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PREFACE

This fourth edition of Modern Food Microbiology is written primarily for
use as a textbook in a second or subsequent course in microbiology. The
previous editions have found usage in courses in food microbiology
and applied microbiology in liberal arts, food science, food technology,
nutritional science, and nutrition curricula. Although organic chemistry is
a desirable prerequisite, those with a good grasp of biology and chemistry
should not find this book difficult. In addition to its use as a textbook, this
edition, like the previous one, contains material that goes beyond that
covered in a typical microbiology course (parts of Chaps. 4, 6, and 7).
This material is included for its reference value and for the benefit of
professionals in microbiology, food science, nutrition, and related fields.

This edition contains four new chapters, and with the exception of
Chapter 15, which received only minor changes, the remaining chapters
have undergone extensive revision. The new chapters are 17 (indicator
organisms), 18 (quality control), 21 (listeriae and listeriosis), and 24
(animal parasites). Six chapters in the previous edition have been com-
bined; they are represented in this edition by Chapters 12, 13, and 14.

In the broad area of food microbiology, one of the challenges that an
author must deal with is that of producing a work that is up to date.
While recent research and advances in some of the areas covered have
been relatively minor, others are experiencing an explosion of activity
and advances. Since much of this has been presented in other books and
monographs, I have opted to cite many of these sources in the introduc-
tions to six of the seven parts. Readers are referred to these introductory
statements for an overview of the respective chapters.

Numerous references have been consulted in the preparation of this
edition, and I thank the many investigators whose findings I have drawn
upon so heavily. I have been assisted by the following individuals, who
critiqued various sections of my drafts: D. A. Corlett, Jr., C. D. Jeffries,
M. J. Loessner, M. C. Johnson-Thompson, C. R. Sterling, H. M. Wehr,
N. B. Wehr, and D. J. Wilson. Those who assisted me with the previous
three editions are acknowledged in the respective editions.

My thanks also go to the diligent editors of Beehive Production Ser-
vices, especially Beverly Miller, copyeditor, for their professional work
on the manuscript.

Xi
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PART 1

Historical Background

The material in this chapter provides a glimpse of some of the early events that
ultimately led to the recognition of the significance and role of microorganisms
in foods. Food microbiology as a defined subdiscipline does not have a precise
beginning. Some of the early findings and observations are noted, along with
dates. The selective lists of events noted for food preservation, food spoilage,
food poisoning, and food legislation are meant to be guideposts in the
continuing evolution and development of food microbiology.



PART 11

Taxonomy, Sources, Types,
Incidence, and Behavior of
Mlcroorgamsms in Foods

Many changes in bacterial taxonomy have occurred since the ninth edition of
Bergey’s Manual was published in 1984—-1986, and those that were approved
through 1990 are noted in Chapter 2 for most groups of interest in foods.
Similarly, many recent changes have been made in the taxonomy of yeasts and
molds, and some of these are noted in Chapter 2. In addition to the references
cited in the chapter, the monograph on yeasts edited by Rose (listed below)
may be consulted.

The intrinsic and extrinsic parameters that affect microbial growth are
presented in Chapter 3, and additional general information can be found in
several of the references noted below.

Chapter 4 lists the numbers and types of microorganisms reported for a
variety of foods and some food processing technologies. Except for the latter,
this chapter is meant to be a compilation of findings for reference use.

The following sources are recommended for the reader interested in
additional details:

G. J. Banwart. 1989. Basic Food Microbiology, 2d ed. New York: Van Nostrand
Reinhold. This is a general food microbiology text.

W. C. Frazier and D. C. Westhoff. 1988. Food Microbiology, 4th ed. New York:
McGraw-Hill. This is a general food microbiology text.

International Commission Microbiological Specification Foods (ICMSF). 1980.
Microbial Ecology of Foods, vol. 1. New York: Academic Press. This volume gives a
detailed treatment of the intrinsic and extrinsic parameters that affect microbial
growth in foods.

T. J. Montville, ed. 1987. Food Microbiology, vol. 1. Boca Raton, Fla.: CRC Press.
This book provides in-depth coverage of intrinsic parameters of microbial growth.

A. H. Rose, ed. 1987. Biology of Yeasts. New York: Academic Press. A thorough
treatment of the general biology and taxonomy of yeasts is given in this volume.



PART III

Determining Microorganisms
and/or Their Products in Foods

If one assumes that a given science discipline is no better than its methodology,
the material presented in these three chapters is critical to food microbiology.
Traditional methods are presented in Chapters 5 and 6, along with some
newer developments that are designed to be more precise, accurate, and rapid
than the former. The areas covered are being pursued actively in research
laboratories, and complete treatments go beyond the scope of this work. The
references noted below should be consulted for in-depth coverage.

The animal and tissue culture assay methods covered in Chapter 7 are
designed to provide the basic principles of these bioassay methods. For most
foodborne pathogens, additional information is provided in the chapters in
Part VII.

The following references should be consulted for in-depth coverage of the
topics included in this part:

A. D. King, Jr., J. L. Pitt, L. R. Beuchat, and J. E. L. Corry. 1986. Methods for the
Mpycological Examination of Food. New York: Plenum. This book provides detailed
coverage of the many methods that may be used to examine foods for fungi.

W. H. Nelson. 1991. Physical Methods for Microorganisms Detection. Boca Raton, Fla.:
CRC Press. The ATP assay to detect microorganisms is detailed.

B. Ray, ed. 1989. Injured Index and Pathogenic Bacteria: Occurrence and Detection in
Foods, Water and Feeds. Boca Raton, Fla.: CRC Press. This volume covers
metabolically injured organisms and methods for their recovery from foods with
emphasis on indicators and pathogens.



PART1V
Microbial Spoilage of Foods

Chapters 8 through 10 present the microbial flora of foods, the ecological
parameters of the foods that affect the flora, and the outcome of this
relationship that leads to products of undesirable microbial quality. Studies on
the microbial spoilage of fruits and vegetables are not pursued very actively;
the opposite is true for some meat and seafood products, especially those that
are processed and packaged under certain conditions.

More detailed information on poultry, red meats, and seafoods can be
obtained from the following references:

F. E. Cunningham, and N. A. Cox, eds., The Microbiology of Poultry Meat Products
(New York: Academic Press, 1987). The microbiology of fresh and spoiled poultry is
covered along with poultry as a source of foodborne pathogens.

A. M. Pearson, and T. R. Dutson, Advances in Meat Research, vol. 2, Meat and Poultry
Microbiology (New York: Van Nostrand Reinhold, 1986). The viruses, fungi,
parasites, and bacterial pathogens that occur in meats are discussed, as is the
spoilage of fresh and processed meats.

D. R. Ward, and C. R. Hackney, Microbiology of Marine Food Products (New York:
Van Nostrand Reinhold, 1990). The microbiology of seafood processing is discussed
along with HACCP and other programs that deal with seafood safety and quality.



PARTYV

Food Preservation and Some
Properties of Psychrotrophs,
Thermophiles, Radiation-
Resistant, and Lactic Acid
Bacteria

The microbiology of a variety of food preservation methods is examined in
Chapters 11 through 16. The target organisms for the respective methods are
presented along with the mode of action of the respective preservation
methods where known. In Chapters 12, 13, and 14, synopses of the respective
groups of organisms that these methods are designed to inhibit or kill are
presented. Food fermentations as preservation methods are examined in
Chapter 16 with emphasis on the specific roles that the fermenters play in
effecting product preservation.

More detailed information can be obtained from the following sources:

G. Campbell-Platt, ed., Fermented Foods of the World (Stoneham, Mass.: Butterworth-
Heinemann, 1987): An excellent treatment of the titled subject.

G. W. Gould, ed., Mechanisms of Action of Food Preservation Procedures (N.Y.:
Elsevier, 1989): Detailed coverage of the titled subject.

J. N. Sofos, Sorbate Food Preservatives (Boca Raton, Fla.: CRC Press, 1989):
Thorough coverage of the titled compound in food preservation applications.

W. M. Urbain, Food Irradiation (New York: Academic Press, 1986): Excellent
coverage of titled subject through the mid-1980s.

B. J. B. Wood, ed., Microbiology of Fermented Foods, Vol. 1: More Developed Food
Fermentations (Amsterdam: Elsevier, 1985): Detailed coverage of many fermented
foods.



PART VI

Microbial Indicators of

Food Safety and Quality,
Principles of Quality Control,
and Microbiological Criteria

The use of microorganisms and/or their products as quality indicators is
presented in Chapter 17, along with the use of coliforms and enterococci as
safety indicators. The genus Enterococcus now includes at least 16 species, and
the utility of this group as sanitary and quality indicators is discussed. The
principles of the Hazard Analysis Critical Control Point (HACCP) system are
presented in Chapter 18 as the best method to control pathogens in foods. This
chapter also contains an introduction to sampling plans and examples of
microbiological criteria. The whole area of food quality control has been given
much attention; some of the varying approaches and views can be obtained
from the following references:

D. A. Shapton and N. F. Shapton, eds., Principles and Practices for the Safe Processing
of Foods (Stoneham, Mass.: Butterworth Heinemann, 1991). Includes discussions on
HACCP and microbiological criteria.

D. D. Bills, Shain-dow Kung, and R. Quatrano, eds., Biotechnology and Food Quality
(Stoneham, Mass.: Butterworth Heinemann, 1989). Discussions on food quality
evaluation and the quality of genetic engineered products.

J. A. Troller, Sanitation in Food Processing (New York: Academic Press, 1983). Covers
practical approaches to the control of microorganisms.



PART VII

Foodborne Diseases

Most of the human diseases that are contracted from foods are covered in
Chapters 19 through 25. Each chapter deals with one or more foodborne
pathogens, with emphasis on the biology of the respective organisms, vehicle
foods, symptoms, mode of action of pathogenesis, and prevention. Some of the
animal parasites that are known and presumed to be transmitted by foods are
covered in Chapter 24. Most of these pathogens have not been addressed by
food microbiologists in the past; this is an area that will demand more attention
in the years to come. Much of what is known about each of the syndromes
addressed goes beyond the scope of this text; readers are referred to the
following references for more extensive information:

D. O. Cliver, ed., Foodborne Diseases (New York: Academic Press, 1990). An
excellent but less detailed coverage of foodborne diseases than the work edited by
Doyle.

M. P. Doyle, ed., Foodborne Bacterial Pathogens (New York: Marcel Dekker, 1989).
All of the known and most of the suspected foodborne bacterial pathogens are
covered extensively in this work.

P. Krogh, ed., Mycotoxins in Food (New York: Academic Press, 1988). A more concise
work than that by Sharma and Salunkhe.

E. T. Ryser and E. H. Marth, Listeria, Listeriosis, and Food Safety (New York: Marcel
Dekker, 1991). The most thorough treatment of the titled subject now available.
Includes detailed methods for the recovery of listeriae from foods.

R. P. Sharma and D. K. Salunkhe, Mycotoxins and Phytoalexins (Boca Raton, Fla.:
CRC Press, 1991). Detailed coverage of aflatoxins and other mycotoxins.

453



1

History of Microorganisms
in Food

Although it is extremely difficult to pinpoint the precise beginnings of human
awareness of the presence and role of microorganisms in foods, the available
evidence indicates that this knowledge preceded the establishment of bac-
teriology or microbiology as a science. The era prior to the establishment of
bacteriology as a science may be designated the prescientific era. This era may
be further divided into what has been called the food-gathering period and the
food-producing period. The former covers the time from human origin over
1 million years ago up to 8,000 years ago. During this period, humans were
presumably carnivorous, with plant foods coming into their diet later in this
period. It is also during this period that foods were first cooked.

