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Digital Tools for Your Success

Faculty demand for assign-

ments at higher Bloom’s lev-

els led us to examine the 

quality and consistency of 

our Connect content, to de-

velop a scientific approach 

to systemically increase 

critical-thinking levels, and 

develop balanced digital as-

sessments that promote stu-

dent learning. The increased 

challenge at higher Bloom’s 

levels will help the student 

grow intellectually and be 

better prepared to contribute 

to society.

Instructor Resources
Customize your lecture with tools such as PowerPoint® pres-

entations, animations, and art from the textbook. An instruc-

tor’s manual for the text saves you time in developing your 

course.

Detailed Reports
Track individual student performance—by question, by assign-

ment, or in relation to the class overall—with detailed grade 

 reports. Integrate grade reports easily with your Learning 

 Management Systems (LMS).

Homework and Assessment
With Connect for Prescott’s Principles of Microbiology, 

you can deliver auto-graded assignments, quizzes, and tests 

online. Choose from a robust set of interactive questions and 

activities using high-quality art from the textbook and ani-

mations. Assignable content is available for every Learning 

Outcome in the book and is categorized  according to the 

ASM Curriculum Guidelines. As an instructor, you can 

edit existing questions and author  entirely new ones.

Tegrity®: Lectures 24/7  
Tegrity in Connect is a tool that makes class time available 24/7 by 

automatically capturing every lecture. With a simple one-click 

start-and-stop process, you capture all computer screens and cor-

responding audio in a format that is easy to search, frame by frame. 

Students can replay any part of any class with easy-to-use, browser-

based viewing on a PC, Mac, tablet, or other mobile device. 

Educators know that the more students can see, hear, and experi-

ence class resources, the better they learn. In fact, studies prove it. 

Tegrity’s unique search feature helps students efficiently find what 

they need, when they need it, across an entire semester of class re-

cordings. Help turn your students’ study time into learning moments 

immediately supported by your lecture. With Tegrity, you also in-

crease intent listening and class participation by easing students’ con-

cerns about note-taking.  

Save Time with Auto-Graded 
Assessments. Gather Powerful 
Performance Data.

McGraw-Hill Connect for Prescott’s Principles of Microbiology provides 

online presentation, assignment, and assessment solutions, connecting 

your students with the tools and resources they’ll need to achieve success.

®
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You’re in the driver’s seat.

Want to build your own course? No problem. Prefer to use our turnkey, prebuilt 
course? Easy. Want to make changes throughout the semester? Sure. And you’ll 
save time with Connect’s auto-grading too.

65%

FOR INSTRUCTORS

They’ll thank you for it.

Adaptive study resources like SmartBook® 2.0 help 
your students be better prepared in less time. You can 
transform your class time from dull definitions to 
dynamic debates. Find out more about the powerful 
personalized learning experience available in 
SmartBook 2.0 at www.mheducation.com/highered 
/connect/smartbook

Laptop: McGraw-Hill Education

®

Make it simple,  
make it a�ordable. 

 
Connect makes it easy with seamless 
integration using any of the major 

Learning Management Systems—
Blackboard®, Canvas, and D2L, among 

others—to let you organize your course in 
one convenient location. Give your 
students access to digital materials at a 
discount with our inclusive access 
program. Ask your McGraw-Hill 
representative for more information.

Solutions for your 
challenges.

 
A product isn’t a solution. Real 
solutions are a�ordable, reliable, 
and come with training and ongoing 
support when you need it and how 
you want it. Our Customer 
Experience Group can also help 

you troubleshoot tech problems—
although Connect’s 99% uptime 
means you might not need to call 
them. See for yourself at status 
.mheducation.com

Checkmark: Jobalou/Getty ImagesPadlock: Jobalou/Getty Images

Less Time

Grading
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E�ective, e�cient studying.

Connect helps you be more productive with your study time and get better grades using tools like SmartBook 
2.0, which highlights key concepts and creates a personalized study plan. Connect sets you up for success, so 
you walk into class with confidence and walk out with better grades.

No surprises. 

The Connect Calendar and Reports tools keep you on track with the work you 
need to get done and your assignment scores. Life gets busy; Connect tools help 
you keep learning through it all.

Learning for everyone. 

McGraw-Hill works directly with Accessibility Services 
Departments and faculty to meet the learning needs 
of all students. Please contact your Accessibility 
Services o�ce and ask them to email  
accessibility@mheducation.com, or visit  
www.mheducation.com/about/accessibility  
for more information.

FOR STUDENTS

Study anytime, anywhere.

Download the free ReadAnywhere app and access your online 
eBook or SmartBook 2.0 assignments when it’s convenient, even 
if you’re o�ine. And since the app automatically syncs with your 
eBook and SmartBook 2.0 assignments in Connect, all of your 
work is available every time you open it. Find out more at  
www.mheducation.com/readanywhere 

Top: Jenner Images/Getty Images, Left: Hero Images/Getty Images, Right: Hero Images/Getty Images

Calendar: owattaphotos/Getty Images

“I really liked this 

app—it made it easy 

to study when you 

don't have your text-

book in front of you.”

- Jordan Cunningham,  
Eastern Washington University
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A Modern Approach to Microbiology

Molecular Microbiology and Immunology
The second edition includes comprehensive coverage of genet-

ics, biotechnology, genomics and metagenomics, immunology, 

and the human microbiome. A streamlined discussion of im-

munity, with enhanced coverage of innate and adaptive link-

ages, helps students grasp the complexity and specificity of 

immune responses. A new chapter, The Human Microbiome 

and Host Interactions, introduces students to the development 

and impact of the human microbiome.

Evolution as a Framework
Introduced immediately in chapter 1 and used as an overarching 

theme throughout, evolution helps unite microbiological con-

cepts and provides a framework upon which students can build 

their knowledge.

An Introduction to Microbial Structure and Growth
Chapters 3 and 4 introduce the structure and function of bacteria, 

archaea, and eukaryotic cells. Chapter 5 introduces students to 

the dynamics of microbial growth. This provides the foundation 

for the chapters that follow on metabolism (6–8) and molecular 

biology and genetics (9–12).

Broad Coverage of Microbial Ecology
The importance and multidisciplinary nature of microbial ecology 

are demonstrated by content that ranges from global climate 

change to the human microbiome.

Integration of Microbial Diversity and Pathogenesis
Microbial diversity is presented in the context of metabolic adapta-

tions that enable students to relate the physiological adaptations 

that make an organism successful in its environment, whether that 

is the natural environment or the human body.
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A Modern Approach to Microbiology

21st-Century Microbiology
Prescott’s Principles of Microbiology leads the way with text 

devoted to genome editing, global climate change and microbial 

fuel cells. For more, see chapters 20, 30, and 31.

Metagenomics and the Human Microbiome
The importance of metagenomics in understanding the role of 

microbes in all environments and in exploring symbionts of in-

vertebrates is threaded throughout the text. Chapter 24 is new 

and focuses exclusively on the human microbiome and its inter-

action with the host.

Special Interest Essays
Organized into four themes—Microbial Diversity & Ecology, 

Techniques & Applications, Historical Highlights, and Disease—

these focused and interesting essays provide additional insight 

into relevant topics.
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Student-Friendly Organization 

Micro Focus—Each chapter begins with a real-life story 

illustrating the relevance of content covered in the upcoming 

text.

Readiness Check—The introduction to each chapter in-

cludes a skills checklist that defines the prior knowledge 

students need to understand the material that follows.

Learning Outcomes—Every section in each chapter begins 

with a list of content-based activities students should be able 

to perform after reading.

Animation Icon—This 

 symbol indicates that 

material presented in the 

text is accompanied by 

an animation within In-

structor Resources in 

Connect. Create a file at-

tachment assignment in 

Connect to have your 

students view the anima-

tion, or post it to your 

Learning Management 

System for students.

Micro Inquiry—Selected figures 

in every chapter contain probing 

questions, adding another assess-

ment opportunity for students.

Cross-Referenced Notes—

In-text references refer stu-

dents to other parts of the 

book to review.

Comprehension Check—

Questions within the narra-

tive of each chapter help 

students master section con-

cepts before moving on to 

other topics.
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Student-Friendly Organization

Vivid Instructional Art—Three-dimensional 

renditions and bright, attractive colors enhance 

learning.

Annotated Figures—All key metabolic pathways and  molecular 

processes are annotated, so each step is clearly illustrated and 

explained.

Key Concepts—At the end of each chapter, organized by 

numbered headings, this feature distills the content to its 

essential components with cross-references to  figures and 

tables.

Active Learning—Includes questions based on examples 

from the current literature; designed to stimulate analytical 

problem-solving skills.
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Chapter Highlights

Part One Introduction to Microbiology

Chapter 1 The Evolution of Microorganisms and  

Micro biology—Evolution is the driving force of all biological 

systems; this is made clear by introducing essential concepts of 

microbial evolution first. Advances in the discipline of microbi-

ology and the increasing contributions of genomics and metage-

nomics are discussed.

Chapter 2 Microscopy—This chapter introduces students to 

the foundations of microscopy as well as the principles of organ-

ism preparation for microscopic visualization.

Chapter 3 Bacterial and Archaeal Cell Structure—In addition 

to the basics of bacterial and archaeal cellular structure and function, 

this chapter compares the cellular organization in these two domains 

to offer insight into common challenges to cellular life.

Chapter 4 Eukaryotic Cell Structure—Eukaryotic cell struc-

ture and function is reviewed, with emphasis on eukaryotic mi-

crobes. The current understanding of the evolution of 

mitochondria and mitochondria-like organelles is considered. 

Key comparisons between bacteria, archaea, and eukaryotes are 

included throughout the chapter.

Chapter 5 Bacterial and Archaeal Growth—This chapter in-

troduces microbial growth styles and the environmental condi-

tions that affect them. Current understanding of growth arrested 

and persister cells is summarized. Strategies for laboratory cul-

ture of microbes are also described.

Part Two Microbial Metabolism

Chapter 6 Introduction to Metabolism—This chapter re-

views the thermodynamic principles that govern energy cap-

ture and  includes a section outlining the nature of biochemical 

pathways. The concept of metabolic flux is presented by dis-

cussing the interconnected biochemical pathways used by 

cells.

Chapter 7 Catabolism: Energy Release and Conservation—

This introduction to metabolic diversity and nutritional types 

starts with aerobic respiration and is followed by an 

 exploration of the energy-conserving process of each nutri-

tional type, including recently discovered flavin-based 

 electron bifurcation.

Chapter 8 Anabolism: The Use of Energy in Biosynthesis—

This chapter presents the anabolic reactions that fix carbon and 

nitrogen, as well as the biosynthetic pathways to generate macro-

molecular precursors. Formation of the components of the com-

plete bacterial cell wall is also described in detail.

Part Three Microbial Molecular Biology and Genetics

Chapter 9 Genome Replication—DNA replication in all three 

domains is covered. Differences among the organisms are related 

to overall chromosome structure.

Chapter 10 Gene Expression—Transcription, translation, and 

secretion are described and compared among the three domains.  

Membrane vesicles are introduced.

Chapter 11 Regulation of Cellular Processes—This chapter 

surveys the regulation of bacterial cellular processes, with exam-

ples of both protein-based and RNA-based mechanisms. Global 

regulatory mechanisms are introduced, followed by specific ex-

amples of complex control in chemotaxis, quorum sensing, en-

dospore formation, and responses to viral infection.

Chapter 12 Mechanisms of Genetic Variation—This chapter 

covers mutation, repair, and recombination in the context of pro-

cesses that introduce genetic variation into populations. Recent 

progress in the study of integrative conjugative elements and mo-

bilizable genomic islands is summarized.

Part Four The Diversity of the Microbial World

Chapter 13 Gram-Positive Bacteria—This overview of Gram-

positive bacteria includes firmicutes and actinobacteria. In addi-

tion to morphology and physiology, the role of these organisms 

in both disease and the production of important natural products 

is discussed.

Chapter 14 Proteobacteria—This chapter is organized by tax-

onomic class. The content ranges from the adaptations seen in 

α-proteobacteria that enable survival in oligotrophic environ-

ments to the pathogenesis of some of the γ-proteobacteria. 

Chapter 15 Nonproteobacterial Gram-Negative Bacteria—

In addition to a description of Deinoccoci and Mollicutes, the 

ecology and physiology of photosynthetic bacteria and the 

recently described Planctomycetes, Verrucomicrobia, 

Chlamydiae (PVC) superphylum is introduced. The role of 

mycoplasma, chlamydia, and spirochetes in human disease is 

discussed.

Chapter 16 Archaea—The discussion of archaeal taxonomy 

includes the new diversity uncovered by metagenomics. The 

methanogenesis discussion includes the mechanism of 

 flavin-based electron bifurcation, first introduced in chapter 7. 

Chapter 17 Eukaryotic Microbes—This chapter introduces pro-

tist and fungal morphology and diversity, with an emphasis on mor-

phology, physiological adaptation, and ecology. The global 

importance of protozoan infections and burden of fungal infections 

in immunocompromised hosts are stressed.
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xiii

Chapter Highlights

Part Seven Applied Microbiology

Chapter 26 Epidemiology and Public Health  Microbiology—

This chapter presents the development of modern epidemiology 

as an investigative science, emphasizing its role in preventative 

medicine. The latest epidemiological data from the Centers for 

Disease Control and Prevention are reported.

Chapter 27 Control of Microorganisms in the  Environment—

This chapter surveys the many ways to control microbial growth. 

Major control mechanisms are described in detail, with examples 

of uses in real-world scenarios.

Chapter 28 Antimicrobial Chemotherapy—This chapter 

starts with a brief history of the development of antibiotics. This 

is  followed by sections on each type of antimicrobial agent (anti-

bacterial,  antiviral, etc.). Finally, the concept of prudent antibi-

otic use is  discussed in the context of the growing threat of 

resistance.

Chapter 29 Microbiology of Food—The essentials of both 

food safety and microbial processes involved in food production 

are discussed. 

Chapter 30 Industrial and Environmental Microbiology—

This chapter complements our 21st-century approach to microbi-

ology by emphasizing the importance of clean water and the 

power of microbial environmental remediation.

Part Eight Methods in Microbiology

Chapter 31 Microbial DNA Technologies—This chapter de-

scribes the steps in gene cloning, PCR, and heterologous gene 

expression. Cas9 genome engineering methodologies are de-

scribed. 

Chapter 32 Microbial Genomics—This chapter walks students 

through genomics from Sanger and next-generation nucleotide 

sequencing to the process of genome annotation, transcriptomics 

and proteomics. Methods employed in single-cell genomics and 

metagenomics are also briefly described and their impact on mi-

crobial biology is stressed.

Chapter 33 Methods in Microbial Biology—This chapter em-

phasizes culture-based techniques as the gold standard and re-

views culture-independent approaches such as mass spectrometry 

in the identification of microbial taxa as well as metatranscrip-

tomics, metaproteomics, and stable isotope probing in the study 

of community activity. 

Chapter 34 Clinical Microbiology and Immunology— 

Culture-based and common molecular techniques used in the 

modern clinical laboratory are introduced. Laboratory safety is 

also stressed.

Chapter 18 Viruses and Other Acellular Agents—This chapter 

surveys essential morphological, physiological, and genetic elements 

of viruses as well as viroids, satellites, and prions. Pathogenic viruses 

and the human disease they cause are discussed.

Part Five Ecology and Symbiosis

Chapter 19 Microbial Interactions—Important model sys-

tems for the exploration of microbial symbioses are presented.

Chapter 20 Biogeochemical Cycling and Global Climate 

Change—The description of each major nutrient cycle is accom-

panied by a student-friendly figure that distinguishes between 

reductive and oxidative reactions. Coverage of the role of biogeo-

chemical cycling in global climate change lends real-world rele-

vance to nutrient cycling.

Chapter 21 Microorganisms in Natural Ecosystems—This 

chapter views microbes in their natural environments through the 

lens of the evolutionary adaptations that enable them to survive 

conditions that seem uninhabitable. An updated discussion of the 

role of marine microbes in the global carbon budget is included. 

The concepts of the phyllosphere and rhizoplane are introduced 

along with discussion of mycorrhizae and rhizobia. 

Part Six Host Defense and Pathogenicity

Chapter 22 Innate Host Resistance—This chapter begins with 

the physical and chemical components of the nonspecific host re-

sponse, followed by an overview of cells, tissues, and organs of the 

immune system. The chapter concludes with an overview of the 

molecular mechanisms that drive phagocytosis and inflammation.

Chapter 23 Adaptive Immunity—The development and acti-

vation of cell and antibody mediated immune responses is intro-

duced. Discussions integrate concepts of cell biology, physiology, 

and genetics to present the immune system as a unified response 

having multiple components. Implications of dysfunctional im-

mune actions are also discussed.

Chapter 24 The Human Microbiome and Host Interactions—

This chapter introduces the establishment of the human microbiome 

as a developmental process from infancy through adulthood. The 

importance of the microbiome to host homeostasis is emphasized by 

discussion of its role in metabolism, immune function, and the gut-

brain axis as well as an introduction to the consequences of dysbiosis.

