
5.1 Prokaryotic Reproduction
• Binary fission produces genetically-identical

daughter cells.
• Prokaryotes vary in their generation times.

5.2 Prokaryotic Growth
• Bacterial population growth goes through four

phases.
• Endospores are dormant structures to endure

times of nutrient stress.
• Growth of prokaryotic populations is sensitive to

temperature, oxygen gas, and pH.
5.3 Culture Media and Growth Measurements

• Culture media contain the nutrients needed for
optimal prokaryotic growth.

• Special chemical formulations can be devised to
isolate and identify some prokaryotes.
MicroInquiry 5: Identification of Bacterial
Species

• Two standard methods are available to produce
pure cultures.

• Prokaryotic growth can be measured by direct 
and indirect methods.

Chapter Preview and Key Concepts

5

Books have been written about it; movies have been made; even a
radio play in 1938 about it frightened thousands of Americans. What
is it? Martian life. In 1877 the Italian astronomer, Giovanni Schiapar-
elli, saw lines on Mars, which he and others assumed were canals built
by intelligent beings. It wasn’t until well into the 20th century that this
notion was disproved. Still, when we gaze at the red planet, we won-
der: Did life ever exist there?

We are not the only ones wondering. Astronomers, geologists, and
many other scientists have asked the same question. Today microbiol-
ogists have joined their comrades, wondering if microbial life once
existed on the Red Planet or, for that matter, elsewhere in our Solar
System. In 1996, NASA scientists reported finding what looked like
fossils of microbes inside a meteorite thought to have come from Mars.
Although most now believe these “fossils” are not microbial, it only
fueled the debate.

Could microbes, as we know them here on Earth, survive on
Mars where the temperatures are far below 0°C and—as far as we
know—there is little, if any, water? Researchers, using a device to
simulate the Martian environment, placed in it microbes known to
survive extremely cold environments here on Earth. Their results
indicated that members of the Archaea, specifically the methanogens,
could grow at the cold temperatures and low pressures known to
exist on Mars. They concluded that life could have existed on the
Red Planet in the past or “dwell in these worlds [today] if they be
inhabited.”

But who shall dwell in these worlds if they be inhabited? . . . Are we or
they Lords of the World? . . .
—Johannes Kepler (quoted in The Anatomy of Melancholy)
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138 CHAPTER 5 Prokaryotic Growth and Nutrition

there are certain physical and chemical require-
ments they must possess to survive, reproduce,
and grow. In this chapter, we explore the
process of cell reproduction in prokaryotic cells
as compared to that in eukaryotic microbial
cells. We also examine the physical and chemi-
cal conditions required for growth of bacterial
and archaeal cells, and discover the ways that
prokaryotic growth can be measured.

As we have been emphasizing in this text,
the domains of organisms may have different
structures and patterns, yet carry out the same
process. This again is illustrated clearly by cell
division and growth processes.

So, microbiologists have joined the search for
extraterrestrial life. This seems a valid pursuit
since the extremophiles found here on Earth sur-
vive, and even require, living in extreme environ-
ments ( )—some not so different from
Mars ( ). If life did or does exist on
Mars, it almost certainly was or is microbial—
most likely prokaryotic.

In 2004, NASA sent two spacecrafts to
Mars to look for indirect signs of past life. Sci-
entists here on Earth monitored instruments
on the Mars rovers, Spirit and Opportunity,
designed to search for signs suggesting water
once existed on the planet. Some findings sug-
gest there are areas where salty seas once
washed over the plains of Mars, creating a life-
friendly environment.

Opportunity found evidence for ancient
shores of a large body of surface water that
contained currents, which left their marks in
rocks at the bottom of what once was a sea.
The rover also found a distinct chemical
makeup in the rocks and unique layering pat-
terns suggestive of slow-moving water in an
evaporating sea.

Did or does life exist on Mars? Perhaps one
day when human explorers or more sophisti-
cated spacecraft reach Mars, we will know.

Whether microorganisms are here on Earth in a
moderate or extreme environment, or on Mars,

FIGURE 5.1

TABLE 5.1

TABLE

5.1 Some Microbial Record Holders

Hottest environment (Volcano Island, Italy)—235°F (113°C) Pyrolobus fumarii (Archaea)
Coldest environment (Antarctica)—5°F (–15°C) Cryptoendoliths (Bacteria and lichens)
Highest radiation survival—5MRad, or 5000X what kills humans Deinococcus radiodurans (Bacteria)
Deepest—3.2 km underground Many Bacterial and Archaeal species
Most acid environment—pH 0.0 (most life is at least factor of 100,000 less acidic) 

Ferroplasma acidarmanus (Archaea)
Most alkaline environment—pH 12.8 (most life is at least factor of 1000 less basic)

Proteobacteria (Bacteria)
Longest in space: 6 years (NASA satellite) Bacillus subtilis (Bacteria)
High pressure environment—1200 times atmospheric pressure (Mariana Trench) Moritella, Shewanella

and others (Bacteria)
Saltiest environment—47% salt, (15 times human blood saltiness) several Bacterial and Archaeal Species

Source: http://www.astrobio.net/news/.

The Martian Surface? This barren-
looking landscape is not Mars but the Atacama Desert in
Chile. It looks similar to photos taken by the Mars rovers
Spirit and Opportunity.
Q: Does this area look like a habitable place for life, even
microbial life?

FIGURE 5.1
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5.1 Prokaryotic Reproduction 139

Growth in the microbial world usually refers
to an increase in the numbers of individuals;
that is, an increase in the population size with
each cell carrying the identical genetic
instructions of the parent cell. Asexual repro-
duction is a process to maintain genetic con-
stancy while increasing cell numbers. In
eukaryotic microbes, an elaborate interaction
of microtubules and proteins with chromo-
somes allows for the precise events of mitosis
and cytokinesis. Prokaryotes can accomplish
the same thing without the microtubular
involvement.

Most Prokaryotes Reproduce 
by Binary Fission
KEY CONCEPT

• Binary fission produces genetically-identical daugh-
ter cells.

Most prokaryotes reproduce by an asexual
process called binary fission, which usually
occurs after a period of growth in which the
cell doubles in mass. At this time, the chromo-
some (DNA) replicates and the two DNA mol-
ecules separate ( ). Chromosome
segregation in prokaryotes is not well under-
stood. Unlike eukaryotes, prokaryotes lack a
mitotic spindle to separate replicated chromo-
somes. The segregation process in prokaryotes
involves specialized chromosomal-associated
proteins but there is no clear picture describ-
ing how most of these proteins work to ensure
accurate chromosome segregation.

In any event, cell fission at midcell involves
cytokinesis, an inward pinching of the cell
envelope (cell membrane and cell wall) to sepa-
rate the mother cell into two genetically identi-
cal daughter cells. The tubulin homolog found
in prokaryotic cells (see Chapter 4) is part of
the fission ring apparatus that organizes invagi-
nation of the cell envelope.

Cytokinesis occurs in two different ways
in the Bacteria. In gram-negative cells, like
Escherichia coli, division occurs by the con-
striction of the cell envelope, followed by cell
separation. In gram-positive cells, such as
Bacillus licheniformis, constriction allows a
newly synthesized wall to form a septum
between daughter cells. Cell separation then

FIGURE 5.2

5.1 Prokaryotic Reproduction

A   Cell elongates and 
DNA is replicated. 

B   Cell wall and plasma 
membrane begin to 
invaginate. 

C   Cross-wall forms two 
distinct cells.

D   Cells separate. 

Cell wall Plasma membrane 

Replicated 
DNA molecules 

Fission ring 
apparatus 

The Process of Binary Fission. (A) Binary fission in a rod-shaped
cell begins with DNA replication and segregation. Cytokinesis occurs at the midcell fis-
sion ring apparatus as a constriction of the cell envelope where the mother cell sepa-
rates into two genetically-identical daughter cells. (B) A false-color transmission elec-
tron micrograph of a cell of Bacillus licheniformis undergoing binary fission. The
invagination of the cell wall and membrane is evident at midcell. (Bar = 0.25 μm.)
Q: How would binary fission differ for a prokaryotic organism having cells arranged in
chains and another that forms single cells?

FIGURE 5.2

(A)

(B)
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140 CHAPTER 5 Prokaryotic Growth and Nutrition

occurs by dissolution of the material in the
septum. Depending on the growth conditions,
the septum may dissolve at a slow enough
rate for chains of connected cells (strepto-
bacilli) to form.

Reproduction by binary fission seems to
confer immortality to prokaryotes because
there is never a moment at which the first bac-
terial cell has died. Each mother cell under-
goes binary fission to become the two young
daughter cells. However, the perception of
immortality has been challenged by experi-
ments suggesting prokaryotes do age (Micro-
Focus 5.1).
CONCEPT AND REASONING CHECKS

5.1 Propose an explanation of how a bacterial cell
“knows” when to divide.

Prokaryotes Reproduce Asexually
KEY CONCEPT

• Prokaryotes vary in their generation times.