The food-producing period dates from about 8,000 to 10,000 years ago
and, of course, includes the present time. It is presumed that the problems of
spoilage and food poisoning were encountered early in this period. With the
advent of prepared foods, the problems of disease transmission by foods and
of faster spoilage caused by improper storage made their appearance. Spoilage
of prepared foods apparently dates from around 6000 B.c. The practice of
making pottery was brought to Western Europe about 5000 B.c. from the
Near East. The first boiler pots are thought to have originated in the Near
East about 8,000 years ago. The arts of cereal cookery, brewing, and food
storage were either started at about this time or stimulated by this new devel-
opment. The first evidence of beer manufacture has been traced to ancient
Babylonia, as far back as 7000 B.c. (7). The Sumerians of about 3000 B.c. are
believed to have been the first great livestock breeders and dairymen and were
among the first to make butter. Salted meats, fish, fat, dried skins, wheat, and
barley are also known to have been associated with this culture. Milk, butter,
and cheese were used by the Egyptians as early as 3000 B.c. Between 3000
B.C. and 1200 B.c., the Jews used salt from the Dead Sea in the preservation
of various foods. The Chinese and Greeks used salted fish in their diet, and

3
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4 History of Microorganisms in Food

the Greeks are credited with passing this practice on to the Romans, whose
diet included pickled meats. Mummification and preservation of foods were
related technologies that seem to have influenced each other’s development.
Wines are known to have been prepared by the Assyrians by 3500 B.c. Fermented
sausages were prepared and consumed by the ancient Babylonians and the
people of ancient China as far back as 1500 B.c. (7).

Another method of food preservation that apparently arose during this time
was the use of oils such as olive and sesame. Jensen (6) has pointed out that
the use of oils leads to high incidences of staphylococcal food poisoning. The
Romans excelled in the preservation of meats other than beef by around 1000
B.C. and are known to have used snow to pack prawns and other perishables,
according to Seneca. The practice of smoking meats as a form of preservation
is presumed to have emerged sometime during this period, as did the making
of cheese and wines. It is doubtful whether people at this time understood
the nature of these newly found preservation techniques. It is also doubtful
whether the role of foods in the transmission of disease or the danger of eating
meat from infected animals was recognized.

Few advances were apparently made toward understanding the nature of
food poisoning and food spoilage between the time of the birth of Christ and
A.D. 1100. Ergot poisoning (caused by Claviceps purpurea, a fungus that grows
on rye and other grains) caused many deaths during the Middle Ages. Over
40,000 deaths due to ergot poisoning were recorded in France alone in A.D.
943, but it was not known that the toxin of this disease was produced by a
fungus. Meat butchers are mentioned for the first time in 1156, and by 1248
the Swiss were concerned with marketable and nonmarketable meats. In 1276
a compulsory slaughter and inspection order was issued for public abattoirs in
Augsburg. Although people were aware of quality attributes in meats by the
thirteenth century, it is doubtful that there was any knowledge of the causal
relationship between meat quality and microorganisms.

Perhaps the first person to suggest the role of microorganisms in spoiling
foods was A. Kircher, a monk, who as early as 1658 examined decaying bodies,
meat, milk, and other substances and saw what he referred to as ‘“worms”
invisible to the naked eye. Kircher’s descriptions lacked precision, however,
and his observations did not receive wide acceptance. In 1765, L. Spallanzani
showed that beef broth that had been boiled for an hour and sealed remained
sterile and did not spoil. Spallanzani performed this experiment to disprove
the doctrine of the spontaneous generation of life. However, he did not con-
vince the proponents of the theory since they believed that his treatment ex-
cluded oxygen, which they felt was vital to spontaneous generation. In 1837
Schwann showed that heated infusions remained sterile in the presence of air,
which he supplied by passing it through heated coils into the infusion. While
both of these men demonstrated the idea of the heat preservation of foods,
neither took advantage of his findings with respect to application. The same
may be said of D. Papin and G. Leibniz, who hinted at the heat preservation
of foods at the turn of the eighteenth century.

The event that led to the discovery of canning had its beginnings in 1795,
when the French government offered a prize of 12,000 francs for the discovery
of a practical method of food preservation. In 1809, a Parisian confectioner,
Francois (Nicholas) Appert, succeeded in preserving meats in glass bottles that
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had been kept in boiling water for varying periods of time. This discovery was
made public in 1810, when Appert was issued a patent for his process. Not
being a scientist, Appert was probably unaware of the long-range significance
of his discovery or why it worked. This, of course, was the beginning of can-
ning as it is known and practiced today. This event occurred some 50 years
before L. Pasteur demonstrated the role of microorganisms in the spoilage of
French wines, a development that gave rise to the rediscovery of bacteria. A.
Leeuwenhoek in the Netherlands had examined bacteria through a microscope
and described them in 1683, but it is unlikely that Appert was aware of this
development since he was not a scientist and Leeuwenhoek’s report was not
available in French.

The first person to appreciate and understand the presence and role of
microorganisms in food was Pasteur. In 1837 he showed that the souring of
milk was caused by microorganisms, and in about 1860 he used heat for the
first time to destroy undesirable organisms in wine and beer. This process is
now known as pasteurization.

HISTORICAL DEVELOPMENTS

Some of the more significant dates and events in the history of food preserva-
tion, food spoilage, food poisoning, and food legislation are listed below.

Food Preservation

1782—Canning of vinegar was introduced by a Swedish chemist.
1810—Preservation of food by canning was patented by Appert in France.
—Peter Durand was issued a British patent to preserve food in “glass,
pottery, tin or other metals or fit materials.”” The patent was later
acquired by Hall, Gamble, and Donkin, possibly from Appert.
1813—Donkin, Hall, and Gamble introduced the practice of postprocessing
incubation of canned foods.
—Use of SO, as a meat preservative is thought to have originated around
this time.
1825—T. Kensett and E. Daggett were granted a U.S. patent for preserving
food in tin cans.
1835—A patent was granted to Newton in England for making condensed
milk.
1837—Winslow was the first to can corn from the cob.
1839—Tin cans came into wide use in the United States.
—L. A. Fastier was given a French patent for the use of brine bath to
raise the boiling temperature of water.
1840—Fish and fruit were first canned.
1841—S. Goldner and J. Wertheimer were issued British patents for brine
baths based on Fastier’s method.
1842—A patent was issued to H. Benjamin in England for freezing foods by
immersion in an ice and salt brine.
1843—Sterilization by steam was first attempted by I. Winslow in Maine.
1845—S. Elliott introduced canning to Australia.
1853—R. Chevallier-Appert obtained a patent for sterilization of food by
autoclaving.



6 History of Microorganisms in Food

1854—Pasteur began wine investigations. Heating to remove undesirable
organisms was introduced commercially in 1867-1868.
1855—Grimwade in England was the first to produce powdered milk.
1856—A patent for the manufacture of unsweetened condensed milk was
granted to Gail Borden in the United States.
1861—1I. Solomon introduced the use of brine baths to the United States.
1865—The artificial freezing of fish on a commercial scale was begun in the
United States. Eggs followed in 1889.
1874—The first extensive use of ice in transporting meat at sea was begun.
—Steam pressure cookers or retorts were introduced.
1878—The first successful cargo of frozen meat went from Australia to England.
The first from New Zealand to England was sent in 1882.
1880—The pasteurization of milk was begun in Germany.
1882—Krukowitsch was the first to note the destructive effects of ozone on
spoilage bacteria.
1886— A mechanical process of drying fruits and vegetables was carried out by
an American, A. F. Spawn.
1890—The commercial pasteurization of milk was begun in the United States.
—Mechanical refrigeration for fruit storage was begun in Chicago.
1893—The Certified Milk movement was begun by H. L. Coit in New Jersey.
1895—The first bacteriological study of canning was made by Russell.
1907—E. Metchnikoff and coworkers isolated and named one of the yogurt
bacteria, Lactobacillus bulgaricus.
—The role of acetic acid bacteria in cider production was noted by B. T.
P. Barker.
1908—Sodium benzoate was given official sanction by the United States as a
preservative in certain foods.
1916—The quick freezing of foods was achieved in Germany by R. Plank,
E. Ehrenbaum, and K. Reuter.
1917—Clarence Birdseye in the United States began work on the freezing of
foods for the retail trade.
—Franks was issued a patent for preserving fruits and vegetables under
CO,.
1920—Bigelow and Esty published the first systematic study of spore heat
resistance above 212°F. The ‘“‘general method” for calculating thermal
processes was published by Bigelow, Bohart, Richardson, and Ball;
the method was simplified by C. O. Ball in 1923.
1922—Esty and Meyer established z = 18°F for C. botulinum spores in phos-
phate buffer.
1928—The first commercial use of controlled-atmosphere storage of apples
was made in Europe (first used in New York in 1940).
1929—A patent issued in France proposed the use of high-energy radiation
for the processing of foods.
—Birdseye frozen foods were placed in retail markets.
1943—B. E. Proctor in the United States was the first to employ the use of
ionizing radiation to preserve hamburger meat.
1950—The D value concept came into general use.
1954—The antibiotic nisin was patented in England for use in certain pro-
cessed cheese to control clostridial defects.
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1955—Sorbic acid was approved for use as a food preservative.
—The antibiotic chlortetracycline was approved for use in fresh poultry
(oxytetracycline followed a year later). Approval was rescinded in 1966.
1967—The first commercial facility designed to irradiate foods was planned
and designed in the United States.

Food Spoilage

1659—Kircher demonstrated the occurrence of bacteria in milk; Bondeau did
the same in 1847.

1680—Leeuwenhoek was the first to observe yeast cells.

1780—Scheele identified lactic acid as the principal acid in sour milk.

1836—Latour discovered the existence of yeasts.

1839—Kircher examined slimy beet juice and found organisms that formed
slime when grown in sucrose solutions.

1857—Pasteur showed that the souring of milk was caused by the growth of
organisms in it.

1866—L. Pasteur’s Etude sur le Vin was published.

1867—Martin advanced the theory that cheese ripening was similar to alco-
holic, lactic, and butyric fermentations.

1873—The first reported study on the microbial deterioration of eggs was
carried out by Gayon.

—Lister was first to isolate Lactococcus lactis in pure culture.

1876—Tyndall observed that bacteria in decomposing substances were always
traceable to air, substances, or containers.

1878—Cienkowski reported the first microbiological study of sugar slimes and
isolated Leuconostoc mesenteroides from them.

1887—Forster was the first to demonstrate the ability of pure cultures of
bacteria to grow at 0°C.

1888—Miquel was the first to study thermophilic bacteria.

1895—The first records on the determination of numbers of bacteria in milk
were those of Von Geuns in Amsterdam.

—S. C. Prescott and W. Underwood traced the spoilage of canned corn

to improper heat processing for the first time.

1902—The term psychrophile was first used by Schmidt-Nielsen for micro-
organisms that grow at 0°C.

1912—The term osmophilic was coined by Richter to describe yeasts that grow
well in an environment of high osmotic pressure.

1915— Bacillus coagulans was first isolated from coagulated milk by B. W.
Hammer.

1917— Bacillus stearothermophilus was first isolated from cream-style corn by
P. J. Donk.

1933—Olliver and Smith in England observed spoilage by Byssochlamys fulva;
first described in the United States in 1964 by D. Maunder.