Chapter 25 Infection and Pathogenicity—This chapter deline-

ates the development of disease from microbial transmission to 

host cell damage. Emphasis is placed on the overlap between 

microbial molecules that facilitate survival and those that act as 

virulence factors. Its placement after the immunology chapters 

enables discussion of host-parasite relationships.
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Lab Tools for Your Success

Prep for Microbiology is an adaptive learning tool that prepares students for 

college-level work in Microbiology. Prep for Microbiology individually identifies 

concepts the student does not fully understand and provides learning resources to 

teach essential concepts so he or she enters the classroom prepared. Data-driven 

reports highlight areas where students are struggling, helping to accurately 

identify weak areas.
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1

1
The Evolution  
of Microorganisms  
and Microbiology

The Microbial Universe

I
f you have ever gazed at the night sky on a cloudless evening in a region 

far from light pollution, you have probably been amazed and perhaps a 

little humbled by the vast number of stars. It’s hard to estimate just how 

many stars are out there; best estimates start with our own Milky Way 

Galaxy, which has roughly 100 billion (1 × 1011) stars. Astronomers figure 

there is something like 10 trillion (1 × 1013) galaxies in the universe. 

Assuming all galaxies are roughly the size of the Milky Way, you wind up 

with a number around 1 × 1024 stars in the universe—not the most accurate 

number, but nonetheless daunting.

If you turn your gaze back to Earth, you will find even more awesome 

abundance. For example, if you stacked all of the 1 × 1031 viruses on Earth 

one on top of the other, they would stretch about 100 million light-years. 

That’s about 43 times farther away than the Andromeda Galaxy. And  

next time you take a dip in the sea, consider that there are at least a 

hundred thousand (1 × 105) times more bacteria in the ocean (about 1.3 × 1029) 

than stars in the universe. Or perhaps you prefer staying on land where a 

teaspoon of soil has about a billion (1 × 109) microorganisms. 

What are all these microorganisms doing? The short answer is, making  

life for the rest of us possible. How? Starting about 2.4 billion years ago, 

bacteria called cyanobacteria started releasing oxygen in abundance into 

the atmosphere. This has been dubbed the “great oxidation event,” and  

it set the stage for oxygen-consuming organisms (like us) to evolve. 

Microorganisms have another starring role in the evolution of life because 

only bacteria can fix nitrogen—that is, take gaseous nitrogen and convert  

it to organic nitrogen used by plants, animals, and other microbes. Finally, 

can you imagine what life on Earth would look like if dead organic material 

were not degraded? Probably best not to. Much better to think of microbial 

products like beer, wine, chocolate, cheese, and yogurt.

But of course not all microorganisms make life possible, or even 

easier. Each year about 16 million (1.6 × 107) people die from infectious 

disease; and many of these deaths are preventable by either vaccination or 

antibiotic treatments. Ironically most vaccines and antibiotics are also 

microbial products. Although we know the most about disease-causing 

microorganisms, because less than 1% of all microorganisms cause disease, 

there is a lot left to learn about microbes. In fact, like the number of stars, 

the number of microbial species (including bacteria, viruses, fungi, and 

protists) is debated. What is certain is that microbes are important for all 

other life on Earth.

Our goal in this chapter is to introduce you to this amazing world of 

microorganisms and to outline the history of their evolution and discov-

ery. Microbiology is a biological science, so much of what you will learn in 

this text is similar to what you have learned in high school and college 

biology classes that focus on large organisms. But microbes have unique 

properties, and microbiology has unique approaches to understanding 

them. These too will be introduced. But before you delve into this chapter, 

check to see if you have the background needed to get the most from it.

Readiness Check:

Based on what you have learned previously, you should be able to:

 ✓ List the features of eukaryotic cells that distinguish them from other 

cell types

 ✓ Understand the basic structure of the macromolecules, nucleic acids, 

proteins, carbohydrates, and lipids (see appendix I)

 ✓ Explain the terms genome, genotype, and mutation

1.1  Members of the Microbial World

After reading this section, you should be able to:

a. Define the term microbiology 

b. Explain Carl Woese’s contributions in establishing the three-domain 

system for classifying cellular life 

c. Determine the type of microbe (bacterium, fungus, etc.) when given 

a description of a newly discovered microorganism

d. Provide an example of the importance to humans of each of the 

major types of microbes

Microorganisms are defined as those organisms too small to be 

seen clearly by the unaided eye (figure 1.1). They are generally  

1 millimeter or less in diameter. Although small size is an im-

portant characteristic of microbes, it is not sufficient to define 

them. Most unicellular microbes are microscopic, but some, 

such as bread molds, are visible without microscopes. Some 

macroscopic microorganisms are multicellular. They are 

Source: NASA, ESA, and The Hubble Heritage Team (STScI/AURA)-ESA/ 

Hubble Collaboration
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2 CHAPTER 1 | The Evolution of Microorganisms and Microbiology

distinguished from other multicellular life forms such as plants 

and animals by their lack of highly differentiated tissues. In 

summary, cellular microbes are usually smaller than 1 millime-

ter in diameter, often unicellular and, if multicellular, lack dif-

ferentiated tissues.

In addition to microorganisms, microbiologists study a 

variety of acellular biological entities (figure 1.1). These include 

viruses and subviral agents. The terms “microorganism” 

and “microbe” are sometimes applied to these acellular agents 

as well.

The diversity of microorganisms has always presented a 

challenge to microbial taxonomists. Early descriptions of cel-

lular microbes as either plants or animals were too simple. For 

instance, some microbes are motile like animals but also have 

cell walls and are photosynthetic like plants. An important 

breakthrough in microbial taxonomy arose from studies of 

their cellular architecture, when it was discovered that cells 

exhibited one of two possible “floor plans.” Cells that came to 

be called prokaryotic cells (Greek pro, before; karyon, nut or 

kernel) have an open floor plan. That is, their contents are not 

divided into compartments (“rooms”) by membranes. Only  

eukaryotic cells (Greek eu, true) have a nucleus and other 

membrane-bound organelles (e.g., mitochondria, chloro-

plasts) that separate some cellular materials and processes 

from others.

These observations eventually led to the development  

of a classification scheme that divided organisms into five  

kingdoms: Monera, Protista, Fungi, Animalia, and Plantae. Mi-

croorganisms (except for viruses and other acellular infectious 

agents) were placed in the first three kingdoms. In this scheme, 

all organisms with prokaryotic cell structure were placed in 

Monera. However, the five-kingdom system is no longer ac-

cepted by microbiologists. This is because “prokaryotes” are too 

diverse to be grouped together in a single kingdom.  Use of the 

term “prokaryote” is controversial (section 3.1)

Great progress has been made in three areas that profoundly 

affect microbial classification. First, much has been learned 

about the detailed structure of microbial cells from the use of 

electron microscopy. Second, microbiologists have determined 

the biochemical and physiological characteristics of many differ-

ent microorganisms. Third, the sequences of nucleic acids and 

proteins from a wide variety of organisms have been compared. 

The comparison of ribosomal RNA (rRNA) nucleic acid se-

quences, begun by Carl Woese (1928–2012) in the 1970s, was 

instrumental in demonstrating that there are two very different 

groups of organisms with prokaryotic cell architecture: Bacteria 

and Archaea. Later studies based on rRNA comparisons showed 

that Protista is not a cohesive taxonomic unit (i.e., taxon) and 

that it should be  divided into three or more kingdoms. These 

studies and others led many taxonomists to reject the five-

kingdom system in favor of one that divides cellular organisms 

into three  domains: Bacteria,  Archaea, and Eukarya (all eukary-

otic organisms)  (figure 1.2).  Nucleic acids (appendix I); 

Proteins (appendix I)

Cellular

Protists Bacteria ArchaeaFungi

Yeasts
Molds

Algae
Protozoa

Slime molds

MethanogensEscherichia
coli

Organisms and
biological entities

studied by
microbiologists

can be

includesincludes

Acellular

Viroids Satellites Prions

Protein and
nucleic acid

RNA Protein
Nucleic acid
enclosed in a
protein shell

Viruses

e.g. e.g.e.g. composed ofcomposed of composed of composed ofe.g.

Figure 1.1 Concept Map Showing the Types of Biological Entities Studied by Microbiologists. 

MICRO INQUIRY How would you alter this concept map so that cellular organisms are di�erentiated by their key features?

wil5903x_ch01_001-020.indd   2 9/30/19   9:57 PM



1.1 Members of the Microbial World 3

Members of domain Bacteria are usually single-celled 

 organisms.1 Most have cell walls that contain the structural mol-

ecule peptidoglycan. Bacteria are abundant in soil, water, and 

air, including sites that have extreme temperatures, pH, or salin-

ity. Bacteria are also major inhabitants of our bodies, forming 

the human microbiome. Indeed, more microbial cells are found 

in and on the human body than there are human cells. These 

microbes begin to colonize humans shortly after birth. As the 

microbes establish themselves, they contribute to the develop-

ment of the body’s immune system. Those microbes that inhabit 

the large intestine help the body  digest food and produce vita-

mins. In these and many other ways, the human microbiome helps 

maintain our health and well-being.  Overview of bacterial  

cell wall structure (section 3.4); Human microbiome and host 

interactions (chapter 24)

Unfortunately some bacteria cause disease, and some of 

these diseases have had a huge impact on human history. In 1347 

the plague (Black Death), a disease carried by bacteria living in 

fleas, struck Europe with brutal force, killing one-third of the 

population within 4 years. Over the next 80 years, the disease 

struck repeatedly, eventually wiping out roughly half of the 

European population. The plague’s effect was so great that 

most historians believe it changed European culture and pre-

pared the way for the Renaissance. 

Members of domain Archaea are distinguished from bacte-

ria by many features, most notably their distinctive rRNA 

sequences, lack of peptidoglycan in their cell walls, and unique 

membrane lipids. Some have unusual metabolic characteristics, 

such as the ability to generate methane (natural) gas. Many ar-

chaea are found in extreme environments, including those with 

high temperatures (thermophiles) and high concentrations of salt 

(extreme halophiles). Archaea do not appear to directly cause 

disease in humans.

Domain Eukarya includes plants, animals, and microor-

ganisms classified as protists or fungi. Protists are generally 

unicellular but larger than most bacteria and archaea. They 

have traditionally been divided into protozoa, which have an 

animal-like metabolism, and algae, which are photosynthetic. 

However, these terms lack taxonomic value because protists, 

algae, and protozoa do not form three groups, each with a 

single evolutionary history. Nonetheless, for convenience,  

we use these terms here.  Protist diversity reflects broad  

phylogeny (section 17.1)

Fungi are a diverse group of microorganisms that range 

from  unicellular forms (yeasts) to molds and mushrooms. Molds 

and mushrooms are multicellular fungi that form thin, threadlike 

structures called hyphae. Because of their metabolic capabilities, 

many fungi play beneficial roles, including making bread dough 

rise, producing antibiotics, and decomposing dead organisms. 

Some fungi associate with plant roots to form mycorrhizae. My-

corrhizal fungi transfer nutrients to the roots, improving growth 

of the plants, especially in poor soils. Other fungi cause plant 

diseases (e.g., rusts, powdery mildews, and smuts) and diseases 

in humans and other animals.  Fungal biology reflects vast 

diversity (section 17.6)

The microbial world also includes numerous acellular 

infectious agents. Viruses are acellular entities that must invade 

a host cell to multiply. The simplest virus particles (also called 

virions) are composed only of proteins and a nucleic acid, and 

can be extremely small (the smallest is 10,000 times smaller 

than a typical bacterium). However, their small size belies their 

power. They cause many animal and plant diseases and have 

caused epidemics that have shaped human history. Viral dis-

eases include smallpox,  rabies, influenza, AIDS, the common 

cold, and some cancers. Viruses are also important in aquatic 

environments, where they play a critical role in shaping micro-

bial communities. Viroids are infectious agents composed only 

of ribonucleic acid (RNA). They cause numerous plant diseases. 

Satellites are composed of a nucleic acid enclosed in a protein 

shell. They must coinfect a host cell with virus, called a helper 

virus, to complete their life cycle. Satellites and their helper 

viruses cause both plant and animal diseases.  Finally, prions, 
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Figure 1.2 Universal Phylogenetic Tree. These evolutionary 

relationships are based on rRNA sequence comparisons. Only 

representative lineages have been identified.

MICRO INQUIRY How many of the taxa listed in the figure include 

microbes?

1 In this text, the term bacteria (s., bacterium) is used to refer to those microbes belonging to domain Bacteria, and the term archaea (s., archaeon) is used to refer to those that belong to domain Archaea.  

In some publications, the term bacteria is used to refer to all cells having prokaryotic cell structure. That is not the case in this text.
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4 CHAPTER 1 | The Evolution of Microorganisms and Microbiology

infectious agents composed only of protein, are responsible for 

causing a variety of spongiform encephalopathies such as scrapie 

and “mad cow disease.”  Viruses and other acellular infec-

tious agents (chapter 18)

Comprehension Check

1. How did the methods used to classify microbes change, particularly 

in the last half of the twentieth century? What was the result of these 

technological advances?

2. Identify one characteristic for each of these types of microbes that 

distinguishes it from the other types: bacteria, archaea, protists, 

fungi, viruses, viroids, satellites, and prions. 

1.2  Microbes Have Evolved and 
Diversified for Billions of Years

After reading this section, you should be able to:

a. Explain the RNA world hypothesis and the evidence that supports it 

b. Design a set of experiments that could be used to place a newly 

discovered cellular microbe on a phylogenetic tree based on small 

subunit (SSU) rRNA sequences

c. Compare and contrast the evolution of mitochondria and chloroplasts

A review of figure 1.2 reminds us that in terms of the number of 

taxa, microbes are the dominant organisms on Earth. How has 

microbial life been able to radiate to such an astonishing level of 

diversity? To answer this question, we must consider microbial evo-

lution. The field of microbial evolution, like any other scientific 

endeavor, is based on the formulation of hypotheses, the gathering 

and analysis of data, and the reformation of hypotheses based on 

newly acquired evidence. That is to say, the study of microbial evo-

lution is based on the scientific method. To be sure, it is difficult to 

amass evidence when considering events that occurred millions, 

and often billions, of years ago, but the application of molecular 

methods has revealed a living record of life’s ancient history. This 

section describes the outcome of this scientific research.

Theories of the Origin of Life Depend  
Primarily on Indirect Evidence
Dating meteorites through the use of radioisotopes places our planet 

at an estimated 4.5 to 4.6 billion years old. However, conditions on 

Earth for the first 100 million years or so were far too harsh to sus-

tain any type of life. Eventually bombardment by meteorites de-

creased, water appeared on the planet in liquid form, and gases were 

released by geological activity to form Earth’s atmosphere. These 

conditions were amenable to the origin of the first life forms. But 

how did this occur, and what did these life forms look like?

To find evidence of life and to develop hypotheses about its  

origin and subsequent evolution, scientists must be able to define 

life. Although even very young children can examine an object 

and correctly determine whether it is living or not, defining life 

(a) (a1)

(b) (c) (b1) (c1)

Figure 1.3 Possible Microfossils Found in the Archaeon Apex Chert of 

Australia. Chert is a type of granular sedimentary rock rich in silica. These 

structures were discovered in 1977. Because of their similarity to filamentous 

cyanobacteria they were proposed to be microfossils. In 2011 scientists 

reported that similar structures from the same chert were not biological in 

origin. They used spectrometry and microscopy techniques not available in 

1977 to show that the structures were fractures in the rock filled with quartz 

and hematite. Scientists are still debating whether or not these truly are 

microfossils. (a-c) J. William Schopf

succinctly has proven elusive for scientists. Thus most definitions 

of life consist of a set of attributes. The attributes of particular 

importance to paleobiologists are an orderly structure, the ability 

to obtain and use energy (i.e., metabolism), and the ability to re-

produce. Just as NASA scientists are using the characteristics of 

microbes on Earth today to search for life elsewhere, so too are 

scientists examining extant organisms, those organisms present 

today, to explore the origin of life. Some extant organisms have 

structures and molecules that represent relics of ancient life 

forms. These can provide scientists with ideas about the type of 

evidence to seek when testing hypotheses.

The best direct evidence for the nature of primitive life would be 

a fossil record. There have been reports of microbial fossil discover-

ies since 1977 (figure 1.3). These have always met with skepticism 

because finding them involves preparing thin slices of ancient rocks 

and examining the slices for objects that look like cells. Unfortu-

nately some things that look like cells can be formed by geological 

forces that occurred as the rock was formed. The result is that the 

fossil record for microbes is sparse 

and always open to reinterpreta-

tion. Despite these problems 

most scientists agree that life  

was present on Earth about 3.5 to 

3.7 billion years ago (figure 1.4). To 

reach this conclusion, biologists rely 

primarily on indirect evidence. Among 

the indirect evidence used are mo-

lecular fossils. These are chemi-

cals found in rock or sediment 

that are chemically related to 

molecules found in cells. For 

instance, the presence of 

molecules called hopanes  

in a rock indicates that bac-

teria were present when the 

rock was formed. This con-

clusion is reached because 

hopanes are formed from 

hopanoids, which are found 

in the plasma membranes  

of extant bacteria. As you  

can see, no single piece of evi-

dence can stand alone. Instead 

many pieces of evidence are 
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1.2 Microbes Have Evolved and Diversified for Billions of Years 5

Figure 1.4 An Overview of the History of Life on Earth. mya = million years ago; bya = billion years ago. 

7 mya—Hominids first appear.

225 mya—Dinosaurs and mammals first appear.

300 mya—Reptiles first appear.

450 mya—Large terrestrial colonization by plants and animals.

520 mya—First vertebrates; first land plants.

533–525 mya—Cambrian explosion creates diverse animal life.