The interval of time between successive
binary fissions of a cell or population of cells
is known as the generation time (or doubling
time). Under optimal conditions, some
prokaryotes have a very fast generation time;
for others, it is much slower. For example,
the optimal generation time for Staphylococ-
cus aureus is about 30 minutes; for Mycobac-
terium tuberculosis, the agent of tuberculosis,
it is approximately 15 hours; and for the
syphilis spirochete, Treponema pallidum, it is
a long 33 hours.

One enterprising mathematician calcu-
lated that if E. coli binary fissions were to
continue at their optimal generation time
(15 minutes) for 36 hours, the bacterial cells
would cover the surface of the Earth! Thank-
fully, this will not occur because of the limi-
tation of nutrients and the loss of ideal phys-
ical factors required for growth. The
majority of the bacterial cells would starve
to death or die in their own waste.

The generation time is useful in determin-
ing the amount of time that passes before dis-
ease symptoms appear in an infected individual;
faster division times often mean a shorter incu-
bation period for a disease. Suppose you eat an
undercooked hamburger contaminated with the
pathogen E. coli O157:H7, which has one of the

shortest generation times—just 20 minutes
under optimal conditions ( ). If you
ingested one cell (more likely several hundred
at least) at 8:00 PM this evening, two would be
present by 8:20, four by 8:40, and eight by 9:00.
You would have over 4,000 by midnight. By
3:00 AM, there would be over 2 million. Depend-
ing on the response of the immune system, it is
quite likely that sometime during the night you
would know you have food poisoning.

FIGURE 5.3

Incubation period:
The time from entry of
a pathogen into the
body until the first
symptoms appear.
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A Skyrocketing Bacterial
Population. The number of E. coli cells progresses from 
1 cell to 2 million cells in a mere 7 hours. The J-shaped
growth curve gets steeper and steeper as the hours pass.
Only a depletion of food, buildup of waste, or some other
limitation will halt the progress of the curve.
Q: What is the generation time for the bacterial species in
this figure?

FIGURE 5.3

37623_CH05_137_160.pdf  11/11/06  7:23 AM  Page 140

© Jones and Bartlett Publishers. NOT FOR SALE OR DISTRIBUTION



141

5.1: Evolution/Environmental Microbiology
A Microbe’s Life

It used to be thought that prokaryotes do not age—they are immortal. This might seem obvious consid-
ering a mother cell divides at the mid-point by binary fission to become the two genetically equal
daughter cells. However, new research suggests that although the DNA may be identical, after several
generations of binary fission, the population consists of cells of different ages and the oldest ones have
the longest generation time.

Eric Stewart and his collaborators at INSERM, the National Institute of Health and Medical Research in
Paris, filmed Escherichia coli cells as they divided into daughter cells on a specially designed microscope
slide. A record of every daughter cell (total of 35,000 individual cells) was recorded for nine generations
over a period of six hours. Then, a custom-designed computer system analyzed the micrographs.

The group’s results suggest that although the cells may divide symmetrically, daughter cells are not
morphologically or physiologically symmetrical. Each contains cellular poles of different ages.

When a mother cell divides, each daughter cell inherits one end or pole of the mother cell. The region
where the cells split develops into the other pole (see figure). For example, in the first division, the
mother cell splits with a new wall (red). When the daughter cells grow in size they contain an old pole
(brown) and a new one (red). When each of these cells divides, two have the oldest pole (brown) and
youngest pole (green) while the two other cells have a younger pole (red) and a youngest pole (green).
So after just two divisions, there are two populations of daughter cells: two have oldest and youngest
poles while two have younger poles and youngest poles. According to Stewart’s group, the two cells with
the oldest/youngest poles grew 2.2 percent slower than the cells with younger/youngest poles.

As more and more binary fissions occur, the difference in age between daughter cells will continue to
increase. The bottom line is that cells inheriting older and older poles experience longer generation
times, reduced rates of offspring formed, and increased risk of dying compared to cells with younger,
newer poles. This loss of fitness is called senescence. Note: Stewart’s group could not follow any cells
to actual death because the cell populations eventually had so many cells, even their computer program
could not keep them all independently recoded.

Exactly why the older cells senesce is not understood. However, if the results from Stewart’s group
are verified by others, it would at least appear that bacterial cells cannot escape the aging process.
Even a microbe’s life is limited.

Older pole 

Mother cell 

Daughter cell 

Younger pole

Slower

Growth Growth

Faster Faster Slower

Two successive binary fissions produce daughter cells with various aged poles (brown = oldest; 
red = younger; green = youngest).
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142 CHAPTER 5 Prokaryotic Growth and Nutrition

Prokaryotes are subject to the same con-
trols on growth as all other organisms on Earth.
Let’s examine the most important growth fac-
tors conferring optimal generation times.

CONCEPT AND REASONING CHECKS

5.2 Identify several factors that would slow the gener-
ation time of a bacterial species like E. coli.

In the previous section, we discovered how
fast prokaryotic cells can grow under ideal cir-
cumstances. Let’s look at the growth of bacter-
ial populations in a little more detail.

A Bacterial Growth Curve Illustrates
the Dynamics of Growth
KEY CONCEPT

• Bacterial population growth goes through four
phases.

A typical bacterial growth curve for a
population illustrates the events occurring
over time ( ). Whether several bac-
terial cells infect the human respiratory tract
or are transferred to a tube of fresh growth
medium in the laboratory, four distinct phases
of growth occur: the lag phase; the logarith-
mic phase; the stationary phase; and the
decline phase.

The lag phase encompasses the first por-
tion of the curve. During this time, no cell

FIGURE 5.4

divisions occur. Rather, bacterial cells are
adapting to their new environment. In the res-
piratory tract, scavenging white blood cells
may engulf and destroy some of the cells; in
growth media, some cells may die from the
shock of transfer or the inability to adapt to
the new environment. The actual length of the
lag phase depends on the metabolic activity in
the remaining cells. They must grow in size,
store nutrients, and synthesize enzymes—all
in preparation for binary fission.

The population then enters an active stage
of growth called the logarithmic phase (or log
phase). This is the exponential growth
described above for E. coli. In the log phase,
all cells are undergoing binary fission and the
generation time is dependent on the species
and environmental conditions present. As
each generation time passes, the number of
cells doubles and the graph rises in a straight
line on a logarithmic scale.

5.2 Prokaryotic Growth
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The Growth Curve for a Bacterial Population. (A) During the lag phase, the population numbers remain stable as bacterial cells prepare
for division. (B) During the logarithmic (exponential growth) phase, the numbers double with each generation time. Environmental factors later lead to
cell death, and (C) the stationary phase shows a stabilizing population. (D) The decline phase is the period during which cell death becomes substantial.
Q: Why would antibiotics work best on cells in the log phase?

FIGURE 5.4
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5.2 Prokaryotic Growth 143

In humans, disease symptoms usually
develop during the log phase because the bac-
terial cells cause tissue damage. Coughing or
fever may occur, and fluid may enter the lungs
if the air sacs are damaged. If the bacterial cells
produce toxins, tissue destruction may become
apparent. During the log phase in our broth
tube, the medium becomes cloudy (turbid)
due to increasing cell numbers. If plated on
solid medium, bacterial growth will be so vig-
orous that visible colonies appear and each
colony may consist of millions of cells
( ). Vulnerability to antibiotics is
also highest at this active stage of growth
because many antibiotics affect actively metab-
olizing cells.

FIGURE 5.5

After some days (in an infection) or hours
(in a culture tube), the vigor of the popula-
tion changes and, as the reproductive and
death rates equalize, the population enters a
plateau, called the stationary phase. In the
respiratory tract, antibodies from the immune
system are attacking the bacterial cells, and
phagocytosis by white blood cells adds to
their destruction. In the culture tube, avail-
able nutrients become scarce and waste prod-
ucts accumulate. Factors such as oxygen also
may be in short supply. This limitation of
nutrients and buildup of waste materials leads
to the death of many cells.

If nutrients in the external environment
remain limited or the quantities become
exceeding low, the population enters a decline
phase (or exponential death phase). Now the
number of dying cells far exceeds the number
of new cells formed. A bacterial glycocalyx
may forestall death by acting as a buffer to the
environment, and flagella may enable organ-
isms to move to a new location. For many
species, though, the history of the population
ends with the death of the last cell. When we
discuss the progression of human diseases in
Chapter 18, we will see a similar curve for the
stages of a disease.

For some bacterial species, especially soil
bacteria, they can escape cell death by forming
endospores. Let’s examine these amazing dor-
mancy structures next.