Food Poisoning

1820—The German poet Justinus Kerner described ‘‘sausage poisoning”
(which in all probability was botulism) and its high fatality rate.
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1857—Milk was incriminated as a transmitter of typhoid fever by W. Taylor of
Penrith, England.
1870—Francesco Selmi advanced his theory of ptomaine poisoning to explain
illness contracted by eating certain foods.
1888—Gaertner first isolated Salmonella enteritidis from mean that had caused
57 cases of food poisoning.
1894—T. Denys was the first to associate staphylococci with food poisoning.
1896—Van Ermengem first discovered Clostridium botulinum.
1904—Type A strain of C. botulinum was identified by G. Landman.
1906— Bacillus cereus food poisoning was recognized. The first case of diphyl-
lobothriasis was recognized.
1926—The first report of food poisoning by streptococci was made by Linden,
Turner, and Thom.
1936
1937—Type E strain of C. botulinum was identified by L. Bier and
E. Hazen.
1937—Paralytic shellfish poisoning was recognized.
1938—Outbreaks of Campylobacter enteritis were traced to milk in Illinois.
1939—Gastroenteritis caused by Yersinia enterocolitica was first recognized by
Schleifstein and Coleman.
1945—McClung was the first to prove the etiologic status of Clostridium per-
fringens (welchii) in food poisoning.
1951—Vibrio parahaemolyticus was shown to be an agent of food poisoning by
T. Fujino of Japan.
1955—Similarities between cholera and Escherichia coli gastroenteritis in
infants were noted by S. Thompson.
—Scombroid (histamine-associated) poisoning was recognized.
—The first documented case of anisakiasis occurred in the United States.
1960—Type F strain of C. botulinum identified by Moller and Scheibel.
—The production of aflatoxins by Aspergillus flavus was first reported.
1965—Foodborne giardiasis was recognized.
1969—C. perfringens enterotoxin was demonstrated by C. L. Duncan and
D. H. Strong.
—C. botulinum type G was first isolated in Argentina by Gimenez and
Ciccarelli.
1971—First U.S. foodborne outbreak of Vibrio parahaemolyticus gastroen-
teritis occurred in Maryland.
—First documented outbreak of E. coli foodborne gastroenteritis oc-
curred in the United States.
1975—Salmonella enterotoxin was demonstrated by L. R. Koupal and R. H.

Deibel.
1976—First U.S. foodborne outbreak of Yersinia enterocolitica gastroenteritis
occurred in New York. *

—Infant botulism was first recognized in California.
1978—Documented foodborne outbreak of gastroenteritis caused by the
Norwalk virus occurred in Australia.
1979—Foodborne gastroenteritis caused by non-01 Vibrio cholerae occurred
in Florida. Earlier outbreaks occurred in Czechoslovakia (1965) and
Australia (1973).
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1981—Foodborne listeriosis outbreak was recognized in the United States.

1982—The first outbreaks of foodborne hemorrhagic colitis occurred in the
United States.

1983—Campylobacter jejuni enterotoxin was described by Ruiz-Palacios et al.

Food Legislation

1890—The first national meat inspection law was enacted. It required the
inspection of meats for export only.

1895—The previous meat inspection act was amended to strengthen its
provisions.

1906—The U.S. Federal Food and Drug Act was passed by Congress.

1910—The New York City Board of Health issued an order requiring the
pasteurization of milk.

1939—The New Food, Drug, and Cosmetic Act became law.

1954—The Miller Pesticide Chemicals Amendment to the Food, Drug, and
Cosmetic Act was passed by Congress.

1957—The U.S. Compulsory Poultry and Poultry Products law was enacted.

1958—The Food Additives Amendment to the Food, Drug, and Cosmetics
Act was passed.

1962—The Talmadge-Aiken Act (allowing for federal meat inspection by
states) was enacted into law.

1963—The U.S. Food and Drug Administration approved the use of irradia-
tion for the preservation of bacon.

1967—The U.S. Wholesome Meat Act was passed by Congress and enacted
into law on December 15.

1968—The Food and Drug Administration withdrew its 1963 approval of
irradiated bacon.

—The Poultry Inspection Bill was signed into law.

1969—The U.S. Food and Drug Administration established an allowable level
of 20 ppb of aflatoxin for edible grains and nuts.

1973—The state of Oregon adopted microbial standards for fresh and pro-
cessed retail meats. They were repealed in 1977.

1984—A bill was introduced in the U.S. House of Representatives that would
promote the irradiation of foods by, among other things, defining irra-
diation as a process rather than as a food additive.
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Taxonomy, Role, and
Significance of
Microorganisms in Foods

Since human food sources are of plant and animal origin, it is important to
understand the biological principles of the microbial flora associated with
plants and animals in their natural habitats and respective roles. While it
sometimes appears that microorganisms are trying to ruin our food sources by
infecting and destroying plants and animals, including humans, this is by no
means their primary role in nature. In our present view of life on this planet,
the primary function of microorganisms in nature is self-perpetuation. During
this process, the heterotrophs carry out the following general reaction:

All organic matter
(carbohydrates, proteins, lipids, etc.)

Energy + Inorganic compounds
(nitrates, sulfates, etc.)

This, of course, is essentially nothing more than the operation of the nitrogen
cycle and the cycle of other elements (Fig. 2-1). The microbial spoilage of
foods may be viewed simply as an attempt by the food flora to carry out what
appears to be their primary role in nature. This should not be taken in the
teleological sense. In spite of their simplicity when compared to higher forms,
microorganisms are capable of carrying out many complex chemical reactions
essential to their perpetuation. To do this, they must obtain nutrients from
organic matter, some of which constitutes our food supply.

If one considers the types of microorganisms associated with plant and
animal foods in their natural states, one can then predict the general types of
microorganisms to be expected on this particular food product at some later
stage in its history. Results from many laboratories show that untreated foods
may be expected to contain varying numbers of bacteria, molds, or yeasts, and

13

J. M. Jay, Modern Food Microbiology
© Van Nostrand Reinhold 1992



14 Taxonomy, Role, and Significance of Microorganisms in Foods

Nitrogen

(Atmospheric)

Denitrification

Reduction of nitrates to gaseous
nitrogen by bacteria, e.g.,
pseudomonads

Nitrate formation

Nitrogen fixation
Atmospheric nitrogen fixed by
many microorganisms, e.g.,

Rhizobium, Clostridium, Azotobacter
etc.

Organic nitrogen formation
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— Nitrate serves as plant
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plants consumed by animals,
animal proteins, etc., formed

Soil organic nitrogen

Excretion products of animals,
dead animals, and plant tissue
deposited in soil

Organic nitrogen degradation

Proteins, nucleic acids, etc.,
attacked by a wide variety of
microorganisms; complete
breakdown yields mixtures of

amino acids

|

Nitrogen cycle in nature is here depicted schematically to show the role of

FIGURE 2-1.
microorganisms.
From Microbiology by M. J. Pelczar and R. Reid (25); copyright © 1965 by McGraw-Hill Book
Company, used with permission of the publisher.

the question often arises as to the safety of a given food product based upon
total microbial numbers. The question should be twofold: What is the total
number of microorganisms present per g or ml? and what types of organisms
are represented in this number? It is necessary to know which organisms are
associated with a particular food in its natural state and which of the organisms
present are not normal for that particular food. It is therefore of value to know
the general distribution of bacteria in nature and the general types of organisms
normally present under given conditions where foods are grown and handled.

BACTERIAL TAXONOMY

Many changes have taken place in the classification or taxonomy of bacteria
since the ninth edition of Bergey’s Manual was published in 1984. Many of
the new taxa have been created as a result of the employment of molecular
genetic methods, alone or in combination with some of the more traditional
methods:
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DNA homology and moles% G + C content of DNA

23S, 16S, and 5S rRNA sequence similarities

Oligonucleotide cataloging

Numerical taxonomic analysis of total soluble proteins or of a battery of
morphological and biochemical characteristics

Cell wall analysis

¢ Serologic profiles

¢ Cellular fatty acid profiles

While some of these have been employed for many years (e.g., cell wall
analysis and serologic profiles), others (e.g., rRNA sequence similarity) have
come into wide use only during the 1980s. The methods that are the most
powerful as bacterial taxonomic tools are outlined and briefly discussed below.

rRNA Analyses

Taxonomic information can be obtained from RNA in the production of nuc-
leotide catalogs and the determination of RNA sequence similarities. First,
the prokaryotic ribosome is a 70S (Svedberg) unit, which is composed of two
separate functional subunits: 50S and 30S. The 50S subunit is composed of 23S
and 5S RNA in addition to about 34 proteins, while the 30S subunit is com-
posed of 16S RNA plus about 21 proteins.

Ribosome

70S

/N
308 508

/N /7 N\
16S 21 34 238 + 58

Proteins

The 16S subunit is highly conserved and is considered to be an excellent chron-
ometer of bacteria over time (39). By use of reverse transcriptase, 16S rRNA
can be sequenced to produce long stretches (about 95% of the total sequence)
to allow for the determination of precise phylogenetic relationships (23).
Because of its smaller size, 5S rRNA has been sequenced totally.

To sequence 16S rRNA, a single-stranded DNA copy is made by use of
reverse transcriptase with the RNA as template. When the single-stranded
DNA is made in the presence of dideoxynucleotides, DNA fragments of vari-
ous sizes result that can be sequenced by the Sanger method. From the DNA
sequences, the template 16S rRNA sequence can be deduced. It was through
studies of 16S rRNA sequences that led Woese and his associates to propose
the establishment of three kingdoms of life forms: Eukaryotes, Archaebacteria,
and Prokaryotes. The last include the cyanobacteria and the eubacteria, with
the bacteria of importance in foods being eubacteria. Sequence similarities of
16S rRNA are widely employed, and some of the new foodborne taxa were
created primarily by its use along with other information. Libraries of eubac-
terial 5S rRNA sequences also exist, but they are fewer than for 16S.
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Nucleotide catalogs of 16S rRNA have been prepared for a number of
organisms, and extensive libraries exist. By this method, 16S rRNA is sub-
jected to digestion by RNAse T1, which cleaves the molecule at G(uanine)
residues. Sequences (—mers) of 6 to 20 bases are produced and separated, and
similarities Sy between organisms can be compared. While the relationship
between Sap and percentage similarity is not good below SAB values of 0.40,
the information derived is useful at the phylum level. The sequencing of 16S
rRNA by reverse transcriptase is preferred to oligonucleotide cataloging, since
longer stretches of rRNA can be sequenced.

Analysis of DNA

The moles % G + C of bacterial DNA has been employed in bacterial tax-
onomy for several decades, and its use in combination with 16S and 5S rRNA
sequence data makes it even more meaningful. By 16S rRNA analysis, the
gram-positive eubacteria fall into two groups at the phylum level: one group
with moles % G + C >55, and the other <50 (39). The former includes
the genera Streptomyces, Propionibacterium, Micrococcus, Bifidobacterium,
Corynebacterium, Brevibacterium, and others. The group with the lower
G + C values includes the genera Clostridium, Bacillus, Staphylococcus,
Lactobacillus, Pediococcus, Leuconostoc, Listeria, Erysipelothrix, and others.
The latter group is referred to as the Clostridium branch of the eubacterial
tree. When two organisms differ in G + C content by more than 10%, they
have few base sequences in common.

