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o May I Get a Glass of Water?C A S E  S T U D Y  Part 1

“The Ohio National 
Guard was used to 
deliver pre-made  
infant formula.”

On August 2, 2014, a DO NOT DRINK order was issued for 500,000 
people in and around Toledo, Ohio. The order stated that tap water 
should not be used for drinking, brushing teeth, or 
preparing infant formula, food, or ice. The cause of 
the order was an increased level of microcystins, a 
toxin produced by several species of the cyanobac-
terial genus Microcystis. Environmental conditions 
had allowed the cyanobacterium to grow at a prodi-
gious rate producing a harmful algae bloom (HAB). 
The immediate effects of ingesting microcystins in-
clude nausea, vomiting, and dizziness, but liver toxicity is the most 
concerning issue, with both short-term liver failure and longer-term 
liver cancer reported. The danger is real. One hundred patients de-
veloped liver failure (and 50 died) when water contaminated with 
microcystins was used at a dialysis clinic in Brazil. The Environmental 
Protection Agency has deemed that water with greater than 1.6 
parts per billion (ppb) microcystin is unsafe to drink, and because the 
toxin is heat stable, boiling—the usual advice for water contaminated 
by microbes—is not helpful. In fact, because boiling reduces the vol-
ume of the water, it simply concentrates the toxin. 

Shortly after the water advisory was issued, the effects could be 
seen throughout the area. Stores quickly sold out of bottled water 
and shipments destined for other parts of the state were rerouted to 
Toledo. The Ohio National Guard trucked in water from distant areas 

and delivered premixed infant formula and military meals. Restau-
rants were urged to shut down, and the Ohio Department of Reha-

bilitation and Corrections converted its milk bottling 
plant to package safe water for the area. Toledo knew 
what to do when the city’s water was deemed unsafe 
to drink, because it had been in the same situation 
before. 

In the 1920s the city of Toledo established a water 
intake (called a crib) at Maumee Bay on the western 
end of Lake Erie. The lake’s large size and the location 

of the crib near the water inlet for the lake were thought to offer an 
ideal source of clean water, distant from the industrial wastes and raw 
sewage that were routinely dumped into the rivers of Toledo. Unfortu-
nately, over the next several decades many factors conspired to favor 
the growth of toxin-producing microcystis in Lake Erie.

■ What environmental factors favor the growth of 
microorganisms like algae and cyanobacteria? 

■ Boiling is commonly recommended when water is 
contaminated with E.coli. What does boiling do to make the 
water safe to drink? 

To continue the Case Study, go to Case Study Part 2 at the end of the 
chapter.

C H A P T E R26

Microcystis sp. (640×).
Courtesy of Dr. Yuuji Tsukii

A harmful algae bloom in Lake Erie.
Source: NOAA Great Lakes CoastWatch

Environmental Microbiology

Satellite image of Lake Erie taken on 
August 22, 2015.  Toledo, Ohio, sits at 
the extreme western (left) shore of the 
lake. Source: NOAA Great Lakes CoastWatch
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SCOPING OUT THE CHAPTER

Remove the microbes, and life on Earth stops. Plants don’t grow, animals starve, lakes and oceans 
die.  Even the nonliving aspects of the planet—the amount and type of nitrogen and phosphorous 
available to plants and animals, for instance—depends on the actions of microorganisms. Microbes 
are not always the heroes, though. Overgrowth of algae or bacteria can poison water supplies and 
cut off oxygen to other members of aquatic communities. In this chapter we discuss the impact of 
microorganisms on the world at large.

(top: right): © Robert Glusic/Corbis RF; (bottom: left): © Steven P. Lynch; (inset): © McGraw-Hill Education/Don Rubbelke, photographer; (bottom: right): © Harold J. Benson

A single spoonful of soil contains
a vibrant collection of
microorganisms working together.
Bacteria, fungi, protozoans, even
animals like mites and nematode
worms, exist in complex
associations that decompose
organic matter, supply nitrogen to
plant roots, and enrich the
surrounding soil, making it so much
more than just a pile of dirt.

Mutualistic associations between
green plants and cyanobacteria
like Nostoc are responsible for
nitrogen fixation, ensuring that
atmospheric nitrogen gas is
converted to a form usable by
plants and animals.

In the developed world we take
for granted the safety of our 
drinking water, but safe water
takes hard work. Testing for the
presence of coliforms like E. coli
is just one step in the management
of drinking water.

Boiling, acidic, sulfur filled pits—
areas that would seem to be
anathema to life—harbor complex
microbial communities. The
biogeochemical interactions
found here are essential to the
cycling of iron, sulfur, manganese,
phosphorous, and other inorganic
molecules through the environment.
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The Organization of the Biosphere
The earth initially may seem like a random, chaotic place, but it is actu-
ally an incredibly organized, fine-tuned machine. Ecological relation-
ships exist at several levels, ranging from the entire earth all the way 
down to a single organism (figure 26.1). The most all-encompassing 
of these levels, the biosphere, contains all physical locations on 

26.1 Ecology: The Interconnecting  
Web of Life

Expected Learning Outcomes

 1. Define microbial ecology and describe what it entails.

 2. Characterize the organization of the biosphere, from the highest to 
the lowest levels.

 3. Differentiate between habitat and niche, using examples.

“When we try to pick out anything by itself, we find it hitched to ev-
erything else in the universe.”

California naturalist John Muir

The study of microbes in their natural habitats is known as micro-
bial ecology; the study of the practical uses of microbes in food 
processing, industrial production, and biotechnology is known as 
industrial or applied microbiology (chapter 27). The two areas 
actually overlap to a considerable degree—largely because most 
natural habitats have been altered by human activities. Human in-
tervention in natural settings has changed the earth’s warming and 
cooling cycles, increased wastes in soil, polluted water, and altered 
some of the basic relationships between microbial, plant, and ani-
mal life. Now that humans are also beginning to release new, ge-
netically recombined microbes into the environment and to alter the 
genes of plants, animals, and even themselves, what does the future 
hold? Although this question has no clear answer, we know one 
thing for certain: Microbes—the most vast and powerful resource 
of all—will be silently working in nature.

In chapter 7 we first touched upon the widespread distribution 
of microorganisms and their adaptations to most habitats of the 
world, from extreme to temperate. Regardless of their exact loca-
tion or type of adaptation, microorganisms necessarily interact with 
their environment in complex and extraordinary ways. Microbial 
ecology is focused on interactions between microbes and their en-
vironment and the effects of those interactions on the earth. Unlike 
studies that deal with the activities of a single organism or its indi-
vidual characteristics in the laboratory, ecological studies are aimed 
at the interactions taking place between organisms and their envi-
ronment at many levels at any given moment. Therefore, ecology is 
a broad-based science that merges many subsciences of biology as 
well as geology, physics, and chemistry.

Ecological studies deal with both the biotic and the abiotic 
components of an organism’s environment. Biotic* factors are de-
fined as any living or dead organisms1 that occupy an organism’s 
habitat. Abiotic* factors include nonliving components such as at-
mospheric gases, minerals, water, temperature, and light. A term 
used to denote the collective interactions occurring between the 
biotic and abiotic factors in a given location is ecosystem. An eco-
system can vary in size from a single root of a plant to a whole 
forest, and it serves as the basic unit of ecological function.

 1. Biologists make a distinction between nonliving and dead. A nonliving object has 
never been alive, whereas a dead organism was once alive but no longer is. 
* biotic (by-ah′-tik) Gr. bios, living. 
* abiotic (ay″-by-ah′-tik) Gr. a, not, and bios, living.

Figure 26.1 Levels of organization in an ecosystem, ranging 
from the biosphere to the individual organism.
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26.2 Energy and Nutritional Flow  
in Ecosystems

Expected Learning Outcomes

 4. Describe the flow of energy through an ecosystem.

 5. Analyze trophic structures and nutritional relationships of a 
community.

 6. Outline several types of ecological associations with examples.

All living things must obtain nutrients and a usable form of energy 
from their abiotic and biotic environments. The energy and nutri-
tional relationships in ecosystems can be described in a number of 
convenient ways. An energy pyramid or food chain provides a 
simple summary of the general trophic (feeding) levels, designated 
as producers, consumers, and decomposers, and traces the flow and 
quantity of available energy from one level to another (figure 26.2). 
It is worth noting that microorganisms are the only life forms that 
exist at all three major trophic levels. The nutritional roles of micro-
organisms in ecosystems are summarized in table 26.1.

Life would not be possible without producers, because they 
provide the fundamental energy source that drives the trophic pyra-
mid. Producers are the only organisms in an ecosystem that can 

earth that support life, including the thin envelope of life that sur-
rounds the earth’s surface and extends some distance into the crust. 
This global system comprises the hydrosphere (water), the litho-
sphere (3 to 6 miles into the earth’s crust), and the atmosphere (a 
few miles into the air). The biosphere maintains or creates the con-
ditions of temperature, light, gases, moisture, and minerals required 
for life processes. The biosphere can be naturally subdivided into 
terrestrial and aquatic realms. The terrestrial realm is usually dis-
tributed into particular climatic regions called biomes,* defined as 
large assemblages of organisms that have adapted to a distinct ge-
ography and climate and are characterized by dominant life forms, 
usually plants. Particular biomes include grassland, desert, moun-
tain, and tropical rain forest. The aquatic biosphere is generally di-
visible into freshwater and marine realms. We now know that the 
earth’s crust also supports a vast and diverse number of life forms, 
estimated to be equal to or even greater than life as we know it in 
aquatic and terrestrial realms.

Biomes and aquatic ecosystems are generally composed of 
mixed assemblages of organisms that live together at the same 
place and time and that usually exhibit well-defined nutritional or 
behavioral interrelationships. These clustered associations are 
called communities. Although most communities are identified by 
their easily visualized dominant plants and animals, they also con-
tain a complex assortment of bacteria, fungi, algae, protozoa, and 
even viruses. The basic unit of community structure is the population, 
defined as a group of organisms of the same kind. For organisms 
with sexual reproduction, this level is the species. Populations of 
organisms can also be classified to a subspecies level if needed, 
often as strains or colonies. The organizational unit of a population 
is the individual organism, and each multicellular organism, in turn, 
has its own levels of organization (organs, tissues, cells).

Ecosystems are generally balanced, with each organism exist-
ing in its particular habitat and niche. The habitat is the physical 
location in the environment to which an organism has adapted. In 
the case of microorganisms, the habitat is frequently a microenvi-
ronment, where particular qualities of oxygen, temperature, light, 
and nutrient content are somewhat stable. The niche is the overall 
role that a species (or population) serves in a community. This in-
cludes such activities as nutritional intake (what it eats), position in 
the community structure (what is eating it), and rate of population 
growth. A niche can be broad (such as scavengers that feed on 
nearly any organic food source) or narrow (microbes that decom-
pose cellulose in forest litter or that fix nitrogen).

Note that microbes exist as communities in and on plants and 
animals as well, including humans. Pure cultures are seldom found 
anywhere in nature.

Check Your Progress SECTION 26.1

 1. Present in outline form the levels of organization in the biosphere. 
Define the terms ecosystem, biome, community, and population.

 2. Compare the concepts of habitat and niche using Chlamydomonas 
(figure 26.1) as an example.

  * biomes (by′ ohmz) Gr. bios, life and ome, group. An extensive community of 
organisms whose makeup is determined by climatic region.

Figure 26.2 A trophic and energy pyramid. The relative size 
of the blocks indicates the number of individuals that exist at a given 
trophic level. The arrow on the right indicates the amount of usable 
energy from producers to top consumers. Both the number of 
organisms and the amount of usable energy decrease with each 
trophic level. Decomposers are an exception because they can feed 
from all trophic levels (gray arrows). Blocks at the left indicate the 
general nutritional types and levels that correspond with the pyramid.
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synthesize organic carbon compounds such as glucose by assimilat-
ing (fixing) inorganic carbon (CO2) from the atmosphere. Being 
able to use CO2 as a sole carbon source means that producers are 
autotrophs. Most of them are photoautotrophs, such as plants and 
cyanobacteria, that convert the sun’s energy into chemical bond 
energy (covered in chapter 8). A smaller but not less important 
amount of CO2 assimilation is brought about by bacteria called 
chemoautotrophs. These organisms derive energy from simple in-
organic compounds such as ammonia, sulfides, and hydrogen by 
using redox reactions. In certain ecosystems (for thermal vents, see 
7.2 Secret World of Microbes), chemoautotrophs are the only pri-
mary producers that support the energy pyramid.

Consumers feed on other living organisms and obtain energy 
from bonds present in the organic substrates they contain. The cat-
egory includes animals, protozoa, fungi, and some bacteria. A pyr-
amid usually has several levels of consumers, ranging from primary 
consumers (grazers or herbivores), which consume producers; to 
secondary consumers (carnivores), which feed on primary consum-
ers; to tertiary consumers, which feed on secondary consumers; 
and up to quaternary consumers (usually the last level), which feed 
on tertiary consumers. Figures 26.3 and 26.4 show specific organ-
isms at these levels.

Decomposers, primarily microbes inhabiting soil and water, 
break down and absorb the organic matter of dead organisms, in-
cluding plants, animals, and other microorganisms. Because of 
their biological function, decomposers are active at all levels of 
the food pyramid. Without this important nutritional class of sap-
robes, the biosphere would stagnate and die. The work of decom-
posers is to break organic matter down into inorganic minerals 
and gases that can be cycled back into the ecosystem, especially 
for the use of primary producers. This process, also termed min-
eralization, is so efficient that almost all biological compounds 
can be reduced by some type of decomposer. Numerous microor-
ganisms decompose cellulose and lignin, polysaccharides from 
plant cell walls that account for the vast bulk of detritus in soil and 
water. Complex macromolecules from animal and plant bodies 
are also broken down by an assortment of bacteria and fungi. Sur-
prisingly, decomposers can also break down most human-made 

TABLE 26.1   The Major Roles of Microorganisms in Ecosystems

Role Description of Activity Examples of Microorganisms Involved

Primary producers Photosynthesis Algae, bacteria, sulfur bacteria
 Chemosynthesis Chemolithotrophic bacteria in thermal vents

Consumers Predation  Free-living protozoa that feed on algae and bacteria; some fungi that prey  
 upon nematodes

Decomposers Degrading dead organisms and wastes  Soil saprobes (primarily bacteria and fungi) that degrade cellulose, lignin,  
 and other complex macromolecules

 Mineralization of organic compounds  Soil bacteria that reduce organic compounds to inorganic compounds such  
 as CO2 and minerals

Cycling agents for Recycling compounds containing Specialized bacteria that transform elements and keep them cycling from 
 biogeochemical cycles  carbon, nitrogen, phosphorus, sulfur   the biotic to the abiotic and back to the biotic phases of the biosphere

Parasites Living and feeding on hosts  Viruses, bacteria, protozoa, fungi, and worms that play a role  
 in population control

Figure 26.3 Food chain. A food chain is the simplest way to present 
specific feeding relationships among organisms, but it may not reflect the 
total nutritional interactions in a community (figure not to scale).
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Insect
larva

Cyclops
(crustacean)

Didinium
(protozoan)

Diatoms

Quaternary consumer
(top carnivore)

Tertiary
consumer

Secondary
consumer

Primary
consumer

Producer

Food Chain



 26.2 Energy and Nutritional Flow in Ecosystems 819

 energy is  transferred to the next level, a large 
proportion (as high as 90%) of the energy 
will be lost in a form (primarily heat) that 
cannot be fed back into the system. Thus, the 
amount of energy available decreases at each 
successive trophic level. This energy loss 
also decreases the actual number of individ-
uals that can be supported at each successive 
level.

The most basic image of a feeding path-
way can be provided by a food chain. Al-
though it is a somewhat simplistic way to 
describe feeding relationships, a food chain 
helps identify the types of organisms that are 
present at a given trophic level in a natural 
setting (see figure 26.3). Feeding relation-
ships in communities are more accurately rep-
resented by a multichannel food chain, or a 
food web (see figure 26.4). A food web re-
flects the actual nutritional structure of a 
community. It can help to identify feeding 
patterns typical of herbivores (plant eaters), 
carnivores (flesh eaters), and omnivores (feed 
on both plants and flesh).

Ecological Interactions Between 
Organisms in a Community
Whenever complex mixtures of organisms as-
sociate, they develop various dynamic interre-
lationships based on nutrition and shared 
habitat. These relationships, some of which 
were described in earlier chapters, include mu-
tualism, commensalism, parasitism, competi-
tion, synergism (cross-feeding), predation, and 
scavenging.

Mutually beneficial associations (mutu-
alism), such as that of protozoans living in 
the termite intestine, are so well evolved that 
the two members require each other for sur-
vival. In contrast, commensalism is one-sided 
and independent (these terms describing re-
lationships between organisms echo the 
terms we described in chapter 7). Although 

the action of one microbe favorably affects another, the first 
microbe receives no benefit. Many commensal unions involve 
co-metabolism, meaning that the waste products of the first mi-
crobe are useful nutrients for the second one, a process called 
syntrophy. Parasitism is an intimate relationship whereby a 
parasite derives its nutrients and habitat from a host that is usu-
ally harmed in the process. In competition, one microbe gives 
off antagonistic substances that inhibit or kill susceptible spe-
cies sharing its habitat. A predator is a form of consumer that 
actively seeks out and ingests live prey (protozoa that prey on 
algae and bacteria). Scavengers are nutritional jacks- of-all-
trades; they feed on a variety of food sources, ranging from live 
cells to dead cells and wastes.

compounds that are not  naturally found on earth. This process, 
referred to as bioremediation, is discussed in 26.2 Making Con-
nections. Often, bioremediation involves several types of mi-
crobes known as a consortium that collectively decompose and 
mineralize substances.

The pyramid in figure 26.2 illustrates several limitations of 
ecosystems with regard to energy. Unlike nutrients, which can 
be passed among trophic levels, recycled, and reused, energy 
does not cycle. Maintenance of complex interdependent trophic 
relationships such as those shown in figures 26.3 and 26.4 
 requires a constant input of energy at the producer level. As 

Minnow

Hydra Rotifer

Amoeba Didinium Coleps

Bacteria Paramecium Algae

Daphnia

Insect
larva

Sun

Food Web 

Figure 26.4 Food web. More complex trophic patterns are accurately depicted by a 
food web, which traces the multiple feeding options that exist for most organisms. Note: 
Arrows point toward the consumers. Compare this pattern of feeding with the chain in figure 
26.3 (organisms not to scale).
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habitats and niches favorable to life because living things have 
made it that way. Not only does the earth shape the character of living 
things, but living things shape the character of the earth. After all, we 
know that the compositions of the aquatic environment, the atmo-
sphere, and even the soil would not exist as they do without the actions 
of living things. For billions of years, microbes have played prominent 
roles in the formation and maintenance of the earth’s crust, the devel-
opment of rocks and minerals, and the formation of fossil fuels. This 
revolution in understanding the biological involvement in geologic 
processes has given rise to the field of geomicrobiology.

In the next several sections we examine how, jointly and over a 
period of time, the varied microbial activities affect and are them-
selves affected by the abiotic environment.

Biogeochemical Cycles, Biofilms,  
and the Living Earth
We started this textbook marveling at the wondrous involvement 
of microbes in the dynamics of planet earth and are finally at a 
point at which we can explore these roles in depth. Because the 
earth is an ancient place and microbes are the most ancient life 
forms, it is not surprising that they have essentially coevolved over 
several billion years. This is especially true of the lithosphere and 
hydrosphere, where microbes penetrate miles below the earth’s 
surface and oceans. In fact, microbes dominate in most habitats, 
where they form stable and usually long-lasting communities. In 
most cases, these communities are composed of microbial bio-
films that colonize and shape the composition of their microenvi-
ronments. So when we discuss the geochemical cycles, realize 
that most participants have adapted to a particular niche in a 
shared habitat, where they cooperate in processing elements 
through their various phases as a survival mechanism. Geomicro-
biologists are actively studying these communities and so far have 
documented hundreds of bacterial species that participate in 
transforming bioelements of organic molecules as well as minerals 
such as iron, manganese, and other metals (figure 26.5).

26.3 The Natural Recycling of Bioelements

Expected Learning Outcomes

 7. Summarize the main concepts pertaining to biogeochemical cycles.

 8. Discuss the primary participants in and activities of the carbon cycle.

 9. Describe the forms in which nitrogen is found and the contributions 
of microbes to the nitrogen cycle.

 10. Indicate the main components of the sulfur and phosphorus cycles.

Environmental ecosystems are exposed to the sun, which constantly 
infuses them with a renewable source of energy. In contrast, the 
bioelements and nutrients that are essential components of cells 
and multicellular organisms are supplied exclusively by sources 
somewhere in the biosphere and are not being continually replen-
ished from outside the earth. In fact, the lack of a required nutrient 
in the immediate habitat is one of the chief factors limiting organis-
mic and population growth. It is for these reasons that there must be 
continuous and sustained recycling of elements and nutrients in the 
biosphere. Essential elements such as carbon, nitrogen, sulfur, 
phosphorus, oxygen, and iron are recharged through biological, 
geologic, and chemical mechanisms called biogeochemical cycles. 
Although these cycles vary in certain specific characteristics, they 
share several general qualities, as summarized in the following list:

∙ All elements ultimately originate from a nonliving, long-term 
reservoir in the atmosphere, the lithosphere, or the hydro-
sphere. They cycle in pure form (N2) or as compounds (PO4).

∙ Elements make the rounds between the abiotic environment 
and the biotic environment.

∙ Recycling maintains a necessary balance of nutrients in the 
biosphere so that they do not build up or become unavailable.

∙ Cycles are complex systems that rely upon the interplay of 
producers, consumers, and decomposers. Often the waste 
products of one organism become a source of energy or build-
ing material for another.

∙ All organisms participate directly in recycling, but only certain cat-
egories of microorganisms have the metabolic pathways for con-
verting inorganic compounds from one nutritional form to another.

The English biologist James Lovelock has postulated a concept 
called the Gaia* theory, after the mythical Greek goddess of earth. 
Its primary idea proposes that the biosphere contains a diversity of 

Check Your Progress SECTION 26.2

 3. Compare autotrophs and heterotrophs; producers and consumers.
 4. Where in the energy and trophic schemes do decomposers enter?
 5. Using figures 26.3 and 26.4, point out specific examples of pro-

ducers; primary, secondary, and tertiary consumers, herbivores; 
primary, secondary, and tertiary carnivores; and omnivores.

 6. What is mineralization, and which organisms are responsible for it?

  * Gaia (guy′-uh).

