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Preface

THE GLOBAL population is projected to increase to more than 
9 billion by 2050. The study of food microbiology is essential to 
ensuring that  there  will be sufficient high- quality, safe food to 

feed  these growing numbers. This book provides a taste of the complex-
ity and challenge of this goal. The Fourth Edition has been thoroughly 
updated and revised to reflect the global nature of the field.

 Today’s students have a wealth of information available at their fin-
gertips by virtue of access to the Internet. Utilizing and recognizing the 
quality of that information, however, calls for critical thinking, innova-
tive approaches, and healthy skepticism. We have incorporated a greater 
breadth of material that underscores the global audience served by the 
textbook. New homework prob lems have been added based on positive 
feedback from instructors, and  these prob lems serve as a vital learning 
tool.

Capturing the interest and attention of our target audience, undergrad-
uates, is integral to opening the door to the field of food microbiology and 
from  there to countless  career opportunities. We have included authors’ 
notes, special box material written by students and international experts, 
chapter summaries, and a glossary. The book is user-friendly for instruc-
tors too; answers to selected critical thought questions are provided.

This book is divided into four sections. Instructors and students 
should be aware that the Fourth Edition contains a substantial amount of 
material not found in previous editions. Each chapter is self- contained, 
facilitating the instructor’s flexibility to pres ent the material in diff er ent 
order.

The first section of the book covers the foundational material, de-
scribing how bacteria grow in food, how the food affects their growth, 
the control of microbial growth, spores, detection, and microbiological 
criteria. The material has application for food microbiology laboratory 
courses, too.
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Instructors may choose to use the other three sections in virtually 
any order. The foodborne pathogenic bacteria are presented in alphabet-
ical order in section II. A greater emphasis has been given to foodborne 
illness outbreaks occurring outside of the United States, and the chapter 
on Regulatory Issues discusses international regulations.

Section III contains chapters on beneficial microbes, spoilage or-
ganisms, and pathogens that are not bacteria. Lactic acid bacteria and 
yeast fermentations are covered separately. Molds are covered both as 
spoilage organisms and as potential toxin producers. Since viruses likely 
cause more than half of all foodborne illnesses, treatment of viruses has 
been expanded to include explanations of lytic and temperate phages, 
the importance of bacteriophage infection prevention in the dairy in-
dustry, and utilization of phages for pathogen control. Prions are not 
bacteria, molds, or viruses; in fact, they are not microbes at all. How-
ever, they are a major biological concern to the public and food safety 
experts, and they are covered in the same chapter as viruses. Underscor-
ing the global breadth of this edition, we have expanded the chapter on 
parasites, which are impor tant sources of disease in many parts of the 
world. Section IV covers the chemical, biological, and physical methods 
of controlling foodborne microbes and closes by examining industrial 
and regulatory strategies for ensuring food safety.

The authors are grateful to the many students who provided perspec-
tive on the level and depth of coverage and contributed photo graphs that 
enhanced this edition. Special thanks go to Yangjin Jung, Hyein Jang, 
and Jingwen Gao for development of  tables and figures for this edition.

We thank the team at ASM Press for facilitating completion of the 
book. The guidance of Larry Klein was essential to keeping us on track 
to complete this edition. Ellie Tupper’s enthusiasm and eye for detail en-
sured that we would “get it right.”

We hope that Food Microbiology: An Introduction, Fourth Edition, 
makes the subject come alive and encourages you to explore  careers in 
food microbiology. The food microbiome is complex and offers a wonder-
ful playground for food microbiologists. Enjoy your adventure.