DNA-DNA or DNA-RNA hybridization has been employed for some time,
and this technique continues to be of great value in bacterial systematics. It has
been noted that the ideal reference system for bacterial taxonomy would be the
complete DNA sequence of an organism (38). It is generally accepted that
bacterial species can be defined in phylogenetic terms by use of DNA-DNA
hybridization results, where 70% or greater relatedness and 5°C or less Tm
defines a species (38). When DNA-DNA hybridization is employed, pheno-
typic characteristics are not allowed to override except in exceptional cases
(38). While a genus is more difficult to define phylogenetically, 20% sequence
similarity is considered to be the minimum level of DNA-DNA homology (38).

Even if there is not yet a satisfactory phylogenetic definition of a bacterial
genus, the continued application of nucleic acid techniques, along with some
of the other methods listed above, should lead ultimately to a phylogenetically
based system of bacterial systematics. In the meantime, changes in the extant
taxa may be expected to continue to occur.

Some of the important genera known to occur in foods are listed below in
alphabetical order. Some are desirable in certain foods; others bring about
spoilage or cause gastroenteritis.

Bacteria
Acinetobacter Enterobacter Pediococcus
Aeromonas Erwinia Proteus
Alcaligenes Escherichia Pseudomonas

Alteromonas Flavobacterium Psychrobacter
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Bacillus Hafnia Salmonella
Brochothrix Lactococcus Serratia
Campylobacter Lactobacillus Shewanella
Carnobacterium Leuconostoc Shigella
Citrobacter Listeria Staphylococcus
Clostridium Micrococcus Vagococcus
Corynebacterium Moraxella Vibrio
Enterococcus Pantoea Yersinia
Molds

Alternaria Cladosporium Mucor
Aspergillus Colletotrichum Penicillium
Aureobasidium Fusarium Rhizopus
Botrytis Geotrichum Trichothecium
Byssochlamys Monilia Wallemia

Xeromyces

Yeasts
Brettanomyces Issatchenkia Schizosaccharomyces
Candida Kluyveromyces Torulaspora
Cryptococcus Pichia Trichosporon
Debaryomyces Rhodotorula Zygosaccharomyces
Hanseniaspora Saccharomyces
Protozoa

Giardia lamblia
Toxoplasma gondii

Cryptosporidium parvum
Entamoeba histolytica

PRIMARY SOURCES OF
MICROORGANISMS FOUND IN FOODS

The genera and species previously listed are among the most important nor-
mally found in food products. Each genus has its own particular nutritional
requirements, and each is affected in predictable ways by the parameters
of its environment. Eight environmental sources of organisms to foods are
listed below, and these, along with the 36 genera of bacteria and four pro-
tozoa noted, are presented in Table 2-1 to reflect their primary food-source
environments.

1. Soil and Water. These two environments are placed together because
many of the bacteria and fungi that inhabit both share a lot in common. Soil
organisms may enter the atmosphere by the action of wind and later enter
water bodies when it rains. They also enter water when rainwater flows over
soils into bodies of water. Aquatic organisms can be deposited onto soils
through the actions of cloud formation and subsequent rainfall. This common
cycling results in soil and aquatic organisms being one in the same to a large
degree. Some aquatic organisms, however, are unable to persist in soils, es-
pecially those that are indigenous to marine waters. Alteromonas spp. are
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TABLE 2-1.

Relative Importance of Eight Sources of Bacteria and Protozoa to Foods

Organisms

Soil & Water

Plants/Products

Utensils

Gastrointestinal Tract

Handlers

Animal Feeds

Animal Hides

Air & Dust

Bacteria

Acinetobacter
Aeromonas
Alcaligenes
Alteromonas
Bacillus
Brochothrix
Campylobacter
Carnobacterium
Citrobacter
Clostridium
Corynebacterium
Enterobacter
Enterococcus
Erwinia
Escherichia
Flavobacterium
Hafnia
Lactococcus
Lactobacillus
Leuconostoc
Listeria
Micrococcus
Moraxella
Pantoea
Pediococcus
Proteus
Pseudomonas
Psychrobacter
Salmonella
Serratia
Shewanella
Shigella
Staphylococcus
Vagococcus
Vibrio

Yersinia

Protozoa

C. parvum
E. histolytica
G. lamblia
T. gondii
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aquatic forms that require seawater salinity for growth and would not be
expected to persist in soils. The bacterial flora of seawater is essentially
gram negative, and gram-positive bacteria exist there essentially only as
transients.

2. Plants and Plant Products. It may be assumed that many or most soil
and water organisms contaminate plants. However, only a relatively small
number find the plant environment suitable to their overall well-being. Those
that persist on plant products do so by virtue of a capacity to adhere to plant
surfaces so that they are not easily washed away and because they are able to
obtain their nutritional requirements. Notable among these are the lactic acid
bacteria and some yeasts. Among others that are commonly associated with
plants are bacterial plant pathogens in the genera Corynebacterium, Curto-
bacterium, Pseudomonas, and Xanthomonas and fungal pathogens among
several genera of molds.

3. Food Utensils. When vegetables are harvested in containers and uten-
sils, one would expect to find some or all of the surface organisms on the
products to contaminate contact surfaces. As more and more vegetables are
placed in the same containers, a normalization of the flora would be expected
to occur. In a similar way, the cutting block in a meat market along with cut-
ting knives and grinders are contaminated from initial samples, and this process
leads to a build-up of organisms, thus ensuring a fairly constant level of con-
tamination of meat-borne organisms.

4. Intestinal Tract of Humans and Animals. This flora becomes a water
source when polluted water is used to wash raw food products. The intestinal
flora consists of many organisms that do not persist as long in waters as do
others, and notable among these are pathogens such as salmonellae. Any or all
of the Enterobacteriaceae may be expected in fecal wastes, along with intes-
tinal pathogens, including the four protozoal species already listed.

5. Food Handlers. The microflora on the hands and outer garments of
handlers generally reflects the environment and habits of individuals, and the
organisms in question may be those from soils, waters, dust, and other en-
vironmental sources. Additional important sources are those that are common
in nasal cavities and the mouth and on the skin and those from the gastroin-
testinal tract that may enter foods through poor personal hygienic practices.

6. Animal Feeds. This continues to be an important source of salmonellae
to poultry and other farm animals. In the case of some silage, it is a known
source of Listeria monocytogenes to dairy and meat animals. The organisms in
dry animal feed are spread throughout the animal environment and may be
expected to occur on animal hides.

7. Animal Hides. In the case of milk cows, the types of organisms found
in raw milk can be a reflection of the flora of the udder when proper proce-
dures are not followed in milking and of the general environment of such
animals. From both the udder and the hide, organisms can contaminate the
general environment, milk containers, and the hands of handlers.

8. Air and Dust. While most of the organisms listed in Table 2-1 may at
times be found in air and dust in a food-processing operation, the ones that
can persist include most of the gram-positive organisms listed. Among fungi, a
number of molds may be expected to occur in air and dust along with some
yeasts. In general, the types of organisms in air and dust would be those that
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are constantly reseeded to the environment. Air ducts are not unimportant
sources.

SYNOPSIS OF COMMON FOODBORNE
BACTERIA

These synopses are provided to give readers glimpses of bacterial groups that
are discussed throughout the textbook. They are not meant to be used for
culture identifications. For the latter, one or more of the cited references
should be consulted.

Acinetobacter (A -ci-ne’to-bac-ter; Gr. akinetos, unable to move). These
gram-negative rods show some affinity to the family Neisseriaceae, and some
that were formerly achromobacters and moraxellae are placed here. Also,
some former acinetobacters are now in the genus Psychrobacter. They differ
from the latter and the moraxellae in being oxidase negative. They are strict
aerobes that do not reduce nitrates. Although rod-shaped cells are formed
in young cultures, old cultures contain many coccoid-shaped cells. They are
widely distributed in soils and waters and may be found on many foods, es-
pecially refrigerated fresh products. The moles % G + C content of DNA
for the genus is 39—-47. (See Chap. 9 for further discussion relative to meats.)
It has been proposed, based on DNA-rRNA hybridization data, that the
genera Acinetobacter, Moraxella, and Psychrobacter be placed in a new family
(Moracellaceae), but this proposal has not been approved.

Aeromonas (ae-ro-mo’nas; gas producing). These are typically aquatic
gram-negative rods formerly in the family Vibrionaceae but now in the family
Aeromonadaceae (24). As the generic name suggests, they produce copious
quantities of gas from those sugars fermented. They are normal inhabitants
of the intestines of fish, and some are fish pathogens. The moles % G + C
content of DNA is 57-65. (The species that possess pathogenic properties are
discussed in Chap. 25.)

Alcaligenes (al-ca-li'ge-nes; alkali producers). Although gram-negative,
these organisms sometimes stain gram positive. They are rods that do not,
as the generic name suggests, ferment sugars but instead produce alkaline
reactions, especially in litmus milk. Nonpigmented, they are widely distributed
in nature in decomposing matter of all types. Raw milk, poultry products, and
fecal matter are common sources. The moles % G + C content of DNA is
58-70, suggesting that the genus is heterogeneous.

Alteromonas (al-te-ro-mo’nas; another monad). These are marine and
coastal water inhabitants that are found in and on seafoods; all species require
seawater salinity for growth. They are gram-negative motile rods that are strict
aerobes. The species once classified as A. putrefaciens and A. colwelliana have
been transferred to the genus Shewanella. The moles % G + C content of
DNA is 43.2-48.
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Bacillus (ba-cil’lus). These are gram-positive sporeforming rods that are
aerobes in contrast to the clostridia, which are anaerobes. Although most are
mesophiles, psychrotrophs and thermophiles exist. The genus contains only
two pathogens: B. anthracis (cause of anthrax) and B. cereus. While most
strains of the latter are nonpathogens, some cause foodborne gastroenteritis
(further discussed in Chap. 20). The moles % G + C content of DNA of
32-62 suggests heterogeneity, and it may be expected that the genus as now
constituted will be altered. With 16S rRNA and DNA-DNA hybridization
data overriding features such as morphology and endospores, some of the
species will undoubtedly be placed with nonsporeformers.

Brochothrix (bro - cho - thr’ix: Gr. brochos, loop; thrix, thread). These gram-
positive nonsporeforming rods are closely related to the genera Lactobacillus
and Listeria (30), and some of the common features are discussed in Chapter
21. Although they are not true coryneforms, they bear resemblance to this
group. Typically exponential-phase cells are rods, and older cells are coccoids,
a feature typical of coryneforms. Their separate taxonomic status has been
reaffirmed by rRNA data, although only two species are recognized: B. ther-
mosphacta and B. campestris. They share some features with the genus Micro-
bacterium. They are common on processed meats and on fresh and processed
meats that are stored in gas-impermeable packages at refrigerator tempera-
tures. In contrast to B. thermosphacta, B. campestris is thamnose and hip-
purate positive (32). The moles % G + C content of DNA is 36.

Campylobacter (cam - py’ -lo - bac - ter; Gr. campylo, curved). Although most
often pronounced ‘“‘camp’lo-bac-ter,” the technically correct pronunciation
should be noted. These gram-negative, spirally curved rods were formerly
classified as vibrios. They are microaerophilic to anaerobic. The genus has
been restructured since the 1984 publication of Bergey’s Manual (22). The
once C. nitrofigilis and C. cryaerophila have been transferred to the new
genus Arcobacter; the once C. cinnaedi and C. fenneliae are now in the genus
Helicobacter; and the once Wolinella carva and W. recta are now C. curvus
and C. rectus (33). The moles % G + C content of DNA is 30—35. (They are
further discussed in Chap. 23.)