Figure 26.5 A hot spring in Yellowstone National Park. 
Extremes of temperature and pH, along with liberal quantities of 
phosphorus and sulfur, create a complex habitat that many microbes 
have evolved to exploit. Areas of intense geochemical activity are 
often home to complex microbial communities. © Robert Glusic/Corbis RF
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(chemoautotrophs) that derive their energy from bonds in inorganic 
chemicals. A review of figure 8.28 reveals that phototrophs use 
energy from the sun to fix CO2 into organic compounds such as 
glucose that can be used in synthesis. Photosynthesis is also the 
primary means by which the atmospheric supply of O2 is regener-
ated (see the case study for this chapter).

Just as photosynthesis removes CO2 from the atmosphere, 
other modes of generating energy, such as respiration and fermenta-
tion, can be used to remove and return it. As you may recall from 
the discussion of aerobic respiration in chapter 8, in the presence of 
O2, organic compounds such as glucose are degraded completely to 
CO2, with the release of energy and the formation of H2O. Carbon 
dioxide is also released by anaerobic respiration and by certain 
types of fermentation reactions.

A small but important phase of the carbon cycle involves cer-
tain limestone deposits composed primarily of calcium carbonate 
(CaCO3). Limestone is produced when marine organisms such as 
mollusks, corals, protozoans, and algae form hardened shells by 
combining carbon dioxide and calcium ions from the surrounding 
water. When these organisms die, the durable skeletal components 
accumulate in marine deposits rich in limestone. As these immense 
deposits are gradually exposed by geologic upheavals or receding 
ocean levels, various decomposing agents liberate CO2 and return it 
to the CO2 pool of the water and atmosphere.

The complementary actions of photosynthesis and respiration, 
along with other natural CO2-releasing processes such as limestone 
erosion and volcanic activity, have maintained a relatively stable 
atmospheric pool of carbon dioxide. Recent figures show that this 
balance is being disturbed as humans burn fossil fuels and other 
organic carbon sources. Fossil fuels, including coal, oil, and natural 
gas, were formed through millions of years of natural biological 
and geologic activities. Humans are so dependent upon this energy 
source that, over the past 55 years, the concentration of CO2 in the 
atmosphere has steadily increased from 316 ppm to 400 ppm. Al-
though this increase may seem slight and insignificant, most clima-
tologists now feel it has begun to disrupt the delicate temperature 
balance of the biosphere (26.1 Making Connections).

Compared with carbon dioxide, methane gas (CH4) plays a sec-
ondary part in the carbon cycle, though it can be a significant product 
in anaerobic ecosystems dominated by methanogens (methane pro-
ducers), first discussed in chapter 7. In general, when methanogens 
reduce CO2 by means of various oxidizable substrates, they give off 
CH4. The practical applications of methanogens are covered in chap-
ter 27 in a section on sewage treatment, and their contribution to the 
greenhouse effect is also discussed in 26.1 Making Connections.

The Nitrogen Cycle
Nitrogen (N2) gas is the most abundant component of the atmosphere, 
accounting for nearly 79% of air volume. As we will see, this exten-
sive reservoir in the air is largely unavailable to most organisms. Only 
about 0.03% of the earth’s nitrogen is combined (or fixed) in some 
other form such as nitrates (NO3), nitrites (NO2), ammonium ion 
(NH4

+), and organic nitrogen compounds (proteins, nucleic acids).
The nitrogen cycle is relatively more intricate than other cy-

cles because it involves such a diversity of specialized microbes to 
maintain the flow of the cycle. In many ways, it is actually more of 

Atmospheric Cycles

The Carbon Cycle
Carbon is the fundamental atom in all biomolecules and accounts 
for at least one-half of the dry weight of biomass, defined as the 
total matter produced by biological systems in a given ecosystem. 
The carbon cycle is more intimately associated with the energy 
transfers and trophic patterns in the biosphere than are other ele-
ments. Carbon exists predominantly in the mineral state and as an 
organic reservoir in the bodies of organisms. A smaller amount of 
carbon also exists in the gaseous state as carbon dioxide (CO2), 
carbon monoxide (CO), and methane (CH4). In general, carbon is 
recycled through ecosystems via carbon fixation, respiration, or 
fermentation of organic molecules, limestone decomposition, and 
methane production. A convenient starting point from which to 
trace the movement of carbon is with carbon dioxide gas, which 
occupies a central position in the cycle and represents a large com-
mon pool that diffuses into all parts of the ecosystem (figure 26.6). 
As a general rule, the cycles of oxygen and hydrogen are closely 
allied to the carbon cycle.

The principal users of the atmospheric carbon dioxide pool are 
photosynthetic autotrophs (photoautotrophs) such as plants, algae, 
and bacteria. An estimated 165 billion tons of organic material per 
year are produced by terrestrial and aquatic photosynthesis. Al-
though we don’t yet know exactly how many autotrophs exist in the 
earth’s crust, a small amount of CO2 is used by these bacteria 

Figure 26.6 The carbon cycle. This cycle traces carbon from 
the CO2 pool in the atmosphere to the primary producers (green), 
where it is fixed into protoplasm. Organic carbon compounds are 
taken in by consumers (blue) and decomposers (yellow) that produce 
CO2 through respiration and return it to the atmosphere (pink). 
Combustion of fossil fuels and volcanic eruptions also add to the CO2 
pool (gray). Some of the CO2 is carried into inorganic sediments by 
organisms that synthesize carbonate (CO3) skeletons. In time, natural 
processes acting on exposed carbonate skeletons can liberate CO2.
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 ammonium ion, NH4
+. Nitrogen-fixing bacteria live free or in a 

symbiotic relationship with plants. Among the common free-living 
nitrogen fixers are the aerobic Azotobacter and Azospirillum, cer-
tain members of the anaerobic genus Clostridium, and the cyano-
bacteria Anabaena and Nostoc.

Root Nodules: Natural Fertilizer Factories A significant sym-
biotic association occurs between rhizobia* (bacteria in the genera 
such as Rhizobium, Bradyrhizobium, and Azorhizobium) and 
 legumes* (plants such as soybeans, peas, alfalfa, and clover that 
characteristically produce seeds in pods). The infection of legume 
roots by these gram-negative, motile, rod-shaped bacteria causes the 
formation of special nitrogen-fixing organs called root nodules 
(figure 26.8). This interaction can be highly specific, requiring a 
unique rhizobial species or strain for each type of legume. Nodula-
tion begins when rhizobia colonize specific sites on root hairs. From 

a nitrogen “web” because of the array of adaptations that occur. 
Higher plants can utilize two inorganic forms of nitrogen, NO3

− and 
NH4

+; animals must receive nitrogen in organic form from plants or 
other animals; however, microorganisms can use all forms of nitro-
gen: NO2

−, NO3
−, NH4

+, N2, and organic nitrogen. The cycle in-
cludes four basic types of reactions: nitrogen fixation, 
ammonification, nitrification, and denitrification (figure 26.7).

Nitrogen Fixation The biosphere is most dependent upon the 
only process that can remove N2 from the air and convert it to a 
form usable by living beings. This process, called nitrogen fixation, 
is the beginning step in the synthesis of virtually all nitrogenous 
compounds. Nitrogen fixation is brought about primarily by nitro-
gen-fixing bacteria in soil and water, though a small amount is 
formed through nonliving processes involving lightning. Nitrogen-
fixing microbes have developed a unique enzyme system capable of 
breaking the triple bonds of the N2 molecule and reducing the 
N atoms, an anaerobic process that requires the expenditure of con-
siderable ATP. The primary product of nitrogen fixation is the 

Greenhouse Gases, Fossil Fuels, Cows, Swamps, and Global Warming

The sun’s radiant energy helps maintain 
the stability of the earth’s temperature 
and climatic conditions. As radiation im-
pinges on the earth’s surface, much of it is 
absorbed, but a large amount of the infra-
red (heat) radiation bounces back into the 
upper levels of the atmosphere. For bil-
lions of years, the atmosphere has been 
insulated by a layer of gases (primarily 
CO2; CH4; water vapor; and nitrous ox-
ide, N2O) formed by natural processes 
such as respiration, mineralization, and 
methanogenesis, which are linked to bio-
geochemical cycles. This layer traps a 
certain amount of the reflected heat yet 
also allows some of it to escape into 
space. As long as the amounts of heat en-
tering and leaving are balanced, the mean temperature of the earth will 
not rise or fall in an erratic or life-threatening way. Although this phe-
nomenon, called the greenhouse effect, is popularly viewed in a nega-
tive light, it must be emphasized that its function for eons has been 
primarily to foster life.

The greenhouse effect has lately been a matter of concern because 
greenhouse gases appear to be increasing at a rate that could disrupt the 
temperature balance. In effect, a denser insulation layer will trap more 
heat energy and gradually heat the earth. The amount of CO2 released 
collectively by respiration, anaerobic microbial activity, fuel combustion, 
and volcanic activity has increased more than 30% since the beginning of 
the industrial era. By far the greatest increase in CO2 production results 
from human activities such as combustion of fossil fuels, burning forests 
to clear agricultural land, and manufacturing. Deforestation has the added 

impact of removing large areas of photo-
synthesizing plants that would otherwise 
consume some of the CO2.

Originally, experts on the green-
house effect were concerned primarily 
about higher CO2 levels, but it now ap-
pears that the other greenhouse gases 
combined may have as great a contribu-
tion as CO2, and they, too, are increasing. 
One of these gases, methane (CH4), is re-
leased by swamps and other natural 
sources, and it also comes from the gas-
trointestinal tracts of ruminant animals. 
Its levels have doubled over the past cen-
tury. Methane traps 21 times more heat 
than does carbon dioxide. Other green-
house gases such as nitrous oxide and sul-

fur dioxide (SO2) are also increasing through automobile and industrial 
pollution.

There is little doubt in the scientific community that global warming is a 
reality. It has been documented that the mean temperature of the earth has in-
creased by approximately 1.0°C since 1860. If the rate of increase continues, 
by 2050 a rise in the average temperature of 4°C to 5°C will escalate the melt-
ing of the polar ice caps and raise the levels of the ocean. Some experts predict 
extreme weather and climate change, including massive flooding of coastal 
regions, changes in rainfall patterns, expansion of deserts, and long-term cli-
matic disruptions. Some of these effects have already been set in motion.

Throughout this text, we have emphasized the adaptability of 
 microbes. Why is global warming considered such a serious problem 
even for them? Answer available on Connect.

26.1 MAKING CONNECTIONS

Methane production from swamps may have an even greater 
effect on global warming than CO2.
Source: U.S. Fish & Wildlife Service

  * rhizobia (ry-zoh′-bee-uh) Gr. rhiza, root, and bios, to live. 
* legumes (leg′-yoom) L. legere, to gather.
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Plant-bacteria associations have great practical importance in 
agriculture, because an available source of nitrogen is often a limit-
ing factor in the growth of crops. The self-fertilizing nature of le-
gumes makes them valuable food plants in areas with poor soils and 
in countries with limited resources. It has been shown that crop 
health and yields can be improved by inoculating legume seeds 
with pure cultures of rhizobia, because the soil is often deficient in 
the proper strain of bacteria for forming nodules.

Ammonification, Nitrification, and Denitrification In another 
part of the nitrogen cycle, nitrogen-containing organic matter is de-
composed by various bacteria (Clostridium, Proteus, for example) 

there, the bacteria invade deeper root cells and induce the cells to 
form tumorlike masses. The bacterium’s enzyme system supplies a 
constant source of reduced nitrogen to the plant, and the plant fur-
nishes nutrients and energy for the activities of the bacterium. The 
legume uses the NH4

+ to aminate (add an amino group to) various 
carbohydrate intermediates and thereby synthesize amino acids and 
other nitrogenous compounds that are used in plant and animal synthesis.

 Process Figure 26.7 Simplified events in the nitrogen 
cycle. (1) Nitrogen fixation: Gaseous nitrogen (N2) is acted on by 
nitrogen-fixing bacteria, which give off ammonia (NH4

+).  
(2) Nitrification: Ammonia is converted to nitrite (NO2

−) and nitrate 
(NO3

−) by nitrifying bacteria. (3) Organic Synthesis: Plants, algae, and 
bacteria use nitrates to synthesize nitrogenous organic compounds 
(proteins, amino acids, nucleic acids). (4) Assimilation: Organic 
nitrogen compounds are used by animals and other consumers.  
(5) Ammonification: nitrogenous macromolecules from wastes and dead 
organisms are converted to NH4

+ by ammonifying bacteria. NH4
+ can be 

directly recycled into nitrates. (6) Denitrification: specialized bacteria 
reduce nitrates to nitrogen gas, which is returned to the atmosphere.
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Figure 26.8 Nitrogen fixation through symbiosis. (a) Events 
leading to formation of root nodules. Cells of the bacterium Rhizobium 
attach to a legume root hair and cause it to curl. Invasion of the 
legume root proper by Rhizobium initiates the formation of an 
infection thread that spreads into numerous adjacent cells. The 
presence of bacteria in cells causes nodule formation. (b) Mature 
nodules within the roots of a legume. (c) Gunnera plants are involved 
in a mutualistic interaction with the cyanobacterial genus Nostoc 
(inset). Nostoc enters the base of the plant stem and initiates a 
symbiotic relationship, providing the plant with fixed nitrogen and 
receiving organic carbon in return. (b): Soil and Water Conservation Society 
(SWCS). 2000. Soil Biology Primer. Rev. ed. Ankeny, IA: Soil and Water 
Conservation Society; (c): © Steven P. Lynch; (c: inset): © McGraw-Hill Education/
Don Rubbelke, photographer
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 secretes large amounts of sulfuric acid into its environment, as 
shown by the following equation:

Na2S2O3 + H2O + 2O2 → Na2SO4 + H2SO4 (sulfuric acid)

The marvel of this bacterium is its ability to create and survive in the 
most acidic habitats on the earth. It also plays an essential part in the 
phosphorus cycle, and its relative, T. ferrooxidans, participates in 
the cycling of iron. Other bacteria that can oxidize sulfur to sulfates 
are the photosynthetic sulfur bacteria mentioned in chapter 8.

The sulfates formed from oxidation of sulfurous compounds 
are assimilated into biomass by a wide variety of organisms. The 
sulfur cycle reaches completion when inorganic and organic sulfur 
compounds are reduced. Bacteria in the genera Desulfovibrio and 
Desulfuromonas anaerobically reduce sulfates to hydrogen sulfide 
(H2S) or metal sulfide as the final step in electron transport. Sites in 
ocean sediments and mud where these bacteria live usually ema-
nate a strong, rotten-egg stench from H2S and may be blackened by 
the iron they contain.

The Phosphorus Cycle
Phosphorus is an integral component of DNA, RNA, and ATP, and 
all life depends upon a constant supply of it. It cycles between the 
abiotic and biotic environments almost exclusively as inorganic 
phosphate (PO4) rather than its elemental form (figure 26.9). The 
chief inorganic reservoir is phosphate rock, which contains the in-
soluble compound fluorapatite, Ca5(PO4)3F. Before it can enter bio-
logical systems, this mineral must be phosphatized—converted into 
more soluble PO4

3− by the action of acid. Phosphate is released 
naturally when the sulfuric acid produced by Thiobacillus dissolves 
phosphate rock. Soluble phosphate in the soil and water is the prin-
cipal source for autotrophs, which fix it onto organic molecules and 
pass it on to heterotrophs in this form. Organic phosphate is re-
turned to the pool of soluble phosphate by decomposers, and it is 
finally cycled back to the mineral reservoir by slow geologic pro-
cesses such as sedimentation. Because the low phosphate content of 
many soils can limit productivity, phosphate is added to soil to in-
crease agricultural yields. The excess runoff of fertilizer into the 
hydrosphere is often responsible for overgrowth of aquatic pests 
(see eutrophication in section 26.5 and this chapter’s Case Study).

Other Forms of Cycling
The involvement of microbes in cycling elements and compounds can 
be escalated by the introduction of toxic substances into the environ-
ment. Such toxic elements as arsenic, chromium, lead, and mercury, 
as well as hundreds of thousands of synthetic chemicals introduced 
into the environment over the past hundred years, are readily caught 
up in cycles by microbial actions. Some of these chemicals will be 
converted into less harmful substances, but others, such as PCB and 
heavy metals, persist and flow along with nutrients into all levels of 
the biosphere. If such a pollutant accumulates in living tissue and is 
not excreted, it can be accumulated by living things through the natu-
ral trophic flow of the ecosystem. These processes form the basis of 
bioaccumulation and biomagnification. Microscopic producers 
such as bacteria and algae begin the accumulation process. Consum-
ers biomagnify the toxic substances by feeding on contaminated or-
ganisms, thereby increasing the amounts at each trophic level.

that live in the soil and water. Organic detritus consists of large 
amounts of protein and nucleic acids from dead organisms and ni-
trogenous animal wastes such as urea and uric acid. The decompo-
sition of these substances splits off amino groups and produces 
NH4

+. This process is thus known as ammonification. The ammo-
nium released can be reused by certain plants or converted to other 
nitrogen compounds, as discussed next.

The oxidation of NH4
+ to NO2

− and NO3
− is called nitrification. 

It is an essential conversion process for generating the most oxidized 
form of nitrogen (NO3). This reaction occurs in two phases and in-
volves two different kinds of chemoautotrophic bacteria in soil and 
water. In the first phase, certain gram-negative genera such as Nitro-
somonas, Nitrosospira, and Nitrosococcus oxidize NH3 to NO2

− as a 
means of generating energy. Nitrite is rapidly acted upon by a second 
group of nitrifiers, including Nitrobacter, Nitrosospira, and Nitro-
coccus, which perform the final oxidation of NO2

− to NO3
−. Nitrates 

can be assimilated (incorporated into cell metabolism) through sev-
eral routes by a variety of organisms (plants, fungi, and bacteria).

The nitrogen cycle is completed through denitrification, a se-
ries of reduction reactions that convert nitrate to atmospheric nitro-
gen. These reactions play a significant role in some forms of 
anaerobic respiration that use nitrate and other nitrogen-oxygen 
compounds as terminal electron acceptors. The first step, which 
involves the reduction of nitrate to nitrite, is so common that hun-
dreds of different bacterial species can do it. Several species of 
Bacillus, Pseudomonas, Spirillum, Rhodobacter, and Thiobacillus 
can carry out denitrification to completion as follows:

NO3
– → NO2

– → NO → N2O → N2 (gas)

The final product of this series returns nitrogen gas to its pri-
mary reservoir. Along the way, other gases—notably, nitrous oxide 
(N2O)—are given off during incomplete denitrification. This is the 
main source of N2O in the atmosphere and an important contributor 
to the greenhouse effect.

Sedimentary Cycles

The Sulfur Cycle
The sulfur cycle and the phosphorus cycle are similar in that both 
elements exist mostly in solid form and originate from natural sedi-
mentary deposits in rocks, oceans, and lakes and not from the atmo-
sphere. Sulfur exists in the elemental form (S) and as hydrogen 
sulfide gas (H2S), sulfate (SO4), and thiosulfate (S2O3). Most of the 
oxidations and reductions that convert one form of inorganic sulfur 
to another are accomplished by bacteria. Plants and many microor-
ganisms can assimilate only SO4, and animals must have an organic 
source. Sulfur is found in the amino acids cysteine and methionine, 
both of which are essential to protein function.

One of the most remarkable contributors to the cycling of 
sulfur in the biosphere are the thiobacilli. These gram-negative, 
motile rods flourish in mud, sewage, bogs, mining drainage, and 
brackish springs that can be inhospitable to organisms that require 
complex organic nutrients. But the metabolism of these special-
ized lithotrophic bacteria is adapted to extracting energy by oxidiz-
ing elemental sulfur, sulfides, and thiosulfate. One species, 
Thiobacillus thiooxidans, is so efficient at this process that it 
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26.4 Terrestrial Microbiology: The 
Composition of the Lithosphere

Expected Learning Outcomes

 11. Describe the structure of soil and how it varies in content.

 12. Discuss the activities of microbes in the rhizosphere.

 13. Explain how bioremediation relates to soil and water.

Descriptions such as “soiled” or “dirty” may suggest to some that soil 
is an undesirable, possibly harmful substance; or its appearance might 
suggest a somewhat homogeneous, inert substance. At the micro-
scopic level, however, soil is a dynamic ecosystem that supports com-
plex interactions between numerous geologic, chemical, and biological 
factors. This rich region, part of the lithosphere, teems with microbes, 
serves a dynamic role in biogeochemical cycles, and is an important 
repository for organic detritus and dead terrestrial organisms.

The abiotic portion of soil is a composite of mineral particles, 
water, and atmospheric gas. The development of soil begins when 
geologic sediments are mechanically disturbed and exposed to 
weather and microbial action.

Rock decomposition releases various-size particles ranging 
from rocks, pebbles, and sand grains to microscopic morsels that lie 
in a loose aggregate (figure 26.10). The porous structure of soil cre-
ates various-size pockets or spaces that provide numerous micro-
habitats. Some spaces trap moisture and form a liquid phase in 
which mineral ions and other nutrients are dissolved. Other spaces 
trap air that will provide gases to soil microbes, plants, and animals. 
Because both water and air compete for these pockets, the water con-
tent of soil is directly related to its oxygen content. Water-saturated 
soils contain less oxygen, and dry soils have more. Gas tensions in 
soil can also vary vertically. In general, the concentration of O2 de-
creases and that of CO2 increases with the depth of soil. Aerobic and 
facultative organisms tend to occupy looser, drier soils, whereas 
anaerobes would adapt to waterlogged, poorly aerated soils.

One example of this is mercury compounds used in household 
antiseptics and disinfectants, agriculture, and industry. Mercury 
precipitates proteins by attaching to functional groups and is most 
toxic in the ethyl or methyl mercury form. Bacteria methylate mer-
cury in sediments and contribute to its biomagnification through 
the food web. Recent studies have disclosed increased mercury 
content in fish taken from oceans and freshwater lakes in North 
America and even in canned tuna, adding to the risk in consump-
tion of these products. This is another global problem that is being 
addressed by bioremediation (26.2 Making Connections).

Figure 26.9 The phosphorus cycle. The pool of phosphate 
existing in sedimentary rocks is released into the ecosystem either 
naturally by erosion and microbial action or artificially by mining and 
the use of phosphate fertilizers. Soluble phosphate (PO4

3−) is cycled 
through producers, consumers, and decomposers back into the 
soluble pool of phosphate, or it is returned to sediment in the aquatic 
biosphere.
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Check Your Progress SECTION 26.3

 7. Outline the general characteristics of a biogeochemical cycle.
 8. What are the major sources of carbon, nitrogen, phosphorus, and 

sulfur?
 9. In what natural forms is carbon found? Name three ways carbon is 

returned to the atmosphere and a way it is fixed into organic 
compounds.

 10. What carbon compound is the least available for the majority of 
life forms and why is this the case?

 11. Describe nitrogen fixation, ammonification, nitrification, and de-
nitrification and how microbes are involved.

 12. What form of nitrogen is required by plants? By animals?
 13. Summarize the main stages in the cycling of sulfur and 

phosphorus.
 14. Explain the processes of bioaccumulation and biomagnification of 

toxic elements and the problems they cause.
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Bioremediation: The Pollution Solution?