1.5 bya—Multicellular eukaryotic organisms first appear.

2.5–2.0 bya—Eukaryotic cells with mitochondria or chloroplasts first appear.

3.7 bya—Fossils of primitive microbes.

3.8–3.5 bya—First cells appear.
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6 CHAPTER 1 | The Evolution of Microorganisms and Microbiology

put together in an attempt to get a coherent picture to emerge, much 

as for a jigsaw puzzle. 

Early Life Was Probably RNA Based
The origin of life rests on a single question: How did early cells, 

sometimes called probionts, arise? At a minimum, modern cells 

consist of a plasma membrane enclosing water in which numer-

ous chemicals are dissolved and subcellular structures float. It 

seems likely that the first self-replicating entity was much sim-

pler than even the most primitive modern living cells. Before 

there was life, most evidence suggests that Earth was a very dif-

ferent place: hot and anoxic, with an atmosphere rich in water 

vapor, carbon dioxide, and nitrogen. In the oceans, hydrogen, 

methane, and carboxylic acids were formed by geological and 

chemical processes. Areas near hydrothermal vents or in shallow 

pools may have provided the conditions that allowed chemicals 

to react with one another, randomly “testing” the usefulness of 

the reaction and the stability of its products. Some reactions re-

leased energy and would eventually become the basis of modern 

cellular metabolism. Other reactions generated molecules that 

functioned as catalysts, some aggregated with other molecules to 

form the predecessors of modern cell structures, and others were 

able to replicate and act as units of hereditary information.

In modern cells, three different molecules fulfill the roles of 

catalysts, structural molecules, and hereditary molecules. Proteins 

have two major roles in modern cells: catalytic and structural. Cata-

lytic proteins are enzymes and structural proteins serve a myriad of 

functions such as transport, attachment, and motility. DNA stores 

hereditary information that is replicated and passed on to the next 

generation. RNA converts the information stored in DNA into pro-

tein. Any hypothesis about the origin of life must account for the 

evolution of these molecules, but the very nature of their relation-

ships to each other in modern cells complicates attempts to imagine 

how they evolved. Proteins can do cellular work, but their synthesis 

involves other proteins and RNA, and uses information stored in 

DNA. DNA cannot do cellular work and proteins are needed for its 

replication. RNA synthesis requires both DNA as the template and 

proteins as the catalysts for the reaction.

Based on these considerations, it is hypothesized that at some 

time in the evolution of life, there must have been a single mole-

cule that could do both cellular work and replicate. This idea was 

supported in 1981 when Thomas Cech discovered an RNA mole-

cule in a protist (Tetrahymena sp.) that also had catalytic activity. 

Since then, other catalytic RNA molecules have been discovered, 

including an RNA found in ribosomes that is responsible for form-

ing peptide bonds—the bonds that hold together amino acids, the 

building blocks of proteins. Catalytic RNA molecules are now 

called ribozymes. 

The discovery of ribozymes suggested that RNA at some 

time was capable of storing, copying, and expressing genetic in-

formation, as well as catalyzing other chemical reactions. In 

1986 Nobel laureate Walter Gilbert coined the term RNA world 

to describe this precellular stage in the evolution of life. How-

ever, for this precellular RNA-based stage to proceed to the evo-

lution of cellular life forms, a lipid membrane must have formed 

around the RNA (figure 1.5). This important evolutionary step is 

easier to imagine than other events in the origin of cellular life 

forms because lipids, major structural components of the mem-

branes of modern organisms, spontaneously form liposomes—

vesicles bounded by a lipid bilayer.  Lipids (appendix I)

Figure 1.5 The RNA World Hypothesis for the Origin of Life. Benny 

Marty/Shutterstock

MICRO INQUIRY Why are the probionts pictured above not 

considered cellular life?

Prebiotic soup

Liposome RNA

Probiont: RNA only

Probiont: RNA and proteins

Cellular life: RNA, DNA, and proteins
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1.2 Microbes Have Evolved and Diversified for Billions of Years 7

Jack Szostak, also a Noble laureate, is a leader in exploring 

how cells containing only RNA, so-called protocells, may have 

formed. When his group created liposomes using simpler fatty 

acids than those found in membranes today, the liposomes were 

leaky. These leaky liposomes allowed single RNA nucleotides to 

move into the  liposome, but prevented large RNA chains from 

moving out. Furthermore, researchers could prod the liposomes 

into growing and dividing. Dr. Szostak’s group has also been able 

to create conditions in which an RNA molecule could serve as a 

template for synthesis of a complementary RNA strand. These 

experiments may have recapitulated early steps in the evolution of 

cells. As seen in figure 1.5, several other processes need to occur 

to reach the level of complexity found in extant cells.

Apart from its ability to perform catalytic activities, the function 

of RNA suggests its ancient origin. Consider that much of the cellular 

pool of RNA in modern cells exists in the ribosome, a structure that 

consists largely of ribosomal RNA (rRNA) and uses messenger RNA 

(mRNA) and transfer RNA (tRNA) to construct proteins. Also rRNA 

itself catalyzes peptide bond formation during protein synthesis. 

Thus RNA seems to be well poised for its importance in the develop-

ment of proteins. Because RNA and DNA are structurally similar, 

RNA could have given rise to double-stranded DNA. It is suggested 

that once DNA evolved, it became the storage facility for genetic  

information because it provides a more chemically stable structure. 

Two other pieces of evidence support the RNA world hypothesis: the 

fact that the energy currency of cells, ATP, is a ribonucleotide and the 

discovery that RNA can regulate gene expression. So it would seem 

that proteins, DNA, and cellular energy can be traced back to RNA. 

 ATP: the major energy currency of cells (section 6.2);  

Riboswitches: effector-mRNA interactions regulate transcription 

(section 11.3); Translational riboswitches (section 11.4)

Despite evidence supporting the RNA world hypothesis, it is 

not without problems. Another area of research also fraught with 

considerable debate is the evolution of metabolism, in particular the 

evolution of energy- conserving metabolic processes. The early 

Earth was a hot environment that lacked oxygen. Thus the cells that 

arose there must have been able to use the available energy sources 

under these harsh conditions. Today there are heat-loving  archaea 

capable of using inorganic molecules such as FeS as a source of en-

ergy. Some suggest that this interesting metabolic capability is a 

remnant of the first form of energy metabolism. Another metabolic 

strategy, oxygen-releasing photosynthesis (oxygenic photosynthe-

sis), appears to have evolved perhaps as early as 2.7 billion years  

ago. This is supported by the discovery of ancient stromatolites 

(figure 1.6). Stromatolites are layered rocks formed by the incorpora-

tion of mineral sediments into layers of cyanobacteria growing in thick 

mats on surfaces. The oxygen released by these early cyanobacteria is 

thought to have altered Earth’s atmosphere to its  current oxygen- 

rich state, allowing the evolution of additional energy-capturing  

strategies such as aerobic respiration, the oxygen-consuming 

metabolic process that is used by many microbes and animals.

Evolution of the Three Domains of Life 
Phylogenetic or phyletic classification systems seek to  

compare organisms on the basis of evolutionary relationships. The 

term phylogeny (Greek phylon, tribe or race; genesis, generation or 

origin) refers to the evolutionary development of organisms. Be-

cause the microbial fossil record is so scant and hard to interpret, 

microbial phylogeny relies on comparisons of multiple features 

found in extant organisms. These include biomolecules such as fatty 

acids and certain conserved enzymes (e.g., DNA polymerase), cell 

wall construction, and nucleotide sequences, particularly of small 

subunit rRNA molecules (SSU rRNA) (table 1.1). In practice, this 

has resulted in the development of a universal phylogenetic tree 

(figure 1.2) based on comparisons of SSU rRNA, the rRNA found in 

the small subunit of the ribosome.  Ribosomes (section 3.6)

Comparing SSU rRNA Molecules

Figure 1.2 is an example of a phylogenetic tree. The general 

concept of phylogenetic tree construction is not difficult to un-

derstand. In one approach, the sequences of nucleotides in the 

genes that encode SSU rRNAs from diverse organisms are 

aligned, and pair-wise comparisons of the sequences are made. 

The rRNAs from small ribosomal subunits (16S from bacterial 

and archaeal cells and 18S from eukaryotes) have become the 

molecules of choice for inferring microbial phylogenies and 

making taxonomic assignments. The SSU rRNAs are widely ap-

plicable in studies of microbial evolution, relatedness, and iden-

tification for several important reasons. First, although not 

identical, they play the same role in all microorganisms. In addi-

tion, because ribosomes are absolutely necessary for survival, the 

genes encoding SSU rRNAs cannot tolerate large changes in nu-

cleotide sequence. The utility of SSU rRNAs is extended by the 

presence of certain sequences within SSU rRNA genes that vary 

among organisms as well as other regions that are quite similar. 

The variable regions enable comparison between closely related 

microbes, whereas the stable sequences allow the comparison of 

distantly related microorganisms. 

Comparative analysis of SSU rRNA sequences from thou-

sands of organisms has demonstrated the presence of oligo-

nucleotide signature sequences (figure 1.7). These are short, 

conserved nucleotide sequences specific for phylogenetically 

Figure 1.6 Stromatolites. Modern stromatolites from Western Australia. 

Each stromatolite is a rocklike structure, typically 1 m in diameter, containing 

layers of  cyanobacteria. Horst Mahr/imagebroker/age fotostock
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8 CHAPTER 1 | The Evolution of Microorganisms and Microbiology

Bacteria

~ 230
bases

EukaryaArchaea

Figure 1.7 Signature rRNA Help Identify Microbes. Representative examples of rRNA secondary structures from the three domains: Bacteria (Escherichia 

coli), Archaea (Methanococcus vannielii), and Eukarya (Saccharomyces cerevisiae). 

Table 1.1 Comparison of Bacteria, Archaea, and Eukarya
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1.2 Microbes Have Evolved and Diversified for Billions of Years 9

defined groups of organisms. Thus the signature sequences 

found in bacterial rRNAs are rarely or never found in archaeal 

rRNAs and vice versa. Likewise, the 18S rRNA of eukaryotes 

bears signature sequences that are specific to the domain 

Eukarya. In addition, signature sequences for a lower taxon, 

for example, the genus Pseudomonas, may be found in the 

variable regions of a higher taxon such as Bacteria. 

When comparing SSU rRNA sequences from two different 

organisms, the number of differences between the nucleotide 

sequences is counted (figure 1.8). This value serves as a mea-

sure of the evolutionary distance between the organisms; the 

more differences counted, the greater the evolutionary distance. 

The evolutionary distances from many comparisons are used by 

sophisticated computer programs to construct the tree. The tip 

of each branch in the tree represents one of the organisms used 

in the comparison. The distance from the tip of one branch to 

the tip of another is the evolutionary distance between the two 

organisms.

Two things should be kept in mind when examining phylo-

genetic trees developed in this way. The first is that they are 

molecular trees, not organismal trees. In other words, they rep-

resent, as accurately as possible, the evolutionary history of a 

molecule (e.g., rRNA) and the gene that encodes it. Second, the 

distance between branch tips is a measure of relatedness, not of 

time. If the distance along the lines is very long, then the two 

organisms are more evolutionarily diverged (i.e., less related). 

However, we do not know when they diverged from each other. 

This concept is analogous to a printed map that accurately 

shows the distance between two cities but because of many fac-

tors (traffic, road conditions, etc.) cannot show the time needed 

to travel that distance. 

Importantly, a tree may be unrooted or rooted. An unrooted 

tree (figure 1.9a) represents phylogenetic relationships but does 

not indicate which organisms are more primitive relative to the 

others. Figure 1.9a shows that A is more closely related to C than 

it is to either B or D, but it does not indicate which of the four 

species might be the oldest. In contrast, the rooted tree 

(figure 1.9b) includes a node (taxonomic unit) that serves as the 

common ancestor and shows the development of the four species 

from this root. It is much more difficult to develop a rooted tree. 

For example, there are 15 possible rooted trees that connect four 

species but only three possible unrooted trees. 

An unrooted tree can be rooted by adding data from an  

outgroup—a species known to be very distantly related to all the 

species in the tree (figure 1.9c). The root is determined by the 

point of the tree where the outgroup joins. This provides a point 

of reference to identify the oldest node on the tree, which is the 

node closest to the outgroup. So, for example, in figure 1.9c, or-

ganism Z is the outgroup and the oldest node on the tree is 

marked with an arrow.

LUCA

What does the universal phylogenetic tree tell us about the evo-

lution of life? At the center of the tree is a line labeled “Origin” 

(figure 1.2). This is where data indicate the last universal 

Cells from organism 1

DNA

SSU rRNA genes

Sequence genes.

ATGCTCAAGTCA

ATGCTCAAGTCA

SSU rRNA sequence

AAGCTCTAGTTA

AACCTCATGTTA

Count the number of nucleotide di�erences between  

each pair of sequences and calculate evolutionary 

distance (ED).

Computer analysis is used to construct phylogenetic tree.

TAGCTCGTGTAA

Repeat process for other organisms.

Align sequences to be compared.

For organisms 1 and 2, 5 of the 12

nucleotides are di�erent: 

ED = 5/12 = 0.42.

The initial ED calculated is corrected

using a statistical method that 

considers for each site the probability

of a mutation back to the original

nucleotide or of additional forward

mutations.

Lyse cells to release contents and isolate DNA.

Use polymerase chain reaction to amplify 

and purify SSU rRNA genes.

Organism

1       2 0.42 0.61

0.25 0.30

0.33 0.44

0.33 0.44

0.33 0.44

0.25 0.30

Pair compared ED Corrected ED

1

2

4

3

Unrooted phylogenetic tree. Note 

that distance from one tip to 

another is proportional to the ED.1

2

3

0.23

0.30

0.08

0.15

4

0.08

1       3

1       4

2       3

2       4

3       4

Figure 1.8 The Construction of a Phylogenetic Tree Using a Distance 

Method. The polymerase chain reaction is described in chapter 31. 

MICRO INQUIRY Why does the branch length indicate amount of 

evolutionary change but not the time it took for that change to occur?
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10 CHAPTER 1 | The Evolution of Microorganisms and Microbiology

common ancestor (LUCA) to all three domains should be placed. 

LUCA is on the bacterial branch, which means that Archaea and 

Eukarya evolved independently, separate from Bacteria. Thus 

the universal phylogenetic tree presents a picture in which all 

life, regardless of eventual domain, arose from a single common 

ancestor. One can envision the universal tree of life as a real tree 

that grows from a single seed.

The evolutionary relationship of Archaea and Eukarya is 

still the matter of considerable debate. According to the universal 

phylogenetic tree we show here, Archaea and Eukarya shared 

common ancestry but diverged and became separate domains. 

Other versions suggest that Eukarya evolved out of Archaea. The 

close evolutionary relationship of these two forms of life is still 

evident in the manner in which they process genetic information. 

For instance, certain protein subunits of archaeal and eukaryotic 

RNA polymerases, the enzymes that catalyze RNA synthesis, 

resemble each other to the exclusion of those of bacteria. How-

ever, archaea have other features that are most similar to their 

counterparts in bacteria (e.g., mechanisms for conserving en-

ergy). This has further complicated and fueled the debate. The 

evolution of the nucleus and endoplasmic reticulum is also con-

troversial. However, hypotheses regarding the evolution of other 

membrane-bound organelles are more widely accepted and are 

considered next.

Mitochondria, Mitochondria-Like Organelles, and 
Chloroplasts Evolved from Endosymbionts

The endosymbiotic hypothesis is generally accepted as the 

origin of several eukaryotic organelles, including mitochondria, 

chloroplasts, and hydrogenosomes. Endosymbiosis is an interac-

tion between two organisms in which one organism lives inside 

the other. The original endosymbiotic hypothesis proposed that 

over time a bacterial endosymbiont of an ancestral cell in the 

eukaryotic lineage lost its ability to live independently, becom-

ing either a mitochondrion, if the intracellular bacterium used 

aerobic respiration, or a chloroplast, if the endosymbiont was a 

cyanobacterium (figure 1.10).

Although the mechanism by which the endosymbiotic rela-

tionship was established is unknown, there is considerable evi-

dence to support this hypothesis. Mitochondria and chloroplasts 

contain DNA and ribosomes; both are similar to bacterial DNA 

and ribosomes. Peptidoglycan, the unique bacterial cell wall 

molecule, has even been found between the two membranes that 

enclose the chloroplasts of some algae. Indeed, inspection of  

figure 1.2 shows that both organelles belong to the bacterial lin-

eage based on SSU rRNA analysis. More specifically, mitochon-

dria are most closely related to bacteria called proteobacteria. 
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(a) Mitochondria originated
     from endosymbiotic
     proteobacteria.

Plants and algae
(contain mitochondria
and chloroplasts)

Animals, fungi, and protists 
(contain mitochondria)
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Primordial
eukaryotic 

cells

Evolution Evolution
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(b) Chloroplasts originated
      from endosymbiotic
      cyanobacteria.

