each kind of cell has a definite structure
and size, a cell is a dynamic unit, constantly undergo-
ing change and replacing its parts. Even when it is
not growing, a cell is continually taking materials
from its environment and working them into its own
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Figure 1.2 Cells. (a) Photomicro-
graph of microbial cells, as seen in
the light microscope. (b) Cross sec-
tion through a bacterial cell, as
viewed with an electron microscope.
The two lighter areas represent the
nuclear region. (C) An artist’s inter-
pretation in three dimensions of a
bacterial cell, showing the character-
istic wrinkled outer structure.

(c)

fabric. At the same time, it perpetually discards into
its environment cellular materials and waste prod-
ucts. A cell is thus an open system, forever changing,
yet generally remaining the same.

The hallmarks of a cell A living cell is a com-
plex chemical system. What are the characteristics
that set living cells apart from nonliving chemical
systems? We list four major characteristics here, dis-
cuss them briefly in this chapter, and in more detail
in later chapters.

1. Self-feeding or nutrition. Cells take up chem-
icals from the environment, transform these chem-
icals from one form to another, release energy, and
eliminate waste products (Figure 1.3).

2. Self-replication or growth. Cells are capable of

directing their own synthesis. A cell grows and .

divides, forming two cells, each nearly identical
to the original cell.

3. Differentiation. Most kinds of cells also can
undergo changes in form or function. When a cell
differentiates, certain substances or structures
which were not formed previously are now formed,
or substances or structures which had been formed
previously are no longer formed. Cell differentia-
tion is often a part of the cellular life cycle, in
which cells form spores or other structures in-
volved in sexual reproduction, dispersal, or sur-
vival of unfavorable conditions.

4. Chemical signalling. Another attribute of cells
is that they often interact or communicate with
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other cells, generally by means of chemical sig-
nals. Multicellular organisms, such as plants and
animals, are composed of many different cell types
that have arisen as a result of differentiation from
single cells. In multicellular organisms, complex
interactions between these different cell types lead
to the behavior and function of these cells. One
of the striking things about the cells of multicel-
lular organisms is that they are incapable of in-
dependent existence in nature, but only exist as
part of a whole plant or animal. This interde-
pendence of the cells of higher organisms is one
of the hallmarks of multicellular life. Even in the
microbial world chemical communication occurs,
although it is less highly developed.

The improbable cell A common view of phys-
ics is that the universe is moving toward a condition
where everything is in great disorder. with molecules
and atoms and elementary particles arranged in the
most random manner. If the universe is random, life
then seems like a miracle, since the living cell is
anything but random, being a highly ordered, ex-
ceedingly improbable (nonrandom) structure. More
careful analysis of life, however, convinces one that
there is no divergence between biology and physics.
How can this be? First, we note that the idea of ran-
domness implies that the physical system is in equi-
librium with its surroundings. A living cell, on the
other hand, is definitely not in equilibrium with its
surroundings. We say that the living cell is a none-
guilibrium system. How is it possible for a cell to
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1. Self-feeding (nutrition)
Uptake of chemicals from the environment and elimination
of wastes into the environment.

2, Self-replication (growth)
Chemicals from the environment are turned into new cells
under the direction of preexisting cells.

3. Difterentiation
Formation of a new cell structure, usually as part of a
cellular Jife cycle

4. Chemical signailing
Cells communicate or interact primarily by means ot
chemicals which are released or taken up.

Figure 1.3 The hallmarks of cellular life.

maintain this nonequilibrium condition? A living cell
is actually an open system, a system in which energy
is taken in from the surroundings and used to main-
tain cell structure.

Viewed in this way, a living cell can be consid-
ered as a chemical system that works. A cell carries
out energy transformations, and some of this energy
is used to maintain the structure of the cell itself.
What happens if the cell runs out of energy? It de-
teriorates and eventually dies.

For a cell to function as a cell, its structure must
be mainrtained. If the structure of a cell is destroyed,
then the cell usually dies. Biological information, the
information needed to produce a new cell, is struc-
tural. However, because of the highly improbable na-
ture of a cell, the cell is constantly tending toward
degradation, and energy is needed to restore struc-
tures as they are being degraded.

Thus, the basis of cell function is cell structure.
The importance of structure as a foundation of life is
further emphasized when we note that cells are self
replicating systems. Cell reproduces cell. Therefore,
making a living cell is a matter of making the right
structure. This principle, which is the basis of biol-
ogy, was enunciated many years ago by the famous
German cellular pathologist Rudolph Virchow: “Om-
nis cellula e cellula.” “Every cell from a cell.”