The soil and water of the earth have long been considered convenient re-
positories for solid and liquid wastes. Humans have been burying solid 
wastes for thousands of years, but the process has escalated in the past 50 
years. Every year in the United States, about 250 million tons of pollutants, 
industrial wastes, and garbage are deposited into the natural environment. 
Often, this dumping is done with the mistaken idea that naturally occurring 
microbes will eventually biodegrade (break down) waste material.

Landfills currently serve as a final resting place for hundreds of 
castoffs from an affluent society, including yard wastes, paper, glass, 
plastics, wood, textiles, rubber, metal, paints, and solvents. This con-
glomeration is dumped into holes and is covered with soil. Although it is 
true that many substances are readily biodegradable, materials such as 
plastics and glass are not. Successful biodegradation also requires a com-
post containing specific types of microorganisms, adequate moisture, and 
oxygen. The environment surrounding buried trash provides none of 
these conditions. Large, dry, anaerobic masses of plant materials, paper, 
and other organic materials will not be successfully attacked by the aero-
bic microorganisms that dominate in biodegradation. As we continue to 
fill up hillsides with waste, the future of these landfills is a prime con-
cern. One of the most serious of these concerns is that they will be a 
source of toxic compounds that seep into the ground and water.

Pollution of groundwater, the primary 
source of drinking water for 100 million peo-
ple in the United States, is an increasing prob-
lem. Because of the extensive cycling of water 
through the hydrosphere and lithosphere, 
groundwater is often the final collection point 
for hazardous chemicals released into lakes, 
streams, oceans, and even garbage dumps. 
Many of these chemicals are pesticide resi-
dues from agriculture (dioxin, selenium, 2,4-
D), industrial hydrocarbon wastes (PCBs), 
and hydrocarbon solvents (benzene, toluene). 
They are often hard to detect, and, if detected, are hard to remove. Re-
cently, the technique of hydraulic fracturing (fracking), in which chemi-
cals are injected into the Earth under high pressure to liberate trapped oil, 
has come under scrutiny as a potential source of groundwater pollution.  

For many years, polluted soil and water were simply sealed off or 
dredged and dumped in a different site, with no attempt to get rid of the pol-
lutant. But now, with greater awareness of toxic wastes, many Americans are 
adopting an attitude known as NIMBY (Not in my backyard!), and environ-
mentalists are troubled by the long-term effects of contaminating the earth.

In a search for solutions, waste management has turned to bioreme-
diation—using microbes to break down or remove toxic wastes from 
water and soil. Some of these waste-eating microbes are soil and water 
residents with a natural capacity to decompose even artificial substances. 
Because the normal, unaided process occurs too slowly, most cleanups 
are accomplished by commercial bioremediation services that treat the 
contaminated soil with oxygen, nutrients, and water to increase the rate of 
microbial action. Through these actions, levels of pesticides such as 
2,4-D can be reduced to 96% of their original levels, and solvents can be 
reduced from 1 million parts per billion (ppb) to 10 ppb or less.

Among the most important bioremedial microbes are species of Pseu-
domonas and Bacillus and various toxin-eating fungi. Although much 

 recent work has focused on creating “superbugs” through genetic engineer-
ing, public resistance to releasing genetically modified organisms (or GMOs) 
in the environment is high. Thankfully, naturally occurring biodegraders are 
plentiful, and efforts to optimize their performance have had some success. A 
bacterium showing the most versatile capacity for bioremediation is Geo-
bacter. This extremophile thrives on heavy metals and other toxicants. It has 
been used successfully to clean up petroleum spills and uranium waste.

So far about 35 recombinant microbes have been created for bioaug-
mentation (the release of selected GMOs to improve bioremediation). 
Species of Rhodococcus and Burkholderia have been engineered to de-
compose PCBs, and certain forms of Pseudomonas now contain genes 
for detoxifying heavy metals, carbon tetrachloride, and naphthalene. 
With over 3,000 toxic waste sites in the United States alone, the need for 
effective bioremediation is a top priority.

The passage of time has given us renewed insights into the problems 
of remediating huge contamination events such as oil spills. Twenty-eight 
years ago, the oil tanker Exxon Valdez ran aground on Prince William 
Sound in Alaska. Almost 41 million liters of crude oil were spilled into 
the beautiful, pristine wilderness of the sound. Initially, steam was ap-
plied under high pressure, a technique that seemed to work. The primary 
benefit of steam cleaning the shores was quick removal of large quantities 
of oil. But an adverse effect of the cleaning was to wipe out many of the 
bacteria that could have facilitated a more complete removal of the oil.

Another part of the cleanup strategy relied on the presence of natural 
communities of microorganisms that could help degrade the oil. Many 
microorganisms—even those inhabiting the rocks on the shores of the 
sound—can use oil as a source of carbon and energy. However, without 
added nutrients, bacterial metabolism and bioremediation often do not 
proceed very quickly. Understanding this, environmental microbiologists 
attempted to accelerate bioremediation of the oil spill by applying fertil-
izers containing nitrogen and phosphorus.

Today, the shores superficially appear as they were before the oil 
spill. Closer examination, unfortunately, reveals that oil still remains. The 
high-pressure cleaning forced it deeper into the rocky shores, inaccessi-
ble to microbial action. The tragedy of the Exxon Valdez serves as a 
forceful reminder of the impact of humans on nature and the limitations 
inherent in microbial cleanup of toxic substances.

What are some other solutions to cleaning up or getting rid of wastes and 
pollutants, besides microbial action? Answer available on Connect.

26.2 MAKING CONNECTIONS

Workers steam-cleaning the site of the Exxon Valdez 
oil spill of 1989. Was bioremediation successful?
© Vanessa Vick/Science Source

Quick Search 
To see how one 
company is using 
algae in 
bioremediation 
efforts, search the 
Internet for “Algal 
Bioremediation for 
Waste Treatment.”



 26.4 Terrestrial Microbiology: The Composition of the Lithosphere 827

 metabolic process that generates a great deal of heat. The tempera-
ture inside a well-maintained compost can reach 80°C to 100°C.

Living Activities in Soil
The rich culture medium of the soil supports a fantastic array of 
microorganisms (bacteria, fungi, algae, protozoa, and viruses). A 
gram of moist loam soil with high humus content can have a mi-
crobe count as high as 10 billion, each competing for its own niche 
and microhabitat. Some of the most distinctive biological interac-
tions occur in the rhizosphere, the zone of soil surrounding the 
roots of plants, which contains associated bacteria, fungi, and pro-
tozoa (see figure 26.10). Plants interact with soil microbes in a truly 
synergistic fashion. Studies have shown that a rich microbial com-
munity grows in a biofilm around the root hairs and other exposed 
surfaces. Their presence stimulates the plant to exude growth factors 
such as carbon dioxide, sugars, amino acids, and vitamins. These nutri-
ents are released into fluid spaces, where they can be readily captured 
by microbes. Bacteria and fungi likewise contribute to plant survival 
by releasing hormonelike growth factors and protective substances. 
They also convert minerals into forms usable by plants. We saw numer-
ous examples in the nitrogen, sulfur, and phosphorus cycles.

We previously observed that plants can form close symbiotic 
associations with microbes to fix nitrogen. Other mutualistic partner-
ships between plant roots and microbial fungi are mycorrhizae.* 
These associations occur when various species of basidiomycetes, 
ascomycetes, or zygomycetes attach themselves to the roots of vascu-
lar plants (figure 26.11). The plant feeds the fungus through photo-
synthesis, and the fungus sustains the relationship in several ways. 
By extending its mycelium into the rhizosphere, it helps anchor the 
plant and increases the surface area for capturing water from dry soils 
and minerals from poor soils. Plants with mycorrhizae can inhabit 
severe habitats more successfully than plants without them.

The topsoil, which extends a few inches to a few feet from the 
surface, supports a host of burrowing animals such as nematodes, 
termites, and earthworms. Many of these animals are decomposer-
reducer organisms that break down organic nutrients through diges-
tion and also mechanically reduce or fragment the size of particles 
so that they are more readily mineralized by microbes. Aerobic 
bacteria initiate the digestion of organic matter into carbon dioxide 
and water and generate minerals such as sulfate, phosphate, and 
nitrate, which can be further degraded by anaerobic bacteria.  Fungal 

Within the superstructure of the soil are varying amounts of 
humus,* the slowly decaying organic litter from plant and animal 
tissues. This soft, crumbly mixture holds water like a sponge. It is 
also an important habitat for microbes that decompose the complex 
litter and recycle nutrients.

The humus content varies with climate, temperature, moisture 
and mineral content, and microbial action. Warm, tropical soils have 
a high rate of humus production and microbial decomposition. Be-
cause nutrients in these soils are swiftly released and used up, they 
do not accumulate. Fertilized agricultural soils in temperate climates 
build up humus at a high rate and are rich in nutrients. The very low 
content of humus and moisture in desert soils greatly reduces its 
microbial biota, rate of decomposition, and nutrient content. Bogs 
are likewise nutrient-poor due to a slow rate of decomposition of the 
humus caused by high acid content and lack of oxygen. Humans can 
artificially increase the amount of humus by mixing plant refuse and 
animal wastes with soil and allowing natural decomposition to oc-
cur, a process called composting. Composting is a very active 

Figure 26.10 The soil habitat. A typical soil habitat contains a 
mixture of clay, silt, and sand along with soil organic matter. Roots and 
animals (e.g., nematodes and mites), as well as protozoa and bacteria, 
consume oxygen, which rapidly diffuses into the soil pores where the 
microbes live. Note that two types of fungi are present: mycorrhizal 
fungi, which derive their organic carbon from plant roots; and 
saprophytic fungi, which help degrade organic material.
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  * humus (hyoo′-mus) L., earth.

Figure 26.11 Mycorrhizae, symbiotic associations between 
fungi and plant roots, favor the absorption of water and 
minerals from the soil. Source: USDA
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When a body is found, crime scene investigators and medical examiners 
are often called upon to estimate the time of death, whether in real life or, 
more famously, on television. For short periods of time, body tempera-
ture, rigor mortis, and lividity (the manner in which blood settles after 
death) provide a good estimate. After a few days, however, bodies begin 
to decompose, helped along by saprophytic microorganisms. Until re-
cently, little was known about the precise speed with which this occurred, 
and the rate at which decomposition was affected by the environment. 
Enter the Forensic Anthropology Center at the University of Tennessee, 
more commonly known as the “Body Farm.” On a 2.5-acre wooded area 
surrounded by barbed wire, as many as 40 human bodies can be found in 
various states of decay. Whether shaded by a tree, exposed to the sun, 
clothed or not, even partially buried, each corpse is attended to by 
 researchers and graduate students, who carefully record the rate and 
manner at which decomposition occurs. Beginning with the first 
corpse—labeled 1-81, for the month and year of his death—the actions 
of bacteria, fungi, and insects have been meticulously cataloged, and 
the decomposition process divided into four stages: fresh, bloat, decay, 
and dry.  Research on the Body Farm has allowed forensic scientists to 
estimate the postmortem interval with greater accuracy than ever 
 before. Beyond the obvious support of criminal cases, scientists have 
also begun to study the hundreds of different chemicals produced dur-
ing decomposition,  using some of the chemicals to train dogs to track 
human corpses, an  activity carried out not only with regard to the 
search for murder victims but also after natural disasters. Since patient 
1-81, the success of the Body Farm has spawned five additional outdoor 

laboratories across the United States. It seems that death may in fact be 
a growth industry.

How would you expect environmental factors like temperature and 
sunlight to affect a body’s rate of decomposition? Answer available 
on Connect.

26.1 Secret World of Microbes
Just How Old Is That Body?

The Forensic Anthropology Center studies the manner in which 
environmental factors affect the actions of saprophytic microorganisms.
© University of Tennessee

enzymes increase the efficiency of soil decomposition by hydrolyz-
ing complex natural substances such as cellulose, keratin, lignin, 
chitin, and paraffin (26.1 Secret World of Microbes).

The soil is also a repository for agricultural, industrial, and 
domestic wastes such as insecticides, herbicides, fungicides, manu-
facturing wastes, and household chemicals. Applied microbiolo-
gists, using expertise from engineering, biotechnology, and ecology, 
work to explore the feasibility of harnessing indigenous soil mi-
crobes to break down undesirable hydrocarbons and pesticides (see 
26.2 Making Connections).

26.5 The Microbiology of the Hydrosphere

Expected Learning Outcomes

 14. Recall the main aspects of the hydrologic cycle.

 15. Describe the structure of aquatic ecosystems.

 16. Explain how aquatic environments vary in nutrient content.

 17. Relate the principles involved in water monitoring.

 18. Summarize the primary methods of assessing the microbiological 
quality of water.

The Hydrologic Cycle
Water occupies nearly three-fourths of the earth’s surface. In the 
same manner as minerals, the earth’s supply of water is continu-
ously cycled between the hydrosphere, atmosphere, and litho-
sphere (figure 26.12). The hydrologic cycle begins when 
surface water (lakes, oceans, rivers) exposed to the sun and wind 
evaporates and enters the vapor phase of the atmosphere. Living 
beings contribute to this reservoir by various activities. Plants 
lose moisture through transpiration (evaporation through leaves), 
and all aerobic organisms give off water during respiration. Air-
borne moisture accumulates in the atmosphere, most conspicu-
ously as clouds.

Water is returned to the earth through condensation or precipi-
tation (rain, snow). The largest proportion of precipitation falls 
back into surface waters, where it circulates rapidly between run-
ning water and standing water. Only about 2% of water seeps into 
the earth or is bound in ice, but these are very important reservoirs. 
Table 26.2 shows how water is distributed in the various surface 
compartments. Surface water collects in extensive subterranean 
pockets produced by the underlying layers of rock, gravel, and sand. 
This process forms a deep groundwater source called an aquifer. 
The water in aquifers circulates very slowly and is an important 
replenishing source for surface water. It can resurface through 
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tion points for pollutants. As we will see, the proper management 
of water resources is one of the greatest challenges of this century.

The Structure of Aquatic Ecosystems
Surface waters such as ponds, lakes, oceans, and rivers differ to a 
considerable extent in size, geographic location, and physical and 
chemical character. Although an aquatic ecosystem is composed 
primarily of liquid, it is predictably structured, and it contains 
significant gradients or local differences in composition. Factors 
that contribute to the development of zones in aquatic systems are 
sunlight, temperature, aeration, and dissolved nutrient content. 
These variations create numerous macro- and microenvironments 
for communities of organisms. An example of zonation can be 
seen in the schematic section of a freshwater lake in figure 26.13.

A lake is stratified vertically into three zones, or strata. The 
uppermost region, called the photic zone, extends from the surface 

springs, geysers, and hot vents, and it is also tapped as the primary 
supply for one-fourth of all water used by humans.

Although the total amount of water in the hydrologic cycle has 
not changed over millions of years, its distribution and quality have 
been greatly altered by human activities. Two serious problems 
have arisen with aquifers. First, as a result of increased well drill-
ing, land development, and persistent local droughts, the aquifers 
in many areas have not been replenished as rapidly as they have 
been depleted. As these reserves are used up, humans will have to 
rely on other delivery systems such as pipelines, dams, and reser-
voirs, which can further disrupt the cycling of water. Second, be-
cause water picks up materials when falling through air or 
percolating through the ground, aquifers are also important collec-

Figure 26.12 The hydrologic cycle. The largest proportion of 
water cycles through evaporation, transpiration (together referred to 
as evapotranspiration), and precipitation between the hydrosphere 
and the atmosphere. Other reservoirs of water exist in the 
groundwater or deep storage aquifers in sedimentary rocks. Plants 
add to this cycle by releasing water through transpiration, and 
heterotrophs release it through respiration.
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TABLE 26.2   Distribution of Water on Earth’s Surface

 Water Volume,  Percentage of 
Water Source in Cubic Miles Total Water

Oceans 317,000,000 97.24
Ice caps, glaciers 7,000,000 2.14
Groundwater 2,000,000 0.61
Freshwater lakes 30,000 0.009
Inland seas 25,000 0.008
Soil moisture 16,000 0.005
Atmosphere 3,100 0.001
Rivers 300 0.0001
Total  100

Source: U.S. Geological Survey.

Figure 26.13 Zones of life in a freshwater lake. Depth 
changes in this ecosystem create significant zones that differ in light 
penetration, temperature, and community structure. Plankton 
suspended in upper zones float with the currents, whereas benthic 
organisms remain in or near the sediments.
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the entire trophic structure. Microbes contribute to this system in 
numerous ways, most notably as producers, primary consumers, de-
composers, and mineralizers. Their actions maintain a pool of nutri-
ents called the dissolved organic matter (DOM) (figure 26.14).

to the lowest limit of sunlight penetration. Its lower boundary (the 
compensation depth) is the greatest depth at which photosynthesis 
can occur. Directly beneath the photic zone lies the profundal* 
zone, which extends from the edge of the photic zone to the lake 
sediment. The sediment itself, or benthic* zone, is composed of 
organic debris and mud, and it lies directly on the bedrock that 
forms the lake basin. The horizontal zonation includes the shore-
line, or littoral* zone, an area of relatively shallow water. The 
open, deeper water beyond the littoral zone is the limnetic* zone.

Marine Environments
The ocean exhibits extreme variations in salinity, depth, tempera-
ture, hydrostatic pressure, and mixing. Even so, it supports a great 
abundance of bacteria and viruses, the extent of which has only 
been appreciated in very recent years. It contains a unique zone 
where the river meets the sea called an estuary. This region fluctu-
ates in salinity, is very high in nutrients, and supports a specialized 
microbial community. It is often dominated by salt-tolerant species 
of Pseudomonas and Vibrio. Another important factor is the tidal 
and wave action that subjects the coastal habitat to alternate periods 
of submersion and exposure. The deep ocean, or abyssal zone, is 
poor in nutrients and lacks sunlight for photosynthesis, and its tre-
mendous depth (up to 10,000 meters) makes it oxygen-poor and 
cold (average temperature 4°C). This zone supports communities 
with extreme adaptations, including halophilic, psychrophilic, 
barophilic, and anaerobic lifestyles.

Aquatic Communities
The freshwater environment is a site of tremendous microbiological 
activity. Microbial distribution is associated with sunlight, tempera-
ture, oxygen levels, and nutrient availability. The uppermost portion is 
the most productive self-sustaining region because it contains large 
numbers of plankton,* a floating microbial community that drifts 
with wave action and currents. A major member of this assemblage is 
the phytoplankton, containing a variety of photosynthetic algae and 
cyanobacteria. The phytoplankton provide nutrition for zooplankton, 
microscopic consumers such as protozoa and invertebrates that filter, 
feed, prey, or scavenge. The plankton support numerous other trophic 
levels such as larger invertebrates and fish. With its high nutrient con-
tent, the deeper region also supports an extensive variety and concen-
tration of organisms, including aquatic plants, aerobic bacteria, and 
anaerobic bacteria actively involved in recycling organic detritus.

The Microbial Loop
Microbes are the only collection of organisms that participate at all 
levels of an aquatic ecosystem. One of their most important roles is to 
drive a central processing scheme ecologists call the microbial loop. 
This term denotes the dynamic interplay that keeps nutrients cycling 
around in a continuous loop, so that they can be made available to 

  * profundal (proh-fun′-dul) L. pro, before, and fundus, bottom. 
* benthic (ben′-thik) Gr. benthos, depth of the sea. 
* littoral (lit′-or-ul) L. litus, seashore. 
* limnetic (lim-neh′-tik) Gr. limne, marsh. 
* plankton (plang′-tun) Gr. planktos, wandering.

Figure 26.14 The microbial loop. This describes the complex 
nutrient cycle in aquatic habitats driven primarily by microorganisms. 
All organisms contribute to a pool of dissolved organic matter, but the 
protists, bacteria, and viruses keep it in dynamic flux through a 
constant process of removal and replenishment. The pattern of loop 
flow is shown in gray.
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Larger bodies of standing water develop gradients in temperature 
or thermal stratification, especially during the summer (figure 26.15). 
The upper region, called the epilimnion, is warmest, and the deeper hy-
polimnion is cooler. Between these is a buffer zone, the thermocline, 
which ordinarily prevents the mixing of the two. Twice a year, during 
the warming cycle of spring and the cooling cycle of fall, temperature 
changes in the water column break down the thermocline and cause 
the water from the two strata to mix. Mixing disrupts the stratification 
and creates currents that bring nutrients up from the sediments, a pro-
cess called upwelling (figure 26.15b).

Because oxygen is not very soluble in water and is rapidly used 
up by the plankton, its concentration exists in a gradient from high-
est in the epilimnion to lowest at the lower levels. In general, the 
amount of oxygen that can be dissolved is dependent on tempera-
ture, and warmer water holds less oxygen than cooler water. Of all 
the characteristics of water, the greatest range occurs in nutrient lev-
els. Nutrient-deficient aquatic ecosystems are called oligotrophic.* 
Species that can make a living on such starvation rations are 
 Hyphomicrobium and Caulobacter. These bacteria have special 

  * oligotrophic (ahl″-ih-goh-trof′-ik) Gr. oligo, small, and troph, to feed.
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involved. The sudden influx of abundant nutrients, along with 
warm temperatures, encourages a heavy surface growth of cyano-
bacteria and algae called a bloom (figure 26.17). This heavy mat of 
biomass effectively shuts off the oxygen supply to the lake below. 
The oxygen content below the surface is further depleted by aerobic 
heterotrophs that actively decompose the organic matter. The lack 
of oxygen greatly disturbs the ecological balance of the community. 
It causes massive die-offs of strict aerobes (fish, invertebrates), and 
only anaerobic or facultative microbes will survive.

Water Monitoring to Prevent Disease
Microbiology of Drinking Water Supplies We do not have to 
look far for overwhelming reminders of the importance of safe wa-
ter. Worldwide epidemics of cholera have killed thousands of peo-
ple, and an outbreak of Cryptosporidium in Wisconsin affecting 
over 400,000 people was traced to a contaminated municipal water 
supply. In a large segment of the world’s population, the lack of 
sanitary water is responsible for billions of cases of diarrheal illness 

stalks that capture even minuscule amounts of hydrocarbons pres-
ent in oligotrophic habitats. Viruses are also well represented in 
aquatic habitats, with oceans and lakes containing as many as 10 
million viral particles per milliter. Most of these viruses pose no 
danger to humans, but as parasites of bacteria, they appear to be a 
natural control mechanism for these populations.