Figure 1.10 The Endosymbiotic Theory. (a) According to this 

hypothesis, mitochondria derived from a bacterium in the phylum 

Proteobacteria. (b) A similar phenomenon occurred for chloroplasts, which 

derived from cyanobacteria. 
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Figure 1.9 Phylogenetic Tree Topologies. (a) Unrooted tree joining four 

taxonomic units. (b) Rooted tree. (c) The tree shown in (a) can be rooted by 

adding an outgroup, represented by Z. The arrow indicates a speciation event 

that resulted in the develop of new species from an ancestral organism.
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The chloroplasts of plants and green algae are thought to have  

descended from an ancestor of the cyanobacterial genus  

Prochloron, which contains species that live within marine  

invertebrates.  Phylum Cyanobacteria: oxygenic photosyn-

thetic bacteria (section 15.4)

The endosymbiotic hypothesis for mitochondria has been 

refined by the hydrogen hypothesis. This asserts that the endo-

symbiont was an anaerobic bacterium that produced H2 and CO2 

as end products of its metabolism. Over time, the host became 

dependent on the H2 produced by the endosymbiont. Ultimately 

the endosymbiont evolved into one of several organelles (see 

figure 4.11). If the endosymbiont developed the capacity to per-

form aerobic respiration, it evolved into a mitochondrion. Other 

endosymbionts evolved into other organelles such as a hydro-

genosome—an organelle found in some extant protists that pro-

duces ATP by a process called fermentation (see figure 4.13).

Evolution of Cellular Microbes

Although the history of early cellular life forms may never be 

known, we know that once they arose, they were subjected to the 

same evolutionary processes as modern organisms. The ancestral 

bacteria, archaea, and eukaryotes possessed genetic information 

that could be duplicated, lost, or mutated in other ways. These mu-

tations could have many outcomes. Some led to the death of the 

microbe, but others allowed new functions and characteristics to 

evolve. Those mutations that allowed the organism to increase its 

reproductive ability were selected and passed on to subsequent gen-

erations. In addition to selective forces, geographic isolation of pop-

ulations allowed some groups to evolve separately from others. Thus 

selection and isolation led to the eventual development of new col-

lections of genes (i.e., genotypes) and many new species.

In addition to mutation, other mechanisms exist for reconfig-

uring the genotypes of a species and therefore creating genetic 

diversity. Most eukaryotic species increase their genetic diversity 

by reproducing sexually. Thus each offspring of the two parents 

has a mixture of parental genes and a unique genotype. Bacteria 

and archaea do not reproduce sexually. They increase their genetic 

diversity by mutation and horizontal (or lateral) gene transfer 

(HGT). During HGT, genetic information from a donor organism 

is transferred to a recipient, creating a new genotype. Thus genetic 

information is passed between individuals of the same generation 

and even between species found in different domains of life.  

Genome sequencing has revealed that HGT has played an impor-

tant role in the evolution of all microbial species. Importantly, 

HGT still occurs in bacteria and archaea leading to the rapid evo-

lution of microorganisms with antibiotic resistance, new virulence 

properties, and novel metabolic capabilities. The outcome of HGT 

is that most microbes have mosaic genomes composed of bits and 

pieces of the genomes of other organisms.  Horizontal gene 

transfer: creating genetic variation the asexual way (section 12.4)

Microbial Taxonomy 

The science of classifying living things is called taxonomy. 

Taxonomy consists of three separate but interrelated parts: 

classification, nomenclature (naming), and identification. A 

taxonomic scheme is used to arrange organisms into groups 

called taxa (s., taxon) based on mutual similarity. Microbes 

are placed in taxonomic levels arranged in a nonoverlapping 

hierarchy so that each level includes not only the traits that 

define the rank above it but also a new set of more restrictive 

traits (figure 1.11). Thus within each domain—Bacteria,  

Archaea, or Eukarya—each organism is assigned (in descend-

ing order) to a phylum, class, order, family, genus, and species 

epithet or name. Some microbes are also given a subspecies 

designation. Microbial groups at each level have a specific 

suffix that indicates rank or level.

α-Proteobacteria β-Proteobacteria γ-Proteobacteria

Proteobacteria

Bacteria

Class

Order

Phylum

Domain

δ-Proteobacteria ε-Proteobacteria

Chromatiales Thiotrichales

Genus Enterobacter Escherichia Klebsiella Proteus Salmonella Serratia Shigella Yersinia

Legionellales Pseudomonadales Vibrionales Pasteurellales

Family

Enterobacteriales

Enterobacteriaceae

Species S. boydii S. dysenteriae S. flexneri S. sonnei

S. flexneri serotype 2a strain 2457T

Figure 1.11 Hierarchical Arrangement in Taxonomy. In this example, members of the genus Shigella are placed within higher taxonomic ranks. Not all 

classification possibilities are given for each rank to simplify the diagram. Note that -ales denotes order and -ceae indicates family. 
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Microbiologists name microbes using the binomial system 

of the eighteenth-century biologist and physician Carl Linnaeus. 

The Latin, italicized name consists of two parts. The first part, 

which is capitalized, is the generic name (i.e., the name of the 

genus to which the microbe belongs), and the second is the un-

capitalized species epithet. For example, the bacterium that 

causes plague is called Yersinia pestis. Often the name of an or-

ganism will be shortened by abbreviating the genus name with a 

single upper case letter (e.g., Y. pestis). 

This straightforward organizational approach is compli-

cated by the fact that bacteria and archaea do not reproduce sexu-

ally. You may recall from a general biology class that plant and 

animal species are defined as a group of interbreeding or poten-

tially interbreeding natural populations reproductively isolated 

from other groups. This definition also is appropriate for the 

many eukaryotic microbes that reproduce sexually. However, 

bacterial and archaeal species cannot be defined by this crite-

rion, since they do not reproduce sexually. Therefore, compari-

sons of genome sequences are often used to distinguish one 

species from another. An appropriate definition is currently hotly 

debated. A common definition is that bacterial and archaeal spe-

cies are a collection of strains that share many stable properties 

and differ significantly from other groups of strains. A strain 

consists of the descendants of a single, pure microbial culture. 

Strains within a species may be described in a number of differ-

ent ways. Biovars are variant strains characterized by biochemical 

or physiological differences, morphovars differ morphologically, 

serovars have distinctive properties that can be detected by anti-

bodies, and pathovars are pathogenic strains distinguished by the 

plants in which they cause disease. 

Although microbiologists continue to use Linnaeus’s classifica-

tion system, the ongoing explosion in metagenomic analysis has had 

an impact on this historically accepted hierarchy. Within the last few 

decades, thousands of 16S rRNA genes and protein-coding genes 

have been sequenced that do not belong to any previously defined 

taxa. This data explosion has led to the recent development of the 

taxonomic classification superphylum, below domain and above 

phylum (e.g., in figure 1.11, superphylum would be placed between 

Bacteria and Proteobacteria). Ideally a superphylum includes organ-

isms of several phyla that share a number of distinctive characteris-

tics, such as unusual morphological or metabolic features. However, 

some feel that the term is being loosely applied based on insufficient 

data—for instance, to SSU rRNA sequences alone. 

Comprehension Check

1. Describe two reasons RNA is thought to be the first self-replicating 

biomolecule.

2. Why and how is SSU rRNA used to determine the relatedness 

between microorganisms?

3. Does a rooted or unrooted phylogenetic tree provide more 

information? Explain your answer.

4. Explain the endosymbiotic hypothesis of the origin of mitochondria, 

hydrogenosomes, and chloroplasts. List two pieces of evidence that 

support this hypothesis. 

5. What is the di�erence between mutation and horizontal gene 

transfer?

6. What is the correct way to write this microbe’s name: bacillus subtilis, 

Bacillus subtilis, Bacillus Subtilis, or Bacillus subtilis? Identify the 

genus name and the species epithet.

7. What is a superphylum and why is it controversial? 

1.3  Microbiology Advanced as New 
Tools for Studying Microbes  
Were Developed

After reading this section, you should be able to:

a. Evaluate the importance of the contributions to microbiology made 

by Hooke, Leeuwenhoek, Pasteur, Lister, Koch, Beijerinck, von 

Behring, Kitasato, Metchnikoff, and Winogradsky

b. Outline a set of experiments that might be used to decide if a 

particular microbe is the causative agent of a disease

c. Predict the difficulties that might arise when using Koch’s 

postulates to determine if a microbe causes a disease unique to 

humans

Even before microorganisms were seen, some investigators 

suspected their existence and role in disease. Among others, 

the Roman philosopher Lucretius (about 98–55 BCE) and the 

physician Girolamo Fracastoro (1478–1553) suggested that 

disease was caused by invisible living creatures. However, 

until microbes could actually be seen and studied in some 

other way, their exis tence remained a matter of conjecture. 

Therefore microbiology is defined not only by the organisms 

it studies but also by the tools used to study them. The 

development of microscopes was the critical first step in  

the evolution of the discipline. However, microscopy alone is 

unable to answer the many questions scientists ask about mi-

crobes. A distinct feature of microbiology is that microorgan-

isms are usually removed from their normal habitats and 

grown in isolation, apart from all other microbes. This is 

called a pure or axenic culture. Although the development of 

techniques for isolating microbes in pure culture was another 

critical step in microbiology’s history, it is now recognized as 

having limitations. Microbes in pure culture are in some ways 

like animals in a zoo; just as a zoologist cannot fully under-

stand animals by studying them in zoos, microbiologists can-

not fully understand microbes by studying them in pure 

culture. Today molecular genetic techniques and genomic 

analyses are providing new insights into the lives of  

microbes.

Here we describe how the tools used by microbiologists have 

influenced the development of the field. As microbiology evolved 

as a science, it contributed greatly to the well-being of humans. 

The historical context of some of the important discoveries in 

microbiology is shown in figure 1.12. 
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Figure 1.12 Some Important Events in the Development of Microbiology.  

Milestones in microbiology are marked in red and are discussed within this textbook; 

other historical events are in black. 

1798 Jenner introduces
cowpox vaccination for
smallpox.

1854 Snow traces 
cholera source to water
pump.

1911 Rous discovers a
virus can cause cancer.

1915–1917 D’Herelle
and Twort discover
bacterial viruses.

1923 First edition of
Bergey’s Manual

1928 Gri�th discovers
bacterial transformation.

1929 Fleming
discovers penicillin.

1932 Knoll and Ruska
build first electron
microscope.

1953 Watson and
Crick propose
DNA double helix.

1961 Jacob and Monod
propose lac operon.

1970 Arber and Smith
discover restriction
endonucleases.

1977 Woese divides
prokaryotes into
Bacteria and Archaea.

1900 Planck
develops
quantum theory.

1903 Wright brothers’
first powered aircraft

1905 Einstein’s
theory of relativity

1908 First
Model T Ford

1914 World
War I begins. 1917 Russian

Revolution

1918 Influenza pandemic
kills over 50 million people. 1927 Lindbergh’s

transAtlantic flight

1929 Stock
market crash 

1933 Hitler
becomes
chancellor
of Germany.

1961 First
human
in space

1969 Neil Armstrong
walks on the moon.

1973 Vietnam
War ends.

1980 First home
computers

1937 Krebs
discovers
citric acid cycle.

1939 World
War II begins.

1945 Atomic bomb
dropped on Hiroshima.

1950 Korean War
begins.

1983–1984 HIV
isolated and
identified by Gallo
and Montagnier;
Mullis develops
PCR technique.

1990 First human
gene therapy
testing begun.

1992 First
human trials
of antisense
therapy

1981 First space
shuttle launch

1991 Soviet
Union collapses.

2001 World Trade
Center attack;
Anthrax bioterrorism
attacks in U.S.

2003 Second
war with Iraq;
SARS outbreak
in China

2005 Genome of
1918 influenza
virus sequenced. 

2010 First
bacterium with
synthetic genome
constructed.

2010 H1N1
influenza outbreak

2014 2-year Ebola
outbreak

1665 Hooke publishes
Micrographia.

1674–1676 Leeuwenhoek
discovers “animalcules.”

1668 Redi refutes
spontaneous generation
of maggots. 1765–1776 Spallanzani

attacks spontaneous
generation.

1861 Pasteur disproves
spontaneous generation.

1876 Koch demonstrates
that Bacillus anthracis
causes anthrax.

1887–1890
Winogradsky studies
sulfur and nitrifying
bacteria.

1888 Beijerinck
isolates root
nodule bacteria.

1899 Beijerinck proves
virus causes tobacco
mosaic disease.

1884 Koch’s postulates
published; Metchniko�
describes phagocytosis;
autoclave developed;
Gram stain developed.

1885 Pasteur
develops
rabies vaccine.

1543 Publication of
Copernicus’s work
on heliocentric
solar system

1620 Francis Bacon
argues for importance
of inductive reasoning
in scientific method.

1687 Newton’s
Principia published.

1775 American
Revolution begins.

1859 Darwin’s
Origin of Species

1861–1865
American Civil War

1876 Bell invents
telephone.

1898 Spanish-
American War

1889 Ei�el Tower
completed.

1893 Munsch
paints The Scream.

1879 Edison’s
first light bulb
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Microscopy Led to the Discovery of Microorganisms
The earliest microscopic observations of organisms appear to 

have been made between 1625 and 1630 on bees and weevils by 

the Italian Francesco Stelluti (1577–1652), using a microscope 

probably supplied by Galileo (1564–1642). Robert Hooke 

(1635–1703) is credited with publishing the first drawings of 

microorganisms in the scientific literature. In 1665 he published 

a highly detailed drawing of the fungus Mucor in his book 

Micrographia. Micrographia is important not only for its exqui-

site drawings but also for the information it provided on building 

microscopes. One design discussed in Micrographia was proba-

bly a prototype for the microscopes built and used by the amateur 

microscopist Antony van Leeuwenhoek (1632–1723) of Delft, 

the Netherlands. Leeuwenhoek earned his living selling men’s 

clothing and accessories but spent much of his spare time con-

structing simple microscopes composed of double convex glass 

lenses held between two silver plates (figure 1.13a). His micro-

scopes could magnify about 50 to 300 times, and he may have 

illuminated his liquid specimens by placing them between two 

pieces of glass and shining light on them at a 45-degree angle to 

the specimen plane. This would have provided a form of dark-

field illumination whereby organisms appeared as bright objects 

against a dark background. Beginning in 1673, Leeuwenhoek 

sent detailed letters describing his discoveries to the Royal 

 Society of London. It is clear from his descriptions that he 

saw  both bacteria and protists (figure 1.13b).  Dark-field 

 microscope: bright object, dark background (section 2.2)

Culture-Based Methods for Studying  
Microorganisms Were a Major Development
As important as Leeuwenhoek’s observations were, the develop-

ment of microbiology essentially languished for the next 200 years 

until techniques for isolating and culturing microbes in the labora-

tory were formulated. Many of these techniques were developed  

as scientists grappled with the conflict over the theory of spontane-

ous generation. This conflict and the subsequent  studies on the role 

played by microorganisms in causing disease ultimately led to what 

is now called the golden age of microbiology. 

Spontaneous Generation

From earliest times, people had believed in spontaneous 

 generation—that living organisms could develop from nonliving 

matter. This view finally was challenged by the Italian physician 

Francesco Redi (1626–1697), who carried out a series of experi-

ments on decaying meat, which was thought to produce maggots 

spontaneously. Using covered and uncovered containers of meat, 

Redi clearly demonstrated that maggots on decaying meat re-

sulted from the presence of fly eggs, and meat did not spontane-

ously generate maggots. Other  experiments helped discredit the 

theory for larger organisms. However, Leeuwenhoek’s communi-

cations on microorganisms renewed the controversy. Some pro-

posed that microbes arose by spontaneous generation but larger 

organisms did not. They pointed out that boiled extracts of hay or 

meat gave rise to microorganisms after sitting for a while. In 1748 

the English priest John Needham (1713–1781) suggested that the 

organic  matter in these extracts contained a “vital force” that 

could confer the properties of life on nonliving matter. 

A few years after Needham’s experiments, the Italian priest 

and naturalist Lazzaro Spallanzani (1729–1799) sealed glass 

flasks that contained water and seeds and then placed the flasks 

in boiling water for about 45 minutes. He found that no growth 

took place as long as the flasks remained sealed. He proposed 

that air carried germs to the culture medium but also commented 

that external air might be required for growth of animals  already 

Figure 1.13 van Leeuwenhoek’s Microscope and Drawings. (a) A brass 

replica of the Leeuwenhoek microscope. Inset photo shows how it is held. (b) 

Leeuwenhoek’s drawings of bacteria from the human mouth. (a) Kathy Park 

Talaro/Pasadena City College; (b) Dr. Jeremy Byrgess/SPL/Getty Images

(b)

Lens

Specimen
holder

Focus
screw

Handle

(a)
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in the medium. The support-

ers of spontaneous genera-

tion responded that heating 

the air in sealed flasks de-

stroyed its ability to support 

life, and therefore did not 

discredit the theory of spon-

taneous generation.

In the mid-1800s, several 

investigators attempted to 

counter such arguments. 

These experiments involved 

allowing air to enter a flask 

containing a nutrient solution 

after boiling. The air was ei-

ther also very hot or it was fil-

tered through sterile cotton 

wool. In all cases, no microbial 

growth occurred in the medium. Despite these experiments, the 

French naturalist Felix Pouchet (1800–1872) claimed in 1859 to 

have carried out experiments conclusively proving that microbial 

growth could occur without contact with air.