Carnobacterium (car - no - bac - terium; L. carnis, of flesh-meat bacteria). This
genus of gram-positive, catalase-negative rods was formed to accommodate
some organisms previously classified as lactobacilli. They are phylogenically
closer to the enterococci and vagococci than to lactobacilli (3, 36). The follow-
ing four species are now recognized, along with the former taxon designation:

C. divergens (Lactobacillus divergens)
C. piscicola (Lactobacillus piscicola)
C. gallinarum

C. mobile

They are heterofermentative, and most grow at 0°C and none at 45°C. Gas is
produced from glucose by some species, and the moles % G + C for the genus
is 33.0-37.2. They differ from the lactobacilli in being unable to grow on
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acetate medium and in their synthesis of oleic acid. They are found on vacuum-
packaged meats and related products, as well as on fish and poultry meats
(6, 16, 36).

Citrobacter (cit - ro - bac’ter). These enteric bacteria are slow lactose-ferment-
ing, gram-negative rods. All members can use citrate as sole carbon source.
C. freundii is the most prevalent species in foods, and it and the other species
are not uncommon on vegetables and fresh meats. The moles % G + C con-
tent of DNA is 50-52.

Clostridium (clos - tri’di - um; Gr. closter, a spindle). These anaerobic spore-
forming rods are widely distributed in nature, as are their aerobic counterparts,
the bacilli. The genus contains many species, some of which cause disease
in humans (see Chap. 20 for C. perfringens food poisoning and botulism).
Mesotrophic, psychrotrophic, and thermophilic species/strains exist; their
importance in the thermal canning of foods is discussed in Chapter 14.

Corynebacterium (co - ry - ne - bac - ter’ - um; Gr., coryne, club). This is one of
the true coryneform genera of gram-positive, rod-shaped bacteria that are
sometimes involved in the spoilage of vegetable and meat products. Most are
mesotrophs, although psychrotrophs are known, and one, C. diphtheriae,
causes diphtheria in humans. The genus has been reduced in species with the
transfer of some of the plant pathogens to the genus Clavibacter and others to
the genus Curtobacterium. The moles % G + C of DNA content is 51-63.

Enterobacter (en-te-ro-bac’ter). These enteric gram-negative bacteria are
typical of other Enterobacteriaceae relative to growth requirements, although
they are not generally adapted to the gastrointestinal tract. They are further
characterized and discussed in Chapter 17. E. agglomerans has been trans-
ferred to the genus Pantoea.

Enterococcus (en-te-ro-coc’cus). This genus was erected to accommodate
some of the Lancefield serologic group D cocci. It has since been expanded to
16 species of gram-positive ovoid cells that occur singly, in pairs, or in short
chains. They were once in the genus Streptococcus. At least three species do
not react with group D antisera. The genus is characterized more thoroughly in
Chapter 17, and its phylogenetic relationship to other lactic acid bacteria can
be seen in Figure 21-1 (Chap. 21).

Erwinia (er-wi'ni-a). These gram-negative enteric rods are especially asso-
ciated with plants, where they cause bacterial soft rot (see Chap. 8). The moles
% G + C content of DNA is 53.6—-54.1.

Escherichia (esch-er-i’chi-a). This is clearly the most widely studied genus
of all bacteria. Those strains that cause foodborne gastroenteritis are dis-
cussed in Chapter 22, and E. coli as an indicator of food safety is discussed in
Chapter 17.

Flavobacterium (fla-vo-bac-te’ri-um). These gram-negative rods are char-
acterized by their production of yellow to red pigments on agar and by their
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association with plants. Some are mesotrophs, and others are psychrotrophs,
where they participate in the spoilage of refrigerated meats and vegetables.

Hafnia (haf’ni-a). These gram-negative enteric rods are important in the
spoilage of refrigerated meat and vegetable products; H. alvei is the only
species at this time. It is motile and lysine and ornithine positive, and it has a
moles % G + C content of DNA of 48-49.

Lactobacillus (lac - to - ba - cil'lus). Taxonomic techniques that came into wide
use during the 1980s have been applied to this genus, resulting in some of those
in the ninth edition of Bergey’s Manual being transferred to other genera.
Based on 16S rRNA sequence data, three phylogenetically distinct clusters
are revealed (4), with one cluster encompassing the Leuconostoc paramesen-
teroides group. In all probability, this genus will undergo reclassification. They
are gram-positive, catalase-negative rods that often occur in long chains.
Although those in foods are typically microaerophilic, many true anaerobic
strains exist, especially in human stools and the rumen. They typically occur
on most, if not all, vegetables, along with some of the other lactic acid bacteria.
Their occurrence in dairy products is common. A recently described species,
L. suebicus, was recovered from apple and pear mashes; it grows at pH 2.8
in 12-16% ethanol (20). Many fermented products are produced, and these
are discussed in Chapter 16. Those that are common on refrigerator-stored,
vacuum-packaged meats are discussed in Chapter 9.

Lactococcus (lac-to-coc’cus). The nonmotile Lancefield serologic group N
cocci once classified in the genus Streptococcus have been elevated to generic
status. They are gram-positive, nonmotile, and catalase-negative spherical or
ovoid cells that occur singly, in pairs, or as chains. They grow at 10°C but
not at 45°C, and most strains react with group N antisera. L-lactic acid is the
predominant end product of fermentation. The following four species and
three subspecies are recognized (12, 27):

Present Taxa Former Taxa
L. lactis subsp. lactis Strep. lactis subsp. lactis and Lactobacillus xylosus
L. lactis subsp. cremoris Strep. lactis subsp. cremoris
L. lactis subsp. hordniae Lactobacillus hordniae
L. garvieae Strep. garvieae
L. plantarum Strep. plantarum
L. raffinolactis Strep. raffinolactis

Leuconostoc (leu - co - nos’toc; colorless nostoc). Along with the lactobacilli,
this is another of the genera of lactic acid bacteria. They are gram-positive,
catalase-negative cocci that are heterofermentative. By 16S rRNA analysis,
some lactobacilli group with leuconostocs to form a “leuconostoc branch” of
the lactobacilli (40), with L. oenos being more distant than the other leuco-
nostocs studied. L. oenos is the only acidophile in this genus, and it is important
in wines (10). Leuconostocs may be expected to be found on the same types of
foods as the lactobacilli, although their presence in vacuum-packaged foods is
not as constant.
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Listeria (lis-te’ri-a). This genus of seven species of gram-positive, non-
sporing rods is closely related to Brochothrix. The seven species show 80%
similarity by numerical taxonomic studies; they have identical cell walls, fatty
acid, and cytochrome composition. They are more fully described and dis-
cussed in Chapter 21.

Micrococcus (mi - cro-coc’cus). These cocci are gram positive and catalase
positive, and some produce pink to orange-red to red pigments, while others
are nonpigmented. Most can grow in the presence of high levels of NaCl, and
most are mesotrophs, although psychrotrophic species/strains are known. This
is a large genus, and they are widely distributed in nature in food preparation
environments, on the person of food handlers, and naturally in many foods.
The moles % G + C content of DNA is 66—75.

Moraxella (mo -rax-el’la). These short gram-negative rods are sometimes
classified as Acinetobacter. They differ from the latter in being sensitive to
penicillin and oxidase positive and having a moles % G + C content of DNA
of 40—46. The newly erected genus Psychrobacter includes some that were
once placed in this genus. Their metabolism is oxidative, and they do not form
acid from glucose.

Pantoea (pan-toe’a). This genus consists of gram-negative, noncapsulated,
nonsporing straight rods, most of which are motile by peritrichous flagella.
Some are yellow pigmented, and all are oxidase negative. They are found on
plants and seeds and in soil, water, and human specimens; their moles % G +
C ranges from 55.1 to 60.6. The genus consists of two species, most notable
of which is P. agglomerans (which encompasses the former Enterobacter
agglomerans, Erwinia herbicola, and E. milletiae); and P. dispersa. They do
not grow at 44°C (13).

Pediococcus (pe - di- o -coc’cus; coccus growing in one plane). These homo-
fermentative cocci are lactic acid bacteria that exist in pairs and tetrads resulting
from cell division in two planes. P. acidilactici, a common starter species,
caused septicemia in a 53-year-old male (15). Their moles % G + C content of
DNA is 34—44; they are further discussed in Chapter 16.

Proteus (pro’te -us). These enteric gram-negative rods are aerobes that often
display pleomorphism; hence, the generic name. All are motile and typically
produce swarming growth on the surface of moist agar plates. They are typical
of enteric bacteria in being present in the intestinal tract of humans and animals.
They may be isolated from a variety of vegetable and meat products, especially
those that undergo spoilage at temperatures in the mesophilic range.

Pseudomonas (pseu-do’mo -nas; false monad). These gram-negative rods
constitute the largest genus of bacteria that exists in fresh foods. The moles %
G + C content of their DNA of 58-70 suggests that it is a heterogeneous
group, and this has been verified. They are typical of soil and water bacteria
and are widely distributed among foods, especially vegetables, meat, poultry,
and seafood products. They are by far the most important group of bacteria
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that bring about the spoilage of refrigerated fresh foods since many species and
strains are psychrotrophic. Some are notable by their production of water-
soluble, blue-green pigments, while many other food spoilage types do not.

Psychrobacter (psy-chro’ bac-ter). This genus was created primarily to
accommodate some of the nonmotile gram-negative rods that were once clas-
sified in the genera Acinetobacter and Moraxella. They are plump coccobacilli
that occur often in pairs. Also, they are aerobic, nonmotile, and catalase and
oxidase positive, and generally they do not ferment glucose. Growth occurs
in 6.5% NaCl and at 1°C, but generally not at 35°C or 37°C. They hydrolyze
between 80, and most are egg-yolk positive (lecithinase). They are sensitive to
penicillin and utilize y-aminovalerate, while the acinetobacters do not. They
are distinguished from the acinetobacters by being oxidase positive and amino-
valerate users and from nonmotile pseudomonads by their inability to utilize
glycerol or fructose. Because they closely resemble the moraxellae, they have
been placed in the family Neisseriaceae. The genus contains some of the former
achromobacters and moraxellae, as noted. They are common on meats, poultry,
and fish, and in waters (18, 28). One report has been made of a nosocomial
ocular infection in a 12-day-old infant (14).

Salmonella (sal-mon-el'la). All members of this genus of gram-negative
enteric bacteria are considered to be human pathogens, and they are the sub-
ject of Chapter 22. The moles % G + C content of DNA is 50-53.

Serratia (ser-ra’ti-a). These gram-negative rods that belong to the family
Enterobacteriaceae are aerobic and proteolytic, and they generally produce
red pigments on culture media and in certain foods, although nonpigmented
strains are not uncommon. S. liquefaciens is the most prevalent of the food-
borne species; it causes spoilage of refrigerated vegetables and meat products.
The moles % G + C content of DNA is 53-59.

Shewanella (she -wa-nel'la). The bacteria once classified as Pseudomonas
putrefaciens and later as Alteromonas putrefaciens have been placed in this
new genus as S. putrefaciens. They are gram-negative, straight or curved rods,
nonpigmented, and motile by polar flagella. They are oxidase positive and
have a moles % G + C of 44—47. The other three species in this genus are S.
hanedai, S. benthica, and S. colwelliana. All are associated with aquatic or
marine habitats, and the growth of S. benthica is enhanced by hydrostatic
pressure (8, 24).