At the other extreme are waters overburdened with organic mat-
ter and dissolved nutrients. Some nutrients are added naturally 
through seasonal upwelling and disasters (floods or typhoons). One 
outcome of upwelling in the ocean is the phenomenon known as red 
tides (figure 26.16). These periodic events are caused by dinoflagel-
lates that grow rapidly in the enriched water and produce a potent 
muscle toxin. Shellfish that filter feed can concentrate these microbes 
and their toxins in their tissues. When people eat contaminated clams, 
mussels, and oysters, they are at risk for paralytic shellfish poisoning. 
People in coastal areas are cautioned not to eat shellfish during those 
months associated with red tides, which varies from region to region.

Another significant alteration of natural waters comes from 
effluents from sewage, agriculture, and industry that contain heavy 
loads of organic debris or nitrate and phosphate fertilizers. The ad-
dition of excess quantities of nutrients to aquatic ecosystems, 
termed eutrophication,* often wreaks havoc on the communities 

Figure 26.15 Profiles of a lake. (a) During summer, a lake 
becomes stabilized into three major temperature strata. (b) During fall 
and spring, cooling or heating of the water disrupts the temperature 
strata and causes upwelling of nutrients from the bottom sediments.
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Figure 26.16 Red tides. (a) Single-celled red algae called 
dinoflagellates (Karenia shown here) bloom in high-nutrient, warm 
seawater and impart a noticeable red color to it, as shown in (b). (b) An 
aerial view of Texas coastline in the midst of a massive red tide, 
caused by a bloom of K. brevis. (b): Source: NOAA News Archive 120910, 
NOAA/Department of Commerce

Longitudinal
flagellum

Transverse
flagellum

(a)

(b)

* eutrophication (yoo″-troh-fih-kay′-shun) Gr. eu, good.
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 Enterococcus. Occasionally, coliform bacteriophages and enteric 
viruses are good indicators of fecal pollution, but their detection is 
more difficult and more technically demanding.

Water Quality Analysis A rapid method for testing the total bac-
terial levels in water is the standard plate count. In this technique, 
a small sample of water is spread over the surface of a solid me-
dium. The numbers of colonies that develop provide an estimate of 
the total viable population without differentiating coliforms from 
other species. This information is particularly helpful in evaluating 
the effectiveness of various water purification stages. Another gen-
eral indicator of water quality is the level of dissolved oxygen it 
contains called the biological oxygen demand (BOD). It is estab-
lished that water containing high levels of organic matter and bac-
teria will have a lower oxygen content because of consumption by 
aerobic respiration.

Coliform Assays Water quality departments employ some stan-
dard assays for routine detection and quantification of coliforms. 
The techniques available are

∙ simple tests, such as Presence-Absence broth, that detect coli-
form activity but do not quantify it;

∙ rapid tests that isolate coliform colonies and provide quantities 
of coliforms present; and

∙ rapid tests that identify specific types of coliforms and deter-
mine their numbers.

In many circumstances (drinking water, for example), it is im-
portant to differentiate between facultative coliforms (Enterobac-
ter) that are often found in other habitats (soil, water) and true fecal 
coliforms that live mainly in human and animal intestines. At one 
time, it was too difficult to differentiate E. coli from the closely 
related species of Citrobacter, Klebsiella, and Enterobacter, so 
laboratories instead simply reported whether a sample contained 
any of these isolates. All of these bacteria ferment lactose and are 
phenotypically similar. The terminology adopted was “coliform-,” 
meaning E. coli-like. In other words, such bacteria present in the 
sample were not necessarily E. coli.

Recently, microbiologists have noted serious problems with 
the use of coliform counts to indicate fecal contamination. The 
main issue is that the three other bacterial genera already men-
tioned, among others, are commonly found growing in nonfecal 
environments such as fresh water and plants that eventually become 
food. In other words, if the tests are not specifically for E. coli, you 
can’t be sure that feces are present.

New Environmental Protection Agency Regulations change 
the way water quality testing is approached. These new rules re-
quire routine monitoring of public water systems, with the monitor-
ing frequency correlated to the number of persons supplied by the 
system. For example, a public water system serving 2,500 people 
would be required to monitor the water supply twice a month, 
whereas one serving 2,500,000 would be required to monitor at 
least 420 times monthly. These samples would be tested for the 
presence of total coliforms, and a positive result would require sev-
eral follow-up tests from the same area of the system. Only if a 
follow-up test is positive would specific testing for E. coli be re-
quired. Although the new rules alter the manner in which testing 

that kills nearly a million children each year. In the United States, 
more than 10 million people develop water-borne illness every year.

Good health is dependent upon a clean, potable (drinkable) wa-
ter supply. This means the water must be free of pathogens; dissolved 
toxins; and disagreeable turbidity, odor, color, and taste. As we shall 
see, water of high quality does not come easily, and we must look to 
microbes as part of the problem and part of the solution.

Through ordinary exposure to air, soil, and effluents, surface 
waters usually acquire harmless, saprobic microorganisms. But along 
its course, water can also pick up pathogenic contaminants. Among 
the most prominent water-borne pathogens of recent times are the 
protozoans Giardia and Cryptosporidium; the bacteria Campylo-
bacter, Salmonella, Shigella, Vibrio, and Mycobacterium; and hepa-
titis A and noroviruses. Some of these agents (especially encysted 
protozoans) can survive in natural waters for long periods without a 
human host, whereas others are present only transiently and are rap-
idly lost. The microbial content of drinking water must be continu-
ously monitored to ensure that the water is free of infectious agents.

Attempting to survey water for specific pathogens can be very 
difficult and time-consuming, so most assays of water purity are 
more focused on detecting fecal contamination. High fecal levels 
can mean the water contains pathogens and is consequently unsafe 
to drink. Thus, wells, reservoirs, and other water sources can be 
analyzed for the presence of various indicator bacteria. These spe-
cies are intestinal residents of birds and mammals, and they are 
readily identified using routine lab procedures.

Enteric bacteria most useful in the routine monitoring of mi-
crobial pollution are gram-negative rods called coliforms and en-
teric streptococci, which survive in natural waters but do not 
multiply there. Finding them in high numbers thus implicates re-
cent or high levels of fecal contamination. Environmental Protec-
tion Agency standards for water sanitation are based primarily on 
the levels of coliforms, which are described as gram-negative, lac-
tose-fermenting, gas-producing bacteria such as Escherichia coli, 
Enterobacter, and Citrobacter. Fecal contamination of marine wa-
ters that poses a risk for gastrointestinal disease is more readily 
correlated with gram-positive cocci, primarily in the genus 

Figure 26.17 Heavy surface growth of algae and 
cyanobacteria in a eutrophic pond. © McGraw-Hill Education/Pat 
Watson, photographer
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When water tests negative for coliforms, it is generally consid-
ered fit for human consumption. While the new regulations—more 
correctly known as the Revised Total Coliform Rule—do allow for 
a small number of total coliform-positive samples, there is no ac-
ceptable level for fecal coliforms, enterococci, viruses, or patho-
genic protozoans in drinking water. Water that will not be consumed, 
but is used for fishing or swimming, is permitted to have counts up 
to about 126 coliforms per 100 ml.

will be accomplished, the tests themselves, as outlined in the fol-
lowing paragraphs, will remain essentially the same.

Standard Coliform Testing Presence-Absence broth, as its 
name implies, tests simply for the presence of coliforms in a water 
sample, whereas other selective and differential media can be used to 
identify E. coli specifically (figure 26.18a,b). The membrane filter 
method is a widely used rapid method suitable for the field or lab to 
process and test larger quantities of water. This method is more suit-
able for dilute fluids, such as drinking water, that are relatively free 
of particulate matter, and it is less suitable for water containing heavy 
microbial growth or debris. This technique is related to the method 
described in chapter 11 for sterilizing fluids by filtering out microbial 
contaminants, except that in this system, the filter containing the 
trapped microbes is the desired end product. The steps in membrane 
filtration are diagrammed in figure 26.18c,d. After filtration, the 
membrane filter is placed in a Petri dish containing selective and dif-
ferential media. After incubation, both total and fecal coliform colo-
nies can be counted and often presumptively identified by their 
distinctive characteristics on these media (figure 26.18e).

Another more time-consuming but useful technique is the most 
probable number (MPN) procedure, which detects coliforms by a 
series of presumptive, confirmatory, and completed tests. The 
MPN procedure requires several dozen tubes of media to be inocu-
lated, incubated, and evaluated over the course of 3 days. The results 
are then subjected to a mathematical analysis, which determines the 
statistically most likely number of coliforms (see Appendix B and 
table B.2). Its main drawback, beyond time and expense, is that it 
does not differentiate between total and fecal coliforms.

Figure 26.18 Rapid methods of water analysis for coliform contamination. (a): © Harold J. Benson; (b): Courtesy of Biokar Diagnostics; (e):  
© Kathy Park Talaro

(a) Phenol red broth supplemented with
lactose is often used as a preliminary
indicator of the presence of coliforms.
The medium contains lactose and a pH
indicator, along with nutrients needed to
support bacterial growth. The presence of
coliforms leads to fermentation of the lactose,
lowering the pH and causing the medium to
turn from red (negative) to  yellow (positive).
A small inverted tube (called a Durham tube)
is placed within the larger culture tube to trap
any gas that is produced by the bacteria.

(b) EC medium with MUG is
used to detect Escherichia coli.
Selective agents inhibit gram-
positive bacteria, while MUG
(4-methylumbelliferyl-β-D-
glucuronide) acts as a substrate
that only E. coli can hydrolyze to
produce a fluorescent product
as seen in the tube on the left
(a negative reaction is seen
in the tube on the right). 
Typically, in a positive reaction,
gas from fermentation is also
observed (note the bubbles at
the surface of the media in the
tube on the left).

(e) On M-FD endo medium, colonies of Escherichia coli often
yield a noticeable metallic sheen. The medium permits
easy di�erentiation of various genera of coliforms, and the
grid pattern can be used as a guide for rapidly counting
the colonies.

(d) The filter is removed and placed in a
small Petri dish containing a di�erential
selective medium such as M-FD endo
agar and incubated.

(c) Membrane filter technique. The
water sample is filtered through a sterile
membrane filter assembly and collected
in a flask.
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Check Your Progress SECTIONS 26.4 AND 26.5

 15. Describe the composition of the soil, the rhizosphere, and humus.
 16. Outline the modes of cycling water through the lithosphere, hydro-

sphere, and atmosphere.
 17. What are the roles of precipitation, condensation, respiration, tran-

spiration, surface water, and aquifers?
 18. What causes the formation of the epilimnion, hypolimnion, and 

thermocline?
 19. What is upwelling and how is it important?
 20. Why must water be subjected to microbiological analysis?
 21. What are the characteristics of good indicator organisms, and why 

are they monitored rather than pathogens?
 22. Give specific examples of indicator organisms and water-borne 

pathogens.
 23. Describe two methods of water analysis.

C A S E  S T U D Y  Part 2
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If you were designing an ecosystem to favor the 
growth of algae and cyanobacteria, you couldn’t 
do much better than the area encompassing Lake 
Erie. The lake is surrounded by more cropland and pasture 
than any of the other Great Lakes and has far less undis-
turbed forests and wetlands. Consequently the Lake Erie wa-
tershed contains higher amounts of phosphorous (from 
fertilizer) and nitrogen (from animal waste) than any of the 
other Great Lakes. Lake Erie is also the shallowest of the 

Great Lakes, with a depth of just 210 feet, meaning it gets far 
more sunlight and is warmer than the other lakes. By compar-
ison, Lake Superior is over 1,300 feet deep. Together these 
factors ensure that photosynthesis occurs exceptionally well, 
making Lake Erie the most productive of the Great Lakes.
Throughout the latter half of the twentieth century, harmful al-
gae blooms in Lake Erie had become increasingly common, 
and in 2011 the microcystin levels in Maumee Bay briefly 
reached 1,200 PPB, more than 750 times the level consid-
ered safe. Toledo has long been aware of its water problems 
and has been working on a number of solutions. Over 80% of 
the phosphorous that enters the lake does so during severe 
rainstorms, so rules have been established that prohibit fertil-
ization when rain is in the forecast. Broadcast application of 
fertilizer has also been discouraged, as this leaves the fertil-
izer on top of the soil and encourages runoff. Climate change 
has increased the number of storm runoff events, and an in-
crease in the severity of storms has in many cases driven cya-
nobacteria far below the surface of the lake and closer to 
subsurface water intakes. The city of Toledo has installed a 
number of buoys that transmit information about water tem-
perature, wind, and cyanobacteria concentration in the area 
of the water intake, allowing additional purification measures 
to be implemented if needed.

■ Those who study the Great Lakes describe Lake Erie as 
having “2% of the water but 50% of the fish.” How might 
continued harmful algal blooms affect this description?

To read more on this topic, search the Internet for “Ohio Sea Grant HABS.”

To conclude this Case Study, go to Connect.

 26.2 Energy and Nutritional Flow in Ecosystems
 A. Organisms derive nutrients and energy from their habitat.
 B. Their collective trophic status relative to one another is 

summarized in a food or energy pyramid.
 C. At the beginning of the chain or pyramid are producers—

organisms that synthesize large, complex organic 
compounds from small inorganic molecules.

 D. The levels above producer are occupied by consumers, 
organisms that feed upon other organisms.

 E. Decomposers are consumers that obtain nutrition from dead 
organisms and recycle and mineralize nutrients.

 F. Bioremediation is the process by which microbes, or 
communities of microbes, decompose chemicals that are 
harmful to the environment and its inhabitants.

 G. Bioaccumulation results when nondegradable substances 
are passed through trophic levels.

 26.3 The Natural Recycling of Bioelements
 A. Atmospheric Cycles  

Key compounds in the carbon cycle include carbon dioxide, 
methane, and carbonates.

 1. Carbon is fixed when autotrophs (photosynthesizers) 
add carbon dioxide to organic carbon compounds.

 26.1 Ecology: The Interconnecting Web of Life
This chapter emphasizes microbial activities that help maintain, 
sustain, and control the life support systems on the earth. This 
includes the natural roles of microorganisms in the environment 
and their contributions to the ecological balance, including soil, 
water, and mineral cycles.
 A. Microbial ecology deals with the interaction between the 

environment and microorganisms. The environment is 
composed of biotic (living or once-living) and abiotic 
(nonliving) components. The combination of organisms and 
the environment make up an ecosystem.

 B. Ecosystem Organization
 1. Living things inhabit only that area of the earth called the 

biosphere, which is made up of the hydrosphere 
(water), the lithosphere (soil), and the atmosphere (air).

 2. The biosphere consists of biomes, large-scale terrestrial 
systems adapted to distinct climatic and geographic 
environments, and aquatic ecosystems.

 3. Biomes contain communities, assemblages of 
coexisting organisms.

 4. Communities consist of populations, groups of like 
organisms of the same species.

 5. The space within which an organism lives is its habitat; 
its role in community dynamics is its niche.

Chapter Summary with Key Terms
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 B. Numerous biological activities occur in soil, including 
decomposition of organic matter in humus, mineralization, 
and biogeochemical cycling.

 26.5 The Microbiology of the Hydrosphere
 A. The surface water, atmospheric moisture, and groundwater 

are linked through a hydrologic cycle that involves 
evaporation and precipitation. Living things contribute to 
the cycle through respiration and transpiration.

 B. Aquatic ecosystems are supported by the microbial loop, a 
close community of microbes that maintain nutrient flow 
and cycling.

 C. The diversity and distribution of water communities are 
related to sunlight, temperature, aeration, and dissolved 
nutrients. Phytoplankton and zooplankton drifting in the 
uppermost zone constitute a microbial community that 
supports the aquatic ecosystem.

 D. Water Monitoring
 1. Providing potable water is central to prevention of 

water-borne disease.
 2. Water is constantly surveyed for indicator bacteria such 

as E. coli, coliforms, and enterococci, that may signal 
fecal contamination.

 3. Assays for possible water contamination include the 
standard plate count and membrane filter tests to 
identify and enumerate total and fecal coliforms.

 2. The nitrogen cycle requires four processes and several 
types of microbes.

 a. In nitrogen fixation, atmospheric N2 gas (the primary 
reservoir) is converted to NO2

−, NO3
−, or NH4

+ salts.
 b. Ammonification is a stage in the degradation of 

nitrogenous organic compounds (proteins, nucleic 
acids) by bacteria to ammonium.

 c. Some bacteria nitrify NH4
+ by converting it to NO2

− 
and to NO3

−.
 d. Denitrification is a multistep microbial conversion 

of NO3
− to atmospheric nitrogen.

 B. Sedimentary Cycles
 1. In the sulfur cycle, environmental sulfurous compounds 

are converted into useful substrates and returned to the 
inorganic reservoir through the action of microbes.

 2. The chief compound in the phosphorus cycle is 
phosphate (PO4) found in certain mineral rocks. 
Microbial action on this reservoir makes it available to 
be incorporated into organic phosphate forms.

 3. Microorganisms often cycle and help accumulate heavy 
metals and other toxic pollutants that have been added to 
habitats by human activities.

 26.4 Terrestrial Microbiology: The Composition of the Lithosphere
 A. Soil is a dynamic, complex ecosystem that accommodates a 

vast array of microbes, animals, and plants coexisting among 
rich organic debris, water and air spaces, and minerals.

Level I. Knowledge and Comprehension
These questions require a working knowledge of the concepts in the chapter 
and the ability to recall and understand the information you have studied

Select the correct answer from the answers provided. For questions with blanks, choose the combination of answers that most accurately completes the 
statement.

 6. Which element(s) has/have an inorganic reservoir that exists 
primarily in sedimentary deposits?

 a. nitrogen c. sulfur
 b. phosphorus d. both b and c

 7. Which of the following bacteria would be the most accurate indicator 
of fecal contamination?

 a. Enterobacter aerogenes c. Escherichia coli
 b. Thiobacillus acidophilus d. Staphylococcus aureus

 8. The floating assemblage of microbes and animals that drifts on or 
near the surface of large bodies of water is the  community.

 a. abyssal c. littoral
 b. benthic d. plankton

 9. An oligotrophic ecosystem would be most likely to exist in a/an
 a. ocean c. tropical pond
 b. high mountain lake d. polluted river

 10. Which of the following does not vary predictably with the depth of 
the aquatic environment?

 a. dissolved oxygen c. penetration by sunlight
 b. temperature d. salinity

 1. Which of the following is not a major subdivision of the biosphere?
 a. hydrosphere c. stratosphere
 b. lithosphere d. atmosphere

 2. A/an  is defined as a collection of populations sharing a 
given habitat.

 a. biosphere c. biome
 b. community d. ecosystem

 3. The quantity of available nutrients  from the lower levels of 
the energy pyramid to the higher ones.

 a. increases c. remains stable
 b. decreases d. cycles

 4. Which of the following is/are considered a greenhouse gas?
 a. CO2 c. N2O
 b. CH4 d. all of these

 5. Root nodules contain , which can .
 a. Azotobacter, fix N2
 b. Nitrosomonas, nitrify NH3

−

 c. rhizobia, fix N2
 d. Bacillus, denitrify NO3

−

Multiple-Choice Questions?
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 b. decreased fish populations as a result of eutrophication
 c. longer algal blooms due to longer periods of warm water
 d. b and c
 e. a, b, and c

 3. During the summer of 2015 a harmful algal bloom took place off the 
coast of Central California.  In the weeks and months that followed, 
officials banned the sale of clams, oysters, and crabs, and several sea 
lions in the area were found sick or dead.  How do these events relate 
to one another? 

Case Study Review

 1. The cyanobacteria in Lake Erie would best be described as .
 a. decomposers
 b. tertiary consumers
 c. primary producers
 d. heterotrophs
 e. secondary consumers

 2. Increased average water temperature in Lake Erie as a result of 
climate change would most likely have what effect?

 a. decreased harmful algal blooms, as the higher temperatures would 
quickly kill most algae

For each question, compose a one- or two-paragraph answer that includes the factual information needed to completely address the question. Check Your 
Progress questions can also be used for writing-challenge exercises.

 4. Draw a diagram that follows the effects of CO2 on climate and the 
interactions between CO2 levels and phytoplankton.

 5. Explain the significant ways in which the ocean is involved in the 
carbon cycle.

 6. Explain what is meant by the “microbial loop.”

 1. a.  What factors cause energy to decrease with each trophic level?
 b. How is it possible for energy to be lost and the ecosystem to still 

run efficiently?
 c. Are the nutrients on the earth a renewable resource? Why or why not?

 2. Compare and contrast root nodules with mycorrhizae.
 3. Because elemental poisons, such as heavy metals, cannot be further 

degraded even by microbes, what is a possible fate of these metals?

Writing Challenge

On Connect you can find an Introduction to Concept Mapping that provides guidance for working with concept maps along with concept mapping 
activities for this chapter.

Concept Mapping

These problems go beyond just restating facts and require higher levels of understanding and 
an ability to interpret, problem solve, transfer knowledge to new situations, create models, and 
predict outcomes.

Level II. Application, Analysis, Evaluation, and Synthesis

Critical thinking is the ability to reason and solve problems using facts and concepts. These questions can be approached from a number of angles, and in 
most cases, they do not have a single correct answer.

 3. a. Is the greenhouse effect harmful under ordinary circumstances?
 b. List the primary greenhouse gases and explain their effects on the 

earth’s temperature.
 c. What occurrence has made them dangerous to the global ecosystem?
 d. What could each person do on a daily basis to cut down on the 

potential for disrupting the delicate balance of the earth’s ecosystems?

 1. Biologists can set up an ecosystem in a small, sealed aquarium that 
continues to function without maintenance for years. Describe the 
minimum biotic and abiotic components it must contain to remain 
balanced and stable.

 2. Observe the carbon and nitrogen cycles and explain those places in 
the cycles where interactions in biofilms would be important factors.

Critical Thinking
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 6. If we are to rely on microorganisms to biodegrade wastes in landfills, 
aquatic habitats, and soil, list some ways that this process could be 
made more efficient.

 4. Why are organisms in the abyssal zone of the ocean necessarily 
halophilic, psychrophilic, barophilic, and anaerobic?

 5. a.  What eventually happens to the nutrients that run off into the 
ocean with sewage and other effluents?

 b. Why can high mountain communities usually dispense with water 
treatment?

 1. From chapter 3, figure 3.17c. If this medium streaked with 1 loopful 
of well water showed the result below, would you report that 
coliforms were present in the well, and is the water potable? Explain 
your answer.

 2. From chapter 8, figure 8.27. What process does this represent? How 
does it link to the biogeochemical cycles from this chapter?

Visual Challenge

© Kathy Park Talaro

Light-Dependent

Reactions
Light-IndependentReactions

2H + e
ATP

NADPH

H2O

O2

CO2Chloroplast

Glucose

STUDY TIP: Quickly create a customized practice quiz for this chapter by going to your 
Connect SmartBook “My Reports” section. Don’t have SmartBook and want to learn more? 
Go to whysmartbook.com.