Pouchet’s claim provoked Louis Pasteur (1822–1895) to set-

tle the matter of spontaneous generation. Pasteur (figure 1.14) 

first filtered air through cotton and found that objects resembling 

plant spores had been trapped. If a piece of the cotton was placed 

in sterile medium after air had been filtered through it, microbial 

growth occurred. Next he placed nutrient solutions in flasks, 

heated their necks in a flame, and pulled them into a variety of 

curves. The swan-neck flasks he produced in this way remained 

open to the atmosphere (figure 1.15). Pasteur then boiled the 

solutions and allowed them to cool. No growth took place even 

though the contents of the flasks were exposed to the air. Pasteur 

inferred that growth did not occur because dust and germs had 

been trapped on the walls of the curved necks. If the necks were 

broken, growth commenced immediately. Pasteur had not only 

resolved the controversy by 1861 but also had shown how to keep 

solutions sterile.

The English physicist John Tyndall (1820–1893) and the  

German botanist Ferdinand Cohn (1828–1898) dealt the final blow 

to spontaneous generation. In 1877 Tyndall demonstrated that dust 

did indeed carry germs and that if dust was absent, broth remained 

sterile even if directly exposed to air. During the course of his stud-

ies, Tyndall provided evidence for the existence of exceptionally 

heat-resistant forms of bacteria. Working independently, Cohn 

discovered that the heat- resistant bacteria recognized by Tyndall 

were species capable of producing bacterial endospores. Cohn later 

played an instrumental role in establishing a classification system 

for bacteria based on their morphology and physiology.  Bacterial 

endospores are a survival strategy (section 3.9)

These early microbiologists not only disproved spontaneous 

generation but also contributed to the rebirth of microbiology. 

They developed liquid media and the methods for sterilizing it so 

that microbes could be cultured. These techniques were next ap-

plied to understanding the role of microorganisms in disease.

Microorganisms and Disease

For hundreds of years, most people believed that disease was 

caused by supernatural forces, poisonous vapors, and imbal-

ances among the four humors thought to be present in the body. 

The role of the four humors (blood, phlegm, yellow bile  

[choler], and black bile [melancholy]) in  disease had been 

widely accepted since the time of the Greek physician Galen 

(129–199). Support for the idea that microorganisms cause  

disease—that is, the germ theory of disease—began to 

 accumulate in the early nineteenth century from diverse fields. 

Agostino Bassi (1773–1856) demonstrated in 1835 that a silk-

worm disease was due to a fungal infection. In 1845 M. J. 

Berkeley (1803–1889) proved that the great potato blight of  

Ireland was caused by a protozoan (then thought to be a  

fungus), and in 1853 Heinrich de Bary (1831–1888) showed that 

fungi caused cereal crop diseases.

Pasteur also contributed to this area of research in what 

may seem an unlikely way. Pasteur was trained as a chemist 

and spent many years studying the  fermentations that yield 

ethanol and are used in the production of wine and other alco-

holic beverages. When he began his work, leading chemists 

were convinced that fermentation was due to a chemical insta-

bility in sugars that resulted in their breakdown into alcohol. 

Pasteur did not agree; he believed that fermentations were car-

ried out by living organisms.

In 1856 M. Bigo, an industrialist in Lille, France, where 

Pasteur worked, requested Pasteur’s assistance. His business 

produced ethanol from the fermentation of beet sugars, and the 

alcohol yields had recently declined and the product had 

Figure 1.14 Louis Pasteur.

Pixtal/age fotostock

Figure 1.15 Pasteur’s Experiments with Swan-Neck Flasks. 

Vigorous heat
is applied.

Microbes
being
destroyed

Broth free of
live cells (sterile)

Neck intact; airborne
microbes are

trapped at base,
and broth is sterile.

Neck on second
sterile flask
is broken;

growth occurs.
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become sour. Pasteur discovered that the fermentation was fail-

ing because the yeast normally responsible for alcohol forma-

tion had been replaced by bacteria that produced acid rather 

than ethanol. In solving this practical problem, Pasteur demon-

strated that fermentations were due to the activities of yeasts and 

bacteria.

Pasteur was also called upon by the wine industry in France 

for help. For several years, poor-quality wines had been pro-

duced. Pasteur referred to the wines as diseased and demon-

strated that particular wine diseases were linked to particular 

microbes contaminating the wine. He eventually suggested a 

method for heating the wines to destroy the undesirable mi-

crobes. The process is now called pasteurization. 

Indirect evidence for the germ theory of disease came from 

the work of the English surgeon Joseph Lister (1827–1912) on 

the prevention of wound infections. Lister, impressed with  

Pasteur’s studies on fermentation, developed a system of anti-

septic surgery designed to prevent microorganisms from enter-

ing wounds. Instruments were heat sterilized, and phenol was 

used on surgical dressings and at times sprayed over the surgical 

area. The approach was remarkably successful in reducing the 

rate of surgical infection. It also provided strong indirect  

evidence for the role of microorganisms in disease.

Koch’s Postulates

The first direct demonstration that bacteria cause disease came 

from the study of anthrax by the German physician Robert Koch 

(pronounced “Koke”; 1843–1910). Koch (figure 1.16) used the 

criteria proposed by his former teacher Jacob Henle (1809–1885) 

and others to establish the relationship between Bacillus anthracis 

and anthrax. In these studies, published in 1876, Koch used mice 

as his model or test organism. Following the steps outlined in 

figure 1.17, he next used guinea pigs to show that Mycobacterium 

tuberculosis causes tuberculosis (TB), which at that time was a 

leading cause of death in Europe. In 1905 Koch was awarded the 

Nobel Prize in Physiology or Medicine and his criteria for prov-

ing the causal relationship between a microorganism and a spe-

cific disease are known as Koch’s postulates. Koch’s postulates 

have since been used to discover the causative microorganisms 

for many infectious diseases.

While Koch’s postulates are still widely used, their applica-

tion is at times not feasible. For instance, viruses and organisms 

that must live within host cells such as Mycobacterium leprae, 

the causative agent of leprosy, cannot be isolated in pure culture. 

Some human diseases lack an appropriate animal model so the 

postulates cannot be fully met. To avoid some of these difficul-

ties, microbiologists sometimes use molecular and genetic evi-

dence. For instance, molecular methods might be used to detect 

the nucleic acid of a microorganism in body tissues, rather than 

isolating it, or the genes thought to be associated with the viru-

lence of a disease-causing microbe (pathogen) might be mutated. 

In this case, the mutant organism should have decreased ability 

to cause disease. Introduction of the normal gene back into the 

mutant should restore the pathogen’s virulence. 

Our focus thus far has been on the discovery of bacteria, 

fungi, and protists. But viral pathogens were also being studied 

during this time. The discovery of viruses and their role in dis-

ease was made possible when Charles Chamberland (1851–1908), 

one of Pasteur’s associates, constructed a porcelain filter to re-

move bacteria. Dimitri Ivanowski (1864–1920) and Martinus 

Beijerinck (pronounced “by-a-rink”; 1851–1931) used the filter 

to study tobacco mosaic disease. They found that plant extracts 

and sap from diseased plants were infectious, even after being 

filtered with Chamberland’s filter. Because the infectious agent 

passed through a filter that trapped bacterial cells, they reasoned 

that the agent must be something smaller than a bacterium. 

Beijerinck proposed that the agent was a “filterable virus” (Latin 

virus, slimy liquid, poison). Eventually viruses were shown to be 

tiny, acellular infectious agents.

Immunology

The ability to culture microbes also played an important role in 

early immunological studies. During studies on the bacterium 

that causes chicken cholera, Pasteur and Pierre Roux (1853–1933) 

discovered that bacteria incubated in cultures for long periods of 

time lost their ability to cause disease. These bacteria were said 

to be attenuated or weakened. When chickens were injected 

with attenuated bacteria, they remained healthy and were sur-

prisingly able to resist the disease when exposed to virulent bac-

teria. Pasteur called the attenuated bacteria a vaccine (Latin 

vacca, cow) in honor of Edward Jenner (1749–1823) because, 

many years earlier, Jenner had used material from cowpox le-

sions to protect people against smallpox (see Historical High-

lights 26.5). Shortly after this, Pasteur and Chamberland 

developed an  attenuated anthrax vaccine.  Vaccines immunize 

susceptible populations (section 26.6)
Figure 1.16 Robert Koch. Koch examining a specimen in his laboratory. 
Bettmann/Getty Images
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Pasteur also prepared a vaccine using an attenuated strain of 

rabies virus. During the course of these studies, a nine-year-old boy 

named Joseph Meister was bitten by a rabid dog and was brought to 

Pasteur. Since Joseph’s death was certain in the absence of treat-

ment, Pasteur agreed to try vaccination. Joseph was injected 13 times 

over the next 10 days with increasingly virulent preparations of the 

attenuated virus. His survival marked a huge advance in the use of 

vaccines. To thank Pasteur, people from around the world contrib-

uted to the construction of the Pasteur Institute in Paris, France. One 

of the initial tasks of the institute was vaccine production.

These early advances in immunology were made without 

any concrete knowledge about how the immune system works. 

Immunologists now know that white blood cells and the chemi-

cals they produce play a central role in immunity. Among the 

chemicals are soluble proteins called antibodies, found in blood, 

lymph, and other body fluids. The role of soluble substances in 

preventing disease was recognized by Emil von Behring 

(1854–1917) and Shibasaburo Kitasato (1852–1931). After the 

discovery that diphtheria was caused by a toxin produced by 

Postulate

1. The microorganism must be
 present in every case of the
 disease but absent from
 healthy organisms.

2. The suspected microorganisms
 must be isolated and grown in a
 pure culture.

3. The same disease must result
 when the isolated microorganism
 is inoculated into a healthy host.

4. The same microorganisms must
 be isolated again from the
 diseased host.

Experimentation

Koch developed a staining technique to
examine human tissue. Mycobacterium
tuberculosis could be identified in
diseased tissue.

Koch grew M. tuberculosis in pure
culture on coagulated blood serum.

Koch injected cells from the pure
culture of M. tuberculosis into guinea
pigs. The guinea pigs subsequently
died of tuberculosis.

Koch isolated M. tuberculosis in pure
culture on coagulated blood serum
from the dead guinea pigs.

TB patient

M. tuberculosis

colonies

M. tuberculosis

colonies

M. tuberculosis

Figure 1.17 Koch’s Postulates Applied to Tuberculosis. 

MICRO INQUIRY Why is the fourth postulate necessary?

bacteria, they injected inactivated diphtheria toxin into rabbits. 

The inactivated toxin induced rabbits to produce an  antitoxin, 

which protected against the disease. Antitoxins are now known 

to be antibodies that specifically bind and neutralize toxins. The 

first immune system cells were discovered when Élie Metch-

nikoff (1845–1916) found that some white blood cells could en-

gulf disease-causing bacteria. He called these cells phagocytes 

and the process phagocytosis (Greek phagein, eating).

Microbial Ecology

Early microbial ecologists studied microbial involvement in the 

carbon, nitrogen, and sulfur cycles. The Russian microbiologist 

Sergei Winogradsky (1856–1953) made many contributions to 

soil microbiology, including the discovery that soil bacteria could 

oxidize iron, sulfur, and ammonia to obtain energy and that many 

of these bacteria could incorporate CO2 into organic matter much 

as photosynthetic organisms do. Winogradsky also isolated an-

aerobic nitrogen-fixing soil bacteria and studied the decompo-

sition of cellulose. Martinus Beijerinck made fundamental 
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contributions to microbial ecology as well as virology. He iso-

lated several kinds of nitrogen-fixing bacteria and sulfate- 

reducing bacteria. Beijerinck and Winogradsky also developed 

enrichment culture techniques and selective media, which have 

been of great importance in microbiology.  Biogeochemical 

cycling sustains life on Earth (section 20.1); Culture media (sec-

tion 5.7); Enrichment cultures (section 5.7)

Comprehension Check

1. What did Pasteur prove when he showed that a cotton plug that 

had filtered air would trigger microbial growth when transferred to a 

sterile medium? What argument made previously was he 

addressing? 

2. Discuss the contributions of Lister, Pasteur, and Koch to the  

germ theory of disease and the treatment or prevention of diseases.

3. What role did the ability to grow bacteria in pure culture play in the 

develoment of Koch’s postulates? 

4. What did Jenner, Pasteur, von Behring, Kitasato, and Metchniko� 

contribute to the development of immunology?

5. How did Winogradsky and Beijerinck contribute to the study of 

microbial ecology? What new culturing techniques did they develop in 

their studies?

1.4  Microbiology Encompasses  
Many Subdisciplines

After reading this section, you should be able to:

a. Construct a concept map, table, or drawing that illustrates the diverse 

nature of microbiology and how it has improved human conditions

b. Discuss the opinion held by many microbiologists that microbiology 

is experiencing its second golden age

Microbiology today is as diverse as the organisms it studies. It 

has both basic and applied aspects. The basic aspects are con-

cerned with the biology of microorganisms themselves. The 

 applied aspects are concerned with practical problems such as 

disease, water and wastewater treatment, food spoilage and food 

production, and industrial uses of microbes. Despite this appar-

ent dichotomy, the basic and applied aspects of microbiology are 

intertwined. Basic research is often conducted in applied fields, 

and applications often arise out of basic research.

An important development in microbiology is the increas-

ing use of molecular and genomic methods to study microbes 

and their interactions with other organisms. These methods have 

led to a time of rapid advancement that rivals the golden age of 

microbiology. Indeed, many feel that microbiology is in its sec-

ond golden age.  Microbial DNA technologies (chapter 31);  

Microbial genomics (chapter 32)

Major Fields in Microbiology
Microbiology is commonly divided into subdisciplines based on 

the  type of microbe studied. Thus microbiology encompasses 

bacteriology and virology as well as other microbe-specific 

fields. Microbiology can also be divided based on the activities 

of microbes—for instance, environmental microbiology and ag-

ricultural microbiology. Finally, microbiologists may study only 

one aspect of the biology of microbes, leading to subdisciplines 

such as microbial genetics and microbial physiology.

One of the most active and important fields in microbiology 

is medical microbiology, which deals with diseases of humans. 

Medical microbiologists investigate agents causing infectious 

diseases and measures for their control and elimination. They are 

involved in tracking down new, unidentified pathogens such as 

those causing hantavirus  pulmonary syndrome, West Nile en-

cephalitis, and Zika virus. These microbiologists also study how 

microorganisms cause disease. Clinical laboratory scientists, the 

microbiologists who work in hospital and other clinical laborato-

ries, use culture and molecular techniques to  provide informa-

tion needed by physicians to diagnose and treat infectious 

disease.

Major epidemics have regularly affected human history. For 

example, human immunodeficiency virus/acquired immune de-

ficiency syndrome (HIV/AIDS) has killed over 35 million peo-

ple since the beginning of the HIV epidemic in 1981. Public 

health microbiology is concerned with the control and spread of 

such communicable diseases. Public health microbiologists and 

epidemiologists monitor the amount of disease in  populations. 

Based on their observations, they can detect outbreaks and epi-

demics as they begin, and implement appropriate control mea-

sures. They also conduct surveillance for new diseases as well as 

bioterrorism events. Public health microbiologists working for 

local governments monitor community food establishments and 

water supplies to ensure they are safe and free from pathogens. 

 Epidemiology and public health microbiology (chapter 26)

To understand, treat, and control infectious disease, it is 

important to understand how the immune system protects the 

body from pathogens; this question is the concern of immu-

nology. Immunology is one of the fastest growing areas in 

science. Many advances have been in response to the discov-

ery of HIV, which specifically targets cells of the immune 

system. Immunology also deals with the nature and treatment 

of allergies and autoimmune diseases such as rheumatoid 

arthritis.  Innate host resistance (chapter 22); Adaptive 

immunity (chapter 23)

Microbial ecology is another important field in microbiol-

ogy. Microbial ecologists employ a variety of culture and mo-

lecular approaches to describe the vast diversity of microbes in 

terms of their morphology, physiology, and relationships with 

organisms and the components of their habitats. The importance 

of microbes in local and global cycling of carbon, nitrogen, and 

sulfur has been long studied; however, these studies have  

acquired new urgency as our climate changes. Of particular  

interest is the role of microbes in both the  production and  

removal of greenhouse gases such as carbon dioxide and meth-

ane. Microbial ecologists also are employing microorganisms in  

bioremediation to reduce pollution. An exciting frontier in mi-

crobial ecology is the study of the microbes normally associated 

with the human body—the human microbiome.  Global cli-

mate change (section 20.2); Human microbiome and host  
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interactions (chapter 24); Biodegradation and bioremediation 

harness microbes to clean the environment (section 30.7)

Agricultural microbiology is a field related to both medi-

cal microbiology and microbial ecology. It is concerned with 

the impact of microorganisms on food production, such as 

nitrogen-fixing bacteria, which affect soil fertility. Other  

microbes live in the digestive tracts of ruminants such as cattle 

and break down the plant materials these animals ingest. There 

are also plant and animal pathogens that have significant eco-

nomic  impact if not controlled. Furthermore, some pathogens 

of domestic animals also cause human disease. Agricultural 

micro biologists work on methods to increase soil fertility and 

crop yields, study rumen microorganisms to increase meat and 

milk production, and try to combat plant and animal diseases. 

Currently many agricultural microbiologists are studying the 

use of bacterial and viral insect pathogens as substitutes for 

chemical pesticides.  Microorganisms in natural ecosystems 

(chapter 21)

In addition to agricultural microbiology, food microbiology 

has contributed to the ready supply of high-quality foods. Food 

microbiologists study the microbes used to make food and bever-

ages (e.g., yogurt, cheese, beer) as well as the microbes that cause 

food spoilage or are pathogens that are spread through food. For 

example, periodic outbreaks of certain Escherichia coli strains 

have led to renal failure and death. To protect the public, the 

specific strain must be traced back to the contaminated food 

source. Food microbiologists also work to prevent microbial 

spoilage of food and conduct research on the use of microorgan-

isms as nutrient sources for livestock and humans.  Microbi-

ology of food (chapter 29)

Industrial microbiology involves the use of microbes to make 

products helpful to humans. An important advance occurred in 

1929 when Alexander Fleming rediscovered that the fungus 

Penicillium sp. produced what he called penicillin, the first anti-

biotic that could successfully control bacterial infections.  