CONCEPT AND REASONING CHECKS

5.3 Suppose the bacterial growth curve in Figure 5.4
was produced for a bacterium growing at an opti-
mal temperature of 37°C. Construct a growth curve
if the same bacterium was grown at a suboptimal
temperature of 23ºC.

Endospores Are a Response 
to Nutrient Limitation
KEY CONCEPT

• Endospores are dormant structures to endure times
of nutrient stress.

A few gram-positive bacterial species, espe-
cially soil bacteria belonging to the genera
Bacillus and Clostridium, produce highly
resistant structures called endospores or, sim-
ply, spores ( ). As described in the
previous section, bacterial cells normally grow,

FIGURE 5.6

Two Views of Bacterial Colonies.
(A) Bacterial colonies cultured on blood agar in a culture
dish. Blood agar is a mixture of nutrient agar and blood
cells. It is widely used for growing bacterial colonies. 
(B) Close-up of typhoid bacteria (Salmonella typhi)
colonies being cultured on a growth medium.
Q: How did each colony in (A) or (B) start?

FIGURE 5.5

(A)

(B)
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144 CHAPTER 5 Prokaryotic Growth and Nutrition

mature, and reproduce as vegetative cells.
However, when nutrients such as carbon or
nitrogen are limiting and the population den-
sity reaches a critical mass, species of Bacillus
and Clostridium enter stationary phase and
begin spore formation or sporulation.

Sporulation begins when the bacterial
chromosome replicates and binary fission is
characterized by an asymmetric cell division
( ). The smaller cell, the prespore,
will become the mature endospore, while the
larger mother cell will commit itself to matura-
tion of the endospore before undergoing lysis.

Depending on the exact asymmetry of cell
division, the endospore may develop at the
end of the cell, near the end, or at the center

FIGURE 5.7

of the cell (the position is useful for species
identification purposes).

The prespore cell contains cytoplasm and
DNA, and a large amount of dipicolinic acid, a
unique organic substance that helps stabilize
the proteins and DNA. After the cell is
engulfed by the mother cell, thick layers of
peptidoglycan form the cortex, followed by a
series of protein coats that protect the contents
further. The mother cell then disintegrates and
the spore is freed. It should be stressed that
sporulation is not a reproductive process.
Rather, the endospore represents a dormant
stage in the life of the bacterial species.

Endospores are probably the most resis-
tant living things known. Desiccation has little

Endospores

Coat
layers

CortexCore

Three Different Views of Bacterial Spores. (A) A view of Clostridium with the light microscope, show-
ing terminal spore formation. Note the characteristic drumstick appearance of the spores. (Bar = 5.0 μm.) (B) The fine
structure of a Bacillus anthracis spore seen using the transmission electron microscope. The visible spore structures
include the core, cortex and coat layers. (Bar = 0.5 μm.) (C) A scanning electron microscope view of a germinating 
spore (arrow). Note that the spore coat divides equatorially along the long axis, and as it separates, the vegetative cell
emerges. (Bar = 2.0 μm.)
Q: If an endospore is resistant to so many environmental conditions, how does a spore “know” conditions are favorable 
for germination?

FIGURE 5.6

(A)

(C)

(B)

Vegetative:
Referring to cells
actively metabolizing
and obtaining
nutrients.
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5.2 Prokaryotic Growth 145

A 
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The DNA of the vegetatlve cell 
replicates and the cell elongates.  
Two chromosomes are present. 

The transverse septum 
forms and the prespore 
is engulfed by the 
mother cell. 

The outer layer, the cortex, develops 
around the prespore, and pieces of the  
spore coat form. 

The walls of the  
spore are completed,  
and the mother cell 
disintegrates. 

The free spore is  
released. The spore 
is seen within the 
enclosed spore coat.  
Under favorable  
nutrient conditions,  
the spore will  
germinate and  
develop into a 
vegetative cell. 

DNA 

Cortex Spore coat 
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Cell  
wall 

Cell  
membrane 

Spore coat 

Cortex 

Cell membrane 

DNA 

Transverse 
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Prespore 
Mother cell 
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SPORULATION
CYCLE

(nutrients
depleted)

ASEXUAL
CYCLE

(nutrients
plentiful)

Free spore 

One chromosome condenses at 
the end of the cell. As a result of 
an asymmetrical cell division, a 
transverse septum separates the 
prespore from the mother cell. 

B Binary fission occurs. 

The Formation of a Bacterial Spore by Bacillus subtilis. (A, B) When nutrient conditions can support growth and reproduction, veg-
etative cells continue through asexual cycles of binary fission. (C–G) When nutrient conditions become limiting (e.g., carbon, nitrogen), endospore-
formers, such as B. subtilis, enter the sporulation cycle shown here.
Q: Hypothesize how a vegetative cell “knows” nutrient conditions are limiting.

FIGURE 5.7
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146 CHAPTER 5 Prokaryotic Growth and Nutrition

effect on the spore. By containing little water,
endospores also are heat resistant and undergo
very few chemical reactions. These properties
make them difficult to eliminate from contam-
inated medical materials and food products.
For example, endospores can remain viable in
boiling water (100°C) for 2 hours. When
placed in 70 percent ethyl alcohol, endospores
have survived for 20 years. Humans can barely
withstand 500 rems of radiation, but
endospores can survive one million rems. In
this dormant condition, endospores can “sur-
vive” for extremely long periods of time
(MicroFocus 5.2).

When the environment is favorable for
cell growth, the protective layers break down
and each endospore germinates into a vegeta-
tive cell.

A few serious diseases in humans are
caused by spore formers. The most news-
worthy has been anthrax, the agent of the
2001 bioterror attack through the mail. This
potentially deadly disease, originally studied
by Koch and Pasteur, is caused by Bacillus
anthracis (Chapter 11). Inhaled spores ger-
minate in the lower respiratory tract and the
resulting vegetative cells secrete three deadly
toxins. Botulism, gas gangrene, and tetanus
are diseases caused by different species of
Clostridium. Clostridial endospores often are
found in soil, as well as in human and ani-
mal intestines. However, the environment
must be free of oxygen for the spores to ger-
minate to vegetative cells. Dead tissue in a
wound provides such an environment for the
development of tetanus and gas gangrene

5.2: Being Skeptical
Germination of 25 Million-Year-Old Endospores?

Endospores have been recovered and germinated from various archaeological sites and environments.
Living spores have been recovered and germinated from the intestines of Egyptian mummies several
thousand years old. In 1983, archaeologists found viable spores in sediment lining Minnesota’s Elk Lake.
The sediment was over 7,500 years old.

All these reports though pale in comparison to the controversial discovery reported in 1996 by
researcher Raul Cano of California Polytechnic State University, San Louis Obispo. Cano found bacterial
spores in the stomach of a fossilized bee trapped in amber—a hardened resin—produced from a tree in
the Dominican Republic. The fossilized bee was about 25 million-years-old. When the amber was cracked
open and the material from the abdomen of the bee extracted and placed in nutrient medium, the
equally ancient spores germinated. With microscopy, the cells from a colony were very similar to Bacillus
sphaericus, which is found today in bees in the Dominican Republic. Is it possible for an endospore to
survive for 25 million years—even if it is encased in amber?

Critics were quick to claim the bacterial species may represent a modern-day species that contaminated
the amber sample being examined. However, Professor Cano had carried out appropriate and rigorous
decontamination procedures and sterilized the amber sample before cracking it open. He also carried out all
the procedures in a class II laminar flow hood, which prevents outside contamination from entering the
working area. In addition, the hood had never been used for any other bacterial extraction processes. 
Several other precautions were added to eliminate any chance that the spores were modern-day contami-
nants from an outside source. Still, many scientists question whether all contamination sources had been
identified.

The major question that remains is whether DNA can remain intact and functional after so long a
period of dormancy. Does it really have a capability of replication and producing new vegetative growth?
Granted, the DNA presumably was protected in a resistant spore, but could DNA remain intact for 25 mil-
lion years?

Research on bacterial DNA suggests the maximum survival time is about 400,000 to 1.5 million years.
If true, then the 25 million-year-old spores could not be viable. But that is based on current predictions
and they may be subject to change as more research is carried out with ancient DNA.

The verdict? It seems unlikely that such ancient endospores could germinate after 25 million years.
Perhaps new evidence will change that perception.

Rems (Roentgen
Equivalent Man):
A measure of radiation
dose related to
biological effect.
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5.2 Prokaryotic Growth 147

(Chapter 11), and a vacuum-sealed can of
food is suitable for the development of botu-
lism (Chapter 10).