838

3

embarked on a highly 

What w
as m

ost 
str

ik-

volve actu
ally

 catching � s
h 

were ti
ny � 

oatin
g m

icro
bes 

so
phist

icated and 

t w
as t

he brainchild
 of D

r. C
raig Ven-

rese
archer*,

 and it
s p

ri-

detail t
he m

irc
ro

bial 

water. S
cientis

ts 
aboard

 th
e 

ted su
rfa

ce w
ater a

bout e
v-

ted th
e tin

iest 
form

s o
f m

icro
-

prim
arily

 bacteria
, and se

nt 

to
 V

enter’s
 la

borato
ry.

 It
 w

as h
ere 

scienti� 
c crew engaged in

 a new and pow-

ful w
ay of e

xamining th
e w

orld
. In

ste
ad of p

ains-

ingly lo
catin

g ta
nd id

entify
ing th

e in
dividual m

icro
bes in

 th
e sa

mple 

as m
ight h

ave been done in
 th

e past,
 th

ey extr
acted th

e genetic
 m

ateria
l 

(D
NA) f

ro
m th

e sa
mples a

nd analyze
d th

e D
NA u

sin
g st

ate-o
f-t

he-art 

molecular t
echniques a

nd co
mputers*

*. 
Their 

stu
nning and so

mewhat 

unexpected disc
overy w

as t
hat th

e varie
ty and numbers 

of m
icro

bes li
v-

ing in
 th

e ocean exc
eeded by fa

r a
ny previous o

cean st
udies.

This a
mbitio

us u
nderta

king w
as ju

st 
th

e beginning. It
 w

as fo
llo

wed by 

se
veral a

dditio
nal v

oyages b
y D

r. V
enter’s

 sh
ip as w

ell a
s m

arin
e m

icro
bi-

ologist
s a

t t
he M

arin
e Biological In

sti
tu

te in
 W

oods H
ole, M

assa
chuse

tts
, 

and is
 co

ntin
uing to

day all o
ver t

he globe. E
ven th

ough m
icro

biologist
s 

had p
reviously

 d
escrib

ed aro
und 5700 d

i� e
rent t

ypes o
f b

acteria
, t

he 

evidence fro
m th

ese
 st

udies s
howed th

at t
his 

number r
eprese

nted only 

th
e tin

iest 
“drop in

 th
e ocean.” S

ome of t
he data unco

vered evidence of 

more an 20,000 di� e
rent k

inds o
f m

icro
org

anism
s in

 ju
st 

a sin
gle lit

er o
f 

se
awater m

ost 
of th

em unknown. R
ealiz

ing th
at th

e ocean is 
a vast 

sp
ace 

with
 endless 

nooks a
nd crannies f

or o
rg

anism
s t

o hide, b
y one esti

mate, 

it c
ould easily

 co
ntain 5 to

 10 m
illi

on di� e
rent m

i-

cro
scopic creatu

res, 
each o

f t
hem h

aving u
nique 

characteris
tic

s a
nd ro

les i
n th

e ocean enviro
nment. 

Acc
ord

ing to
 D

r. D
avid Thomasse

n, C
hief S

cientis
t, 

Departm
ent o

f E
nerg

y, “
Micro

bes r
ule th

e earth
. S

ci-

entis
ts 

esti
mate th

at t
here are m

ore m
icro

bes o
n 

earth
 th

an th
ere are st

ars 
in th

e universe
—

an esti
-

mated nonilli
on (o

ne fo
llo

wed by th
irt

y ze
ros).

 M
i-

cro
bes 

and th
eir 

communitie
s 

make up th
e 

foundatio
n of t

he b
iosp

here and su
sta

in all l
ife

 on 

earth
.”

�
 Which groups o

f m
icroorganism

s w
ould lik

ey be fo
und in

 th
e 

plankton?

�
 What � 

elds o
f m

icrobiology could be in
volved in

 th
e fu

rth
er st

udy of 

these m
icrobes a

nd in
 unco erin

gtheir b
asic

 characteris
tic

s?

To contin
ue th

e case, g
o to

 page 000.

*D
r. V

en
ter

 w
as

 on
e o

f t
he

 m
ain

 in
div

idu
als

 be
hin

d t
he

 m
ap

pin
g o

f t
he

 hu
man

 ge
no

me 

in 
20

01
.

**
This

 te
ch

niq
ue

, c
all

ed
 m

eta
ge

no
mic 

an
aly

sis
, w

ill
 be

 di
sc

us
se

d i
n a

 la
ter

 ch
ap

ter
(1

0)
.

This i
s a

 coloriz
ed view of B

erib
us, v

oluptio
s m

agnit, 
o�  c

iis
 dolum et 

am id
 ute cusa

nt. F
erro

rest 
volore voles e

t la
m quam, c

umquas in
 

reperib
usa

m nullo
re voluptio

s m
agnit.

“ P
ee

rin
g t

hr
ou

gh
 th

e 

micr
os

co
pe

 in
to 

a d
ro

p o
f 

se
aw

ate
r i

s l
ike

 lo
ok

ing
 at

 

sta
rs 

with
 a 

tel
es

co
pe

 

on
 a 

cle
ar 

nig
ht.

” 

 Dr. V
icto

r G
alla

rd
o, o

cean re
se

archerhis is
 an Exam

ple
 o

f a
 Longer C

ase File
 Titl

e

Micr
o Something You Can Really Sink Your Teeth IntoC A S E  S T U D Y  Part 1

“Everyone knows 
what potlucks are 
like. They know 
food poisoning  
can happen 
anywhere.”

Near the end of October 2015, hospitals in Washington and Oregon 
treated over three dozen people suffering from vomiting and bloody 
diarrhea, leading to 14 hospitalizations. Stool sam-
ples revealed the presence of shiga toxin-producing 
E. coli (STEC), and further testing identified all of the 
ill people as being infected with a strain of the bacte-
rium known as STEC O26. On November 4 the Wash-
ington State Department of Health and the Oregon 
Health Authority announced as part of their investi-
gation into the outbreak that all of the ill persons had 
eaten at one of several locations of Chipotle Mexican 
Grill in the week prior to becoming ill. Chipotle volun-
tarily closed 43 locations in Washington and Oregon 
while the U.S. Food and Drug Administration began testing various 
food items for the presence of the suspect bacteria. Over the next 
month the outbreak grew to 53 people in nine states, and the CDC 
noted that more cases may appear in the near future because of the 
long lag time (2 to 3 weeks) between a person becoming ill and 
when the illness is reported.

On April 21, 2015, a hospital in Fairfield County, Ohio, reported a 
case of suspected botulism to the Ohio Department of Health. Botu-
lism is a severe, potentially fatal, paralytic illness marked in its early 
stages by blurred vision, slurred speech, dizziness, and difficulty swal-
lowing. Later, as the botulinum neurotoxin spreads throughout the 

body, facial paralysis, an impaired gag reflex, and musculoskeletal 
weakness become evident. Eventually  paralysis of the respiratory 

muscles leads to death. Within two hours of the first 
case being reported, four others arrived at the emer-
gency room; the first death occurred that afternoon. In 
all, 25 patients were confirmed as having botulism, the 
worst outbreak in 40 years. All of them had eaten at 
the same church potluck meal 2 days previously. 

On July 30, 2012, the emergency department at 
a military hospital examined 13 persons complaining 
of nausea, vomiting, abdominal pain, or diarrhea. 
Nine others were later identified who had similar 
symptoms but did not seek medical attention. All were 

determined to be suffering from staphylococcal food poisoning, and 
staphylococcal enterotoxin was isolated from a single dish at a lunch 
party that all the patients attended. The average time between eating 
at the party and the onset of severe illness was 3 hours.

■ What is the difference between food infection and food 
intoxication? 

■ Which of these cases involved food infection and which were 
intoxication?

To continue the Case Study, go to Case Study Part 2 at the end of the chapter.

C H A P T E R27

Escherichia coli O157:H7 (6,836×).
Source: Janice Haney Carr/CDC

Clostridium botulinum (1,000×).
Source: CDC
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Staphylococcus aureus (20,000×).
Source: Janice Haney Carr/CDC
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SCOPING OUT THE CHAPTER

We’ve reached the end. We’ve spent quite a while discussing what a microbe is; how it survives; 
how we can help it to grow, or kill it; and how it causes harm, or not. Not terribly different from 
humans thousands of years ago discovering new plants and animals for the first time. Which were 
dangerous? poisonous? delicious? Which could pull a plow, or supply us with milk or eggs? In this 
chapter we discuss the myriad ways in which we use microbes to our own ends. In many ways, 
microbes are the twenty-first century’s version of a domesticated animal.

(top: left): © Kent Knudson/PhotoLink/Getty Images RF; (top: right): © David Lytle; (bottom: right): © Photo courtesy of Sartorius Stedim Biotech

Cell
Toxin

A modern water reclamation plant
does exactly what would happen
in nature, only faster. We allow
bacteria, algae, and protozoans
to do what comes naturally to 
them—degrade organic waste, 
turning toxic sewage into little
more than nutrient rich water.

One person’s delicacy is another
person’s garbage, such is the line
between microbial enhancement
and microbial spoilage. And while
we may di�er on whether kimchi
or limburger is delectable or
disgusting, food-borne illness is
always bad, and its prevention is
a top priority in any kitchen.

Using microbes to make wine or
digest sewage is nice, but nothing
they don’t do already. With the
advent of genetic engineering we
now have the ability to use
microbes to make proteins from
other species. From vaccines to
pharmaceuticals to commercial
enzymes, we are now doing
things in microbial cells that we
used to do in brick-and-mortar
factories. 

The biochemical pathways of
microbial metabolism can be
harnessed to create many of
our foods—turning grapes into
wine, milk into yogurt, causing
bread to rise, and even adding
the holes to your Swiss cheese.
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Microorganisms in Water  
and Wastewater Treatment

Management of Drinking Water
Most drinking water comes from rivers, aquifers, and springs. Only 
in remote, undeveloped, or high mountain areas is this water used 
in its natural form. In most cities, it must be treated before it is sup-
plied to consumers. Water supplies such as deep wells that are rela-
tively clean and free of contaminants require less treatment than those 
from surface sources laden with wastes. The stepwise process in water 
purification as carried out by most cities is shown in figure 27.1.

Treatment begins with the impoundment of water in a large 
reservoir such as a dam or catch basin that serves the dual purpose 
of storage and sedimentation. The access to reservoirs is controlled 
to avoid contamination by animals, wastes, and runoff water. In ad-
dition, overgrowth of cyanobacteria and algae that add undesirable 
qualities to the water is prevented by pretreatment with copper sul-
fate (0.3 ppm). Sedimentation to remove large particulate matter is 
also encouraged during this storage period.

Next the water is pumped to holding ponds or tanks, where it 
undergoes further settling, aeration, and filtration. Larger contami-
nants are filtered out, while smaller particles are aggregated to-
gether and allowed to settle. After several rounds of filtration/
settling, the water may be softened to remove minerals and adjust 

27.1 Applied Microbiology  
and Biotechnology

Expected Learning Outcomes

 1. Describe the primary interests of applied and industrial 
microbiology.

 2. Outline the steps in treatment of municipal water supplies.

 3. Summarize the stages in sewage and wastewater treatment.

In this chapter we address the diverse ways microbes are har-
nessed for specific metabolic tasks that can provide practical 
benefits to humans. One area of interest, called applied microbi-
ology, takes advantage of the microbes living in natural habitats 
to treat wastewater and bioremediate damaged environments. Be-
cause of this, it correlates directly with several concepts intro-
duced in chapter 26 on environmental microbiology. Another 
area—industrial microbiology—explores the use of microbes 
in making a wide variety of food, medical, manufacturing, and 
agricultural products. Although this may be an “artificial” use of 
microbes, it applies many of the principles we learned about the 
metabolic and adaptive potentials of microorganisms covered in 
chapters 7, 8, and 9.

In chapter 26 we witnessed the profound involvement of mi-
crobes in the natural world. Although our daily encounters with 
them usually go unnoticed, human and microbial life are clearly 
intertwined on many levels. It is no wonder that long ago humans 
began to discover their potential for practical applications. These 
efforts eventually gave rise to the large and diverse area known as 
biotechnology. Biotechnology has an ancient history, dating back 
nearly 6,000 years to those first observant humans who discovered 
that grape juice left sitting produced wine or that bread dough prop-
erly infused with a starter would rise. Today, biotechnology has 
become a fertile ground for hundreds of applications in industry, 
medicine, agriculture, food sciences, and environmental protection, 
and it has even come to include the genetic alterations of microbes 
and other organisms.

Most biotechnological systems involve the actions of bac-
teria, yeasts, and molds that are able to synthesize a certain 
food, drug, organic acid, alcohol, or vitamin. Many such end 
products are obtained through industrial fermentation, a gen-
eral term used here to refer to the mass, controlled culture of 
microbes to produce desired organic compounds. It also in-
cludes the use of microbes in sewage control, metal mining, and 
bioremediation. This term in biotechnology is not used in the 
same sense as metabolic fermentation, even though some pro-
cesses (beer, wine production) do involve biochemical fermen-
tation as described in chapter 8.

These subjects could easily be the inspiration for a whole 
book, let alone a single chapter. Our coverage of necessity only 
touches on some basic concepts important for rounding out your 
background in microbiology. The rest of section 27.1 is devoted to 
management of water and sewage; sections 27.2, 27.3, and 27.4 
cover food microbiology; and section 27.5 concerns industrial 
biotechnology. 

 Process Figure 27.1 The major steps in water 
purification as carried out by a modern municipal treatment 
plant. (1) Water destined for the tap is pumped from lakes and rivers 
and screened (2) to remove large objects such as tree branches.  
(3) Chemicals are added to cause aggregation of small particles, 
which settle (4) in large tanks. (5) Calcium and magnesium—
responsible for water hardness—are removed, the water is allowed to 
settle again (6), and the pH is lowered to about 7.8 through the 
addition of carbon dioxide (7). After filtering the water through gravel, 
sand, and anthracite (8), it is disinfected with chlorine or chloramines. 
Chemicals, including fluoride and corrosion inhibitors, may be added 
at this point (9), and the now potable water is pumped to large storage 
tanks (10). (11) Potable water is delivered to individual households 
through municipal pipes.

1
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In the primary stage of treatment, floating bulkier materials 
such as paper, plastic waste, and bottles are skimmed off. The re-
maining smaller, suspended particulates are allowed to settle. Sedi-
mentation in settling tanks usually takes 2 to 10 hours and leaves a 
mixture rich in organic matter. This aqueous residue is carried into 
a secondary stage of active microbial decomposition, or biodegra-
dation. In this stage, a diverse community of natural bioremediators 
(bacteria, algae, and protozoa) aerobically decomposes the remain-
ing particles of wood, paper, fabrics, petroleum, and organic mole-
cules inside a large digester tank (figure 27.4). This forms a 
suspension of material called sludge that tends to settle out and 
slow the process. Most processing plants improve the microbial 
decomposition of the sludge through a system of aeration, stirring, 
and recirculation, which forms activated sludge. This action min-
eralizes a large amount of organic matter into sulfates, nitrates, 
phosphates, carbon dioxide, and water. Certain volatile gases such 
as hydrogen sulfide, ammonia, nitrogen, and methane may also be 
released. Water from this process is siphoned off and carried to the 
tertiary stage, which involves further filtering and chlorinating 
prior to discharge. Such reclaimed sewage water is usually used to 
water golf courses and parks rather than for drinking, or it is gradu-
ally released into large bodies of water.

In some cases, the solid waste that remains after aerobic decom-
position is harvested and reused. Its rich content of nitrogen, potas-
sium, and phosphorus makes it a useful fertilizer. But if the waste 
contains large amounts of nondegradable or toxic substances, it 
must be disposed of properly. In many parts of the world, the sludge, 
which still contains significant amounts of simple but useful organic 
matter, is used as a secondary source of energy. Further digestion is 
carried out by microbes in sealed chambers called bioreactors, or 
anaerobic digesters. The digesters convert components of the 
sludge to swamp gas, primarily methane with small amounts of 

its pH—water that is too acidic or basic is 
hard on plumbing and may even leach ele-
ments like lead from the pipes, as hap-
pened in Flint, Michigan, in 2015. In some 
communities fluoride or corrosion inhibi-
tors are added at this point. Finally, the wa-
ter is disinfected through the addition of 
chlorine or, more commonly, chloramines 
(see chapter 11). A few water plants in the 
United States utilize peroxide or ozone for 
final disinfection, but these methods are ex-
pensive and have no residual antimicrobial effects, an important 
point as water moves through the delivery system. The final quality 
varies, but most tap water has a slight odor or taste from disinfection.

Management of Wastewater and Sewage
In many parts of the world, the same water that serves as a source 
of drinking water is also used as a dump for solid and liquid wastes 
(figure 27.2). Continued pressure on the finite water resources may 
require reclaiming and recycling of contaminated water such as 
sewage. Sewage is the used wastewater draining out of homes and 
industries that contains a wide variety of chemicals, debris, and 
microorganisms. The dangers of typhoid, cholera, and dysentery 
linked to the unsanitary mixing of household water and sewage 
have been a threat for centuries. In current practice, some sewage is 
treated to reduce its microbial load before release, but a large quan-
tity is still being emptied raw (untreated) into the aquatic environ-
ment primarily because heavily contaminated waters require far 
more stringent and costly methods of treatment than are currently 
available to most cities.

Sewage contains large amounts of solid wastes, dissolved or-
ganic matter, and toxic chemicals that pose a health risk. To remove 
all potential health hazards, treatment typically requires three 
phases: The primary stage separates out large matter; the secondary 
stage reduces remaining matter and can remove some toxic sub-
stances; and the tertiary stage completes the purification of the 
water (figure 27.3). Microbial activity is an integral part of the 
overall process. The systems for sewage treatment are massive en-
gineering marvels.

Quick Search 
To view a video on 
the complete 
process of water 
purification, 
search the Internet 
for “Water: The 
Best Deal Around.”

Figure 27.2 The many uses of water. © Dr. Parvinder Sethi
Figure 27.3 The primary, secondary, and tertiary stages in 
sewage treatment.
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hydrogen, carbon dioxide, and other volatile compounds. Swamp 
gas can be burned to provide energy to run the sewage processing 
facility itself or to power small industrial plants.

Recently, scientists found a way to harness the bacteria found in 
sewage to construct a microbial fuel cell to produce usable energy. In 
these experiments, wastewater bacteria form biofilms on special rods 
inserted in the sewage that is being treated. These biofilms generate 
electrons that are transferred via copper wires to cathodes, producing 
electricity. Considering the mounting waste disposal and energy 
shortage problems, these technologies should gain momentum.

Figure 27.4 Treatment of sewage and wastewater.  
(a) Wastewater treatment plants can process several millions gallons 
of raw sewage a day. In this plant, biodegradation occurs in the 
secondary reactor tanks, seen in the upper right corner; tertiary 
processing takes place in the clarification pools in the foreground.  
(b) View inside the secondary reactor shows the large stirring paddle 
that mixes the sludge, aerating it to encourage microbial decomposition.
(a): © Kent Knudson/PhotoLink/Getty Images RF; (b): © Sanitation Districts of Los 
Angeles County

(a)

(b)

Check Your Progress SECTION 27.1

 1. Draw a diagram of the flow of water in a utility plant that purifies 
drinking water.

 2. How is water decontaminated and made safe to drink?

 3. Describe the three stages of sewage treatment.
 4. What is activated sludge?
 5. What does an anaerobic digester do?
 6. How does treatment of drinking water and sewage vary in purpose 

and techniques?

27.2 The Microbiology of Food

Expected Learning Outcome

 4. Describe the major ways that microbes are involved with food.

All human food—from vegetables to caviar to cheese—comes from 
some other organism, and rarely is it obtained in a sterile, uncon-
taminated state. Food is but a brief stopover in the overall scheme 
of biogeochemical cycling. This means that microbes and humans 
are in direct competition for the nutrients in food, and we must be 
constantly aware that microbes’ fast growth rates give them the 
winning edge. Somewhere along the route of procurement, process-
ing, or preparation, food becomes contaminated with microbes 
from the soil, the bodies of plants and animals, water, air, food 
handlers, or utensils. The final effects depend upon the types and 
numbers of microbes and whether the food is cooked or preserved. 
In some cases, specific microbes can even be added to food to ob-
tain a desired effect. The effects of microorganisms on food can be 
classified as beneficial, detrimental, or neutral to humans, as sum-
marized by the following outline:

Beneficial effects
Food is fermented or otherwise chemically changed by the 

 addition of microbes or microbial products to alter or 
 improve flavor, taste, or texture.

Microbes can serve as food.
Detrimental effects

Food poisoning or food-borne illness
Food spoilage

Growth of microbes makes food unfit for consumption; 
adds undesirable flavors, appearance, and smell; destroys 
food value

Neutral effects
The presence or growth of microbes that do not cause disease 

or change the nature of the food

As long as food contains no harmful substances or organisms, its 
suitability for consumption is largely a matter of taste. But what 
tastes like rich flavor to some may seem like decay to others. The 
test of whether certain foods are edible is guided by culture, expe-
rience, and preference. The flavors, colors, textures, and aromas 
of many cultural delicacies are supplied by bacteria and fungi. 
Chocolate, pickled cabbage, fermented fish, and Limburger 
cheese are notable examples. If you examine the foods of most 
cultures, you will find some foods that derive their delicious fla-
vor from microbes.
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and aromas. These are especially well developed in home-baked 
bread, which is leavened more slowly than commercial bread. Yeasts 
and bacteria can also impart unique flavors, depending upon the cul-
ture mixture and baking techniques used. The pungent flavor of rye 
bread, for example, comes in part from starter cultures of lactic acid 
bacteria such as Lactobacillus plantarum, L. brevis, L. bulgaricus, 
Leuconostoc mesenteroides, and Streptococcus thermophilus. Sour-
dough bread gets its unique tang from Lactobacillus sanfrancisco.

Production of Beer and Other  
Alcoholic Beverages
The production of alcoholic beverages takes advantage of another use-
ful property of yeasts. By fermenting carbohydrates in fruits or grains 
anaerobically, they produce ethyl alcohol, as shown by this equation:

C6H12O6 → 2C2H5OH + 2CO2
(Yeast + Sugar = Ethanol + Carbon dioxide)

Depending upon the starting materials and the processing method, 
alcoholic beverages vary in alcohol content and flavor. The principal 
types of fermented beverages are beers, wines, and spirit liquors.

Brewing
The earliest evidence of beer brewing appears in ancient tablets by 
the Sumerians and Babylonians around 6000 BC. The starting in-
gredients for both ancient and present-day versions of beer, ale, 
stout, porter, and other variations are water, malt (barley grain), 
hops, and special strains of yeasts. The steps in brewing include 
malting, mashing, adding hops, fermenting, aging, and finishing.