Shigella (shi-gel'la). All members of this genus are presumed to be human
enteropathogens; they are further discussed in Chapter 22.

Staphylococcus (staph -y - lo - coc’cus; grapelike coccus). These gram-positive,
catalase-positive cocci include S. aureus, which causes several disease syn-
dromes in humans, including foodborne gastroenteritis. It and other members
of the genus are discussed further in Chapter 19.

Vagococcus (vago - coccus; wandering coccus). This genus was created to
accommodate the group N lactococci based upon 16S sequence data (5). They
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are motile by peritrichous flagella, gram positive, catalase negative, and grow
at 10°C but not at 45°C. They grow in 4% NaCl but not 6.5%, and no growth
occurs at pH 9.6. The cell wall peptidoglycan is Lys-D-Asp, and the moles %
G + Cis 33.6%. At least one species produces H,S. They are found on fish,
in feces, and in water and may be expected to occur on other foods (5, 36).
Information on the phylogenetic relationship of the vagococci to other related
genera is presented in Chapter 21 (Fig. 21-1).

Vibrio (vib’ri-0). These gram-negative straight or curved rods are members
of the family Vibrionaceae. Several former species have been transferred to the
genus Listonella (24). Several species cause gastroenteritis and other human
illness; they are discussed in Chapter 23. The moles % G + C content of DNA
is 38—51. (See ref. 7 for environmental distribution.)

Yersinia (yer-si’'ni-a). This genus includes the agent of human plague,
Y. pestis, and at least one species that causes foodborne gastroenteritis, Y.
enterocolitica. All foodborne species are discussed in Chapter 23. The moles %
G + C content of DNA is 45.8—46.8. The sorbose positive biogroup 3A strains
have been elevated to species status as Y. mollaretti and the sorbose negative
strains as Y. bercovieri (37).

SYNOPSIS OF COMMON GENERA OF
FOODBORNE MOLDS

Molds are filamentous fungi that grow in the form of a tangled mass that
spreads rapidly and may cover several inches of area in two to three days.
The total of the mass or any large portion of it is referred to as mycelium.
Mycelium is composed of branches or filaments referred to as hyphae. Those
of greatest importance in foods multiply by ascospores, zygospores, or conidia.
The ascospores of some genera are notable for their extreme degrees of heat
resistance. One group forms pycnidia or acervuli (small, flask-shaped, fruiting
bodies lined with conidiophores). Arthrospores result from the fragmentation
of hyphae in some groups.

There were no radical changes in the systematics of foodborne fungi during
the 1980s. The most notable changes involve the discovery of the sexual or
perfect states of some well-known genera and species. In this regard, the
ascomycete state is believed by mycologists to be the more important repro-
ductive state of a fungus, and this state is referred to as the teleomorph.
The species name given to a teleomorph takes precedence over that for the
anamorph, the imperfect or conidial state. Holomorph indicates that both
states are known, but the teleomorph name is used. (More information on
foodborne molds can be obtained from refs. 1 and 26.)

The taxonomic positions of the genera described are summarized below.
(Consult refs. 1 and 26 for identifications; see ref. 17 for the types that exist in
meats.)

Division: Zygomycota
Class: Zygomycetes (nonseptate mycelium, reproduction by sporangiospores,
rapid growth)
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Order: Mucorales
Family: Mucoraceae
Genus: Mucor

Rhizopus
Thamnidium

Divison: Ascomycota
Class: Plectomycetes (septate mycelium, ascospores produced
in asci usually number 8)
Order: Eurotiales
Family: Trichocomaceae
Genus: Byssochlamys
Eupenicillium
Emericella
Eurotium

Division: Deuteromycota (the “imperfects”, anamorphs; perfect stages are
unknown)
Class: Coelomycetes
Genus: Colletotrichum
Class: Hypomycetes (hyphae give rise to conidia)
Order: Hyphomycetales
Family: Moniliaceae
Genus: Alternaria
Aspergillus
Aureobasidium (Pullularia)
Botrytis
Cladosporium
Fusarium
Geotrichum
Helminthosporium
Monilia
Penicillium
Stachybotrys
Trichothecium

The genera are listed below in alphabetical order.

Alternaria. Septate mycelia with conidiophores and large brown conidia are
produced. The conidia have both cross and longitudinal septa and are variously
shaped (Fig. 2-2A). They cause brown to black rots of stone fruits, apples,
and figs. Stem-end rot and black rot of citrus fruits are also caused by species/
strains of this genus. This is a field fungus, which grows on wheat. Additionally,
it is found on red meats. Some species produce mycotoxins (see Chap. 25).

Aspergillus. Chains of conidia are produced (Fig. 2-2B). Where cleistothecia
with ascospores are developed, the perfect state of those found in foods is
Emericella, Eurotium, or Neosartorya. Eurotium (the former A. glaucus group)
produces bright-yellow cleistothecia, and all species are xerophilic. E. her-
bariorum has been found to cause spoilage of grape jams and jellies (31).
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FIGURE 2-2. Illustrated genera of common foodborne molds. See the text for identification.

Emericella produces white cleistothecia, and E. nidulans is the teleomorph of
Aspergillus nidulans. Neosartorya produces white cleistothecia and colorless
ascospores. N. fischeri is heat resistant, and resistance of its spores is similar to
those of Byssochlamys (26).

The aspergilli appear yellow to green to black on a large number of foods.
Black rot of peaches, citrus fruits, and figs is one of the fruit spoilage condi-
tions produced. They are found on country-cured hams and on bacon. Some
species cause spoilage of oils, such as palm, peanut, and corn. A. oryzae and
A. soyae are involved in the shogu fermentation and the former in koji. A.
glaucus produces katsuobushi, a fermented fish product. The A. glaucus—A.
restrictus group contains storage fungi that invade seeds, soybeans, and common
beans. A. niger produces B-galactosidase, glucoamylase, invertase, lipase, and
pectinase, and A. oryzae produces a-amylase. Two species produce aflatoxins,
and others produce ochratoxin A and sterigmatocystin (see Chap. 25).
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Aureobasidium (Pullularia). Yeastlike colonies are produced initially. They
later spread and produce black patches. A. pullulans (Pullularia pullulans) is
the most prevalent in foods. They are found in shrimp, are involved in the
“black spot” condition of long-term-stored beef, and are common in fruits and
vegetables.

Botrytis. Long, slender, and often pigmented conidiophores are produced
(Fig. 2-2C). Mycelium is septate; conidia are borne on apical cells and are gray
in color, although black, irregular sclerotia are sometimes produced. B. cinerea
is the most common in foods. They are notable as the cause of gray mold rot of
apples, pears, raspberries, strawberries, grapes, blueberries, citrus, and some
stone fruits (see Chap. 8).

Byssochlamys. This genus is the teleomorph of certain species of Paecilomyces,
but the latter does not occur in foods (26). The ascomycete Byssochlamys
produces open clusters of asci, each of which contains eight ascospores. The
latter are notable in that they are heat resistant, resulting in spoilage of some
high-acid canned foods. In their growth, they can tolerate low Eh values. Some
are pectinase producers, and B. fulva and B. nivea spoil canned and bottled
fruits. These organisms are almost uniquely associated with food spoilage, and
B. fulva (Fig. 2-3F) possesses a thermal D value at 90°C between 1 and 12 min
with a z value of 6-7°C (26).

Cladosporium. Septate hyphae with dark, treelike budding conidia variously
branched, characterize this genus (Fig. 2-2E). In culture, growth is velvety and
olive colored to black. Some conidia are lemon shaped. C. herbarum produces
“black spot” on beef and frozen mutton. Some spoil butter and margarine, and
some cause restricted rot of stone fruits and black rot of grapes. They are field
fungi that grow on barley and wheat grains. C. herbarum and C. cladosporiodes
are the two most prevalent on fruits and vegetables.

Colletotrichum. They belong to the class Coelomycetes and form conidia
inside acervuli (Fig. 2-3G). Simple but elongate conidiophores and hyaline
conidia that are one celled, ovoid, or oblong are produced. The acervuli are
disc or cushion shaped, waxy, and generally dark in color. C. gloeosporioides
is the species of concern in foods; it produces anthracnose (brown/black spots)
on some fruits, especially tropical fruits such as mangos and papayas.

Fusarium. Extensive mycelium is produced that is cottony with tinges of
pink, red, purple, or brown. Septate fusiform to sickle-shaped conidia (macro-
conidia) are produced (Fig. 2-2F). They cause brown rot of citrus fruits and
pineapples and soft rot of figs. As field fungi, some grow on barley and wheat
grains. Some species produce zearalenone and trichothecenes (see Chap. 25).

Geotrichum (once known as Oidium lactis and Oospora lactis). These yeast-
like fungi are usually white. The hyphae are septate, and reproduction occurs
by formation of arthroconidia from vegetative hyphae. The arthroconidia have
flattened ends. G. candidum, the anamorph of Dipodascus geotrichum, is the
most important species in foods. It is variously referred to as dairy mold, since
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it imparts flavor and aroma to many types of cheese, and as machinery mold,
since it builds up on food-contact equipment in food-processing plants, es-
pecially tomato canning plants. G. albidum is shown in Figure 2-2G. They
cause sour rot of citrus fruits and peaches and the spoilage of dairy cream.
They are widespread and have been found on meats and many vegetables.
Some participate in the fermentation of gari.

Monilia. Pink, gray, or tan conidia are produced. M. sitophila is the conidial
stage of Neurospora intermedia. Monilia is the conidial state of Monilinia
fructicola. M. americana is depicted in Figure 2-2J. They produce brown rot of
stone fruits such as peaches. Monilina sp. causes mummification of blue-
berries.

Mucor. Nonseptate hyphae are produced that give rise to sporangiophores
that bear columella with a sporangium at the apex (Fig. 2-2K). No rhizoids or
stolons are produced by members of this large genus. Cottony colonies are
often produced. The conditions described as “whiskers” of beef and ‘‘black
spot” of frozen mutton are caused by some species. At least one species, M.
miehei, is a lipase producer. It is found in fermented foods, bacon, and many
vegetables. One species ferments soybean whey curd.

Penicillium. When conidiophores and conidia are the only reproductive
structures present, this genus is placed in the Deuteromycota. They are placed
with the ascomycetes when cleistochecia with ascospores are formed as either
Talaromyces or Eupenicillium. Of the two teleomorphic genera, Talaromyces is
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FIGURE 2-3. Illustrated genera of common foodborne molds. See the text for identification.
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the more important in foods (26). T. flavus is the teleomorph of P. dangeardii,
and it has been involved in the spoilage of fruit juice concentrates (19). It
produces heat-resistant spores.

When conidia are formed in the penicillus, they pinch off from phialides
(Fig. 2-3A). Typical colors on foods are blue to blue-green. Blue and green
mold rots of citrus fruits and blue mold rot of apples, grapes, pears, and stone
fruits are caused by some species. One species, P. roqueforti, produces blue
cheese. Some species produce citrinin, yellow rice toxin, ochratoxin A, rubra-
toxin B, and other mycotoxins (see Chap. 25).

Rhizopus. Nonseptate hyphae are produced that give rise to stolons and
rhizoids. Sporangiophores typically develop in clusters from ends of stolons at
the point of origin of rhizoids. (Fig. 2-3B). R. stolonifer is by far the most
common species in foods. Sometimes referred to as ‘“bread molds,” they
produce watery soft rot of apples, pears, stone fruits, grapes, figs, and others.
Some cause ‘‘black spot” of beef and frozen mutton. They may be found
on bacon and other refrigerated meats. Some produce pectinases, and R.
oligosporus is important in the production of oncom, bonkrek, and tempeh.