Although it took World War II for scientists to learn how to 

mass-produce penicillin, scientists soon found other microor-

ganisms capable of producing additional antibiotics. Today 

industrial microbiologists also use microorganisms to make 

products such as vaccines, steroids, alcohols and other solvents, 

vitamins, amino acids, enzymes, and biofuels. These alternative 

fuels are renewable and may help decrease pollution associated 

with burning fossil fuels.  Biofuel production is a dynamic 

field (section 30.2); Microbial fuel cells: batteries powered by 

microbes (section 30.3)

The advances in medical microbiology, agricultural micro-

biology, food and dairy microbiology, and industrial microbiol-

ogy are outgrowths of the labor of many microbiologists doing 

basic research in areas such as microbial physiology, microbial 

genetics, molecular biology, and bioinformatics. Microbial 

physiologists study many aspects of the biology of microorgan-

isms, including their diverse  metabolic capabilities. They also 

study the synthesis of antibiotics and toxins, the ways in which 

microorganisms survive harsh environmental conditions, and 

the effects of chemical and physical agents on microbial growth 

and survival. Microbial geneticists, molecular biologists, and 

bioinformaticists study the nature of genetic information and 

how it regulates the development and function of cells and or-

ganisms. The bacteria E. coli and Bacillus subtilis, the yeast 

Saccharomyces cerevisiae (baker’s yeast), and bacterial vi-

ruses such as T4 and lambda continue to be important model 

organisms used to understand biological phenomena.

The future of microbiology is bright. Genomics has revolu-

tionized biology, as scientists are now beginning to understand 

organisms holistically, rather than in a reductionist, piecemeal 

manner. How the genomes of microbes evolve, the nature of 

host-pathogen interactions, the minimum set of genes required 

for an organism to survive, and many more topics are aggres-

sively being examined by molecular and genomic analyses. This 

is an exciting time to be a microbiologist. Enjoy the journey.

Comprehension Check

1. Briefly describe the major subdisciplines in micro biology. Which do 

you consider to be applied fields? Which are basic?

2. Log all the microbial products you use in a week. Be sure to consider 

all foods and medications (including vitamins). Consider how your life 

might be di�erent without these items.

3. List all the activities or businesses you can think of in your community 

that directly depend on microbiology.

Key Concepts

1.1 Members of the Microbial World
 ■ Microbiology studies microscopic cellular organisms 

that are often unicellular or, if multicellular, do not have 

highly differentiated tissues. Microbiology also focuses 

on biological entities that are acellular (figure 1.1).
 ■ Microbiologists divide cellular organisms into  

three domains: Bacteria, Archaea, and Eukarya  

(figure 1.2).
 ■ Microbes in the domains Bacteria and Archaea lack 

organelles. Eukaryotic microbes (protists and fungi) are 

placed in Eukarya. Viruses, viroids, satellites, and prions 

are acellular entities not placed in any domain but are 

classified by a separate system.

1.2 Microbes Have Evolved and Diversified  
for Billions of Years

 ■ Earth is approximately 4.5 billion years old. Within the first 

1 billion years of its existence, life arose (figure 1.4).
 ■ The RNA world hypothesis posits that the earliest self-

replicating entity had RNA enclosed in a lipid bilayer. RNA 

stores genetic information and conducts cellular processes 

(figure 1.5).
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 ■ Comparisons of small subunit (SSU) rRNA genes have been 

useful in creating universal phylogenetic trees. These trees 

provide information about the origin and evolution of life 

(figure 1.7).
 ■ Phylogenetic relationships often are shown as branched 

diagrams called phylogenetic trees. Trees are based on 

pairwise comparison of amino acid or nucleotide 

sequences, followed by computer analysis (figure 1.8). 
 ■ Trees may be either rooted or unrooted. Unrooted trees 

can be rooted by including an outgroup when the tree is 

constructed (figure 1.9). 
 ■ The last universal common ancestor (LUCA) is placed on 

the bacterial branch of the universal phylogenetic tree 

(figure 1.2). Thus Bacteria are thought to have diverged 

first, and Archaea and Eukarya arose later.
 ■ Mitochondria, chloroplasts, and hydrogenosomes are 

thought to have evolved from bacterial endosymbionts  

of ancestral cells in the eukaryotic lineage (figure 1.10).
 ■ Taxonomic ranks are arranged in a nonoverlapping 

hierarchy (figure 1.11). Species are named using the 

binomial system of Linnaeus. 
 ■ It is difficult to define a bacterial or archaeal species 

because these microbes do not reproduce sexually.

1.3 Microbiology Advanced as New Tools for  
Studying Microbes Were Developed

 ■ Microbiology is defined not only by the organisms it 

studies but also by the tools it uses. Microscopy and 

culture-based techniques play important roles in the 

evolution of the discipline.

 ■ Antony van Leeuwenhoek used simple microscopes 

and was the first person to extensively describe 

microorganisms (figure 1.13).
 ■ Culture-based techniques for studying microbes began to 

develop as scientists debated the theory of spontaneous 

generation. Experiments by Francesco Redi and others 

disproved the theory of spontaneous generation of larger 

organisms. The spontaneous generation of microorganisms 

was disproved by Louis Pasteur and others (figure 1.15).
 ■ Koch’s postulates are used to prove a direct relationship 

between a suspected pathogen and a disease. Robert Koch and 

his coworkers developed techniques to grow bacteria on solid 

media and isolate pure cultures of pathogens (figure 1.17).
 ■ Viruses were discovered following the invention of a 

bacterial filter by Charles Chamberland. Dimitri Ivanowski 

and Martinus Beijerinck were important contributors to the 

field of virology.
 ■ Microbiologists founded the field of immunology;  

they created vaccines and discovered antibodies and 

phagocytic cells. 
 ■ Microbial ecology grew out of the work of Sergei 

Winogradsky and Beijerinck. They studied the role of 

microorganisms in carbon, nitrogen, and sulfur cycles and 

developed enrichment culture techniques and selective media.

1.4 Microbiology Encompasses Many Subdisciplines
 ■ There are many fields in microbiology. These include 

medical, public health, industrial, and food and dairy 

microbiology. Microbial ecology, physiology, and 

genetics are important subdisciplines of microbiology.

1. Why aren’t viruses, viroids, satellites, and prions included 

in the three-domain system? 

2. Some individuals can be infected by a pathogen yet not 

develop disease. In fact, some become chronic carriers of 

the pathogen. How does this observation affect Koch’s 

postulates? How might the postulates be modified to 

account for the existence of chronic carriers?

3. Support this statement: “Vaccinations against various 

childhood diseases have contributed to the entry of women, 

particularly mothers, into the full-time workplace.”

4. For many years, the oldest stromatolites with compelling 

evidence of ancient life on Earth were found in Western 

Australia. The microbial communities that built these 

sedimentary structures were dated at roughly 3.5 billion years 

old. However, in 2016 stromatolites in Greenland were 

reported to be 3.7 billion years old. Interestingly, the 

complexity and morphology of the Greenland stromatolites is 

similar to that of those in Australia. Why is it of interest to 

document the oldest evidence of life on Earth? What might 

this suggest about the evolution of life during the intervening 

200 million years? What is the significance, if any, of the 

geographic distribution of these stromatolites?

 Read the original paper: Nutman, A.P., et al. 2016. Rapid 

emergence of life shown by discovery of 3,700-million-year- 

old microbial structures. Nature. 537:535–539. doi:10.1038/

nature19355.

Active Learning
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2
Microscopy 

Anthrax Bioterrorism Attack

W
hile on a trip to North Carolina in late September 2001, a 

sixty-three-year-old photojournalist from Florida began feeling ill. 

His muscles ached, he felt nauseous, and he had a fever. After returning 

home, his symptoms worsened considerably. On October 2, he awoke 

with vomiting and mental confusion. When his wife took him to a local 

emergency room, doctors performed a spinal tap and collected cerebral 

spinal fluid (CSF). The fluid was sent to the hospital laboratory where it 

was stained using the Gram-stain technique. Much to the surprise of the 

clinical lab scientists, the CSF contained long, Gram-positive rods that 

formed chains, a morphology unlike that of typical meningitis-causing 

bacteria. Based on the Gram-stain results, an initial diagnosis of 

inhalation anthrax was made. This was very surprising because inhalation 

anthrax is extremely rare in the United States. Doctors immediately began 

treatment with antibiotics, but the photojournalist’s condition worsened, 

and he died October 5.

Thus began the first anthrax bioterrorism attack in the United States. 

Over the next several weeks, 16 other people developed inhalation 

anthrax; four of these individuals died. Much was learned about the 

disease from this attack. Much was also learned about the nation’s 

readiness to deal with bioterrorism. This event is also a reminder of the 

continuing importance of microscopy in microbiology and in diagnosing 

disease.

In this chapter, we introduce some of the most commonly used types 

of microscopy. We begin with light microscopes and then describe other 

common types of microscopes, as well as how specimens are prepared for 

examination by microscopes. 

Readiness Check:

Based on what you have learned previously, you should be able to:

 ✓ Explain why microscopy is a major tool used by microbiologists 

(sections 1.1 and 1.3)

 ✓ Define magnification

 ✓ Express the size of organisms using the metric system (table 2.1)

2.1  Lenses Create Images  
by Bending Light

After reading this section, you should be able to:

a. Relate the refractive indices of glass and air to the path light takes 

when it passes through a prism or convex lens

b. Correlate lens strength and focal length

Light microscopes were the first microscopes invented and they 

continue to be the most common. To understand light microscopy, 

we must consider the way lenses bend and focus light to form 

images. When a ray of light passes from one medium to another, 

refraction occurs; that is, the ray is bent at the interface. The 

refractive index is a measure of how much a substance slows the 

velocity of light; the direction and magnitude of bending are 

determined by the refractive indices of the two media forming 

the interface. For example, when light passes from air into glass, 

which has a greater refractive index, it is slowed and bent toward 

the normal, a line perpendicular to the surface (figure 2.1). As 

light leaves glass and returns to air, a medium with a lower 

refractive index, it accelerates and is bent away from the normal. 

Table 2.1 Common Units of Measurement

Kenneth Lambert/AP Images
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Thus a prism bends light because glass has a different refractive 

index from air and the light strikes its surface at an angle.

Lenses act like a collection of prisms operating as a unit. 

When the light source is distant so parallel rays of light strike the 

lens, a convex lens focuses the rays at a specific point, the  focal 

point (F in figure 2.2). The distance between the center of the 

lens and the focal point is called the focal length ( f in figure 2.2).

Our eyes cannot focus on objects nearer than about 25 cm 

(i.e., about 10 inches). This limitation may be overcome by using 

a convex lens as a simple magnifier (or microscope) and holding 

it close to an object. A magnifying glass provides a clear image 

at much closer range, and the object appears larger. Lens strength 

is related to focal length; a lens with a short focal length magnifies 

an object more than a lens having a longer focal length.

Comprehension Check

1. How do refraction, refractive index, focal point, and focal length 

di�er?

2. Draw the path of a light ray through a thin and thick lens.

3. If the lenses in question 2 were in corrective eyeglasses, which would 

be used for reading and which would improve distance vision?

2.2  There Are Several Types  
of Light Microscopes

After reading this section, you should be able to:

a. Evaluate the parts of a light microscope in terms of their 

contributions to image production and use of the microscope

b. Predict the relative degree of resolution based on light 

wavelength and numerical aperture of the lens used to examine 

a specimen

c. Create a table that compares and contrasts the various types of 

light microscopes in terms of their uses, how images are created, 

and the quality of images produced

Microbiologists currently employ a variety of light microscopes 

in their work, each designed for specific applications. Modern 

microscopes are compound microscopes; that is, they have two 

sets of lenses. The objective lens is the lens closest to the speci-

men. It forms a magnified image that is further enlarged by one 

or more additional lenses.

Bright-Field Microscope: Dark Object,  
Bright Background
The bright-field microscope is routinely used to examine both 

stained and unstained specimens. It forms a dark image against a 

lighter background, thus it has a “bright field.” It consists of a 

metal stand composed of a base and an arm to which the remain-

ing parts are attached (figure 2.3). A light source, either a mirror 

or an electric illuminator, is located in the base. Two focusing 

knobs, the fine and coarse adjustment knobs, are located on the 

arm and move either the stage or the nosepiece vertically to focus 

the image.

The stage is positioned about halfway up the arm. Micro-

scope slides are clipped to the stage, which can be moved during 

viewing by rotating control knobs. The substage condenser lens 

(or simply, condenser) is within or beneath the stage and focuses 

a cone of light on the slide. Its position may be fixed in simpler 

microscopes but can be adjusted vertically in more complex 

models.

The curved upper part of the arm holds the body assembly, 

to which a nosepiece and one or more ocular lenses (also called 

eyepieces) are attached. Binocular microscopes have eyepieces 

for both eyes. The body assembly contains a series of mirrors 

and prisms so the barrel holding the eyepiece may be tilted for 

ease in viewing. The nosepiece holds three to five objective 

lenses of differing magnifying power and can be rotated to 

change magnification. Ideally a microscope should be parfocal; 

that is, the image should remain in focus when objective lenses 

are changed.

The image seen when viewing a specimen with a compound 

microscope is created by the objective and ocular lenses working 

together. Light from the illuminated specimen is focused by the 

objective lens, creating an enlarged image within the microscope. 

Figure 2.1 The Bending of Light by a Prism. Lines perpendicular to the 

surface of the prism are called normal; they are indicated by dashed lines. As light 

enters the glass, it is bent toward the first normal. When light leaves the glass  

and returns to air, it is bent away from the second normal.

Figure 2.2 Lens Function. A lens functions somewhat like a 

collection of prisms. Light rays from a distant source are focused at the 

focal point F. The focal point lies a distance f, the focal length, from the 

lens center.

MICRO INQUIRY How would the focal length change if the lens 

shown here were thicker?

f

F
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The ocular lens further magnifies this primary image. The total 

magnification is calculated by multiplying the objective and 

eyepiece magnifications. For example, if a 45× objective lens is 

used with a 10× eyepiece, the overall magnification of the speci-

men is 450×.

Better Microscope Resolution Means a Clearer Image
The most important part of the microscope is the objective lens, 

which must produce a clear image, not just a magnified one. 

Resolution is the ability of a lens to separate or distinguish 

between small objects that are close together. At best, the 

resolution of a bright-field microscope is 0.2 µm, which is about 

the size of a very small bacterium. Why is this the case? 

Resolution is in part dependent on the numerical aperture  

(n sin θ) of a lens. Numerical aperture is defined by two 

components: n is the refractive index of the medium in which 

the lens works (e.g., air = 1) and θ is 1/2 the angle of the cone 

of light entering an objective (figure 2.4). A cone with a narrow 

angle does not adequately separate the rays of light emanating 

from closely packed objects, and the images are not resolved. A 

cone of light with a very wide angle is able to separate the rays, 

and the closely packed objects appear widely separated and 

resolved.  Recall that the refractive indices of all materials 

through which light waves pass determine the direction of the 

light rays emanating from the specimen. Some objective lenses 

work in air; since sin θ cannot be greater than 1 (the maximum 

θ is 90° and sin 90° is 1.00), no lens working in air can have a 

numerical aperture greater than 1.00. The only practical way to 

raise the numerical aperture above 1.00, and therefore achieve 

Figure 2.3 A Bright-Field Microscope. James Redfearn/McGraw-Hill Education
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(eyepiece)

Body assembly

Arm

Light intensity
control

Coarse focus
adjustment knob

Fine focus
adjustment knob

Stage adjustment
knobs

Nosepiece

Objective lens

Mechanical stage

Substage condenser

Aperture diaphragm control

Base with light source

Figure 2.4 Numerical Aperture in Microscopy. The numerical aperture 

of a lens is related to a value called the angular aperture (symbolized by θ), 

which is 1/2 the angle of the cone of light that enters a lens from a specimen. 

The equation for numerical aperture is n sin θ. In the right-hand illustration, 

the lens has larger angular and numerical apertures; its resolution is greater 

and its working distance smaller. 
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higher resolution, is to increase the refractive index with 

immersion oil, a colorless liquid with the same refractive index 

as glass (table 2.2). If air is replaced with immersion oil, many 

light rays enter the objective that would have otherwise escaped 

due to reflection and refraction at the surfaces of the objective 

lens (figure 2.5). This results in an increase in numerical aper-

ture and resolution.

Resolution is described mathematically by an equation 

developed in the 1870s by Ernst Abbé (1840–1905), a German 

physicist responsible for much of the optical theory underlying 

microscope design. The Abbé equation states that the minimal 

distance (d) between two objects that reveals them as separate 

entities depends on the wavelength of light (λ) used to illuminate 

the specimen and on the numerical aperture of the lens (n sin θ), 

which is the ability of the lens to gather light.

0.5 λ
d =

 

n sin θ

The smaller d is, the better the resolution, and finer detail can be 

discerned in a specimen; d becomes smaller as the wavelength of 

light used decreases and as the numerical aperture increases. 