For brewer’s yeast to convert the carbohydrates in grain into ethyl 
alcohol, the barley must first be sprouted and softened to make its 
complex nutrients available to yeasts. This process, called malting,* 
releases amylases that convert starch to dextrins and maltose, and 
proteases that digest proteins. Other sugar and starch supplements 
added in some forms of beer are corn, rice, wheat, soybeans, potatoes, 
and sorghum. After the sprouts have been separated, the remaining 
malt grain is dried and stored in preparation for mashing.

The malt grain is soaked in warm water and ground up to pre-
pare a mash. Sugar and starch supplements are then introduced to 
the mash mixture, which is heated to a temperature of about 65°C to 
70°C. During this step, the starch is hydrolyzed by amylase and 
simple sugars are released. Heating this mixture to 75°C stops the 
activity of the enzymes. Solid particles are next removed by settling 
and filtering. Wort,* the clear fluid that comes off, is rich in dis-
solved carbohydrates. It is boiled for about 2.5 hours with hops, the 
dried scales of the female flower of Humulus lupulus (figure 27.5), 
to extract the bitter acids and resins that give aroma and flavor to the 
finished product.1 Boiling also caramelizes the sugar and imparts a 
golden or brown color, destroys any bacterial contaminants that can 
destroy flavor, and concentrates the mixture. The filtered and cooled 
supernatant is then ready for the addition of yeasts and fermentation.

Primary fermentation begins when wort is inoculated with a spe-
cies of Saccharomyces that has been specially developed for beer 

27.3 Microbial Fermentations in  
Food Products

Expected Learning Outcomes

 5. Characterize the basic science behind the use of microbes in food 
fermentations.

 6. Describe the microbiological processes involved in bread making, 
alcoholic beverage production, and fermented plant products.

 7. Outline the fermentation processes related to the preparation of 
dairy products.

 8. Explain several ways that microbes may be used as foods.

In contrast to methods that destroy or keep out unwanted microbes, 
many culinary procedures deliberately add microorganisms and en-
courage them to grow. Common substances such as bread, cheese, 
beer, wine, yogurt, and pickles are the result of food fermentations. 
These reactions actively encourage biochemical activities that im-
part a particular taste, smell, or appearance to food. The microbe or 
microbes can occur naturally on the food substrate, as in sauerkraut, 
or they can be added as pure or mixed samples of known bacteria, 
molds, or yeasts called starter cultures. Many food fermentations 
are synergistic, with a series of microbes acting in concert to convert 
a starting substrate to the desired end product. Because large-scale 
production of fermented milk, cheese, bread, alcoholic brews, and 
vinegar depends upon inoculation with starter cultures, considerable 
effort is spent selecting, maintaining, and preparing these cultures 
and excluding contaminants that can spoil the fermentation. Most 
starting raw materials are of plant origin (grains, vegetables, beans) 
and, to a lesser extent, of animal origin (milk, meat).

Bread Making
Microorganisms accomplish three functions in bread making:

 1. leavening the flour-based dough,
 2. imparting flavor and odor, and
 3. conditioning the dough to make it workable.

Leavening is achieved primarily through the release of gas to pro-
duce a porous and spongy product. Without leavening, bread dough 
remains dense, flat, and hard. Although various microbes and leav-
ening agents can be used, the most common ones are various strains 
of the baker’s yeast Saccharomyces cerevisiae. Other gas-forming 
microbes such as coliform bacteria, certain Clostridium species, 
heterofermentative lactic acid bacteria, and wild yeasts can be em-
ployed, depending on the type of bread desired.

Yeast metabolism requires a source of fermentable sugar such as 
maltose or glucose. Because the yeast respires aerobically in bread 
dough, the chief products of maltose fermentation are carbon dioxide 
and water rather than alcohol (the main product in beer and wine). 
Other contributions to bread texture come from kneading, which in-
corporates air into the dough, and from microbial enzymes, which 
break down flour proteins (gluten) and give the dough elasticity.

Besides carbon dioxide production, bread fermentation generates 
other volatile organic acids and alcohols that impart delicate flavors 

  * malting (mawlt′-ing) Gr. malz, to soften. 
* wort (wurt) O.E. wyrt, a spice

 1. This substance, called humulus, provides some rather interesting side effects 
besides fl avor. It is a moderate sedative, a diuretic, and a mild antiseptic.
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making. Top yeasts such as Saccharomyces cerevisiae function at the 
surface and are used to produce the higher alcohol content of ales. 
Bottom yeasts such as S. uvarum (carlsbergensis) function deep in 
the fermentation vat and are used to make other beers. In both cases, 
the initial inoculum of yeast starter is aerated briefly to promote rapid 
growth and increase the load of yeast cells. Shortly thereafter, an in-
sulating blanket of foam and carbon dioxide develops on the surface 
of the vat and promotes anaerobic conditions. During 8 to 14 days of 
fermentation, the wort sugar is converted chiefly to ethanol and 
 carbon dioxide. The diversity of flavors in the finished product is 
partly due to the release of small amounts of glycerol, acetic acid, and 
esters. Fermentation is self-limited, and it essentially ceases when a 
concentration of 3% to 6% ethyl alcohol is reached.

Freshly fermented, or “green,” beer is lagered,* meaning it is 
held for several weeks to months in vats near 0°C. During this 
maturation period, yeast, proteins, resin, and other materials settle, 
leaving behind a clear, mellow fluid. Lager beer is subjected to a 
final filtration step to remove any residual yeasts that could spoil it. 
Finally, it is carbonated with carbon dioxide collected during fer-
mentation, and packaged in kegs, bottles, or cans.

Preparation of Wine and Liquors
Wine is traditionally considered any alcoholic beverage arising from 
the fermentation of grape juice, but practically any fruit can be ren-
dered into wine. The essential starting point is the preparation of must, 
the juice given off by crushed fruit that is used as a substrate for fer-
mentation. In general, grape wines are either white or red. The color 
comes from the skins of the grapes, so white wine is prepared either 
from white-skinned grapes or from red-skinned grapes that have had 
the skin removed. Red wine comes from the red- or purple-skinned 
varieties. Major steps in making wine include must preparation (crush-
ing), fermentation, pasteurization, storage, and aging (figure 27.6).

The right amount of sugar is essential for proper fermentation. 
The must should contain 12% to 25% glucose or fructose, so the art 

Figure 27.5 Female Flowers of the Japanese hop plant. This 
dried herb gives beer some of its flavor and aroma. Source: Carole 
Ritchie/USDA-NRCS PLANTS Database

Figure 27.6 Wine making. (a) General steps in wine making.  
(b) Wine fermentation vats in a large commercial winery. (b): © James 
Hardy/PhotoAlto RF

  * lagered (law’-gurd) Gr. lager, to store or age.
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this level inhibit the metabolism of the yeast. The fermentation prod-
uct must be distilled to obtain higher concentrations such as those 
found in liquors. During distillation, heating the liquor separates the 
more volatile alcohol from the less volatile aqueous phase. The alco-
hol is then condensed and collected. The alcohol content of distilled 
liquors is rated by proof, a measurement that is usually two times the 
alcohol content. Thus, 80 proof vodka contains 40% ethyl alcohol.

Distilled liquors originate through a process similar to wine mak-
ing, although the starting substrates can be extremely diverse. In addi-
tion to distillation, liquors can be subjected to special treatments such 
as aging to provide unique flavor or color. Vodka, a colorless liquor, is 
usually prepared from fermented potatoes, and rum is distilled from 
fermented sugarcane. Assorted whiskeys are derived from fermented 
grain mashes; rye whiskey is produced from rye mash, and bourbon 
from corn mash. Brandy is distilled grape, peach, or apricot wine.

Other Fermented Plant Products
Fermentation provides an effective way of preserving vegetables, as 
well as enhancing flavor with lactic acid and salt. During pickling 
fermentations, vegetables are immersed in an anaerobic salty solu-
tion (brine) to extract sugar and nutrient-laden juices. The salt also 
disperses bacterial clumps, and its high osmotic pressure inhibits 
proteolytic bacteria and sporeformers that can spoil the product.

Sauerkraut is the fermentation product of cabbage. Cabbage is 
washed, wilted, shredded, salted, and packed tightly into a fermen-
tation vat. Weights cover the cabbage mass and squeeze out its 

of wine making begins in the vineyard. Grapes are harvested when 
their sugar content reaches 15% to 25%, depending on the type of 
wine to be made. Grapes from the field carry a mixed biofilm on their 
surface called the bloom that can serve as a source of wild yeasts 
(27.1 Secret World of Microbes). Some winemakers allow these 
natural yeasts to dominate, but many wineries inoculate the must 
with a special strain of Saccharomyces cerevisiae, variety ellipsoi-
deus. To discourage yeast and bacterial spoilage agents, winemakers 
usually treat grapes with sulfur dioxide or potassium metabisulfite. 
The inoculated must is thoroughly aerated and mixed to promote 
rapid aerobic growth of yeasts, but when the desired level of yeast 
growth is achieved, anaerobic alcoholic fermentation is begun.

The temperature of the vat during fermentation must be care-
fully controlled to facilitate alcohol production. The length of fer-
mentation varies from 3 to 5 days in red wines and from 7 to 14 
days in white wines. The initial fermentation yields ethanol concen-
trations reaching 7% to 15% by volume, depending upon the type of 
yeast, the source of the juice, and ambient conditions. The fer-
mented juice (raw wine) is decanted and transferred to large vats to 
settle and clarify. Before the final aging process, it is flash-pasteurized 
to kill microorganisms and filtered to remove any remaining yeasts 
and sediments. Wine is aged in wooden casks for varying time pe-
riods (months to years), after which it is bottled and stored for fur-
ther aging. During aging, nonmicrobial changes produce aromas 
and flavors (the bouquet) characteristic of a particular wine.

The fermentation processes discussed thus far can only achieve 
a maximum alcoholic content of 17%, because concentrations above 

Harvesting grapes for wine making requires the balancing of several fac-
tors: sugar, acid, and tannin levels within the grapes, time left in the 
growing season, even the expected onset of inclement weather such as 
heat or hail, which can damage the crop. In eighteenth-century Germany, 
grape producers traditionally began their harvest only when the estate 
owner gave his approval. During the 1775 growing season, in the Rheingau 
region, the messenger delivering the order to harvest the grapes was de-
layed for several weeks, time enough for a fungus to infest much of the 
vineyard. Cutting their losses, the grapes were culled and given to local 
farmers who used them to create an unexpectedly enjoyable sweet wine. 
The fungus, Botrytis cinerea, came to be valued throughout Europe for 
the taste it imparted to the wine, while the dry decay and partial dehydra-
tion of the grapes it produced was called the “Noble Rot.” Look back at 
figure 1.5b, to view this interesting fungus. Today, botrytized wines can 
be found all over the world; if Botrytis is not naturally present in the en-
vironment it may be imported and the spores sprayed over the grapes. The 
growing fungus slowly dehydrates the grapes and concentrates the solids 
responsible for the final flavor of the wine. Some of the finest botrytized 
wines owe their flavor to the fact the grapes were picked one at a time, 
when each grape had exactly the correct amount of Noble Rot.

In what way are botrytized wines and sourdough bread similar?  
Answer available on Connect.

27.1 Secret World of Microbes
The Noble Rot

Semillon grapes in southwest France, displaying Noble Rot.
© David Lytle
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microbial growth. When raw milk is left at room temperature, a se-
ries of bacteria ferment the lactose, produce acid, and alter the milk’s 
content and texture (figure 27.7a). This progression can occur natu-
rally, or it can be induced, as in the production of cheese and yogurt.

In the initial stages of milk fermentation, lactose is rapidly 
attacked by Streptococcus lactis and Lactobacillus species 
(figure 27.7b). The resultant lactic acid accumulation and low-
ered pH cause the milk proteins to coagulate into a solid mass 
called the curd. Curdling also causes the separation of a wa-
tery liquid called whey on the surface. Curd can be produced 
by microbial action or by an enzyme, rennin (casein coagu-
lase), which is isolated from the stomach of unweaned calves.

Cheese Production
Since 5000 BC, various forms of cheese have been produced by 
spontaneous fermentation of cow, goat, or sheep milk. Present-day, 
large-scale cheese production is carefully controlled and uses only 
freeze-dried samples of pure cultures. These are first inoculated 
into a small quantity of pasteurized milk to form an active starter 

juices. The fermentation is achieved by natural cabbage microbiota 
or by an added culture. The initial agent of fermentation is Leuco-
nostoc mesenteroides, which grows rapidly in the brine and pro-
duces lactic acid. It is followed by Lactobacillus plantarum, which 
continues to raise the acid content to as high as 2% (pH 3.5) by the 
end of fermentation. The high acid content restricts the growth of 
spoilage microbes.

Fermented cucumber pickles come chiefly in salt and dill vari-
eties. Salt pickles are prepared by washing immature cucumbers, 
placing them in barrels of brine, and allowing them to ferment for 6 
to 9 weeks. The brine can be inoculated with Pediococcus cerevisiae 
and Lactobacillus plantarum to avoid unfavorable qualities caused 
by natural microbiota and to achieve a more consistent product. Fer-
mented dill pickles are prepared in a somewhat more elaborate fash-
ion, with the addition of dill herb, spices, garlic, onion, and vinegar.

Natural vinegar is produced when the ethyl alcohol in fer-
mented plant juice is oxidized to acetic acid, which is responsible 
for the pungent odor and sour taste. Although a reasonable facsim-
ile of vinegar could be made by mixing about 4% acetic acid and a 
dash of sugar in water, this preparation would lack the traces of 
various esters, alcohol, glycerin, and volatile oils that give natural 
vinegar its pleasant character. Vinegar is actually produced in two 
stages. The first stage is similar to wine or beer making, in which a 
plant juice is fermented to alcohol by Saccharomyces. The second 
stage involves aerobic metabolism carried out by acetic acid bacte-
ria in the genera Acetobacter and Gluconobacter. These bacteria 
oxidize the ethanol in a two-step process, as shown here:

2C2H5OH + ½ O2 → CH3CHO + H2O
 Ethanol Acetaldehyde

CH3CHO + ½ O2 → CH3COOH
 Acetaldehyde Acetic acid

The abundance of oxygen necessary in 
commercial vinegar making is furnished by 
exposing inoculated raw material to air by 
arranging it in thin layers in open trays, al-
lowing it to trickle over loosely packed 
beechwood twigs and shavings, or aerating it 
in a large vat. Different types of vinegar are 
derived from substrates such as apple cider 
(cider vinegar), malted grains (malt vinegar), 
and grape juice (wine vinegar).

Microbes in Milk and Dairy 
Products
Milk has a highly nutritious composition. It 
contains an abundance of water and is rich in 
minerals, protein (chiefly casein), butterfat, 
sugar (especially lactose), and vitamins. It 
starts its journey in the udder of a mammal as 
a sterile substance, but as it passes out of the 
teat, it is inoculated by the animal’s normal 
biota. Other microbes can be introduced by 
milking utensils. Because milk is a nearly per-
fect culture medium, it is highly susceptible to 

(a)(a)

Figure 27.7 Microbes at work in milk products. (a) Litmus milk is used to indicate pH 
and consistency changes in milk resulting from microbial action. The first tube is an 
uninoculated control. The second tube has a white, decolorized zone indicative of litmus 
reduction. The third tube shows acid production (pink), and its proteins have formed a loose 
curd. In the fourth tube, digestion of milk proteins has caused complete clarification or 
peptonization of the milk. The fifth tube has a solid curd overlaid by a clear fluid, the whey.  
(b) Chart depicting changes in the numbers and types of microorganisms and the pH of raw 
milk as it incubates. Early acid production by streptococci and lactobacilli favors desirable 
effects such as curds and whey needed for flavor and texture. Late growth spoilage agents turn 
milk alkaline and cause undesirable changes such as protein digestion. (a): © Kathy Park Talaro
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such as kefir, koumiss, and buttermilk are a basic food source in 
many cultures.

Microorganisms as Food
At first, the thought of eating bacteria, molds, algae, and yeasts may 
seem odd or even unappetizing. We do eat their macroscopic rela-
tives such as mushrooms, truffles, and seaweed, but we are used to 
thinking of the microscopic forms as agents of decay and disease 
or, at most, as food flavorings. The consumption of microorganisms 
is not a new concept. In Germany during World War II, it became 
necessary to supplement the diets of undernourished citizens by 
adding yeasts and molds to foods.

At present, most countries are able to produce enough food 
for their inhabitants, but in the future, countries with exploding 
human populations and dwindling arable land may need to con-
sider microbes as a significant source of protein, fat, and vita-
mins. Several countries already commercially mass-produce food 
yeasts; bacteria; and, in a few cases, algae. Although eating mi-
crobes has yet to win total public acceptance, their use as feed 
supplements for livestock is increasing. A technology that shows 
some promise in increasing world food productivity is single-cell 
protein (SCP). This material is produced from waste materials 
such as molasses from sugar refining, petroleum by-products, and 
agricultural wastes. Quorn, a mycoprotein product made from the 
fungus Fusarium venenatum, is sold worldwide as a high protein 
alternative to meat. 

Health food stores carry bottles of dark green pellets or powder 
that are a culture of a spiral-shaped cyanobacterium called Spirul-
ina. This microbe is harvested from the surface of lakes and ponds, 
where it grows in great mats. In some parts of Africa and Mexico, 
Spirulina has become a viable alternative to green plants as a pri-
mary nutrient source. It can be eaten in its natural form or added to 
other foods and beverages.

27.4 Microbial Involvement in Food-
Borne Diseases

Expected Learning Outcomes

 9. Explain the importance of microbes as agents of food-borne 
illnesses.

 10. Classify the types of food poisoning, providing examples of each.

 11. Identify the major methods of food preservation.

 12. Describe methods for preventing food-borne diseases.

Diseases caused by ingesting food are usually referred to as food 
poisoning, and although this term is often used synonymously with 
microbial food-borne illness, not all food poisoning is caused by 
microbes or their products. Several illnesses are caused by poison-
ous plant and animal tissues or by ingesting food contaminated by 
pesticides or other poisonous substances. Table 27.1 summarizes 
the major types of bacterial food-borne disease.

culture. This amplified culture is subsequently inoculated into a 
large vat of milk, where rapid curd development takes place. Such 
rapid growth is desired because it promotes the overgrowth of the 
desired inoculum and prevents the activities of undesirable con-
taminants. Rennin is usually added to increase the rate of curd 
formation.

After its separation from whey, the curd is rendered to pro-
duce one of the 20 major types of soft, semisoft, or hard cheese 
(figure 27.8). The composition of cheese is varied by adjusting 
water, fat, acid, and salt content. Cottage and cream cheese are 
examples of the soft, more perishable variety. After light salting 
and the optional addition of cream, they are ready for consumption 
without further processing. Other cheeses acquire their character 
from “ripening,” a complex curing process involving bacterial, 
mold, and enzyme reactions that develop the final flavor, aroma, 
and other features characteristic of particular cheeses.

The distinctive traits of soft cheeses such as Limburger, 
 Camembert, and Liederkranz are acquired by ripening with a red-
dish-brown mucoid coating of yeasts, micrococci, and molds. The 
microbial enzymes permeate the curd and ferment lipids, proteins, 
carbohydrates, and other substrates. This process leaves assorted 
acids and other by-products that give the finished cheese powerful 
aromas and delicate flavors. Semisoft varieties of cheese such as 
Roquefort, bleu, or Gorgonzola are infused and aged with a strain 
of Penicillium roqueforti mold. Hard cheeses such as Swiss, ched-
dar, and Parmesan develop a sharper flavor by aging with selected 
bacteria. The pockets in Swiss cheese come from entrapped carbon 
dioxide formed by Propionibacterium, which is also responsible for 
its bittersweet taste.

Other Fermented Milk Products
Yogurt is formed by the fermentation of milk by Lactobacillus bul-
garicus and Streptococcus thermophilus. These organisms produce 
organic acids and other flavor components and can grow in such 
numbers that a gram of yogurt regularly contains 100 million bac-
teria. Live cultures of Lactobacillus acidophilus are an important 
additive to acidophilus milk, which is said to benefit digestion and 
to help maintain the normal biota of the intestine. Fermented milks 

Figure 27.8 Cheese making. The curd-cutting stage in the 
making of cheddar cheese. © Joe Munroe/Science Source
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TABLE 27.1   Major Forms of Bacterial Food Poisoning

Disease Microbe Foods Involved Comments/with Chapter References

Food Intoxications: Caused by Ingestion of Foods Containing Preformed Toxins

Staphylococcal enteritis Staphylococcus aureus Custards, cream-filled pastries, ham,  Very common; symptoms come on rapidly;  
   dressings  usually nonfatal; chapter 18

Botulism Clostridium botulinum Home-canned or poorly preserved Rarely seen in commercially prepared foods; 
   low-acid foods  can be fatal; chapter 19

Bacillus cereus enteritis Bacillus cereus Reheated rice, potatoes, puddings, Mimics staphylococcal enteritis; usually  
   custards   self-limited; chapter 19

Food Infections: Caused by Ingestion of Live Bacterial Pathogens That Invade the Intestine

Campylobacteriosis Campylobacter jejuni Raw milk, raw chicken, shellfish Very common; animals are carriers of other 
   and meats  species; chapter 21

Salmonellosis Salmonella typhimurium Poultry, eggs, dairy products, meats Very common; can be severe and  
  and S. enteritidis    life-threatening; chapter 20

Perfringens enterotoxemia Clostridium perfringens Inadequately cooked meats  Vegetative cells produce toxin within the  
 intestine; chapter 19

Shigellosis Various Shigella species Unsanitary cooked food; fish, shrimp,  Carriers and flies contaminate food; the 
   potatoes, salads  cause of bacillary dysentery; chapter 20

Vibrio enteritis Vibrio parahaemolyticus Raw or poorly cooked seafoods Microbe lives naturally on marine animals;  
  Vibrio vulnificus   chapter 21

Listeriosis Listeria monocytogenes Poorly pasteurized milk, cheeses  Most severe in fetuses, newborns, and the  
 immunodeficient; chapter 19

Escherichia enteritis Escherichia coli Contaminated raw vegetables, cheese  Various strains can produce infantile and  
 traveler’s diarrhea; chapter 20

 E. coli O157:H7 Raw or rare beef, vegetables, water  The cause of hemolytic uremic syndrome;  
 chapter 20

Food poisoning of microbial origin can be divided into two 
general categories (figure 27.9). Food intoxication results from 
the ingestion of exotoxin secreted by bacterial cells growing in 
food. The absorbed toxin disrupts a particular target such as the 
intestine (if an enterotoxin) or the nervous system (if a neuro-
toxin). The symptoms of intoxication vary from bouts of vomiting 
and diarrhea (staphylococcal intoxication) to severely disrupted 
muscle function (botulism). In contrast, food infection is associ-
ated with the ingestion of live, intact microbial cells that target the 
intestine. In some cases, they infect the surface of the intestine, 
and in others, they invade the intestine and other body structures. 
Most food infections manifest some degree of diarrhea and ab-
dominal distress (see 20.2 Making Connections). It is important 
to realize that disease symptoms in food infections such as Clos-
tridium perfringens enterotoxemia can be initiated by toxins re-
leased by microbes growing in the infected tissue rather than in 
the food.