If every cell comes from a preexisting cell, where
did the first cell come from? This question is an ex-
ample of the classic “‘chicken and egg’ conundrum.
Which came first, the chicken or the egg? All those
trained in genetics know that it must be the egg. In
the same way, the first cell must have come from a
noncell, something before the cell, a procellular
structure. We will discuss the origin of life and the
evolution of cells in some detail in Chapter 18.

The nonrandom nawure of a living cell is shown
most dramatically by an analysis of its chemical com-
position and a comparison of that chemical compo-
sition with the chemical composition of the earth.
The average chemical composition of a living cell is
quite different from the average chemical composi-
tion of the earth. The cell therefore is not a random
assortment of chemical elements found on earth (Fig-
ure 1.4). This further emphasizes the special or non-
random nature of a living cell.

However, because a cell is a nonrandom structure
it does not necessarily follow that life is a miracle.
Life is indeed an improbable phenomenon, and prob-
ably arose only once as a result of a series of highly
improbable events that occurred on the primitive
earth. However, once a cell arose, subsequent events
appear highly probable, a result of the inherent chem-
ical reactions which cells are able to carry out.
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Figure 1.4 Chemical differences becween & living -orga-
nism and the earth. Note that the key elements C, H, O,
N, P, and S are much more abundant in living organisms
than in nonliving matter. Thus, living organisms concen-
trate these elements from the environment.

Astronomers tell us that there are probably vast
numbers of planets in the universe with earth-like
conditions on which life might arise or might have
arisen. If life is an almost inevitable event'when the
proper physical and chemical conditions are avail-
able, then we can anticipate that there are other
planets in the universe with living organisms similar
to those found on earth. The precise assemblage of
organisms would be different, of course, because so
much of evolution depends upon accidents of history,
and the time stage and evolution on these other planets
would likely be earlier or later than those on earth.
But if we were able to sample some of these other
planets, it is likely we would not find any surprises.

Two views of a cell Cells can be studied as
machines which carry out chemical transformations.
In this view, the cell is a chemical machine which
converts energy from one form to another, breaking
molecules down into smaller units, building up larger
molecules from smaller ones and carrying out many
other kinds of chemical transformations. The term
metabolism is used to refer to the collective series
of chemical processes which occur in living orga-
nisms. When we speak of metabolic reactions, we
mean chemical reactions occurring in living or-
ganisms.

Cells can also be studied as coding devices, anal-
ogous to computers, possessors of information which

Section 1.1° Microorganisms as Cells 5

is either passed on to offspring or is translated. De-
pending upon our interest, and upon the problem at
hand, we may study cells either as chemical machines
or as coding devices. In the following we discuss these
two attributes briefly.

If a cell is a chemical machine. what are the com-
ponents which make it function? The components of
the cell’s chemical machine are enzymes, protein
molecules capable of catalyzing specific chemical re-
actions. Whether or not a cell can carry-out a partic-
ular chemical reaction will depend in the first in-
stance on the presence in the cell of an enzyme that
catalyzes the reaction. Specificity of enzymes is fre-
quently very high, so that even very closely related
chemical reactions are catalyzed by separate en-
zymes. The specificity of an enzyme is determined
primarily by its structure. Enzymes are proteins. As
proteins, enzymes consist of long chains of amino
acids (20 different amino acids) which are connected
in specific and highly precise ways. It is the amino
acid sequence of an enzyme that determines its struc-
ture -as well as its catalytic specificity. Proteins fre-
quently have 100 or more amino acid residues, com-
posed of the 20 types of amino acids. The long chain
of amino acids becomes folded into a specific con-
figuration, leading to the formation of various regions
or domains which play specific roles in the function
of the protein (Figure 1.5). The machine function of
a cell (mewabolism) is ultimately determined by the
amouats and types of the various enzymes of which
it is composed.

We now turn to the idea of cells as coding de-
vices. It is when we consider how the amino acid
sequence of a protein is determined that we consider
cells as coding devices. How is the cell able to arrange
amino acids into precise sequences, each leading to
the production of a separate kind of protein? To un-
derstand this, we must consider the cell as a device
for storing information and converting it into the ap-

Figure 1.5 The structure of 2 protein as shown in 4 com-
puter-gencrated model. The different domains of the pro-
tein are shown in different colors.