Karl R. Matthews
Kalmia E. Kniel
Thomas J. Montville
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INTRODUCTION
A for mer pres i dent of the Amer i can Society for Microbiology (Box 1.1) 
de fined mi cro bi ol o gy as an ar ti fi cial sub dis ci pline of bi  ol ogy based on 
size. This sug gests that ba sic bi o log i cal prin ci ples hold true, and are 
 of ten dis cov ered, in the field of mi cro bi ol ogy. Food mi cro bi ol o gy is a fur
ther sub di vi sion of mi cro bi ol ogy. It stud ies mi crobes that grow in food 
and how food en vi ron ments in flu ence mi crobes. In some ways, food mi
cro bi ol ogy has changed rad i cally in the last 20 years. The num ber of rec
og nized foodborne path o gens has dou bled. “Safety through end prod uct 
test ing” has given way to “safety by de sign” pro vided by Hazard Analysis 
and Critical Control Points (HACCP). In the United States, the Food Safety 
Modernization Act in tro duced Hazard Analysis RiskBased Preventative 
Controls. Genetic and im mu no log i cal probes have re placed bio chem i cal 
tests and re duced test ing time from days to min utes. In other ways, food 
mi cro bi ol ogy is still near the be gin ning. Louis Pas teur would find his pi
pettes in a mod ern lab o ra tory. Julius Rich ard Petri would find his plates 
(al beit plas tic rather than glass). Hans Chris tian Gram would find all  
the re agents re quired for his stain. Food mi cro bi ol o gists still study only 
the mi crobes that we can see un der the mi cro scope and grow on agar 
me dia in pe tri dishes. Experts sug gest that only 1% of all  the bac te ria in 
the bio sphere can be de tected by cul tural meth ods.

This chap ter’s dis cus sion of mi crobes per se sets the stage for a his
tor i cal re view of food mi cro bi ol ogy. The bulk of the dis cus sion con cerns 
bac te ria. Most of this book deals with bac te ria. Viruses and prions are 
covered later in a single chapter because so little is known about them. 
This chap ter ends with some thoughts about fu ture de vel op ments in 
the field.

1 The Trajectory 
of Food Microbiology

Introduction

Who’s on First?

Food Microbiology, Past 
and Present

To the Future and Beyond

Summary

Suggested read ing

Questions for crit i cal 
thought

Learning Objectives

The in for ma tion in this chap ter will help the stu dent:

•  in crease aware ness of the an tiq uity of mi cro bial life and 
the new ness of food mi cro bi ol ogy as a sci en tific field

•  ap pre ci ate how fun da men tal dis cov er ies in mi cro bi ol ogy 
still in flu ence the prac tice of food mi cro bi ol o gy

•  un der stand the or i gins of food mi cro bi ol ogy and thus 
an tic i pate its for ward path

doi:10.1128/9781555819392.ch1 
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WHO’S ON FIRST?
Let there be no doubt about it: the mi crobes were here first. It is a mi cro
bial world (Fig. 1.1). If the earth came into be ing at 12:01 a.m. of a 24h 
day, mi crobes would ar rive at dawn and re main the only liv ing things 
un til well af ter dusk. Around 9 p.m., larger an i mals would emerge, and 
a few sec onds be fore mid night, hu mans would ap pear. The mi crobes 
were here first, they co habit the planet with us, and they will be here af ter 
hu mans are gone. Life is not ster ile. Microbes can never be (nor should 
they be) con quered, once and for all . The food mi cro bi ol o gist can only 
cre ate foods that mi crobes do not “like,” ma nip u late the growth of mi
crobes that are in food, kill them, or ex clude them by phys i cal bar ri ers.

Bacteria live in air less bogs, ther mal vents, boil ing gey sers, us, and 
foods. We are lucky that they are here for mi crobes form the foun da tion 
of the bio sphere. We could not ex ist with out  mi crobes, but they would do 
just fine with out  us. Photosynthetic bac te ria fix car bon into us able forms 
and make much of our ox y gen. Rhizobium bac te ria fix air’s el e men tal 
 ni tro gen into am mo nia that can be used for a va ri ety of life pro cesses. 
Degradative en zymes al low ru mi nants to di gest cel lu lose. Microbes re cy
cle the dead into ba sic com po nents that can be used again and again. 
Microbes in our in tes tines aid in di ges tion, pro duce vi ta mins, and pre vent 
col o ni za tion by path o gens. For the most part, mi crobes are our friends.

FOOD MICROBIOLOGY, PAST AND PRESENT
From the dawn of civ i li za tion un til about 10,000 years ago, hu mans were 
hunt ergatherers. Humans were lucky to have enough. There was nei

Figure 1.1

It’s a mi cro bial world.