Killing endospores can be a tough task.
Heating them for many hours under high
pressure will do the trick. If they contaminate
machinery, such as they did in mail sorting
equipment in the 2001 anthrax attacks, there
are potent but highly dangerous chemical
methods to kill the spores (Chapter 23).
Postal workers who were exposed to the
spores were effectively treated with antibiotics
that can kill any newly-germinated
endospores before the vegetative cells can pro-
duce and secrete the deadly toxins.
CONCEPT AND REASONING CHECKS

5.4 Hypothesize why gram-negative and most gram-
positive bacterial species cannot produce endospores.

Optimal Prokaryotic Growth Is
Dependent on Several Physical Factors
KEY CONCEPT

• Growth of prokaryotic populations is sensitive to
temperature, oxygen gas, and pH.

Now that we have examined the reproduc-
tion and growth of prokaryotes, let’s examine
the essential physical and chemical factors
influencing prokaryotic cell growth.

Temperature. Temperature is one of the
most important factors governing growth. Each
prokaryotic species has an optimal growth tem-
perature and an approximate 30° range, from
minimum to maximum, over which the cells
will grow but with a slower generation time
( ). In general, prokaryotes can be
assigned to one of four groups based on their
optimal growth temperature.

Prokaryotes that have their optimal
growth rates below 15°C but can still grow at
0°C to 20°C are called psychrophiles (psychro =
“cold”). Since about 70 percent of the Earth is
covered by oceans having deep water tempera-
tures below 5°C, psychrophiles represent a
group of bacterial and archaeal extremophiles
that make up the largest portion of the global
prokaryotic community. In fact, many psy-
chrophiles can grow as fast at 4°C as E. coli
does at 37°C. On the other hand, at these low
temperatures, psychrophiles could not be
human pathogens because they cannot grow
at the warmer 37°C body temperature.

FIGURE 5.8

At the opposite extreme are the ther-
mophiles (thermo = “heat”) that multiply best
at temperatures around 60°C but still multiply
from 40°C to 70°C. Thermophiles are present
in compost heaps and hot springs, and are
important contaminants in dairy products
because they survive pasteurization tempera-
tures. However, thermophiles pose little threat
to human health because they do not grow
well at the cooler temperature of the body.
Opposite to the psychrophiles, thermophiles
have highly saturated fatty acids in their cell
membranes to stabilize these structures. They
also contain heat-stable proteins and enzymes.

There also are many Archaea that grow
optimally above 80°C. These hyperther-
mophiles have been isolated from seawater
brought up from hot-water vents along rifts
on the floor of the Pacific Ocean. Because the
high pressure keeps the water from boiling,
some of these prokaryotes can grow at an
astonishing 113°C (see Table 5.1).

Most of the best-characterized prokaryotes
are mesophiles (meso = “middle”), which
thrive at the middle temperature range of 10°
to 45°C. This includes the pathogens able to
grow in the human body. Mesophiles often
can grow at temperatures substantially below
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Hyperthermophiles

Growth Rates for Different Microorganisms in Response to Tem-
perature. Temperature optima and ranges define the growth rates for different types
of microorganisms. Notice that the growth rates decline quite rapidly to either side of
the optimal growth temperature.
Q: Propose what adaptations are needed for prokaryotes to survive at the psychrophilic or
thermophilic extremes.

FIGURE 5.8
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148 CHAPTER 5 Prokaryotic Growth and Nutrition

their normal range. For example, refrigerated
foods can harbor mesophiles that will grow
very slowly and cause food spoilage. Staphylo-
coccus aureus can contaminate improperly
handled or prepared cold cuts, salads, or vari-
ous leftovers. The slow growth of these organ-
isms at refrigeration temperature (5°C) can
result in the deposit of toxins in the food
products. When such foods are consumed
without heating, the toxins may cause food
poisoning. Other examples of mesophiles
growing in the cold are Campylobacter species,

which are the most frequently identified cause
of infective diarrhea (Textbook Case 5).
Because these organisms are not truly psy-
chrophilic, some microbiologists prefer to
describe them as psychrotrophic or psychro-
tolerant; they will survive at 0°C but prefer to
grow at typical mesophile temperatures.

Oxygen. The growth of many prokaryotes
depends on a plentiful supply of oxygen, and
in this respect, such obligate aerobes are simi-
lar to eukaryotic organisms—they must use
oxygen gas as a final electron acceptor to

Textbook CASE 5

An Outbreak of Campylobacteriosis 
Caused by Campylobacter jejuni

On August 15, a cook began his day by cutting up raw
chickens to be roasted for dinner.

He also cut up lettuce, tomatoes, cucumbers, and other
salad ingredients on the same countertop. The counter-
top surface where he worked was unusually small.

For lunch that day, the cook prepared sandwiches on
the same countertop. Most were garnished with lettuce.

Restaurant patrons enjoyed sandwiches for lunch and
roasted chicken for dinner. Many patrons also had a
portion of salad with their meal.

During the next three days, 14 people experienced
stomach cramps, nausea, and vomiting.

Public health officials learned that all the affected
patrons had eaten salad with lunch or dinner. Campy-
lobacter, a bacterial pathogen of the intestines, was
located in their stools.

On inspection, microbiologists concluded that the
chicken was probably contaminated with Campylobacter
jejuni (see figure). However, the microbiologists con-
cluded that the cooked chicken was not the cause of
the illness.

Microbiologists concluded that C. jejuni from the raw chicken was the source.

Questions
A. Why would the chicken not be the source for the illness?

B. Why was the raw chicken identified as the source?

C. How, in fact, did the patrons become ill?

For additional information see http://www.cdc.gov/mmwr/preview/mmwrhtml/00051427.htm.

8
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3

2

1

False-color transmission 
electron micrograph of C. jejuni.
(Bar = 0.5 μm.)
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5.2 Prokaryotic Growth 149

make cellular energy. Other species, such as
Treponema pallidum, the agent of syphilis, are
termed microaerophiles because they survive
in environments where the concentration of
oxygen is relatively low. In the body, certain
microaerophiles cause disease of the oral cav-
ity, urinary tract, and gastrointestinal tract.
Conditions can be established in the labora-
tory to study these microbes ( ).

The anaerobes, by contrast, are prokary-
otes that do not or cannot use oxygen. Many
are aerotolerant, meaning they are insensitive
to oxygen. Others are obligate anaerobes,
which are inhibited or killed if oxygen is pres-
ent. This means they need other ways to make
cell energy. Some anaerobic prokaryotes, such
as Thiomargarita namibiensis discussed in
MicroFocus 3.5, use sulfur in their metabolic
activities instead of oxygen, and therefore they
produce hydrogen sulfide (H2S) rather than
water (H2O) as a waste product of their metab-
olism. Others we have already encountered,
such as the ruminant archaeal organisms that
produce methane as the by-product of the
energy conversions. In fact, life originated on
Earth in an anaerobic environment consisting
of methane and other gases (MicroFocus 5.3).

Some species of anaerobic bacteria cause
disease in humans. For example, the Clostrid-

FIGURE 5.9A

ium species that cause tetanus and gas gan-
grene multiply in the dead, anaerobic tissue of
a wound and produce toxins causing tissue
damage. Another species of Clostridium mul-
tiplies in the oxygen-free environment of a
vacuum-sealed can of food, where it produces
the lethal toxin of botulism.

Among the most widely used methods to
establish anaerobic conditions in the labora-
tory is the GasPak system, in which hydrogen
reacts with oxygen in the presence of a cata-
lyst to form water, thereby creating an oxygen-
free atmosphere ( ).

Many prokaryotes are neither aerobic nor
anaerobic, but “facultative.” Facultative
prokaryotes grow in either the presence or a
reduced concentration of oxygen. This group
includes many staphylococci and streptococci
as well as members of the genus Bacillus and a
variety of intestinal rods, among them E. coli.
A facultative aerobe prefers anaerobic condi-
tions (but also grows aerobically), while a fac-
ultative anaerobe prefers oxygen-rich condi-
tions (but also grows anaerobically).

A common way to test an organism’s oxy-
gen sensitivity is to use a thioglycollate broth,
which binds free oxygen so that only fresh
oxygen entering at the top of the tube would
be available ( ).FIGURE 5.10

FIGURE 5.9B

H2 + O2

H2OCork

Liquid 
media
in tubes

Solid media in inverted
Petri dishes

Candle
Screw
clamp

Gasket

Palladium
catalyst

Hydrogen gas
generator

Petri dishes

Bacterial Cultivation in Different Gas Environments. Two types of cultivation methods are shown for bacterial species that grow
poorly in an oxygen-rich environment. (A) A candle jar, in which microaerophilic bacterial cells grow in an atmosphere where the oxygen is reduced by
the burning candle. (B, C) An anaerobic jar, in which hydrogen is released from a generator and then combines with oxygen through a palladium catalyst
to form water and create an anaerobic environment.
Q: In which jar would a facultative aerobe grow?