Reports of food poisoning are escalating in the United 
States and worldwide. Outbreaks attributed to common patho-
gens (Salmonella, Escherichia coli, Vibrio, hepatitis A, and 
various protozoa) have doubled in the past 25 years. The Cen-
ters for Disease Control and Prevention (CDC) estimate that 
nearly one-sixth of the population suffers each year from some 
form of food poisoning. A major factor in this changing pattern 

is the mass production and distribution of processed food such 
as raw vegetables, fruits, and meats. Improper handling can 
lead to gross contamination of these products with soil or ani-
mal wastes.

Estimated Incidence of Food-Borne Illness in the United States* 

Illnesses 48,000,000 cases
Hospitalizations 128,000 cases
Deaths  3,000 cases

    *One-third of all reported cases result from eating restaurant food.

Many reported food poisoning outbreaks occur where con-
taminated food has been served to large groups of people, but 
most cases probably occur in the home and are not reported. On 
occasion, even commercially prepared foods can be a source of 
infections.

Data collected by food microbiologists indicate that the most 
common bacterial food-borne pathogens are Campylobacter, 
 Salmonella, Shigella, and Staphylococcus aureus. The dominant 
protozoa causing food infections are Giardia, Cryptosporidium, 
and Toxoplasma. The top viruses are noroviruses and hepatitis A 
viruses. These microbes and their diseases were previously dis-
cussed in chapters 18, 19, 20, and 21 (see table 27.1 along with 
chapters 23 and 25).
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dose (sufficient cells to initiate infection) must be present, and in 
food intoxication, enough cells to produce the toxin must be pres-
ent. Thus, food poisoning or spoilage can be prevented by proper 
food handling, preparation, and storage. The methods shown in 
figure 27.10 are aimed at preventing the incorporation of microbes 

Prevention Measures for Food  
Poisoning and Spoilage
The current approach used to regulate the food industry is called 
Hazard Analysis & Critical Control Points, or HACCP, and it is 
adapted from procedures crafted for the space program in the 
1970s. It involves principles that are more systematic and scientific 
than previous random-sampling quality procedures. The program 
focuses on the identification, evaluation, control, and prevention of 
hazards at all stages of the food production process. Recent data 
show that some food-borne illnesses have begun to decline, due in 
part to implementation of HACCP procedures.

It will never be possible to avoid all types of food-borne illness 
because of the ubiquity of microbes in air, water, food, and the hu-
man body. But most types of food poisoning require the growth of 
microbes in the food. In the case of food infections, an infectious 

Figure 27.9 Food-borne illnesses of microbial origin.  
(a) Food intoxication. The toxin is released by microbes growing in the 
food. After the toxin is ingested, it acts upon its target tissue and 
causes symptoms. (b) Food infection. The infectious agent comes 
from food or is introduced into it through poor food processing and 
storage. After the cells are ingested, they invade the intestine and 
cause symptoms of gastroenteritis.
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Figure 27.10 The primary methods to prevent food 
poisoning and food spoilage.
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15 seconds. An alternative method, ultrahigh-temperature (UHT) 
pasteurization, steams the product until it reaches a temperature 
of 134°C for at least 2 seconds. Although milk processed this 
way is not actually sterile, it is often marketed as sterile, with a 
shelf life of up to 3 months. Older methods involve large bulk 
tanks that hold the fluid at a lower temperature for a longer time, 
usually 62.3°C for 30 minutes.

Cooking temperatures used to boil, roast, or fry foods can ren-
der them free or relatively free of living microbes if carried out for 
sufficient time to destroy any potential pathogens. A quick warm-
ing of chicken or an egg is inadequate to kill microbes such as Sal-
monella. In fact, any meat is a potential source of infectious agents 
and should be adequately cooked. Because most meat-associated 
food poisoning is caused by nonsporulating bacteria, heating the 
center of meat to at least 80°C and holding it there for 30 minutes is 
usually sufficient to kill pathogens. Roasting or frying food at tem-
peratures of at least 200°C or boiling it will achieve a satisfactory 
degree of disinfection.

Any perishable raw or cooked food that could serve as a growth 
medium must be stored to prevent the multiplication of bacteria that 
have survived during processing or handling. Because most food-
borne bacteria and molds that are agents of spoilage or infection 
can multiply at room temperature, manipulation of the holding tem-
perature is a useful preservation method (figure 27.11). A good 
general directive is to store foods at temperatures below 4°C or 
above 60°C.

Regular refrigeration reduces the growth rate of most meso-
philic bacteria by 10 times, although some psychrotrophic mi-
crobes can continue to grow at a rate that causes spoilage. This 
factor limits the shelf life of milk, because even at 7°C, a popula-
tion could go from a few cells to a billion in 10 days. Pathogens 
such as Listeria monocytogenes and Salmonella can also continue 
to grow in refrigerated foods. Freezing is a longer-term method 
for cold preservation. Foods can be either slow-frozen for 3 to 
72 hours at −15°C to −23°C or rapidly frozen for 30 minutes at 
−17°C to −34°C. Because freezing cannot be counted upon to kill 
microbes, rancid, spoiled, or infectious foods will still be unfit to 
eat after freezing and defrosting. Salmonella is known to survive 
several months in frozen chicken and ice cream, and Vibrio para-
haemolyticus can survive in frozen shellfish. For this reason, fro-
zen foods should be defrosted rapidly and immediately cooked or 
reheated. However, even this practice will not prevent staphylo-
coccal intoxication if the toxin is already present in the food 
 before it is heated.

Foods such as soups, stews, gravies, meats, and vegetables that 
are generally eaten hot should not be maintained at warm or room 
temperatures, especially in settings such as cafeterias, banquets, 
and picnics. The use of a hot plate, chafing dish, or hot water bath 
will maintain foods above 60°C, well above the incubation tem-
perature of food-poisoning agents.

As a final note about methods to prevent food poisoning, re-
member the simple axiom: “When in doubt, throw it out.”

Irradiation
Ultraviolet (nonionizing) lamps are commonly used to destroy 
microbes on the surfaces of foods or utensils, but they do not 

into food, removing or destroying microbes in food, and keeping 
microbes from multiplying.

Preventing the Incorporation  
of Microbes into Food
Most agricultural products such as fruits, vegetables, grains, 
meats, eggs, and milk are naturally exposed to microbes. Vigor-
ous washing reduces the levels of contaminants in fruits and 
vegetables, whereas meat, eggs, and milk must be taken from 
their animal source as aseptically as possible. Aseptic tech-
niques are also essential in the kitchen. Contamination of foods 
by fingers can be easily remedied by hand washing and proper 
hygiene, and contamination by flies or other insects can be 
stopped by covering foods or eliminating pests from the kitchen. 
Care and common sense also apply in managing utensils. It is 
important to avoid cross-contaminating food by not using the 
same cutting board for meat and vegetables without disinfecting 
it between uses.

Preventing the Survival or Multiplication  
of Microbes in Food
Because it is not possible to eliminate all microbes from certain 
types of food by clean techniques alone, a more efficient approach 
is to preserve the food by physical or chemical methods. Hygieni-
cally preserving foods is especially important for large commercial 
companies that process and sell bulk foods and must ensure that 
products are free from harmful contaminants. Regulations and stan-
dards for food processing are administered by two federal agencies: 
the Food and Drug Administration (FDA) and the U.S. Department 
of Agriculture (USDA).

Temperature and Food Preservation
Heat is a common way to destroy microbial contaminants or to 
reduce the load of microorganisms. Commercial canneries pre-
serve food in hermetically sealed containers that have been ex-
posed to high temperatures over a specified time period. The 
temperature used depends upon the type of food, and it can range 
from 60°C to 121°C, with exposure times ranging from 20 min-
utes to 115 minutes. The food is usually processed at a thermal 
death time (TDT; see chapter 11) that will destroy the main spoil-
age organisms and pathogens but will not alter the nutrient value 
or flavor of the food. For example, tomato juice must be heated 
to between 121°C and 132°C for 20 minutes to ensure destruc-
tion of the spoilage agent Bacillus coagulans. Most canning 
methods are rigorous enough to sterilize the food completely, but 
some only render the food “commercially sterile,” which means 
it contains live bacteria that are unable to grow under normal 
conditions of storage.

Another use of heat is pasteurization, usually defined as the 
application of heat below 100°C to destroy nonresistant bacteria 
and yeasts in liquids such as milk, wine, and fruit juices. The heat 
is applied in the form of steam, hot water, or even electrical cur-
rent. The most prevalent technology is the high-temperature 
short-time (HTST), or flash method, using a pasteurizer with ex-
tensive networks of tubes that expose the liquid to 72°C for 
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(CDC), the U.S. Department of Agriculture (USDA), and the 
World Health Organization (WHO). Although irradiation is 
approved for treatment of beef, pork, poultry, fish, eggs, spices, 
grain, and some fruits and vegetables, less than 10% of these 
products are sterilized this way.

Other Forms of Preservation
The addition of chemical preservatives to many foods can 
prevent the growth of microorganisms that could cause 
spoilage or disease. Preservatives include natural chemicals 
such as salt (NaCl) or table sugar and artificial substances 
such as ethylene oxide. The main classes of preservatives 
are organic acids, nitrogen salts, sulfur compounds, oxides, 
salt, and sugar.

Organic acids, including lactic, benzoic, and propionic 
acids, are among the most widely used preservatives. They 
are added to baked goods, cheeses, pickles, carbonated bever-
ages, jams, jellies, and dried fruits to reduce spoilage from 
molds and some bacteria. Nitrites and nitrates are used pri-
marily to maintain the red color of cured meats (hams, bacon, 
and sausage). By inhibiting the germination of Clostridium 
botulinum spores, they also prevent botulism intoxication, but 
their effects against other microorganisms are limited. Sulfite 
prevents the growth of undesirable molds in dried fruits, 
juices, and wines and retards discoloration in various food-
stuffs. Ethylene and propylene oxide gases disinfect various 
dried foodstuffs. Their use is restricted to fruit, cereals, 
spices, nuts, and cocoa.

The high osmotic pressure contributed by hypertonic lev-
els of salt plasmolyzes bacteria and fungi and removes mois-
ture from food, thereby inhibiting microbial growth. Salt is 
commonly added to brines, pickled foods, meats, and fish. 
However, it does not retard the growth of pathogenic halo-

philes such as Staphylococcus aureus, which grows readily even in 
7.5% salt solutions. The high sugar concentrations of candies, jel-
lies, and canned fruits also exert an osmotic preservative effect. 
Other chemical additives that function in preservation are alcohols 
and antibiotics. Alcohol is added to flavoring extracts, and antibiot-
ics are approved for treating the carcasses of chickens, fish, and 
shrimp.

Food can also be preserved by desiccation, a process that re-
moves moisture needed by microbes for growth by exposing the 
food to dry, warm air. Solar drying was traditionally used for fruits 
and vegetables, but modern commercial dehydration is carried out 
in rapid-evaporation mechanical devices. Drying is not a reliable 
microbicidal method, however. Numerous resistant microbes such 
as micrococci, coliforms, staphylococci, salmonellae, and fungi 
survive in dried milk and eggs, which can subsequently serve as 
agents of spoilage and infections.

In 2006 the FDA approved the spraying of bacteriophages 
onto ready-to-eat meat products. The bacteriophages are spe-
cific for Listeria and will kill this pathogen in cold cuts and 
poultry that are usually not cooked before consumption. Ef-
forts are currently underway to use Salmonella—specific 
 bacteriophage—in the same manner, but it has not yet been 
approved for use.

 penetrate far enough to sterilize bulky foods or food in packages. 
Food preparation areas are often equipped with UV radiation de-
vices that are used to destroy spores on the surfaces of cheese, 
breads, and cakes and to disinfect packaging machines and stor-
age areas.

Food itself is usually sterilized by gamma rays, electron beams, 
or X rays, because these ionizing rays can penetrate denser materi-
als. It must also be emphasized that this method does not cause the 
targets of irradiation to become radioactive.

Although public opinion polls routinely find resistance to eat-
ing irradiated food, there is little scientific evidence to support the 
belief that food irradiation is harmful. Small changes in flavor, 
odor, texture, and the level of some vitamins have been noted, but 
these changes are generally so minor that it is difficult to distin-
guish between irradiated and nonirradiated foods. More than three 
decades of research have shown that irradiation is a safe and effec-
tive means of greatly reducing the risk of food-borne illness, length-
ening shelf life, and even delaying ripening of some fruits and 
vegetables (slowing the sprouting of potatoes, for example). The 
safety of irradiated food is endorsed by the Food and Drug Admin-
istration (FDA), the Centers for Disease Control and Prevention 

Figure 27.11 Temperatures favoring and inhibiting the growth of 
microbes in food. Most microbial agents of disease or spoilage grow in the 
temperature range of 15°C to 40°C. To ensure safety, foods should not be 
allowed to remain at temperatures between 4°C and 60°C for more than two 
hours. The red area represents temperatures at which bacteria grow most 
rapidly while yellow areas allow for microbial growth at a reduced rate; 
green areas correspond to greatly decreased rates of microbial growth. 
Preventing unwanted growth in foods in long-term storage is best achieved 
by refrigeration (4°C ) or freezing (0°C or lower). Preventing microbial growth 
in foods intended to be consumed warm in a few minutes or hours requires 
maintaining the foods above 60°C.
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 15. Outline the steps in industrial mass production of organic substances.

 16. Describe several types of products made with fermentation 
technology and how they are used.

“Never underestimate the power of the microbe.”
  —Jackson W. Foster,  

pioneering microbiologist in the  
development of antibiotics

Virtually any large-scale commercial enterprise that enlists microor-
ganisms to manufacture consumable materials is part of the realm of 
industrial microbiology. Here, the term pertains primarily to bulk 
production of organic compounds such as antibiotics, hormones, 
vitamins, acids, solvents (table 27.2), and enzymes (table 27.3). 
Many of the processing steps involve fermentations similar to those 
described in food technology, but industrial processes usually occur 
on a much larger scale, produce a specific compound, and involve 
numerous complex stages. The aim of industrial microbiology is to 
produce chemicals that can be purified and packaged for sale or for 
use in other commercial processes. Thousands of tons of organic 
chemicals worth several billion dollars are produced by this industry 
every year. To create just one of these products, an industry must 
determine which microbes, starting compounds, and growth condi-
tions work best. The research and development involved require an 
investment of 10 to 15 years and billions of dollars.

The microbes used by fermentation industries are mutant 
strains of fungi or bacteria that selectively synthesize large amounts 

27.5 General Concepts  
in Industrial Microbiology

Expected Learning Outcomes

 13. Recall the major concepts in industrial microbiology.

 14. Describe industrial fermentations and the role of the fermentor.

Check Your Progress SECTIONS 27.2–27.4

 7. Which microbes are used as starter cultures in bread, beer, wine, 
cheeses, and sauerkraut?

 8. Define malting, must, wort, and leavening.
 9. Outline the steps in beer making.
 10. List the steps in wine making.
 11. What are curds and whey, and what causes them?
 12. Explain the meaning of fermentation from the standpoint of 

biotechnology.
 13. Describe five types of fermentations.
 14. What are the main criteria regarding the safety of foods?
 15. Differentiate between food infection and food intoxication.
 16. When are microbes in food harmless? 
 17. What is the rule of temperature with regard to food safety?

TABLE 27.2   Industrial Products of Microorganisms

Chemical Microbial Source Substrate Applications

Pharmaceuticals

Cephalosporins Cephalosporium Glucose Antibacterial antibiotics, broad spectrum
Penicillins Penicillium chrysogenum Lactose  Antibacterial antibiotics, broad and  

 narrow spectrum
Vitamin B12 Pseudomonas Molasses Dietary supplement
Steroids Rhizopus, Cunninghamella Deoxycholic acid,  Treatment of inflammation, allergy;  
 (hydrocortisone)   stigmasterol  hormone replacement therapy

Food Additives and Amino Acids

Citric acid Aspergillus, Candida Molasses  Acidifier in soft drinks; used to set jam;  
  candy additive; fish preservative;  

retards discoloration of crabmeat;  
delays browning of sliced peaches

Xanthan Xanthomonas Glucose medium Food stabilizer; not digested by humans
Acetic acid Acetobacter Any ethylene source, ethanol Food acidifier; used in industrial processes

Miscellaneous

Ethanol Saccharomyces Beet, cane, grains, wood, wastes Additive to gasoline (gasohol)
Acetone Clostridium Molasses, starch  Solvent for lacquers, resins, rubber, 

 fat, oil
Glycerol Yeast By-product of alcohol Explosive (nitroglycerine)
Dextran Klebsiella, Acetobacter,  Glucose, molasses, sucrose Polymer of glucose used as adsorbents, 
  Leuconostoc     blood expanders, and in burn treatment; 

a plasma extender; used to stabilize ice 
cream and in sugary syrup and candies
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Most strains of industrial microorganisms have been chosen for their 
high production of a particular primary or secondary metabolite. 
Certain mutated strains of yeasts and bacteria can produce 20,000 
times more metabolite than a wild strain of that same microbe.

Industrial microbiologists have several tricks to increase the 
amount of the chosen end product. First, they can manipulate the 
growth environment to increase the synthesis of a metabolite. For 
instance, adding lactose instead of glucose as the fermentation sub-
strate increases the production of penicillin by Penicillium. Another 
strategy is to select microbial strains that genetically lack a feed-
back system to regulate the formation of end products, thus encour-
aging mass accumulation of this product. Many syntheses occur in 
sequential fashion, wherein the waste products of one organism 
become the building blocks of the next. During these biotransfor-
mations, the substrate undergoes a series of slight modifications, 
each of which gives off a different by-product (figure 27.13). The 
production of an antibiotic such as tetracycline requires several mi-
croorganisms and 72 separate metabolic steps.

From Microbial Factories to Industrial Factories
Industrial fermentations begin with microbial cells acting as living 
factories. When exposed to optimum conditions, they multiply in 
massive numbers and synthesize large volumes of a desired prod-
uct. Producing appropriate levels of growth and fermentation re-
quires cultivation of the microbes in a carefully controlled 
environment. This process is basically similar to culturing bacteria 
in a test tube of nutrient broth. It requires a sterile medium contain-
ing appropriate nutrients, protection from contamination, provi-
sions for introduction of sterile air or total exclusion of air, and a 
suitable temperature and pH.

Many commercial fermentation processes have been worked 
out on a small scale in a lab and then scaled up to a large commer-
cial venture. An essential component for scaling up is a fermentor 

of various metabolic intermediates, or metabolites. Two basic 
kinds of metabolic products are harvested by industrial processes: 
(1) Primary metabolites are produced during the major metabolic 
pathways and are essential to the microbe’s function. (2) Secondary 
metabolites are by-products of metabolism that may not be critical 
to the microbe’s function (figure 27.12). In general, primary prod-
ucts are compounds such as amino acids and organic acids synthe-
sized during the logarithmic phase of microbial growth; and 
secondary products are compounds such as vitamins, antibiotics, 
and steroids synthesized during the stationary phase (see chapter 7). 

TABLE 27.3   Industrial Enzymes and Their Uses

Enzyme Source Application

Amylase Aspergillus, Bacillus, Rhizopus  Flour supplement, desizing textiles, mash preparation, syrup  
  manufacture, digestive aid, precooked foods, spot remover in 

dry cleaning

Cellulase Aspergillus, Trichoderma  Denim finishing (“stone-washing”), digestive aid, increase  
  digestibility of animal feed, degradation of wood or wood  

by-products

Hyaluronidase Various bacteria  Medical use in wound cleansing, preventing surgical adhesions

Keratinase Streptomyces Hair removal from hides in leather preparation

Pectinase Aspergillus, Sclerotina  Clarifies wine, vinegar, syrups, and fruit juices by degrading  
 pectin, a gelatinous substance; used in concentrating coffee

Proteases Aspergillus, Bacillus, Streptomyces  To clear and flavor rice wines, process animal feed, remove  
  gelatin from photographic film, recover silver, tenderize meat, 

unravel silkworm cocoon, remove spots

Rennet Mucor To curdle milk in cheese making

Streptokinase Streptococcus Medical use in clot digestion, as a blood thinner

Figure 27.12 The origins of primary and secondary 
microbial metabolites harvested by industrial processes.
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or bioreactor (figure 27.14), a device in which mass cultures are 
grown, reactions take place, and product develops. Some fermen-
tors are large tubes, flasks, or vats, but most industrial types are 
metal cylinders with built-in mechanisms for stirring, cooling, 
monitoring, and harvesting product (figure 27.15). Fermentors are 
made of materials that can withstand pressure and are rustproof, 
nontoxic, and leakproof. They range in holding capacity from 
small, 5-gallon systems used in research labs to larger, 5,000- to 
100,000-gallon vessels and, in some industries, to tanks of 250 million 
to 500 million gallons.

For optimum yield, a fermentor must duplicate the actions oc-
curring in a tiny volume (a test tube) on a massive scale. Most mi-
crobes performing fermentations have an aerobic metabolism, and 
the large volumes make it difficult to provide adequate oxygen. 
Fermentors have a built-in device called a sparger that aerates the 
medium to promote aerobic growth. Paddles (impellers) located in 
the central part of the fermentor increase the contact between the 

Figure 27.13 An example of biotransformation by 
microorganisms in the industrial production of steroid hormones. 
Desired hormones such as cortisone and progesterone can require 
several steps and microbes, and rarely can a single microbe carry out all 
the required synthetic steps. (a) Beginning with starting compound  
Δ4-pregnene-3,20-dione (blue), (b) 11-dehydrocortisone (orange) is 
synthesized in three stages by two species of mold. (c) Cortisone (yellow) is 
synthesized in two stages by a pair of molds. (d) 15α-hydroxyprogesterone 
(green) is synthesized in a single step by a pair of molds.
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Figure 27.14 A small-scale bioreactor used in vaccine 
production. Such elaborate systems require the highest levels of 
sterility and clean techniques. © Photo courtesy of Sartorius Stedim Biotech

Figure 27.15 A schematic diagram of an industrial fermentor 
for mass culture of microorganisms. Such instruments are equipped 
to add nutrients and cultures; to remove product under sterile or aseptic 
conditions; and to aerate, stir, and cool the mixture automatically.
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the substrate is added to the system all at once and taken through a 
limited run until product is harvested. In continuous feed systems, 
nutrients are continuously fed into the reactor and the product is 
siphoned off throughout the run.