Thamnidium. These molds produce small sporangia borne on highly branched
structures (Fig. 2-3D). T. elegans is the only species, and it is best known for
its growth on refrigerated beef hindquarters where its characteristic growth is
described as ‘““‘whiskers.” It is less often found in decaying eggs.

Trichothecium. Septate hyphae that bear long, slender, and simple conidio-
phores are produced (Fig. 2-3E). T. roseum is the only species, and it is pink
and causes pink rot of fruits. It also causes soft rot of cucurbits and is common
on barley, wheat, corn, and pecans. Some produce mycotoxins (see Chap. 25).

Other Molds. Two categories of organisms are presented here, with the
first being some miscellaneous genera that are found in some foods but are
generally not regarded as significant. These are Cephalosporium, Diplodia,
and Neurospora. Cephalosporium is a deuteromycete often found on frozen
foods (Fig. 2-2D). The microspores of some Fusarium species are similar to
those of this genus. Diplodia is another deuteromycete that causes stem-end
rot of citrus fruits and water tan-rot of peaches. Neurospora is an ascomycete,
and N. intermedia is referred to as the “red bread” mold. Monilia sitophila is
the anamorph of N. intermedia. The latter is important in the oncom fermen-
tation and has been found on meats.

The second category consists of xerophilic molds, which are very impor-
tant as spoilage organisms. In addition to Aspergillus and Eurotium, Pitt and
Hocking (26) include six other genera among the xerophiles: Basipetospora,
Chrysosporium, Eremascus, Polypaecilum, Wallemia, and Xeromyces. These
molds are characterized by the ability to grow below a,, 0.85. They are of
significance in foods that owe their preservation to low a,,. Only Wallemia and
Xeromyces are discussed further here.

Wallemia produces deep-brown colonies on culture media and on foods.
W. sebi (formerly Sporendonema), the most notable species, can grow at an a,,
of 0.69. It produces the “dun” mold condition on dried and salted fish.



32 Taxonomy, Role, and Significance of Microorganisms in Foods

Xeromyces has only one species, X. bisporus. It produces colorless cleisto-
thecia with evanescent asci that contain two ascospores. This organism has the
lowest a,, growth of any other known organisms (26). Its a, high is <0.97,
optimum is 0.88, and minimum is 0.61. Its thermal D at 82.2°C is 2.3 min. It
causes problems in licorice, prunes, chocolate, syrup, and other similar types
of products.

SYNOPSIS OF COMMON GENERA OF
FOODBORNE YEASTS

Yeasts may be viewed as being unicellular fungi in contrast to the molds, which
are multicellular; however, this is not a precise definition, since many of what
are commonly regarded as yeasts actually produce mycelia to varying degrees.

Yeasts can be differentiated from bacteria by their larger cell size and their
oval, elongate, elliptical, or spherical cell shapes. Typical yeast cells range
from 5 to 8 um in diameter, with some being even larger. Older yeast cultures
tend to have smaller cells. Most of those of importance in foods divide by
budding or fission.

Yeasts can grow over wide ranges of acid pH and in up to 18% ethanol.
Many grow in the presence of 55-60% sucrose. Many colors are produced by
yeasts, ranging from creamy to pink to red. The asco- and arthrospores of
some are quite heat resistant. (Arthrospores are produced by some yeastlike
fungi.)

Regarding the taxonomy of yeasts, newer methods have been employed in
the past decade or so consisting of 5S TRNA, DNA base composition, and
coenzyme Q profiles. Because of the larger genome size of yeasts, 5SS rRNA
sequence analyses are employed more than for larger RNA fractions. Many
changes have occurred in yeast systematics, due in part to the use of newer
methods but also to what appears to be a philosophy toward grouping rather
than splitting taxa. The most authoritative work on yeast systematics is that
edited by Kreger-van Rij and published in 1984 (21). In this volume, the
former Torulopsis genus has been transferred to the genus Candida, and
some of the former Saccharomyces have been transferred to Torulaspora and
Zygosaccharomyces. The teleomorphic or perfect states of more yeasts are
now known, and this makes references to the older literature more difficult.

The taxonomy of 14 foodborne genera is summarized below. For excellent
discussions on foodborne yeasts, the publications by Deak and Beuchat (9),
Beneke and Stevenson (1), and Pitt and Hocking (26) should be consulted. For
identification, Deak and Beuchat (9) have presented an excellent simplified
key to foodborne yeasts. See ref. 11 for those present in dairy products, and
ref. 17 for the species found in meats.

Division: Ascomycotina
Family: Saccharomycetaceae (ascospores and arthrospores formed;
vegetative reproduction by fission or budding)
Subfamily: Nadsonioideae
Genus: Hanseniaspora
Subfamily: Saccharomycotoideae
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Genus: Debaryomyces

Issatchenkia

Kluyveromyces

Pichia

Saccharomyces

Torulaspora

Zygosaccharomyces

Subfamily: Schizosaccharomycetoideae

Genus: Schizosaccharomyces

Division: Deuteromycotina
Family: Cryptococcaceae (the “‘imperfects’; reproduce by budding)
Genus: Brettanomyces
Candida
Cryptococcus
Rhodotorula
Trichosporon

The above genera are listed below in alphabetical order.

Brettanomyces. These asporogenous yeasts form ogival cells, terminal bud-
ding, and produce acetic acid from glucose only under aerobic conditions. B.
intermedius is the most prevalent, and it can grow at a pH as low as 1.8. They
cause spoilage of beer, wine, soft drinks, and pickles, and some are involved
in after-fermentation of some beers and ales.

Candida. This genus was erected in 1923 by Berkhout and has since under-
gone many changes in definition and composition (see 34). It is regarded as
being a heterogenous taxon that can be divided into 40 segments comprising
three main groups, based mainly on fatty acid composition and electrophoretic
karotyping (35). The generic name means ‘“‘shining white,” and cells contain
no carotenoid pigments.

The ascomycetous imperfect species are placed here, including the former
genus Torulopsis as follows:

Candida famata (Torulopsis candida; T. famata)

Candida kefyr (Candida pseudotropicalis, T. kefyr; Torula cremoris)
Candida stellata (Torulopsis stellata)

Candida holmii (Torulopsis holmii)

Many of the anamorphic forms of Candida are now in the genera Kluyveromyces
and Pichia (see 9). Candida lipolytica is the anamorph of Saccharomycopsis
lipolytica.

Members of this genus are the most common yeasts in fresh ground beef
and poultry, and C. tropicalis is the most prevalent in foods in general. Some
members are involved in the fermentation of cacao beans, as a component of
kefir grains, and in many other products, including beers, ales, and fruit juices.

Cryptococcus. This genus represents the anamorph of Filobasidiella and other
Basidiomycetes. They are asporogenous, reproduce by multilateral budding,
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and are nonfermenters of sugars. They are hyaline and red or orange, and they
may form arthrospores. They have been found on plants and in soils, straw-
berries and other fruits, marine fish, shrimp, and fresh ground beef.

Debaryomyces. These ascosporogenous yeasts sometimes produce a pseudo-
mycelium and reproduce by multilateral budding. They are one of the two
most prevalent yeast genera in dairy products. D. hansenii represents what was
once D. subglobosus and Torulaspora hansenii, and it is the most prevalent
foodborne species. It can grow in 24% NaCl and at an a,, as low as 0.65. It
forms slime on wieners, grows in brines and on cheeses, and causes spoilage of
orange juice concentrate and yogurt.

Hanseniaspora. These are apiculate yeasts whose anamorphs are Kloeckera
spp. They exhibit bipolar budding, and consequently lemon-shaped cells are
produced. The asci contain two to four hat-shaped spores. Sugars are fermented,
and they can be found on a variety of foods, especially figs, tomatoes, straw-
berries, and citrus fruits, and the cacao bean fermentation.

Issatchenkia. Members of this genus produce pseudomycelia and multiply by
multilateral budding. Some species once in the genus Pichia have been placed
here. The teleomorph of Candida krusei is 1. orientalis. They typically form
pellicles in liquid media. They contain coenzyme Q-7 and are prevalent on a
wide variety of foods.

Kluyveromyces (Fabospora). These ascosporeforming yeasts reproduce by
multilateral budding, and the spores are spherical. K. marxianus now includes
the former K. fragilis, K. lactis, K. bulgaricus, Saccharomyces lactis, and S.
fragilis. K. marxianus is one of the two most prevalent yeasts in dairy products.
Kluyveromyces spp. produce B-galactosidase and are vigorous fermenters of
sugars, including lactose. K. marxianus contains coenzyme Q-6 and is involved
in the fermentation of kumiss. It is also used for lactase production from whey
and as the organism of choice for producing yeast cells from whey. They are
found on a wide variety of fruits, and K. marxianus causes cheese spoilage.

Pichia. This is the largest genus of true yeasts. They reproduce by multi-
lateral budding, and the asci usually contain four spheroidal, hat- or saturn-
shaped spores. Pseudomycelia and arthrospores may be formed. Some of the
hat-shaped sporeformers may be Williopsis spp., and some of the former
species are now classified in the genus Debaryomyces. P. guilliermondii is the
perfect state of Candida guilliermondii. The anamorph of P. membranaefaciens
is Candida valida. Pichia spp. typically form films on liquid media and are
known to be important in producing indigenous foods in various parts of the
world. Some have been found on fresh fish and shrimp, and they are known to
grow in olive brines and to cause spoilage of pickles and sauerkraut.

Rhodotorula. These yeasts are anamorphs of Basidiomycetes. The teliospore
producers are in the genus Rhodosporidium. They reproduce by multilateral
budding and are nonfermenters. R. glutinis and R. mucilaginosa are the two
most prevalent species in foods. They produce pink to red pigments, and most
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are orange or salmon-pink in color. The genus contains many psychrotrophic
species/strains that are found on fresh poultry, shrimp, fish, and beef. Some
grow on the surface of butter.

Saccharomyces. These ascoporogenous yeasts multiply by multilateral bud-
ding and produce spherical spores in asci. They are diploid and do not ferment
lactose. Those once classified as S. bisporus and S. rouxii are now in the genus
Zygosaccharomyces, and the former S. rosei is now in the genus Torulaspora.
All bakers’, brewers’, wine, and champagne yeasts are S. cerevisiae. They are
found in kefir grains and can be isolated from a wide range of foods, such as
dry-cured salami and numerous fruits, although S. cerevisiae rarely causes
spoilage. S. bailii is a spoilage yeast and is well known for its activities in
tomato sauce, mayonnaise, salad dressing, soft drinks, fruit juices, ciders, and
wines. It is resistant to benzoate and sorbate preservatives.

Schizosaccharomyces. These ascosporogenous yeasts divide by lateral fission
or cross-wall formation and may produce true hyphae and arthrospores. Asci
contain from four to eight bean-shaped spores, and no buds are produced.
They are regarded as being only distantly related to the true yeasts. S. pombe
is the most prevalent species; it is osmophilic and resistant to some chemical
preservatives.

Torulaspora. Multilateral budding is the method of reproduction with spherical
spores in asci. Three haploid species formerly in the genus Saccharomyces are
now in this genus. They are strong fermenters of sugars, and contain coenzyme
Q-6. T. delbrueckii is the most prevalent species.