FIGURE 5.9

(A) (C)(B)
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150 CHAPTER 5 Prokaryotic Growth and Nutrition

Finally, there are bacterial species said to
be capnophilic (capno = “smoke”); they
require an atmosphere low in oxygen but rich
in carbon dioxide. Members of the genera
Neisseria and Streptococcus are capnophiles.

pH. The cytoplasm of most prokaryotes
has a pH near 7.0. This means that the majority

of species grow optimally at neutral pH (see
Chapter 2). Human blood and tissues, with a
pH of approximately 7.2 to 7.4, provide a suit-
able environment for the proliferation of many-
pathogens. Most bacterial species have a pH
range under which they will grow more slowly
and this minimum to maximum range usually

5.3: Evolution
“It’s Not Toxic to Us!”

It’s hard to think of oxygen as a poisonous gas, but billions of years ago, oxygen was as toxic as
cyanide. One whiff by an organism and a cascade of highly destructive oxidation reactions was set into
motion. Death followed quickly.

Difficult to believe? Not if you realize that ancient organisms relied on fermentation and anaerobic
chemistry for their energy needs. They took organic materials from the environment and digested them
to release the available energy. The atmosphere was full of methane, hydrogen, ammonia, carbon diox-
ide, and other gases. But no oxygen. And it was that way for hundreds of millions of years.

Then came the cyanobacteria and their ability to perform photosynthesis. Chlorophyll and chlorophyll-
like pigments evolved, and organisms could now trap radiant energy from the sun and convert it to
chemical energy in carbohydrates. But there was a downside: Oxygen was a waste product of the
process—and it was deadly because the oxygen radicals (O2

–, OH˙) produced could disrupt cellular metab-
olism by “tearing away” electrons from other molecules.

As millions of microbial species died off in the toxic oceans and atmosphere, others “escaped” to
oxygen-free environments that are still in existence today. A few species survived by adapting to the
new oxygen environment. They survived because they evolved the enzymes to safely tuck away oxygen
atoms in a nontoxic form. That form was water. They used oxygen as a final electron acceptor in an
electron transport system to tap foods for large amounts of energy. And so the Krebs cycle and oxida-
tive phosphorylation came into existence.

Also coming into existence were millions of new species, some merely surviving and others thriving
in the oxygen-rich environment. The face of planet Earth was changing as anaerobic and fermenting
species declined and aerobic species proliferated. A couple of billion years would pass before one partic-
ularly well-known species of oxygen-breathing creature evolved: Homo sapiens.

(a)

Bacterial  
growth in 
thioglycollate 
broth 

Type of  
growth 

Both aerobic 
and anaerobic 
growth

(b)

Aerobic growth 
requires low 
concentration 
of O2 

(c)

Aerobic growth 
requires O2 

(d)

Growth, is 
insensitive to 
O2

(e)

Anaerobic 
growth due to
inhibition 
by O2

+O2

–O2

The Effect of Oxygen on Prokaryotic Growth. Each tube contains a thioglycollate broth into which was
inoculated a different bacterial species.
Q: Identify the O2 requirement in each thioglycollate tube based on the growth density [example: (A) represents facultative].

FIGURE 5.10

(A) (B) (C) (D) (E)
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5.3 Culture Media and Growth Measurements 151

covers three pH units. However, some pH-
hearty prokaryotes, such as Vibrio cholerae, can
tolerate acidic conditions as low as pH 2.0 and
alkaline conditions as high as pH 9.5.

Acid-tolerant bacteria called acidophiles
are valuable in the food and dairy industries.
For example, certain species of Lactobacillus
and Streptococcus produce the acid that con-
verts milk to buttermilk and cream to sour
cream. These species pose no threat to good
health even when consumed in large amounts.
The “active cultures” in a cup of yogurt are
actually acidophilic bacterial species. Extreme
acidophiles are found among the Archaea as
we saw in the MicroFocus 2.3.

The majority of known bacterial species,
however, do not grow well under acidic con-
ditions. Thus, the acidic environment of the
stomach helps deter disease, while providing
a natural barrier to the organs beyond. In
addition, you may have noted certain acidic
foods such as lemons, oranges, and other cit-
rus fruits as well as tomatoes and many 
vegetables are hardly ever contaminated by
bacterial growth.

Hydrostatic and Osmotic Pressure. Fur-
ther environmental factors can influence the
growth of prokaryotic cells. Psychrophiles in
deep ocean waters and sediments are under
extremely high hydrostatic pressure. In some
deep marine trenches the hydrostatic pressure
is tremendous—as high as 16,000 pounds per

square inch (psi). Prokaryotes may be the
only organisms able to withstand the pressure.
Such barophiles in fact will die quite quickly
at normal atmospheric pressures (14.7 psi).

We have discussed osmotic pressure previ-
ously in regard to the pressure water exerts on
cells and the necessity for cells to have cell
walls to prevent rupture (see Chapter 4). In a
reverse scenario, should the environment have
more dissolved materials, water would leave
the cells and the cells would plasmolyze. This
is the principle behind salting meats and other
food products, and using sugar as a preserva-
tive in jams and jellies. A high salt or sugar
concentration will prevent growth and may
even kill the cells (Chapter 23).

There are prokaryotes though that are salt-
loving. These halophiles require relatively high
levels of salt (sodium chloride) to survive.
Again marine prokaryotes represent halophiles
surviving well in 3.5 percent salt. Several
mesophilic species also are salt-tolerant. These
include the species of Staphylococcus. The
extreme halophiles represent groups of the
Archaea that tolerate salt concentrations of 
20 to 30 percent.

The ability of microbes to withstand some
very extreme conditions suggests they could
live on other worlds (MicroFocus 5.4).
CONCEPT AND REASONING CHECKS

5.5 Construct a concept map for the physical factors
influencing prokaryotic growth.

Hydrostatic pressure:
The pressure exerted by
the weight of water.

Colloid:
Aggregates of
molecules in a finely
divided state dispersed
in a solid medium.

In this chapter, we have been discussing
prokaryotic growth and the physical factors
that control growth. To complete our analysis
of growth and nutrition, we need to identify
the chemical media used to grow and separate
specific prokaryotes, and consider the meas-
urements used to evaluate growth.

A critical development in the design of
culture media and the analysis of cell growth
was the introduction of agar by Robert Koch
(see Chapter 1). Agar is a polysaccharide

derived from marine red algae. It contains no
essential nutrients and is a unique colloid that
remains liquid until cooled to below approxi-
mately 36°C. The solidified medium can be
used to cultivate prokaryotes, isolate pure cul-
tures, or accomplish other tasks, such as a
medium for measuring population growth.

Culture Media Are of Two Basic Types
KEY CONCEPT

• Culture media contain the nutrients needed for opti-
mal prokaryotic growth.

5.3 Culture Media and Growth Measurements
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152 CHAPTER 5 Prokaryotic Growth and Nutrition

Since the time of Pasteur and Koch,
microbiologists have tried to grow prokaryotes
in laboratory cultures; that is, in ways to
mimic the natural environment. Today, many
of the media used in the medical diagnostic
bacteriology laboratory have their origins in
the first Golden Age of Microbiology (see
Chapter 1). These early media often contain
blood or serum to mimic the environment in
the human body.

For the isolation and identification of
prokaryotes, two types of culture media are
commonly used. Nutrient broth and nutrient
agar media are examples of a chemically unde-
fined medium, or complex medium. It is called

complex because the exact components or their
quantity is not known for certain ( ).
For example, it is not known precisely what
carbon and energy sources or other growth fac-
tors are present. Complex media are commonly
used in the teaching laboratory because the
purpose is simply to grow prokaryotes and not
be concerned about what specific nutrients are
needed to accomplish this action.

The other type of medium is a chemically
defined or synthetic medium. In this medium,
the chemical composition and amount of all
components are known (Table 5.2). This
medium is used when trying to determine an
organism’s specific growth requirements.

TABLE 5.2

5.4: Environmental Biology
War of the Worlds—On Mars

In Steven Spielberg’s 2005 film War of the Worlds, adapted from H. G. Wells’ 1898 novel, what were
thought to be falling stars or meteorites turn out to be Martian spaceships fleeing a dying world.
When the curious come to examine the crash sites in the countryside, they discover the alien
spacecrafts are filled with tentacled Martian invaders and their robotic war machines. Metallic
appendages emerge from the crash craters and begin to destroy everything in their path. The war
between Mars and Earth has begun. Although this is science fiction, in reality the scenario could
happen—only on Mars.