Ports in the fermentor allow the raw product and waste materi-
als to be recovered from the reactor chamber when fermentation is 
complete. The raw product is recovered by settling, precipitation, 
centrifugation, filtration, or cell lysis. Some products come from 
this process ready to package, whereas others require further puri-
fication, extraction, concentration, or drying. The end product is 
usually in a powder, cake, granular, or liquid form that is placed in 
sterilized containers. The waste products can be siphoned off to be 
used in other processes or discarded, and the residual microbes and 
nutrients from the fermentation chamber can be recycled back into 
the system or removed for the next run.

Fermentation technology for large-scale cultivation of microbes 
and production of microbial products is versatile. Table 27.2 item-
izes some of the major pharmaceutical substances, food additives, 
and solvents produced by microorganisms. Some newer technolo-
gies employ extremophiles and their enzymes to run the processes at 
high or low temperatures or in high-salt conditions. Hyperthermo-
philes have been adapted for high-temperature detergent and en-
zyme production. Psychrophiles are used for cold processing of 
reagents for molecular biology and medical tests. Halophiles are 
effective for processing of salted foods and dietary supplements.

Pharmaceutical Products
Health care products derived from microbial biosynthesis are antibi-
otics, hormones, vitamins, and vaccines. The first mass-produced 
antimicrobic was penicillin, which came from Penicillium chrysoge-
num, a mold first isolated from a cantaloupe in Wisconsin. The cur-
rent strain of this species has gone through 70 years of selective 
mutation and screening to increase its yield. (The original wild 
P. chrysogenum synthesized 60 mg/ml of medium, and the latest 
isolate yields 85,000 mg/ml.) The semisynthetic penicillin deriva-
tives are produced by introducing the assorted side-chain precursors to 
the fermentation vessel during the most appropriate phase of growth. 
Currently, a semisynthetic form of the antimalaria drug artemisinin is 
being produced by bioengineered Saccharomyces cervisiae. 

Several steroid hormones used in therapy are produced indus-
trially. Corticosteroids of the adrenal cortex, cortisone and cortisol 
(hydrocortisone), are invaluable for treating inflammatory and al-
lergic disorders, and female hormones such as progesterone or es-
trogens are the active ingredients in birth control pills. For years, 
the production of these hormones was tedious and expensive be-
cause it involved purifying them from slaughterhouse animal glands 
or chemical syntheses. In time, it was shown that, through biotrans-
formation, various molds could convert a precursor compound 
called diosgenin into cortisone. By the same means, stigmasterol 
from soybean oil could be transformed into progesterone.

Some vaccines are also adaptable to mass production through 
fermentation. Vaccines for Bordetella pertussis, Salmonella typhi, 
Vibrio cholerae, and Mycobacterium tuberculosis are produced in 
large batch cultures. Corynebacterium diphtheriae and Clostridium 
tetani are propagated for the synthesis of their toxins, from which 
toxoids for the DT vaccines are prepared.

microbe and the nutrients by vigorously stirring the fermentation 
mixture. Their action also maintains its uniformity.

Substance Production
The general steps in mass production of organic substances in a fermen-
tor are illustrated in figure 27.16. These can be summarized as follows:

 1. introduction of microbes and sterile media into the reaction 
chamber;

 2. fermentation;
 3. downstream processing (recovery, purification, and packag-

ing of product); and
 4. removal of waste.

All phases of production must be carried out aseptically and moni-
tored (usually by computer) for rate of flow and quality of product. 
The starting raw substrates include crude plant residues, molasses, 
sugars, fish and meat meals, and whey. Additional chemicals can be 
added to control pH or to increase the yield. In batch fermentation, 

Figure 27.16 The general layout of a fermentation plant for 
industrial production of drugs, enzymes, fuels, vitamins, and 
amino acids.
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The Bioterrorism-Biotechnology Connection

Our increasing use of genetic technology to manipulate organisms, com-
bined with an extensive knowledge of the genomes of many pathogens, 
brings to mind a question. Could terrorists use these same techniques and 
information to create more effective weapons of bioterrorism? The an-
swer is troubling but is fortunately tempered by some good news as well.

Startlingly effective pathogens have been created by accident in the 
laboratory. In one incident, what started as a contraceptive vaccine to 
help control Australia’s mouse population resulted in a recombinant 
mousepox virus that, by inactivating part of the immune system, quickly 
killed infected mice, even those that had been previously vaccinated 
against the virus. As mousepox is related to smallpox, it wasn’t a great 
leap to imagine creating a smallpox virus that was even more virulent 
than wild-type smallpox.

Another easily imagined scenario is the incorporation of antibiotic-
resistance genes into highly virulent bacterial pathogens. The anthrax 
scare of late 2001 was tempered somewhat by the fact that anthrax is 
easily treated with the antibiotic ciprofloxacin. If the anthrax had been a 
strain engineered to carry a gene for ciprofloxacin resistance, its power 
both to kill and to induce fear would have been much greater. This is not 
idle speculation; when several scientists from Biopreparat, a network of 
laboratories in Russia and Kazakhstan, defected to the West, they claimed 
they had created a form of Yersinia pestis, the bacterium responsible for 
plague, that was resistant to 16 different antibiotics.

Several companies have developed techniques to engineer a wide 
variety of bacteria with traits such as production of new antibiotics. A 
California company used this technology to create a strain of E. coli that 
was 32,000 times less sensitive to the antibiotic cefotaxime. After this 
persuasive demonstration of its new technology, the company destroyed 
the resultant strain at the request of the American Society for Microbiol-
ogy, which was concerned about the potential of the resistant strain fall-
ing into the wrong hands.

But all is not lost. Pathogens engineered in the laboratory would 
probably struggle to survive in the outside world. It is extremely difficult 
to engineer a pathogen that can retain its newly enhanced (or acquired) 
virulence yet remain transmissible. Any new trait would soon be lost un-
less it conferred some selective advantage on its bearer. The questions 
then become: How quickly will the pathogen lose its virulence, and how 
many people will be infected before that happens? Clearly, the rapid dis-
covery of pathogens is a key aspect of keeping people safe.

Beginning in 2003 the BioWatch system was implemented to pro-
vide just such rapid detection. Relying on air samplers in more than 30 
cities to collect air in public places like train stations and airports, some 
samplers even sat atop public buildings. As air traveled through filters in 
the sampler, microbes would be trapped. Once a day, the filters were col-
lected and screened for the presence of plague, tularemia, smallpox, and 
other pathogens. Unfortunately BioWatch was prone to false alarms, with 
over 50 recorded since the system was first put into service. Based on 
testing carried out secretly at the Pacific Northwest National Laboratory 

in Washington State, the assays used to detect pathogens as part of 
 BioWatch were found to be unsuitable for the task and the search began 
for more specific methods.

In 2010 a highly advanced technology that screens for pathogens 
was introduced by the Lawrence Livermore National Laboratory. This 
device, called the Microbial Detection Array, is loaded with nearly 
400,000 known DNA probes that interact with more than 2,000 viruses 
and about 900 bacteria. Its plan is similar to the microarrays described in 
chapter 10 for identifying genes.

In practice, DNA is extracted from a sample of interest and labeled 
with a fluorescent dye. The processed sample is loaded onto the array chip, 
which is about the size of a glass slide. After hybridization, the chip is 
scanned and analyzed by computers that detect any of the probes that are 
adhering to the sample DNA and provide a readout of that sample’s iden-
tity. This versatile technology has numerous benefits and applications. 
Most results will be available in about 24 hours and can be focused on de-
tecting just those pathogens with the highest bioterrorism potential. To il-
lustrate the detection array’s accuracy and sensitivity, when its makers used 
it to screen a new rotavirus vaccine, they were able to detect a pig virus that 
had contaminated the vaccine. Right now, its potentials for use in biode-
fense, law enforcement, diagnosis, and industry seem almost unlimited.

What are some of the major ethical and medical concerns surround-
ing the development of harmful technologies? Answer available on 
Connect.

27.1 MAKING CONNECTIONS

A BioWatch air sampler in the Washington, D.C. subway Courtesy of 
Lawrence Livermore National Laboratory
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a perfect environment for both growth and toxin production. 
Staphylococcal enterotoxins are resistant to heat, and though 
the S. aureus bacteria may have been killed when the perlo 
was reheated, the toxins were still fully active. The speed with 
which staphylococcal intoxication occurs (as early as 2 hours 
after lunch, in this case) is always a clue as to the offending 
organism. Further, the halotolerance of Staphylococcus 
makes it a prime suspect when a dish is highly salty (contain-
ing ham or sausage, for instance). Fortunately food intoxica-
tion due to S. aureus generally passes quickly and has no 
lingering effects.

The botulism case was traced to homemade potato salad. 
Every ill person reported having eaten some at the potluck, 
and leftover potato salad tested positive for the presence of 
botulinum toxin. The person who prepared the potato salad 
used home-canned potatoes that had been prepared in a boil-
ing water canner, which does not kill endospores of Clostrid-
ium botulinum. Acidic foods, like tomatoes or pickles, with a 
pH below 4.6 inhibit germination of C. botulinum endospores, 
but potatoes are a low-acid food and don’t possess this inhibi-
tory property. Further, the home canning process creates an 
anaerobic environment, and if endospores of C. botulinum (an 
obligate anaerobe) are present, they will germinate, grow, and 
produce toxins during storage of the food. Finally, in contrast 
to staphylococcal enterotoxin, botulinum neurotoxin is heat la-
bile and boiling the potatoes for 10 minutes prior to making 
the potato salad would have inactivated the toxins. Fortunately 
no other patients died, but 29 were hospitalized.

The Chipotle outbreak may never be solved. The slower 
pace of an E. coli infection compared to the intoxications seen 
in the other two cases make epidemiological investigation far 
more difficult. In the week to 10 days it took for most patients 
to present to a physician, restaurant trash had been thrown 
away, supplies of meat and vegetables had been exhausted 
and reordered several times, and countertops, refrigerators, 
and work surfaces had been cleaned many times over. The fact 
that several different Chipotle locations were involved in the 
outbreak indicated that the source of infection was probably a 
food ingredient delivered to many restaurants from a single 
supplier and not a sick Chipotle employee or other isolated 
source. By the end of 2015 the outbreak seemed to have run 
its course, and it was thought that whatever had caused the 
problem was no longer in the restaurant’s supply chain. On 
February 1, 2016, the CDC declared the outbreak to be over.

■ Why would potatoes be a common vehicle for botulism?

■ Food safety guidelines recommend that large batches of 
food be transferred to shallow containers prior to 
refrigeration. Why is this?

To learn more about these three cases, search the Internet for “Large 
Outbreak of Botulism Associated with a Church Potluck Meal,” “Outbreak 
of Staphylococcal Food Poisoning from a Military Unit Lunch Party,” or 
“Multistate Outbreaks of Shiga Toxin-Producing Escherichia coli O26 
Infections Linked to Chipotle Mexican Grill Restaurants.”

To conclude this Case Study, go to Connect. 

Miscellaneous Products
An interesting use of the powers of certain microbes has been the de-
velopment and industrial production of natural biopesticides using Ba-
cillus thuringiensis. During sporulation, these bacteria produce 
intracellular crystals that can be toxic to certain insects. When the in-
sect ingests this endotoxin, its digestive tract breaks down and it dies, 
but the material is relatively nontoxic to other organisms. Commercial 
dusts are available to suppress caterpillars, moths, and worms on vari-
ous agricultural crops and trees. A strain of this bacterium is also being 
considered to control the mosquito vector of malaria (chapter 23) and 
the black fly vector of onchocerciasis (river blindness; chapter 23).

Enzymes are critical to chemical manufacturing, the agricul-
ture and food industries, textile and paper processing, and even 
laundry and dry cleaning. The advantage of enzymes is that they 
are very specific in their activity and are readily produced and re-
leased by microbes. Mass quantities of proteases, amylases, lipases, 
oxidases, and cellulases are produced by fermentation technology 
(see table 27.3). The wave of the future appears to be custom de-
signing enzymes to perform a specific task by altering their amino 
acid content. Other compounds of interest that can be mass-produced 
by microorganisms are amino acids, organic acids, solvents, and 
 natural flavor compounds to be used in air fresheners and foods.

In exploring the unlimited possibilities for applications of this 
technology, biotechnology-based industries have even ventured 
into developing products related to bioterrorism (27.1 Making 
Connections).

Check Your Progress SECTION 27.5

 18. Describe the aims of industrial microbiology.
 19. Differentiate between primary and secondary metabolites.
 20. What is meant by biotransformation?
 21. Describe a fermentor and explain how it is scaled up for industrial use.
 22. Explain what is meant by downstream processing.
 23. List some specific examples of products derived from industrial 

processes.
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The outbreak at the military lunch revolved around 
a dish called perlo, which contained chicken, sau-
sage, and rice. The day before the lunch, chicken was 
cooked in a pot of boiling water; the meat was removed from 
the bones, by hand, and combined with cooked sausages, 
onions, seasonings, and rice. The pot of cooked perlo was 
placed in an unheated oven overnight. The following day the 
perlo, which was still warm, was transferred to a slow cooker 
and reheated before being served. Most likely, Staphylococ-
cus aureus was present on the hands of one of the persons 
who removed the cooked chicken from the bones (gloves 
were not worn during this process). S. aureus growth and 
toxin production is optimal at 34°C to 41°C (93°F to 106°F), 
and storing the dish in an unheated oven overnight provided 
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 3. Wine is started by fermentation of must (fruit juices). 
Whiskey, vodka, brandy, and other alcoholic beverages 
are distilled to increase their alcohol content.

 4. Vegetable products, including sauerkraut, pickles, and 
soybean derivatives, can be pickled in the presence of 
salt or sugar.

 5. Vinegar is produced by fermenting plant juices first to 
alcohol and oxidizing the alcohol to acetaldehyde and 
acetic acid.

 6. Most dairy products are produced by microbes acting on 
nutrients in milk. In cheese production, milk proteins are 
coagulated to a solid curd that separates from the watery 
whey.

 7. Mass-cultured microbes such as yeasts, molds, and 
bacteria can serve as food. Proteins derived from 
microbes are currently added to animal feeds.

 27.4 Microbial Involvement in Food-Borne Disease
 A. A number of bacteria, protozoa, and viruses cause spoilage 

and food poisoning.
 B. Prevention Measures

 1. Microbial growth that leads to spoilage and food 
poisoning can be avoided by high temperature and 
pressure treatment (canning) and pasteurization for 
disinfecting milk and other heat-sensitive beverages.

 2. Refrigeration and freezing inhibit microbial growth.
 3. Irradiation sterilizes or disinfects foods for longer-term 

storage.
 4. Alternative preservation methods include additives (salt, 

nitrites), treatment with ethylene oxide gas, and drying.
 27.5 General Concepts in Industrial Microbiology

 A. Industrial microbiology involves the large-scale commercial 
production of organic compounds such as antibiotics, 
vitamins, amino acids, enzymes, and hormones using specific 
microbes in carefully controlled fermentation settings.

 B. Microbes are chosen for their production of a desired metabolite; 
several different species can be used to biotransform raw 
materials in a stepwise series of metabolic reactions.

 C. Fermentations are conducted in massive culture devices 
called fermentors that have special mechanisms for adding 
nutrients, stirring, oxygenating, altering pH, cooling, 
monitoring, and harvesting product.

 27.1 Applied Microbiology and Biotechnology
Biotechnology is the practical application of microbiology in the 
manufacture of food, industrial chemicals, drugs, and other 
products. Many of these processes use mass, controlled microbial 
fermentations and bioengineered microorganisms.
 A. Microorganisms in Water and Wastewater Treatment

 1. Drinking water is rendered safe by a purification process 
that involves storage, sedimentation, settling, aeration, 
filtration, and disinfection.

 2. Sewage or used wastewater can be processed to 
remove solid matter, dangerous chemicals, and 
microorganisms.

 3. Microbes biodegrade the waste material or sludge. Solid 
wastes are further processed in anaerobic digesters.

 27.2 The Microbiology of Food
 A. Microbes and humans compete for the rich nutrients in food. 

Many microbes are present on food as harmless 
contaminants; some are used to create flavors and nutrients; 
others may produce unfavorable reactions.

 1. The beneficial effects of microorganisms on food are 
based mainly on their ability to ferment or chemically 
change it to alter flavor, taste, or texture. Microbes can 
also serve as food themselves.

 2. The detrimental effects of microorganisms are their 
ability to cause food-borne illness and to spoil food, 
making it unsuitable for consumption.

 3. Microbes in or on food may result in no consequences 
at all. In that case, their effect on food is considered 
neutral.

 27.3 Microbial Fermentations in Food Products from Plants
 A. Microbes can impart desirable aroma, flavor, or texture to 

foods. Bread, alcoholic beverages, some vegetables, and 
some dairy products are infused with pure microbial strains 
to yield the necessary fermentation products.

 1. Baker’s yeast, Saccharomyces cerevisiae, is used to 
leaven bread dough by giving off CO2.

 2. Beer making involves the following steps: Barley is 
sprouted (malted) to generate digestive enzymes, 
transformed to mash, and heated with hops to produce a 
wort. Wort is fermented by yeast and lagered in large 
tanks before it is carbonated and packaged.

Chapter Summary with Key Terms

Level I. Knowledge and Comprehension
These questions require a working knowledge of the concepts in the chapter 
and the ability to recall and understand the information you have studied.

Select the correct answer from the answers provided. For questions with blanks, choose the combination of answers that most accurately completes the 
statement.

 2. Milk is usually pasteurized by
 a. the high-temperature short-time method c. batch method
 b. ultrapasteurization d. electrical currents

 1. Which of the following is not a stage in purification of drinking water?
 a. filtration c. activated sludge
 b. chlorination d. sedimentation

Multiple-Choice Questions?
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 7. A food maintenance temperature that generally will prevent food 
poisoning is

 a. below 4°C c. room temperature
 b. above 60°C d. both a and b

 8. Most cases of food intoxication are caused by
 a. Salmonella enteritidis c. Bacillus cereus
 b. Staphylococcus aureus d. Giardia lamblia

 9. The large tanks used in industrial production of antibiotics are termed
 a. digesters  b. fermentors  c. spargers  d. biotransformers

 10. Which of the following microbes produces a natural biopesticide?
 a. Penicillium chrysogenum c. Bacillus thuringiensis
 b. Saccharomyces cerevisiae d. Lactobacillus bulgaricus

 3. Substances given off by yeasts during fermentation are
 a. alcohol c. organic acids
 b. carbon dioxide d. all of these

 4. Which of the following is added to facilitate milk curdling during 
cheese making?

 a. lactic acid  b. salt  c. Lactobacillus  d. rennin
 5. Secondary metabolites of microbes are formed during the  

phase of growth.
 a. exponential  b. stationary  c. lag  d. death

 6. The dried, presprouted grain that is soaked to activate enzymes for 
beer is

 a. hops   b. malt   c. wort   d. mash

it was not the outbreak strain. What conclusion can be drawn from 
this information?

 a. The person was not sickened by E. coli.
 b. The person is not part of the outbreak.
 c. Escherichia coli mutates frequently, making DNA profiling 

unreliable.
 d. The person has already begun to recover from the disease.

 3. If the bacterium in question during the perlo outbreak had been  
E. coli instead of S. aureus, how might the outbreak have changed? 

Case Study Review

 1. Chopped garlic often contains C. botulinum endospores and is 
commonly sold submerged in olive oil, which creates an anaerobic 
environment. What is required to be added to garlic sold in this 
manner?

 a. sodium chloride
 b. citric acid
 c. water
 d. A warning label describing the symptoms of botulism.

 2. During the Chipotle outbreak, some people were sickened with  
E. coli, but a DNA profile of the bacterium in their feces showed that 

For each question, compose a one- or two-paragraph answer that includes the factual information needed to completely address the question. Check Your 
Progress questions can also be used for writing-challenge exercises.

 2. Summarize the basic processes in food fermentations, using examples 
from beer, wine, and dairy products.

 3. Outline the major methods used to prevent foodborne illness and 
spoilage. Explain the adage “When in doubt, throw it out” from a 
microbiological perspective.

 4. Explain the differences between primary and secondary metabolites 
as they relate to industrial microbiology.

 1. Every year, supposedly safe municipal water supplies cause 
outbreaks of enteric illness.

 a. How in the course of water analysis and treatment might these 
pathogens be missed?

 b. Why is there less tolerance for a fecal coliform in drinking or 
recreational water than for other bacteria?

Writing Challenge

On Connect you can find an Introduction to Concept Mapping that provides guidance for working with concept maps along with concept mapping 
activities for this chapter.

Concept Mapping
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These problems go beyond just restating facts and require higher levels of understanding and 
an ability to interpret, problem solve, transfer knowledge to new situations, create models, and 
predict outcomes.

Level II. Application, Analysis, Evaluation, and Synthesis

Critical thinking is the ability to reason and solve problems using facts and concepts. These questions can be approached from a number of angles, and in 
most cases, they do not have a single correct answer.

 4. Predict the differences in the outcome of raw milk that has been 
incubated for 48 hours versus pasteurized milk that has been 
incubated for the same length of time.

 5. Explain the ways that biotransformation by synergistic 
microorganisms is harnessed in industrial microbiology.

 a. Outline the steps in the production of an antibiotic, starting with a 
newly discovered mold.

 b. Review chapter 10 and locate examples of recombinant DNA 
technology being applied to industrial processes.

 6. Log on to http://www.cdc.gov/pulsenet/ to learn about the PulseNet 
system and explain how it would have been applied in the three 
outbreaks described in this chapter’s Case Study.

 1. Describe three important potential applications of bacteria that can 
make methane.

 2. a.  Describe four food-preparation and food-maintenance practices in 
your own kitchen that could expose people to food poisoning, and 
explain how to prevent them.

 b. What is a good general rule to follow concerning food of 
questionable quality?

 3. a.  What is the purpose of boiling the wort in beer preparation?
 b. What are hops used for?
 c. If fermentation of sugars to produce alcohol in wine is anaerobic, 

why do winemakers make sure that the early phase of yeast 
growth is aerobic?

Critical Thinking

 1. From chapter 7, figure 7.6. What method of food preservation 
exploits the principles that are illustrated here?

 2. From chapter 8, figure 8.23. Correlate the stages in this figure  
with corresponding steps in wine making, starting with grapes  
(figure 27.6). Where do champagne bubbles come from? What 
causes wine to go sour?

Visual Challenge
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STUDY TIP: Quickly create a customized practice quiz for this chapter by going to your 
Connect SmartBook “My Reports” section. Don’t have SmartBook and want to learn more? 
Go to whysmartbook.com.
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