Thus the greatest resolution is obtained using a lens with the 

largest possible numerical aperture and light of the shortest 

wavelength, at the blue end of the visible spectrum (in the range 

of 450 to 500 nm).

Examination of figure 2.4 shows that one objective is much 

closer to the specimen than the other. Specifically, the objective 

on the right has a higher numerical aperture and a shorter 

working distance. The working distance of an objective is the 

distance between the surface of the lens and the surface of the 

cover glass (if one is used) or the specimen when it is in sharp 

focus. As illustrated here, objectives with large numerical 

apertures and great resolving power have short working distances 

(table 2.2).

Numerical aperture is also an important feature of a 

microscope’s condenser. The condenser is a large, light-gathering 

lens used to project a wide cone of light through the slide and 

into the objective lens. Although most condensers have a 

numerical aperture between 1.2 and 1.4, the numerical aperture 

will not exceed about 0.9 unless the top of the condenser is oiled 

to the bottom of the slide. During routine microscope operation, 

the condenser usually is not oiled, and this limits the overall 

resolution, even with an oil immersion objective.

The most accurate calculation of a microscope’s resolving 

power considers both the numerical aperture of the objective lens 

and that of the condenser, as is evident from the following 

equation, where NA is the numerical aperture.

λ
dmicroscope = 

(NAobjective + NAcondenser)

However, in most cases the limit of resolution of a light micro-

scope is calculated using the Abbé equation, which considers the 

objective lens only. We now see why the maximum theoretical 

resolving power of a microscope when viewing a specimen using 

an oil immersion objective (numerical aperture of 1.25) and blue-

green light is approximately 0.2 μm.

(0.5)(530 nm)
d =

  
= 212 nm or 0.2 μm

1.25

Given the limit of resolution of a light microscope, the larg-

est useful magnification—the level of magnification needed to 

increase the size of the smallest resolvable object to be visible 

with the light microscope—can be determined. Our eye can just 

Table 2.2 Properties of Objective Lenses

Figure 2.5 The Oil Immersion Objective. An oil immersion objective 

operating in air and with immersion oil. 

Air Oil Cover
glass

Slide
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detect a speck 0.2 mm in diameter. When the acuity of the eye and 

the resolution of the microscope are considered together, it is cal-

culated that the useful limit of magnification is about 1,000 times 

the numerical aperture of the objective lens. Most standard  

microscopes have 10× eyepieces and have an upper limit of about 

1,000× with oil immersion. A 15× eyepiece may be used with 

good objective lenses to achieve a useful magnification of 

1,500×. Any further magnification does not enable a person to 

see more detail. Indeed, a light microscope can be built to yield 

a final magnification of 10,000×, but it would simply be magni-

fying a blur. Only the electron microscope provides sufficient 

resolution to make higher magnifications useful.

Visualizing Living, Unstained Microbes
Bright-field microscopes are probably the most common 

microscope found in teaching, research, and clinical laboratories. 

However, many microbes are unpigmented so are not clearly 

visible because there is little difference in contrast between the 

cells, subcellular structures, and water. As we discuss in 

section 2.3, one solution to this problem is to stain cells before 

observation. Unfortunately staining procedures usually kill cells. 

But what if an investigator wishes to view living cells? Three 

types of light microscopes create detailed, clear images of living 

specimens: dark-field microscopes, phase-contrast microscopes, 

and differential interference contrast microscopes.

Dark-Field Microscope: Bright Object, Dark Background

The dark-field microscope produces detailed images of living, 

unstained cells and organisms by simply changing the way in 

which they are illuminated. A hollow cone of light is focused on 

the specimen in such a way that unreflected and unrefracted 

rays do not enter the objective. Only light that has been 

reflected or refracted by the specimen forms an image (figure 2.6). 

The field surrounding a specimen appears black, while the 

 object itself is brightly illuminated (figure 2.7). The dark-field 

microscope can reveal considerable internal structure in larger 

eukaryotic microorganisms (figure 2.7b). It also can be used to 

identify certain bacteria such as the thin and distinctively 

shaped Treponema pallidum, the causative agent of syphilis 

(figure 2.7a).

(b) Volvox

Figure 2.7 Examples of Dark-Field Microscopy. (a) Treponema pallidum, the spirochete that causes syphilis (×400). (b) The protist Volvox. Note daughter 

colonies within the mature Volvox colony. (a) Source: Schwartz/CDC; (b) Stephen Durr/McGraw-Hill Education

(a) T. pallidum

Figure 2.6 Dark-Field Microscopy. In dark-field microscopy, a dark-field 

stop (inset) is placed underneath the condenser lens system. The condenser 

then produces a hollow cone of light so that the only light entering the 

objective is reflected or refracted by the specimen. 

Dark-field stop

Abbé
condenser

Specimen

Objective
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Phase-Contrast Microscope

To understand phase-contrast microscopy, consider a bacterium 

in a drop of water on a microscope slide (i.e., a wet mount) as 

illustrated in figure 2.8. The refractive indices of bacterial cell 

structures are greater than that of water. Therefore, light waves 

passing through a cell structure will be diffracted and slowed 

more than light waves passing through the water inside and 

outside the cell. Thus both deviated light waves that interact with 

bacterial cell structures and undeviated light waves that pass 

around and through the cell are produced. Because the deviated 

light waves are slowed relative to the undeviated light waves, 

they are said to be out of phase. That is, the crests and troughs of 

the deviated and undeviated waves do not align. Typically the 

deviated light waves are slowed by about ¼ wavelength compared 

to the undeviated light (figure 2.8).

Phase-contrast microscopes take advantage of this phe-

nomenon to create differences in light intensity that provide con-

trast to allow the viewer to see a clearer, more detailed image of 

the specimen (figure 2.9). They do so by separating the two types 

of light so that the undeviated light (primarily from the surround-

ings) can be manipulated and then recombined with the deviated 

light (from the bacterium) to form an image. Two components 

allow this to occur: a condenser annulus and a phase plate 

(figure 2.10). The condenser annulus is an opaque disk with a 

thin transparent ring. A ring of light is directed by the condenser 

annulus to the condenser, which focuses the light on the speci-

men as shown in figure 2.10. Deviated and undeviated light then 

pass through the objective toward the phase plate. The phase 

plate has a thin ring through which the undeviated light (i.e., 

from the surroundings) is focused (figure 2.8). In a common type 

of phase-contrast microscopy (positive phase contrast), the ring 

is coated with a substance that advances the phase of the 

undeviated light by ¼ wavelength. The devi-

ated light is focused on the rest of the phase 

plate, which lets the deviated light pass 

through unchanged. After leaving the phase 

plate, the deviated and undeviated light  

are now out of phase by ½ wavelength 

(figure 2.8). When the two rays of light re-

combine to form an image, they cancel each 

other out, a phenomenon called destructive 

interference. Destructive interference is also 

seen if the crest of a wave of water meets the 

trough of another wave—the two cancel each 

other out and the surface of the water re-  

mains calm at the point where they meet. In 

our example, the resulting image consists  

of a darker bacterium against a lighter 

background.

Phase-contrast microscopy is especially 

useful for studying microbial motility, deter-

mining the shape of living cells, and detect-

ing bacterial structures such as endospores 

and inclusions. Endospores are clearly visible 

because they have refractive indices markedly different from that 

of water. Phase-contrast microscopes also are widely used to 

study eukaryotic cells.  Inclusions (section 3.6); Bacterial 

endospores are a survival strategy (section 3.9)

Figure 2.8 The Production of Contrast in Phase-Contrast Microscopy. The behavior of deviated 

and undeviated (i.e., undi�racted) light rays in the positive-phase-contrast microscope. Because 

the light rays tend to cancel each other out, the image of the specimen will be dark against a 

brighter background. 

Bacterium in a
wet mount

Ray deviated by
specimen is 1/4
wavelength out
of phase.

Deviated ray is
1/2 wavelength
out of phase.

Deviated and
undeviated rays
cancel each other
out.

Phase
plate

Wave
trough

Wave
crest

Figure 2.9 Example of Phase-Contrast Microscopy. An amoeba, a 

eukaryotic microbe that moves by means of pseudopodia, which extend out 

from the main part of the cell body. Stephen Durr/McGraw-Hill Education
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Di�erential Interference Contrast Microscope

The differential interference contrast (DIC) microscope is 

similar to the phase-contrast microscope in that it creates an image 

by detecting differences in refractive indices and thickness. Two 

beams of plane-polarized light at right angles to each other are 

generated by prisms. In one design, the object beam passes 

through the specimen, while the reference beam passes through a 

clear area of the slide. After passing through the specimen, the 

two beams combine and interfere with each other to form an 

image. A live, unstained specimen appears brightly colored and 

seems to pop out from the background, giving the viewer the 

sense that a three-dimensional image is being viewed (figure 2.11). 

Structures such as cell walls, endospores, granules, vacuoles, and 

nuclei are clearly visible.

Fluorescence Microscopes Use Emitted  
Light to Create Images
The light microscopes thus far considered produce an image 

from light that passes through a specimen. An object also can be 

seen because it emits light. This is the basis of fluorescence 

 microscopy. When some molecules absorb radiant energy, they 

become excited and release much of their trapped energy as 

light. Any light emitted by an excited molecule has a longer 

wavelength (i.e., has lower energy) than the radiation originally 

absorbed. Fluorescent light is emitted very quickly by the 

excited molecule as it gives up its trapped energy and returns to 

a more stable state.

The fluorescence microscope excites a specimen with a 

specific wavelength of light that triggers the emission of fluo-

rescent light by the object, which forms the image. The most 

commonly used fluorescence microscopy is epifluorescence 

microscopy, also called incident light or reflected light fluores-

cence microscopy. Epifluorescence (Greek epi, upon) micro-

scopes illuminate specimens from above. The objective lens 

also acts as a condenser (figure 2.12). A mercury vapor arc 

lamp or other source produces an intense beam of light that 

passes through an exciter filter. The exciter filter transmits only 

the desired wavelength of light. The excitation light is directed 

down the microscope by the dichromatic mirror. This mirror 

reflects light of shorter wavelengths (i.e., the excitation light) 

but allows light of long er wavelengths to pass through. The exci-

tation light continues down, passing through the objective lens 

to the specimen, which is usually stained with molecules 

called fluorochromes (table 2.3). The fluorochrome absorbs 

Figure 2.10 Phase-Contrast Microscopy. The optics of a positive-

phase-contrast microscope. 

MICRO INQUIRY What is the purpose of the condenser annulus in a 

phase-contrast microscope? 

Image plane

Deviated
light

Undeviated
light

Phase plate

Condenser
annulus

Condenser

Specimen

Objective

Figure 2.11 Di�erential Interference Contrast Microscopy. This image  

of the protozoan Amoeba proteus appears three-dimensional and contains 

considerable detail. Stephen Durr/McGraw-Hill Education
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light energy from the excitation light and emits fluorescent 

light that travels up through the objective lens into the micro-

scope. Because the emitted fluorescent light has a longer wave-

length, it passes through the dichromatic mirror to a barrier 

filter, which blocks out any residual excitation light. Finally, 

the emitted light passes through the barrier filter to the 

eyepieces.

The fluorescence microscope has 

become an essential tool. Bacterial 

pathogens can be identified after stain-

ing with fluoro chromes or specifically 

tagging them with fluorescently labeled 

antibodies using immunofluorescence 

procedures. In ecological studies,  

fluorescence microscopy is used to  

observe micro  organisms stained with  

fluorochrome-labeled probes or fluoro-

chromes that bind specific cell constitu-

ents (table 2.3). In addition, microbial 

ecologists use epifluorescence micros-

copy to visualize photosynthetic microbes, 

as their pigments naturally fluoresce 

when excited by light of specific wave-

lengths. It is even possible to distin-

guish live bacteria from dead bacteria 

by the color they fluo resce after treat-

ment with a specific mixture of stains 

(figure 2.13a).  Methods in micro-

bial biology (chapter 33); Identification 

of microorganisms from specimens 

(section 34.2)

Another important use of fluorescence microscopy is the 

localization of specific proteins within cells. One approach is to 

use genetic engineering techniques that fuse the gene for the pro-

tein of interest to a gene isolated from jellyfish belonging to the 

genus Aequorea. This jellyfish gene encodes a protein that natu-

rally fluoresces green when exposed to light of a particular wave-

length and is called green fluorescent protein (GFP). Thus when 

the protein is made by the cell, it is fluorescent. GFP has been 

used extensively in studies on bacterial cell division and related 

phenomena (figure 2.14). In fact, the 2008 Nobel Prize in Chem-

istry was awarded to Osamu Shimomura of Japan and Americans 

Martin Chalfie and Roger Tsien for their development of this 

important tool.  Fluorescence labeling (section 31.4)

Figure 2.12 Epifluorescence Microscopy. The principles of operation of 

an epifluorescence microscope. 

Long wavelengths

Long wavelengthsShort
wavelengths

Barrier filter (blocks
ultraviolet radiation
but allows visible
light through)

Dichromatic mirror
(reflects short
wavelengths; transmits
longer wavelengths)

Fluorochrome-stained
specimen (absorbs
short-wavelength
radiation and emits
longer-wavelength light)

Mercury
arc lamp

Exciter filter
(removes long
wavelengths)

Table 2.3 Commonly Used Fluorochromes

(a) (b)

10 µm

Figure 2.13 Fluorescent Dyes and Tags. (a) A sample of bacteria stained with dyes that cause 

live cells to fluoresce green and dead ones red. (b) Fluorescent antibodies tag specific molecules. In 

this case, the antibody binds to a molecule that is unique to Yersinia pestis, the bacterium that causes 

plague. (a) Dr. Rita B. Moyes; (b) Source: Larry Stauffer/Oregon State Public Health Laboratory/CDC

MICRO INQUIRY How might fluorescently labeled antibody be used to diagnose an infectious 

disease?
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Figure 2.14 Green Fluorescent Protein. Visualization of Mbl, a cytoskeletal 

protein of Bacillus subtilis. The Mbl protein has been fused with green fluorescent 

protein and therefore fluoresces green. Jeff Errington/Centre for Bacterial Cell 

Biology/Newcastle University

Figure 2.15 Light and Confocal Microscopy. (a–e) Two beads examined by light and confocal microscopy. (f ) Three-dimensional reconstruction  

of a biofilm. (b–f) P. Dirckx/Center for Biofilm Engineering/Montana State University

(d) Digitized information 
is collected from 
multiple planes within 
the beads to 
generate a 
three-dimensional 
reconstruction.

(a) All objects are defined 
by three axes: x, y, and 
z. The confocal 
scanning laser 
microscope (CSLM) 
creates images of 
planes formed by the x 
and y axes (x-y planes) 
and planes formed by 
the x and z axes

     (x-z planes).

(b) The light microscope 
image of the two beads 
shown in (a). Note that 
neither bead is clear, 
because the image is 
generated from light 
emanating from multiple 
planes of focus.

(c) A CSLM uses light from a 
single plane of focus to 
generate an image. A 
composite image of the two 
beads is generated using 
digitized information 
collected from multiple 
planes within the beads.

(e) Views are also generated using 
di�erent planes. The top left 
panel is the image of a single 
x-y plane (i.e., looking down 
from the top of the beads). The 
two lines represent the two
x-z planes imaged in the other 
two panels. The vertical line 
indicates the x-z plane shown 
in the top right panel (i.e., a 
view from the right side of the 
beads) and the horizontal line 
indicates the x-z plane shown 
in the bottom panel (i.e., a view 
from the front face of the 
beads).

(f) A three-dimensional 
reconstruction of a 
Pseudomonas aeruginosa 
biofilm. The biofilm was 
exposed to an 
antibacterial agent and 
then stained with dyes 
that distinguish living 
(green) from dead (red) 
cells. The cells on the 
surface of the biofilm have 
been killed, but those in 
the lower layers are still 
alive. This image clearly 
demonstrates the di�culty 
of killing all the cells in a 
biofilm.

Confocal Microscopy
Like the large and small beads illustrated in figure 2.15a, 

 biologi  cal specimens are three-dimensional. When three-

dimensional objects are viewed with traditional light microscopes, 

light from all areas of the object, not just the plane of focus, enters 

the microscope and is used to create an image. The resulting im-

age is murky and fuzzy (figure 2.15b). This problem has been 

solved by the con focal scanning laser microscope (CSLM), or 

simply, confocal microscope. The confocal microscope uses a 

laser beam to illuminate a specimen that has been fluorescently 

stained. A major component of  the confocal microscope is an 

opening (that is, an aperture) placed above the objective lens. The 

aperture  eliminates stray light from parts of the specimen that lie 

above and below the plane of focus (figure 2.16). Thus the only 

light used to  create the image is from the plane of focus, and a 

much sharper image is formed.
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To generate a confocal image, a computer interfaced with the 

confocal microscope receives digitized information from each 

plane in the specimen. This information can be used to  

create a clear and detailed composite image (fig ure 2.15c) or a 

three-dimensional reconstruction of the specimen (figure 2.15d). 

Images of x-z plane cross sections of the specimen can also be 

generated, giving the observer views of the specimen from three 

perspectives (figure 2.15e). Confocal microscopy has numerous 

applications. One is the study of biofilms, which can form on 

many different types of surfaces, including indwelling medical 

devices such as hip joint replacements. As shown in figure 2.15f, 

it is difficult to kill all cells in a biofilm. This makes biofilms a 

particular concern because their formation on medical devices 

can result in infections that are difficult to treat.  Biofilms are 

common in nature (section 5.6)

Comprehension Check

1. Compare and contrast the function of the condenser, objective, and 

eyepiece lenses.