The United States has sent several spacecraft to Mars since the first Viking landers in 1976. Recently,
an international team of scientists carried out studies suggesting terrestrial microbes could hitch a ride
to Mars on such a craft—and even survive the journey. The team believes most spacecraft that have
touched down on Mars were not thoroughly sterilized by heat or radioactivity, so they could be carrying
living microbes from Earth. NASA scientists have assumed Mars’ thin atmosphere, which allows intense
ultraviolet (UV) radiation to reach the planet’s surface—triple Earth’s intensity—would kill any life
inadvertently carried on the spacecraft. In laboratory tests, Martian-level doses of UV radiation
destroyed most microbes in just seconds.

The reason the international team has raised the microbe alarm is from the tests they carried out.
They tested the endurance of a particularly hardy cyanobacterium that thrives in the dry deserts of
Antarctica. The extremophile, called Chroococcidiopsis, inhabits porous rocks near the rock surface where
temperature and humidity are very low. The team found that most dormant spores of Chroococcidiopsis
were killed after five minutes of a Martian UV dose. However, a few spores remained alive if they were
buried by just 1 mm of soil. So, microbes might survive—and potentially grow—if protected from UV
radiation and present in an environment with water and nutrients.

Until now, American spacecraft have not landed in areas known to have such “habitable” conditions.
That is not to say there are not such places though. NASA’s next Mars lander, the Phoenix mission, will
land in the northern arctic region in 2008. It will dig into the subsurface to detect water ice and probe
for habitats of present day life—areas where earthly microbial aliens could establish a foothold from a
contaminated spacecraft.

If true, and Martian life also was present in these regions, is it possible that earthly tentacled (pili-
ated) bacterial or radiation-resistant archaeal invaders might start a war of the worlds—on Mars?
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5.3 Culture Media and Growth Measurements 153

Culture Media Can Be Devised 
to Select for or Differentiate 
between Prokaryotic Species
KEY CONCEPT

• Special chemical formulations can be devised to iso-
late and identify some prokaryotes.

Most culturable prokaryotes grow well in
common complex or synthetic media. Since
we want to focus in human pathogens, the
basic ingredients of the growth media can be
modified in one of three ways to provide fast
and critical information about the organism
causing an infection or disease ( ).

A selective medium contains ingredients
to inhibit the growth of certain prokaryotes in
a mixture while allowing the growth of others.
The basic growth medium may contain extra
salt (NaCl) or an antibiotic to inhibit the
growth of some organisms but permits the
growth of those prokaryotes or pathogens one
wants to isolate.

Another modification to a basic growth
medium is the addition of one or more sub-
stances that allow one to differentiate between
very similar species based on specific bio-
chemical or physiological properties. This dif-
ferential medium contains in the culture plate
specific chemicals to indicate which species
possess and which lack a particular biochemi-
cal process. Such indicators make it easy to
distinguish visually colonies of one organism
from colonies of other similar organisms on
the same culture plate. MicroInquiry 5 looks
closer at these two approaches to identify or
separate bacterial species.

Although most common prokaryotes grow
well in nutrient broth and nutrient agar, cer-

TABLE 5.3

tain so-called fastidious organisms may require
an enriched medium containing special nutri-
ents (MicroFocus 5.5).

Other prokaryotes are simply impossible
to cultivate in any laboratory culture medium
yet devised. In fact, less than 1% of the
microorganisms in natural water and soil sam-
ples can be cultured. So, it is impossible to
estimate accurately microbial diversity in an
environment based solely on culturability.
Such prokaryotes are said to be in a VBNC
(viable but non-culturable) state. Procedures
for identifying VBNC organisms included

TABLE

5.2 Composition of a Complex and a Chemically
Defined Growth Medium

Ingredient Nutrient Supplied Amount

Complex Agar Medium
Peptone Amino acids, peptides 5.0 g
Beef extract Vitamins, minerals, other nutrients 3.0 g
Sodium chloride (NaCI) Sodium and chloride ions 8.0 g
Agar 15.0 g
Water 1.0 liter

Synthetic Broth Medium
Glucose Simple sugar 5.0 g
Ammonium phosphate Nitrogen, phosphate 1.0 g
((NH4)2HPO4)
Sodium chloride (NaCI) Sodium and chloride ions 5.0 g
Magnesium sulfate Magnesium ions, sulphur 0.2 g
(MgSO4·7H2O)
Potassium phosphate Potassium ions, phosphate 1.0 g
(K2HPO4)
Water 1.0 liter

TABLE

5.3 A Comparison of Special Culture Media

Name Components Uses Examples

Selective medium Growth stimulants Selecting certain  Mannitol salt agar for 
Growth inhibitors prokaryotes out of mixture staphylococci

Differential medium Dyes Distinguishing different MacConkey agar for 
Growth stimulants prokaryotes in a mixture gram-negative bacteria
Growth inhibitors

Enriched medium Growth stimulants Cultivating fastidious Blood agar for streptococci; 
prokaryotes chocolate agar for Neisseria

species

Fastitious:
Having complex
nutritional
requirements.
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154 CHAPTER 5 Prokaryotic Growth and Nutrition

INQUIRY

It often is necessary to identify a bacterial
species or be able to tell the difference
between similar-looking species in a mix-
ture. In microbial ecology, it might be nec-
essary to isolate certain naturally-growing
species from others in a mixture. In the
clinical and public health setting, microbes
might be pathogens associated with disease
or poor sanitation. In addition, some may
be resistant to standard antibiotics normally
used to treat an infection. In all these
cases, identification can be accomplished
by modifying the composition of a complex
or synthetic growth medium. Let’s go
through several scenarios.

■ Suppose you are an undergraduate
student in a marine microbiology
course. On a field trip, you collect
some seawater samples and, now
back in the lab, you want to grow
only photosynthetic microbes.

How would you select for photo-
synthetic microbes? First, you know
the photosynthetic organisms man-
ufacture their own food, so their
energy source will be sunlight and
not the organic compounds typi-
cally found in culture media (see
Table 5.2). So, you would need to
use a synthetic medium but leave
out the glucose. Also, knowing the
salts typically in ocean waters, you
would want to add them to the
medium. You would then inoculate
a sample of the collected material
into a broth tube, place the tube 
in the light, and incubate for one
week at a temperature typical 
of where the organisms were 
collected.

5a. What would you expect to find
in the broth tube after one
week’s incubation?

What you have used in this scenario is a
selective medium; that is, one that will
encourage the growth of photosynthetic
microbes (light and sea salts) and suppress

the growth of non-photosynthetic microor-
ganisms (no carbon = no energy source).

■ As an infection disease officer in a
local hospital, you routinely swab
critical care areas to determine if
there are any antibiotic resistant
bacteria present. You are especially
concerned about methicillin-resist-
ant Staphylococcus aureus (MRSA) as
it frequently can cause disease out-
breaks in a hospital setting. One
swab you put in a broth tube showed
turbidity after 48 hours.

5b. Knowing that Staphylococcus
species are halotolerant, how
could you devise an agar
medium to visually determine if
any of the growth is due to
Staphylococcus?

Again, a selective medium would be used.
It would be prepared by adding 7.5% salt
to a complex agar medium. A sample from
the broth tube would be streaked on the
plate and incubated at 37°C for 48 hours.

5c. What would you expect to find
on the agar plate after 48 hours?

Your selective medium contained 
10 discrete colonies. You do a Gram stain
and discover that all the colonies contain
clusters of purple spheres; they are gram-
positive. However, there are other species
of Staphylococcus that do not cause dis-
ease. One is S. epidermidis, a common
skin bacterium. A Gram stain therefore is
of no use to differentiate S. aureus from
S. epidermidis.

5d. Knowing that only S. aureus will
produce acid in the presence of
the sugar mannitol, how could
you design a differential broth
medium to determine if any of
the colonies are S. aureus?
(Hint: phenol red is a pH
indicator that is red at neutral
pH and yellow at acid pH).

You can identify each bacterial species by
taking a complex broth medium, such as

nutrient broth, and adding salt and man-
nitol (mannitol salts broth) and phenol
red. Next, you inoculate a sample of each
colony into a separate tube. You inoculate
the 10 tubes and incubate them for 
48 hours at 37°C.

5e. The broth tubes are shown
below. What do the results
signify? Which tubes contain
which species of Staphylococcus?

This method is an example of a differen-
tial medium because it allowed you to
visually differentiate or distinguish
between two very similar bacterial species.

Knowing which colonies on the origi-
nal selective medium plate are S. aureus,
you need to determine which, if any, are
resistant to the antibiotic methicillin.

5f. How could you design an agar
medium to identify any MRSA
colonies?

5g. If the plates are devoid of
growth, what can you conclude?

Again, you have used a selective medium;
the addition of methicillin will permit the
growth of any MRSA bacteria and suppress
the growth of S. epidermidis (sensitive to
methicillin).

Answers can be found in Appendix D.