Trichosporon. These nonascosporeforming oxidative yeasts multiply by
budding and by arthroconidia formation. They produce a true mycelium, and
sugar fermentation is absent or weak. They are involved in cacao bean and
idli fermentations and have been recovered from fresh shrimp, ground beef,
poultry, frozen lamb, and other foods. T. pullulans is the most prevalent
species, and it produces lipase.

Zygosaccharomyces. Multilateral budding is the method of reproduction, and
the bean-shaped ascospores formed are generally free in asci. Most are haploid
and they are strong fermenters of sugars. Z. rouxii is the most prevalent species,
and it can grow at a,, of 0.62, second only to Xeromyces bisporus in ability to
grow at low a,, (26). Some are involved in shoyu and miso fermentations, and
some are common spoilers of mayonnaise and salad dressing, especially Z.
bailii, which can grow at pH 1.8 (26).
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Intrinsic and Extrinsic
Parameters of Foods That
Affect Microbial Growth

Since our foods are of plant and animal origin, it is worthwhile to consider
those characteristics of plant and animal tissues that affect the growth of micro-
organisms. The plants and animals that serve as food sources have all evolved
mechanisms of defense against the invasion and proliferation of microorgan-
isms, and some of these remain in effect in fresh foods. By taking these natural
phenomena into account, one can make effective use of each or all in pre-
venting or retarding the microbial spoilage of the products that are derived
from them.

INTRINSIC PARAMETERS

The parameters of plant and animal tissues that are an inherent part of the
tissues are referred to as intrinsic parameters (56). These parameters are

pH

moisture content
oxidation-reduction potential (Eh)
nutrient content

antimicrobial constituents
biological structures

QAW

Each of these is discussed below, with emphasis placed on their effects on
microorganisms in foods.

pH

It has been well established that most microorganisms grow best at pH values
around 7.0 (6.6—7.5), while few grow below 4.0 (Fig. 3-1). Bacteria tend to
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FIGURE 3-1. Approximate pH growth ranges for some foodborne organisms.

be more fastidious in their relationships to pH than molds and yeasts, with
the pathogenic bacteria being the most fastidious. With respect to pH minima
and maxima of microorganisms, those represented in Figure 3-1 should not be
taken to be precise boundaries, since the actual values are known to be de-
pendent on other growth parameters. For example, the pH minima of certain
lactobacilli have been shown to be dependent on the type of acid used, with
citric, hydrochloric, phosphoric, and tartaric acids permitting growth at lower
pH than acetic or lactic acids (49). In the presence of 0.2M NaCl, Alcaligenes
faecalis has been shown to grow over a wider pH range than in the absence
of NaCl or in the presence of 0.2M sodium citrate (Fig. 3-2). Of the foods
presented in Table 3-1, it can be seen that fruits, soft drinks, vinegar, and
wines all fall below the point at which bacteria normally grow. The excellent
keeping quality of these products is due in great part to pH. It is a common
observation that fruits generally undergo mold and yeast spoilage, and this is
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FIGURE 3-2.  Relationship of pH, NaCl, and Na citrate on the rate of growth of Alcaligenes
faecalis in 1% peptone: A = 1% peptone; B = 1% peptone + 0.2M NaCl; C = 1% peptone +
0.2M Na citrate.

Redrawn from Sherman and Holm (75); used with permission of the publisher.

due to the capacity of these organisms to grow at pH values <3.5, which is
considerably below the minima for most food spoilage and all food poisoning
bacteria. It may be further noted from Table 3-2 that most of the meats and
seafoods have a final ultimate pH of about 5.6 and above. This makes these
products susceptible to bacterial as well as to mold and yeast spoilage. Most
vegetables have higher pH values than fruits, and consequently vegetables
should be subject more to bacterial than fungal spoilage.

With respect to the keeping quality of meats, it is well known that meat
from fatigued animals spoils faster than that from rested animals, and that
this is a direct consequence of final pH attained upon completion of rigor
mortis. Upon the death of a well-rested meat animal, the usual 1% glycogen



Intrinsic Parameters 41

TABLE 3-1.  Approximate pH Values of Some Fresh Fruits and Vegetables

Product pH Product pH

Vegetables Fruits

Asparagus (buds and stalks) 5.7-6.1 Apples 2.9-33

Beans (string and Lima) 4.6&6.5 Bananas 4.5-4.7

Beets (sugar) 4.2-4.4 Figs 4.6

Broccoli 6.5 Grapefruit (juice) 3.0

Brussels sprouts 6.3 Limes 1.8-2.0

Cabbage (green) 5.4-6.0 Melons (honeydew) 6.3-6.7

Carrots 4.9-5.2;6.0 Oranges (juice) 3.6-43

Cauliflower 5.6 Plums 2.8-4.6

Celery 5.7-6.0 Watermelons 5.2-5.6

Corn (sweet) 7.3 Grapes 3.4-45

Eggplant 4.5

Lettuce 6.0

Olives 3.6-3.8

Onions (red) 5.3-5.8

Parsley 5.7-6.0

Parsnip 5.3

Potatoes (tubers & sweet) 5.3-5.6

Pumpkin 4.8-5.2

Rhubarb 3.1-3.4

Spinach 5.5-6.0

Squash 5.0-5.4

Tomatoes (whole) 42-43

Turnips 5.2-5.5

TABLE 3-2. Approximate pH Values of Dairy, Meat, Poultry, and Fish Products

Product pH Product pH

Dairy products Fish and shellfish

Butter 6.1-6.4 Fish (most species)” 6.6-6.8

Buttermilk 4.5 Clams 6.5

Milk 6.3-6.5 Crabs 7.0

Cream 6.5 Oysters 4.8-6.3

Cheese (American mild and cheddar) 49,59 Tuna fish 5.2-6.1
Shrimp 6.8-7.0

Meat and poultry Salmon 6.1-6.3

Beef (ground) 5.1-6.2 White fish 55

Ham 5.9-6.1

Veal 6.0

Chicken 6.2-6.4

“Just after death.

is converted into lactic acid, which directly causes a depression in pH values
from about 7.4 to about 5.6, depending on the type of animal. Callow (17)
found the lowest pH values for beef to be 5.1 and the highest 6.2 after rigor
mortis. The usual pH value attained upon completion of rigor mortis of beef
is around 5.6 (6). The lowest and highest values for lamb and pork, respec-
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tively, were found by Callow to be 5.4 and 6.7, and 5.3 and 6.9. Briskey (9)
reported that the ultimate pH of pork may be as low as approximately 5.0
under certain conditions. The effect of pH of this magnitude upon micro-
organisms, especially bacteria, is obvious. With respect to fish, it has been
known for some time that halibut, which usually attains an ultimate pH of
about 5.6, has better keeping qualities than most other fish, whose ultimate
pH values range between 6.2 and 6.6 (66).

Some foods are characterized by inherent acidity; others owe their acidity
or pH to the actions of certain microorganisms. The latter type is referred to
as biological acidity and is displayed by products such as fermented milks,
sauerkraut, and pickles. Regardless of the source of acidity, the effect on
keeping quality appears to be the same.

Some foods are better able to resist changes in pH than others. Those that
tend to resist changes in pH are said to be buffered. In general, meats are
more highly buffered than vegetables. Contributing to the buffering capacity
of meats are their various proteins. Vegetables are generally low in proteins
and consequently lack the buffering capacity to resist changes in their pH
by the growth of microorganisms (see Table 8-1 for the general chemical
composition of vegetables).

The natural or inherent acidity of foods may be thought of as nature’s way
of protecting the respective plant or animal tissues from destruction by micro-
organisms. It is of interest that fruits should have pH values below those re-
quired by many spoilage organisms. The biological function of the fruit is the
protection of the plant’s reproductive body, the seed. This one fact alone has
no doubt been quite important in the evolution of present-day fruits. While
the pH of a living animal favors the growth of most spoilage organisms, other
intrinsic parameters come into play to permit the survival and growth of the
animal organism.

PH Effects. Adverse pH affects at least two aspects of a respiring microbial
cell: the functioning of its enzymes and the transport of nutrients into the cell.
The cytoplasmic membrane of microorganisms is relatively impermeable to
H™ and ~OH ions. Their concentration in the cytoplasm therefore probably
remains reasonably constant despite wide variations that may occur in the
pH of the surrounding medium (69). The intracellular pH of resting baker’s
yeast cells was found by Conway and Downey (25) to be 5.8. While the outer
region of the cells during glucose fermentation was found to be more acidic,
the inner cell remained more alkaline. On the other hand, Pena et al. (61)
did not support the notion that the pH of yeast cells remains constant with
variations in pH of medium. It appears that the internal pH of almost all cells
is near neutrality. Bacteria such as Sulfolobus and Methanococcus may be ex-
ceptions, however. When microorganisms are placed in environments below
or above neutrality, their ability to proliferate depends on their ability to bring
the environmental pH to a more optimum value or range. When placed in
acid environments, the cells must either keep H* from entering or expel H*
ions as rapidly as they enter. Such key cellular compounds as DNA and ATP
require neutrality (10). When most microorganisms grow in acid media, their
metabolic activity results in the medium or substrate’s becoming less acidic,
while those that grow in high pH environments tend to effect a lowering of
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pH. The amino acid decarboxylases that have optimum activity at around pH
4.0 and almost no activity at pH 5.5 cause a spontaneous adjustment of pH
toward neutrality when cells are grown in the acid range. Bacteria such as
Clostridium acetobutylicum raise substrate pH by reducing butyric acid to
butanol, while Enterobacter aerogenes produces acetoin from pyruvic acid
to raise the pH of its growth environment. When amino acids are decarboxy-
lated, the increase in pH occurs from the resulting amines. When grown in
the alkaline range, a group of amino acid deaminases that have optimum
activity at about pH 8.0 cause the spontaneous adjustment of pH toward
neutrality as a result of the organic acids that accumulate.

With respect to the transport of nutrients, the bacterial cell tends to have
a residual negative charge. Nonionized compounds therefore can enter cells,
while ionized cannot. At neutral or alkaline pH, organic acids do not enter,
while at acid pH values, these compounds are nonionized and can enter the
negatively charged cells. Also, the ionic character of side chain ionizable groups
is affected on either side of neutrality, resulting in increasing denaturation
of membrane and transport enzymes.

Among the other effects that are exerted on microorganisms by adverse
pH is that of the interaction between H* and the enzymes in the cytoplasmic
membrane. The morphology of some microorganisms can be affected by pH.
The length of the hyphae of Penicillium chrysogenum has been reported to
decrease when grown in continuous culture where pH values increased above
6.0. Pellets of mycelium rather than free hyphae were formed at about pH 6.7
(69). Extracellular H* and K* may be in competition where the latter stimu-
lates fermentation, for example, while the former represses it. The metabolism
of glucose by yeast cells in an acid medium was markedly stimulated by K*
(70). Glucose was consumed 83% more rapidly in the presence of K* under
anaerobic conditions and 69% more under aerobic conditions.

Other environmental factors interact with pH. With respect to temperature,
pH of substrate becomes more acid as temperature increases. Concentration
of salt has a definite effect on pH growth rate curves, as illustrated in Figure
3-2, where it can be seen that the addition of 0.2M NaCl broadened the pH
growth range of Alcaligenes faecalis. A similar result was noted for Escherichia
coli by these investigators. When salt content exceeds this optimal level, the
pH growth range is narrowed. An adverse pH makes cells much more sensitive
to toxic agents of a wide variety, and young cells are more susceptible to pH
changes than older or resting cells.
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