2. What happens to resolution if each of the following increase: wavelength 

of light, refractive index, and numerical aperture? How are resolution and 

magnification related?

3. What might a microscopist see through an oil immersion objective if 

no immersion oil is present?

4. Why don’t most light microscopes use 30× ocular lenses for greater 

magnification?

5. Compare and contrast how dark-field, phase-contrast, di�erential 

interference contrast, epifluorescence, and confocal microscopes 

work and the kind of image or images provided by each. Give a 

specific use for each type.

6. Which type of microscope(s) would be used to examine the following 

specimens? Photosynthetic bacteria, swimming bacteria, GFP-labeled 

microorganisms, unstained microbes, and pond scum; explain each of 

your answers.

2.3  Staining Helps to Visualize and 
Identify Microbes

After reading this section, you should be able to:

a. Recommend a fixation process to use when the microbe  

is a bacterium or archaeon and when the microbe is a  

protist

b. Plan a series of appropriate staining procedures to describe an 

unknown bacterium as fully as possible

c. Compare what happens to Gram-positive and Gram-negative 

bacterial cells during each step of the Gram-staining procedure

As noted in section 2.2, specimens examined by bright-field  

microscopy are often fixed and stained before being exam-  

ined. Such preparation serves to increase the visibility of the mi-

croorganisms, accentuate specific morphological features, and 

preserve them for future study. Importantly, some staining 

procedures help microbiologists identify the organism being 

examined.

Fixation
Stained cells seen in a microscope should resemble living cells 

as closely as possible. Fixation is the process by which the 

internal and external structures of specimens are preserved and 

fixed in position. It inactivates enzymes that might disrupt cell 

morphology and toughens cell structures so that they do not 

change during staining and observation. A microorganism 

usually is killed and attached firmly to the microscope slide 

during fixation.

There are two fundamentally different types of fixation: 

heat fixation and chemical fixation. Heat fixation is routinely 

used to observe bacteria and archaea. Typically, a film of  

cells (a smear) is gently heated. Heat fixation preserves over-

all morphology and inactivates enzymes. However, it also de-

stroys proteins in subcellular structures, which may distort 

their appearance. Chemical fixation is used to protect fine 

cellular substructure as well as morphology. It is used when 

examining microorganisms by many electron microscopy 

techniques. Chemical fixatives penetrate cells and react with 

cellular components, usually proteins and lipids, to render 

them inactive, insoluble, and immobile. Common fixative 

Figure 2.16 Ray Diagram of a Confocal Microscope. The yellow 

lines represent laser light used for illumination. Red lines symbolize the 

light arising from the plane of focus, and the blue lines stand for light 

from parts of the specimen above and below the focal plane. 

MICRO INQUIRY How does the light source di�er between a 

confocal light microscope and other light microscopes?

Laser
light

Aperture

Lens

Detector
Scanner

Mirror

Objective

Cell Plane of focus
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mixtures contain ethanol, acetic acid, mercuric chloride, 

formaldehyde, and glutaraldehyde.

Dyes and Simple Staining
The many types of dyes used to stain microorganisms have two 

features in common. First, they have chromophore groups—

chemical moieties with conjugated double bonds that give the 

dye its color. Second, they bind cells by ionic, covalent, or 

hydrophobic bonds. 

Dyes that bind cells by ionic interactions are probably the 

most common. Ionizable dyes may be divided into two general 

classes based on the nature of their charged group: basic dyes and 

acidic dyes (table 2.4). The staining effectiveness of ionizable 

dyes may be altered by pH because the nature and number of the 

charged moieties on cell components change with pH. Thus 

acidic dyes stain best under acidic conditions when proteins and 

many other molecules carry a positive charge; basic dyes are 

most effective at higher pH values.

Dyes that bind through covalent bonds or that have certain 

solubility characteristics are also useful. For instance, DNA can 

be stained by the Feulgen procedure in which the staining 

compound (Schiff’s reagent) is covalently attached to the 

deoxyribose sugars of DNA. Sudan III (Sudan Black) selectively 

stains lipids because it is lipid soluble but does not dissolve in 

aqueous portions of the cell.

Microorganisms can be stained by simple staining, in which 

a single dye is used (figure 2.17). Simple staining’s value lies in 

its ease of use. The fixed smear is covered with stain for a short 

time, excess stain is washed off with water, and the slide is blotted 

dry. Basic dyes such as crystal violet, methylene blue, and 

carbolfuchsin are frequently used in simple staining to determine 

the size, shape, and arrangement of bacterial and archaeal cells.

While most dyes directly stain the cell or object of interest, 

some dyes (e.g., India ink and nigrosin) are used in negative 

staining. In negative staining, the background is stained, not the 

cell; instead, the unstained cells appear as bright objects against 

a dark background.

Di�erential Staining
The Gram stain, developed in 1884 by the Danish physician 

Christian Gram, is the most widely employed staining method 

in bacteriology. The Gram stain is an example of differential 

staining—procedures that distinguish organisms based on 

their staining properties. Use of the Gram stain classifies most 

bacteria into one of two groups—Gram negative or Gram  

positive, based on the composition of their cell wall.

The Gram-stain procedure is illustrated and described  

in figure 2.18. The result of Gram staining is pink to red  

Gram-negative bacteria and purple Gram-positive bacteria 

(figure 2.19a).  Overview of bacterial cell wall structure  

(section 3.4)  Gram staining

Acid-fast staining is another important differential staining 

procedure. It can be used to identify Mycobacterium tuberculosis 

and M. leprae (figure 2.19b), the pathogens responsible for 

tuberculosis and leprosy, respectively. These bacteria, as well as 

other mycobacteria, have cell walls containing lipids constructed 

from mycolic acids, a group of branched-chain hydroxy fatty 

acids, which prevent dyes from readily binding to the cells (see 

figure 13.8). A commonly used staining procedure, the cold 

Ziehl-Neelsen method, uses high concentrations of phenol and 

carbol fuchsin, as well as a wetting agent, to drive the stain car-

bol fuchsin into mycobacterial cells. Once this dye has pene-

trated, the cells are not easily decolorized by acidified alcohol 

(acid-alcohol) and thus are said to be acid-fast. Non-acid-fast 

bacteria are easily decolorized by acid-alcohol and thus are 

stained another color by a second dye called a counterstain.

One of the simplest staining procedures is capsule staining 

(figure 2.19c), a technique that reveals the presence of capsules, a 

Table 2.4 Ionizable Dyes

Figure 2.17 Simple Staining Illustrates Cell Size and Morphology.

Dr. Rita B. Moyes

Crystal violet stain
of slender, rod shaped bacteria.
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network usually made of polysaccharides that sur-

rounds many bacteria and some fungi. Cells are 

mixed with India ink or nigrosin dye and spread 

out in a thin film on a slide. After air-drying, cells 

appear as bodies surrounded by a halo of capsule 

in the midst of a blue-black background because 

ink and dye particles cannot penetrate either the 

cell or its capsule. Thus capsule staining is an ex-

ample of negative staining. There is little distortion 

of cell shape, and the cell can be counterstained for 

even greater visibility.  Capsules and slime lay-

ers (section 3.5)

Flagella staining provides taxonomically 

valuable information about the presence and dis-

tribution pattern of flagella on bacterial and  

archaeal cells (figure 2.19d; see also fig-  

ure 3.37). Their flagella are fine, threadlike or-

ganelles of locomotion that are so slender (about 

10 to 30 nm in diameter) they can only be seen 

directly using an electron microscope (although 

bundles of flagella can be visualized by dark-

field microscopy). To observe bacterial flagella 

with a light microscope, their thickness is in-

creased by coating them with mordants such as 

tannic acid and potassium alum and then staining 

with a dye such as basic fuchsin.  Bacterial 

flagella (section 3.7)

Comprehension Check

1. Describe the two general types of fixation. Which would you use 

when Gram staining a bacterium? Which would you use before 

observing the organelles of a protist?

2. Why are basic dyes more e�ective under alkaline conditions?

3. What procedural error(s) might be responsible if you Gram stained a 

mixture of bacteria known to be Gram positive and Gram negative 

and see only red cells? 

4. Are capsular and flagellar staining di�erential staining procedures? 

Explain your answer.

2.4  Electron Microscopes Use Beams  
of Electrons to Create Highly 
Magnified Images

After reading this section, you should be able to:

a. Create a concept map, illustration, or table that compares 

transmission electron microscopes (TEMs) to light microscopes

b. Decide when it would be best to examine a microbe by TEM, 

scanning electron microscopy (SEM), and electron cryotomography

As we have seen, light microscopes have a resolution limit of 

about 0.2 μm. This greatly compromises their usefulness for de-

tailed studies of many microorganisms (figure 2.20). Viruses, for 

Figure 2.18 Gram Stain. Steps in the Gram staining procedure. 

MICRO INQUIRY Why is the decolorization step considered the most critical in the Gram 

staining procedure?

Step 1: Crystal 
violet (primary stain)
for 1 minute.
Water rinse.

Cells stain purple.

Steps in Staining State of Bacteria

Step 2: Iodine 
for 1 minute.
Water rinse.

Cells remain purple.

Step 3: Alcohol
(decolorizer)
for 10–30 seconds.
Water rinse.

Gram-positive cells
remain purple.
Gram-negative cells
become colorless.

Step 4: Safranin
(counterstain)
for 30–60 seconds.
Water rinse.
Blot dry.

Gram-positive cells
remain purple.
Gram-negative cells 
appear red.

The dye is taken
up equally well
by all cells
present.

Explanation

Iodine is a mordant,
a compound that
enhances binding of
dye to cell walls.

Gram-negative cell
walls are thin and
cannot retain the dye.

Only unstained Gram-
negative cells can take
up the dye; crystal
violet in the Gram-
negative cells repels
the counterstain.

Figure 2.19 Di�erential Stains. (a, c) Lisa Burgess/McGraw-Hill Education;  

(b) James Redfearn/McGraw-Hill Education; (d) Source: Dr. William A. Clark/CDC

(a) Gram stain
Purple cells are Gram positive.
Red cells are Gram negative.

(b) Acid-fast stain
Red cells are acid-fast.
Blue cells are non-acid-fast.

(c) Capsule stain of Klebsiella 
pneumoniae

(d) Flagellar stain of Bacillus brevis

wil5903x_ch02_021-038.indd   32 9/30/19   10:02 PM



2.4 Electron Microscopes Use Beams of Electrons to Create Highly Magnified Images 33

example, are too small to be seen with light microscopes (with the 

exception of some recently discovered giant viruses). Although 

the general shape and cellular arrangement of bacteria and archaea 

can be observed, their internal structure cannot be effectively 

studied by light  microscopy.

Recall that the resolution of a light microscope increases as 

the wavelength of the light it uses for illumination decreases. In 

electron microscopes, electrons replace light as the illuminating 

beam. The electron beam can be focused, much as light is in a 

light microscope, but its wavelength is about 100,000 times 

shorter than that of visible light. Therefore electron microscopes 

have a practical resolution roughly 1,000 times better than the 

light microscope; with many electron microscopes, points 

closer than 0.5 nm can be distinguished, and the useful 

magnification is well over 100,000× (figure 2.20). The value of 

the electron microscope is evident on comparison of the 

photographs in figure 2.21. Microbial morphology can now be 

studied in great detail. We briefly review the most common types 

of electron microscopy.

Transmission Electron Microscope
A transmission electron microscope (TEM) uses a heated 

tungsten filament in the electron gun to generate a beam of 

electrons that is focused on the specimen by the condenser 
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Figure 2.20 The Limits of Microscopic Resolution. Dimensions are 

indicated with a logarithmic scale (each major division  represents a 10-fold 

change in size). To the right side of the scale are the approximate sizes of 

cells, viruses,  molecules, and atoms. 

Figure 2.21 Light and Electron Microscopy. A comparison of light and 

electron microscopic resolution. (a) The proteobacterium Spirillum volutans  

in phase-contrast light microscope (×1,000). (b) A thin section of another 

spiral-shaped proteobacterium Rhodospirillum rubrum in transmission 

electron microscope (×100,000). (a) James Redfearn/McGraw-Hill Education;  

(b) Biology Media/Science Source

Photosynthetic
membrane
vesicle

Nucleoid

(b)(a)

wil5903x_ch02_021-038.indd   33 9/30/19   10:02 PM



34 CHAPTER 2 | Microscopy

(figure 2.22). Since electrons cannot pass through a glass lens, 

doughnut-shaped electromagnets called magnetic lenses focus 

the beam. To obtain a clear image, the column containing the 

lenses and specimen must be under vacuum because electrons 

are deflected by collisions with air molecules. The specimen 

scatters some  electrons, but those that pass through are used to 

form an  enlarged image of the specimen on a fluorescent screen 

that interfaces with a computer monitor (figure 2.23). Denser 

regions in the specimen scatter more electrons and therefore 

appear darker because fewer electrons strike that area of the 

screen; these regions are said to be “electron dense.” In con-

trast, electron-transparent regions are brighter.

Table 2.5 compares some of the important features of light 

and transmission electron microscopes. The TEM has distinctive 

features that place harsh restrictions on the nature of samples that 

can be viewed and the means by which those samples must be 

prepared. Specimens must be viewed in a vac-

uum and only extremely thin slices (20 to 100 nm) 

of a specimen can be viewed because electron 

beams are easily absorbed and scattered by solid 

matter. To cut such a thin slice, specimens must 

be embedded in a supportive plastic matrix. To 

prepare specimens, they are first fixed with 

chemicals such as glutaraldehyde and osmium 

tetroxide to stabilize cell structure. The specimen 

is then dehydrated with organic solvents (e.g., ac-

etone or ethanol). Next the specimen is soaked in 

unpolymerized, liquid epoxy plastic until it is 

completely permeated, and then the plastic is 

hardened to form a solid block. Thin sections are 

skillfully cut from the block with a glass or diamond knife using 

a device called an ultramicrotome.

Samples are usually stained so they can be seen clearly with 

a TEM. The probability of electron scattering is determined by 

the density (atomic number) of atoms in the specimen. Biologi-

cal molecules are composed primarily of atoms with low atomic 

numbers (H, C, N, and O), and electron scattering is fairly con-

stant throughout an unstained cell or virus. Therefore speci-

mens are further prepared by soaking thin sections with 

solutions of heavy metal salts such as lead citrate and uranyl 

acetate. The lead and uranium ions bind to structures in the 

specimen and make them more electron opaque, thus increasing 

contrast in the material. Heavy osmium atoms from the osmium 

tetroxide fixative also stain specimens and increase their con-

trast. The stained thin sections are then mounted on tiny copper 

grids and viewed.

Figure 2.22 A Comparison of Light and Transmission Electron Microscopes. 
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Figure 2.23 A Transmission Electron Microscope.  

The electron gun is at the top of the central column, and the 

magnetic lenses are within the column. The image on the 

fluorescent screen is also viewed on a computer monitor.

Holly Curry/McGraw-Hill Education
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Two other important techniques for preparing specimens for 

TEM include negative staining and shadowing. In negative 

staining, the specimen is spread out in a thin film with either 

phosphotungstic acid or uranyl acetate. Just as in negative 

staining for light microscopy, the specimen appears bright 

against a dark background, in this case because the heavy metals 

do not penetrate biological material. Negative staining enables 

visualization of viruses and cellular microbes, but unlike thin 

sections, internal structures cannot be discerned (figure 2.24a). 

In shadowing, a specimen is coated with a thin film of platinum 

or other heavy metal by evaporation at an angle of about  

45 degrees from horizontal so that the metal strikes the micro-

organism on only one side. In one commonly used imaging 

method, the area coated with metal appears dark in photo-

graphs, whereas the uncoated side and the shadow region cre-

ated by the object are light (figure 2.24b). This technique  

is particularly useful in studying virus particle morphology, 

flagella, and DNA.

The process of chemical fixation and dehydration can in-

troduce artifacts that can alter cellular morphology. This can be 

minimized or avoided by using a freeze-etching procedure. 

When cells are rapidly frozen in liquid nitrogen, they become 

very brittle and can be broken along lines of greatest weakness, 

usually down the middle of internal membranes (figure 2.25). 

The exposed surfaces are then shadowed and coated with layers 

of platinum and carbon to form a replica of the surface. After 

the specimen has been removed chemically, this replica is 

studied in the TEM, providing a detailed view of intracellular 

structure.

Scanning Electron Microscope
Transmission electron microscopes form an image from radia-

tion that has passed through a specimen. The scanning electron 

Figure 2.24 Stained Microorganisms Visualized by TEM. (a) T4 is a 

virus that infects Escherichia coli. (b) Pseudomonas fluorescens with its polar 

flagella. (a) Ami Images/Science Source; (b) Dr. Tony Brain/SPL/Science Source

MICRO INQUIRY Why are all electron micrographs black and white 

(although they are sometimes artificially colorized after printing)?

(b) P. fluorescens—after shadowing

(a) T4 virus—negative stain

FlagellumFlagellum

Tail
sheath

100 nm

Long tail
fibers

Head

1The resolution limit of a human eye is about 0.2 mm.

Table 2.5 Characteristics of Light and Transmission Electron Microscopes
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