5
Identification of Bacterial Species

1 2 3 4 5

6 7 8 9 10

Results from differential broth tubes.
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5.5: Public Health
“Enriching” Koch’s Postulates

On July 21–23, 1976, some 5,000 Legionnaires attended the Bicentennial Convention of the American
Legion in Philadelphia, PA. About 600 of the Legionnaires stayed at the Bellevue Stratford Hotel. As the
meeting was ending, several Legionnaires who stayed at the hotel complained of flu-like symptoms.
Four days after the convention ended, an Air Force veteran who had stayed at the hotel died. He would
be the first of 34 Legionnaires over several weeks to succumb to a lethal pneumonia, which became
known as Legionnaires’ disease or legionellosis.

As with any new disease, epidemiological studies look for the source of the disease. The Centers for
Disease Control and Prevention (CDC) had an easy time tracing the source back to the Bellevue Stratford
Hotel. Epidemiological studies also try to identify the causative agent. Using Koch’s postulates, CDC staff
collected tissues from lung biopsies and sputum samples. However, no microbes could be detected on
slides of stained material. By December 1976, they were no closer to identifying the infectious agent.

How can you verify Koch’s postulates if you have no infectious agent? It was almost like being back
in the times of Pasteur and Koch. Why was this bacterial species so difficult to culture on bacteriologi-
cal media? Perhaps it was a virus.

After trying 17 different culture media formulations, the agent was finally cultured. It turns out it was
a bacterial species, named Legionella pneumophila, but one with fastidious growth requirements. The ini-
tial agar medium contained a beef infusion, amino acids, and starch. When this medium was enriched with
1% hemoglobin and 1% isovitalex, small, barely visible colonies were seen after five days of incubation at
37°C. Investigators then realized the hemoglobin was supplying iron to the bacterium and the isovitalex
was a source of the amino acid cysteine. Using these two chemicals in pure form, along with charcoal to
absorb bacterial waste, a pH of 6.9, and an atmosphere of 2.5 percent CO2, the growth of L. pneumophila
was significantly enhanced. From these cultures, a gram-negative rod was confirmed (see figure).

With an enriched medium to pure culture the organism, susceptible animals (guinea pigs) could be
injected as required by Koch’s postulates. L. pneumophila then was recovered from infected guinea pigs,
verifying the organism as the causative agent of Legionnaires’ disease.

Today, we know L. pneumophila is found in many aquatic environments, both natural and artificial.
At the Bellevue Stratford Hotel, epidemiological studies indicated guests were exposed to L. pneu-
mophila as a fine aerosol emanating from the air-conditioning system. Through some type of leak, the
organism gained access to the system from the water cooling towers.

Koch’s postulates are still useful—it’s just hard sometimes to satisfy the postulates without an iso-
lated pathogen.

False-color transmission electron micrograph of L. pneumophila cells. Note the expansive nucleoid region
(pink). (Bar = 0.5 μm.)
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156 CHAPTER 5 Prokaryotic Growth and Nutrition

direct microscopic examination and, most
commonly, amplification of diagnostic gene
sequences or 16S rRNA sequences as men-
tioned in the introduction to Chapter 1.

Why are these organisms non-culturable?
Some organisms have metabolic injuries, such
as damage to the cell membrane or ribosomes.
More often the reason is simply a lack of knowl-
edge about the nutritional requirements of
prokaryotes. For example, most species of the
rickettsiae and chlamydiae can only be grown in
mammalian cell cultures or animals as they fail
to grow even in enriched nutrient media. Stud-
ies on VBNC prokaryotes present a vast and as
yet unexplored field, which is important not
only for detection of human pathogens, but also
to reveal the diversity of Bacteria and Archaea.
CONCEPT AND REASONING CHECKS

5.6 List reasons why many prokaryotes cannot be cul-
tured in existing complex or synthetic growth
media.

Population Measurements Are Made
Using Pure Cultures
KEY CONCEPT

• Two standard methods are available to produce pure
cultures.

Prokaryotes rarely occur in nature as a single
species. Rather, they are mixed with other
species, a so-called mixed culture. Therefore,
to study a species, microbiologists and labora-
tory technologists must use a pure culture—
that is, a population consisting of only one
species. This is particularly important when
trying to identify a pathogen, as Pasteur dis-
covered when trying to discover the agent
responsible for cholera (see Chapter 1).

If one has a mixed broth culture, how can
the prokaryotes be isolated as pure colonies?
Two established methods are available. The
first method is the pour-plate isolation
method. Here, a sample of the mixed culture
is diluted in several tubes of cooled, but still
molten, agar medium. The agar then is poured
into sterile Petri dishes and allowed to harden.
During incubation, the cells divide to form
discrete colonies where they have been diluted
the most ( ).

The second method, called the streak-
plate isolation method, uses a single plate of
nutrient agar ( ). An inoculum
from a mixed culture is removed with a sterile

FIGURE 5.12

FIGURE 5.11

loop or needle, and a series of streaks is made
on the surface of one area of the plate. The
loop is flamed, touched to the first area, and a
second series is made in a second area. Simi-
larly, streaks are made in the third and fourth
areas, thereby spreading out the individual
cells. On incubation, each cell will grow expo-
nentially to form discrete colonies. In a sense,
the cells are being “diluted” to where there are
single cells on the agar. 

In both methods, the researcher or tech-
nologist can select samples of the colonies for
further testing and subculturing.
CONCEPT AND REASONING CHECKS

5.7 Explain the difference between the pour-plate and
streak-plate isolation methods.

Population Growth Can Be Measured
in Several Ways
KEY CONCEPT

• Prokaryotic growth can be measured by direct and
indirect methods.

To measure the amount (mass) of prokaryotic
growth in a medium, there are numerous
methods. For example, the cloudiness, or tur-
bidity, of a broth culture may be determined
using a spectrophotometer. This instrument
detects the amount of light scattered by a sus-
pension of cells. The amount of light scatter
(optical density, OD) is a function of the cell
number; that is, the more cells present, the
more light is scattered and the higher the OD

A Pour Plate. The dispersed bacterial
cells grow as individual, discrete colonies.
Q: By looking at this plate, how would you know the
original broth culture was a mixture of bacterial species?

FIGURE 5.11

Subculturing:
The process of
transferring bacteria
from one tube or plate
to another.
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5.3 Culture Media and Growth Measurements 157

Third set 
of streaks

Fourth set
of streaks

First set 
of streaks

Second set
of streaks

(a) (b) (c)

(d)  (e)  

The Streak-Plate Isolation Method. (A) A loop is sterilized, (B) a sample of cells is obtained from a mixed culture, and 
(C) streaked near one edge of the plate of medium. (D) Successive streaks are performed, and the plate is incubated. (E) Well-isolated and defined
colonies illustrate a successful isolation.
Q: Justify the need to streak a mixed sample over four areas on a culture plate.

FIGURE 5.12

A  CoverslipCounting 
chamber

Sample

One of the 25
large squares

The counting chamber is a specially 
marked slide containing a grid of 25 
large squares of known area. The total 
volume of liquid held is 0.00002 ml 
(2 x10–5 ml).

B  The counting chamber is placed on 
the stage of a light microscope. The 
number of cells are counted in several 
of the large squares to determine the 
average number.

Direct Microscopic Counting Procedure Using the Petroff-Hausser
Counting Chamber. This procedure can be used to estimate the number of live and
dead cells in a culture sample.
Q: Suppose the average number of cells per square was 14. Calculate the number of cells
in a 10 ml sample.

FIGURE 5.13

reading on the spectrophotometer. A standard
curve can be generated to serve as a measure
of cell numbers in other situations.

There are a number of ways to directly
measure cell numbers. Scientists may wish to
perform a direct microscopic count using a
known sample of the culture on a specially
designed slide ( ). However, this
procedure will count both live and dead cells.
Other indirect methods include measuring
the dry weight of the prokaryotes which gives
an indication of the cell mass. Oxygen uptake
in metabolism also can be measured as an
indication of metabolic activity and therefore
cell number.

Cell estimations also use indirect meth-
ods. Two common methods are used. In the
most probable number test, samples of
prokaryotes are added to numerous lactose
broth tubes and the presence or absence of gas

FIGURE 5.13

(A) (B) (C)

(D) (E)
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158 CHAPTER 5 Prokaryotic Growth and Nutrition

formed in fermentation gives a rough statisti-
cal estimation of the cell number. 

This technique has been used for measur-
ing water quality and is described in MicroIn-
guiry 26 in Chapter 26. In the standard plate
count procedure, a broth culture is diluted and
samples of dilutions are spread on agar plates
( ). Ideally, each cell will undergo
multiple rounds of cell divisions to produce
separate colonies on the plate. Therefore, each
cell is called a colony-forming unit (CFU).
After incubation, the number of colonies will
reflect the number of cells (CFUs) originally
present. This test is desirable because it gives
the viable count of cells (the living cells only),
compared to a microscopic count or dry
weight test that gives the total cell count (the
living as well as dead).
CONCEPT AND REASONING CHECKS

5.8 Distinguish between direct and indirect methods to
measure population growth.

FIGURE 5.14

5.1 Prokaryotic Reproduction
• Prokaryotic reproduction involves DNA replication and binary

fission to produce genetically identical daughter cells.
• Binary fissions occur at intervals called the generation time,

which for prokaryotes may be as short as 20 minutes.
5.2 Prokaryotic Growth

• The dynamics of the bacterial growth curve show how a
population grows exponentially, reaches a certain peak and
levels off, and then may decline.

• Sporulation is a dormancy response to nutrient limitation and
high population density. The endospores formed are resistant
to many harsh environmental conditions.

• Temperature, oxygen, pH, and hydrostatic/osmotic pressure
are physical factors that influence prokaryotic growth. Away
from the optimal condition, growth slows or is inhibited.

5.3 Culture Media and Growth Measurements
• Complex and synthetic media contain the nutrients to grow

prokaryotes.
• Complex or synthetic media can be modified to select for a

desired prokaryotic organism, to differentiate between two
similar prokaryotic species, or to enrich for species requiring
special nutrients.

• Pure cultures can be produced from a mixed culture by the
pour-plate isolation method or the streak-plate isolation
method. In both cases, discrete colonies can be identified
that represent only one prokaryotic species.

• Prokaryotic growth can be measured by direct microscopic
count, dry weight, or oxygen uptake. Indirect methods
include the most probable number test and the standard plate
count procedure.

SUMMARY OF KEY CONCEPTS

After understanding the textbook reading, you should be capable of
writing a paragraph that includes the appropriate terms and perti-
nent information to answer the objective.

1. Distinguish between the phases of binary fission.

2. Summarize the uses for knowing a prokaryote’s generation time.

3. Compare the events of each phase of a bacterial growth curve.

4. Contrast the stages of sporulation and assess the importance of the
process.

5. Identify the 4 groups of microorganisms based on temperature
requirements.

6. Differentiate between obligate aerobes, obligate anaerobes, and
facultative organisms.

7. Summarize the role of pH to prokaryotic growth.

8. Assess the role of salt in controlling prokaryotic growth.

9. Contrast the chemical composition of complex and synthetic media.

10. Explain how selective and differential media are each constructed.

11. Explain the procedures used in the pour-plate and streak-plate iso-
lation methods.

12. Judge the usefulness of direct and indirect methods to measure
prokaryotic growth.

LEARNING OBJECTIVES

The Standard Plate Count. Individual
bacterial colonies have grown on this blood agar plate.
Each colony represents a colony-forming unit (CFU) since
it developed from a single bacterial cell.
Q: If a 0.1 ml sample of a 104 dilution contained 
250 colonies, how many bacterial cells were in 10 ml 
of the original broth culture?

FIGURE 5.14
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Self-Test 159

Answer each of the following questions by selecting the one answer
that best fits the question or statement. Answers to even-
numbered questions can be found in Appendix C.

1. Which one of the following does not apply to prokaryotic 
reproduction?
A. Presence of a fission ring apparatus.
B. Invagination of cell wall and cell membrane.
C. A spindle apparatus.
D. Cytokinesis follows DNA replication.
E. A symmetrical division occurs.

2. If a bacterial cell in a broth tube has a generation time of 40 min-
utes, how many cells will there be after 5 hours of optimal expo-
nential growth?
A. 64
B. 128
C. 200
D. 280
E. 320

3. A prokaryote’s generation time would be determined during the
_____ phase.
A. decline
B. death
C. lag
D. log
E. stationary

4. All the following are events of the sporulation cycle except :
A. symmetrical cell divisions
B. transverse septum formation.
C. mother cell disintegration.
D. DNA replication.
E. Prespore engulfment by the mother cell.

5. Endospore formers include species of
A. gram-negative bacilli.
B. Escherichia.
C. cyanobacteria.
D. Clostridium.
E. All of the above (A–D).

6. A _____ has an optimal growth temperature at human body 
temperature.
A. hyperthermophile
B. mesophile
C. thermophile
D. extremophile
E. psychrophile

7. A prokaryote that uses high concentrations of oxygen gas would be
a/an _____ organism.
A. obligately aerobic
B. facultative
C. microaerophilic
D. obligately anaerobic
E. Both A and B are correct.

8. The most likely microbes to grow on fruits or vegetables would be
A. capnophiles.
B. thermophiles.
C. acidophiles.
D. barophiles.
E. halophiles.

9. The use of agar as a growth medium was introduced by
A. Louis Pasteur.
B. Christian Gram.
C. Edward Jenner.
D. Robert Fleming.
E. Robert Koch.

10. If the carbon source in a growth medium is beef extract, the
medium must be an example of a _____ medium.
A. chemically-defined
B. complex
C. chemically-undefined
D. synthetic
E. Both B and C are correct.

11. A _____ medium would involve the addition of the antibiotic
methicillin to identify methicillin-resistant bacteria.
A. differential
B. selective
C. thioglycollate
D. VBNC
E. enriched

12. Bacteria in a VBNC state could be due to
A. cell membrane damage.
B. unknown nutritional requirements.
C. metabolic injuries.
D. damaged ribosomes.
E. All of the above (A–D).

13. Which one of the following (A–D) is not part of the streak-plate
method? If all are, select E.
A. Making four sets of streaks on a plate.
B. Diluting a mixed culture in molten agar.
C. Using a mixed culture.
D. Using a sterilized loop.
E. All the above (A–D).

14. Indirect methods to measure bacterial growth would not include
A. total bacterial count.
B. microscopic count.
C. viable count.
D. most probable number.
E. standard plate count.

SELF-TEST
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160 CHAPTER 5 Prokaryotic Growth and Nutrition

Answers to even-numbered questions can be found in Appendix C.

1. To prevent decay by bacterial species and to display the mummified
remains of ancient peoples, museum officials place the mummies in
glass cases where oxygen has been replaced with nitrogen gas. Why
do you think nitrogen is used?

2. Extremophiles are of interest to industrial corporations, who see
the prokaryotes as important sources of enzymes that function at
temperatures of 100°C and pH levels of 10 (the enzymes have been
dubbed “extremozymes”). What practical uses can you foresee for
these enzymes?

3. During the filming of the movie Titanic, researchers discovered at
least 20 different species of prokaryotes literally consuming the
ship, especially a rather large piece of the midsection. What type
of prokaryotes would you expect were at work on the ship?

4. Although thermophilic prokaryotes are presumably harmless
because they do not grow at body temperatures, they may still
present a hazard to good health. Can you think of a situation in
which this might occur?

QUESTIONS FOR THOUGHT AND DISCUSSION

Answers to even-numbered questions can be found in Appendix C.

1. Consumers are advised to avoid stuffing a turkey the night before
cooking, even though the turkey is refrigerated. A homemaker ques-
tions this advice and points out that the bacterial species of human
disease grow mainly at warm temperatures, not in the refrigerator.
What explanation might you offer to counter this argument?

2. Public health officials found that the water in a Midwestern town
was contaminated with sewage bacteria. The officials suggested
that homeowners boil their water for a couple of minutes before
drinking it. (a) Would this treatment sterilize the water? Why? 
(b) Is it important that the water be sterile? Explain.

APPLICATIONS

On completing your study of these pages, test your understanding
of their contents by deciding whether the following statements
are true (T) or false (F). If the statement is false, substitute a
word or phrase for the underlined word or phrase to make the
statement true. Answers to even-numbered statements are listed
in Appendix C.

1. _____ Endospores are produced by some gram-negative bacterial
species.

2. _____ Obligate aerobes use oxygen gas as a final electron acceptor
in energy production.

3. _____ The most common growth medium used in the teaching lab-
oratory is a complex medium.

4. _____ The majority of prokaryotes that have been discovered can
be cultured in growth media.

5. _____ A standard plate count procedure is an example of a direct
method to estimate population growth.

6. _____ In attempting to culture a fastidious prokaryote, a differen-
tial medium would be used.

7. _____ Acidophiles grow best a pHs greater than 9.

8. _____ Mesophiles have their optimal growth near 37ºC.

9. _____ Prokaryotes lack a mitotic spindle to separate chromosomes.

10. _____ The fastest doubling time would be found in the lag phase
of a bacterial growth curve.

REVIEW

The site features learning, an on-line review area that provides quizzes
and other tools to help you study for your class. You can also follow
useful links for in-depth information, read more MicroFocus stories, or
just find out the latest microbiology news.

HTTP://MICROBIOLOGY.JBPUB.COM/
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