Box 1.1
Preparing for the fu ture

Membership in pro fes sional 
so ci e ties is a great way to ad vance 
pro fes sion ally, even as a stu dent 
(who ben e fits from re duced 
mem ber ship fees and is el i gi ble for 
a va ri ety of schol ar ships). Profes-
sional so ci e ties pro vide con tinu ing-
education and em ploy ment ser vices 
to their mem bers, pro vide ex per tise 
to those mak ing laws and pub lic 
pol i cies, have an nual meet ings for 
pre sen ta tion of the lat est sci ence, 
and pub lish books and jour nals. 
The three main so ci e ties for food 
mi cro bi ol o gists are listed be low. 
Applications for mem ber ship can 
be ob tained from their web sites.

The Amer i can Society for Microbiol-
ogy (ASM) (http:// www. asm. org) is 
the larg est life sci ence so ci ety in the 

world. It has 27 di vi sions cov er ing 
all  fac ets of mi cro bi ol ogy from 
mi cro bial path o gen e sis to im mu-
nol ogy to an ti mi cro bial agents to 
food mi cro bi ol ogy, and it pub lishes 
12 schol arly jour nals. ASM Press is 
the pub lisher of this book.

The Institute of Food Technologists 
(IFT) (http:// www. ift. org) de votes 
it self to all  ar eas of food sci ence by 
dis ci pline (food mi cro bi ol ogy, food 
chem is try, and food en gi neer ing), as 
well as by com mod ity (ce re als, fruits 
and veg e ta bles, and seafood) and by 
pro cess ing (re frig er ated foods). The 
IFT is a non profit sci en tific so ci ety 
with over 17,000 members work ing 
in food sci ence, food tech nol ogy, 
and re lated pro fes sions in in dus try, 
ac a de mia, and gov ern ment. The IFT 

pub lishes four jour nals, spon sors  
a va ri ety of short courses, and 
con trib utes to pub lic pol icy and 
opin ion at na tional, state, and lo cal 
lev els.

The International Association for 
Food Protection (IAFP) (http:// 
www. foodprotection. org) is 
the only pro fes sional so ci ety 
de voted ex clu sively to food safety 
mi cro bi ol ogy. IAFP is ded i cated 
to the ed u ca tion and ser vice of 
its mem bers, as well as in dus try 
per son nel. Members keep in formed 
of the lat est sci en tific, tech ni cal, 
and prac ti cal de vel op ments in food 
safety and san i ta tion. IAFP pub-
lishes two sci en tific jour nals, Food 
Protection Trends and Journal of 
Food Protection.
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ther sur plus nor a set tled place to store it. Preservation was not an is sue. 
With the shift to ag ri cul tural so ci e ties, stor age, spoil age, and pres er va tion 
be came im por tant chal lenges. The first pres er va tion meth ods were un
doubt edly ac ci den tal. Sundried, salted, or fro zen foods did not spoil. In 
the clas sic “turn ing lem ons into lem on ade” style, early hu mans learned 
that “spoiled” milk could be ac cept able or even de sir able if viewed as “fer
ment ed.” Fermenting food be came an or ga nized ac tiv ity around 4000 
B.C.E. (Table 1.1). Breweries and bak er ies sprang up long be fore the idea 
of yeast was con ceived.

Humans re mained ig no rant of mi crobes for thou sands of years. In 
1665, Rob ert Hooke pub lished Micrographia, the first il lus trated book on 
mi cros copy that de tailed the struc ture of Mucor, a mi cro scopic fun gus. 
In 1676, Antonie van Leeu wen hoek (Fig. 1.2) used a crude mi cro scope (Fig. 
1.3) of Hooke’s de sign to see small liv ing things in pond wa ter. Micro
bi  ol ogy was born!

Nonetheless, it took an other 200 years to prove that mi crobes ex ist 
and cause fer men ta tive pro cesses. In the mid1700s, Lazzaro Spallan
zani showed that boiled meat placed in a sealed con tainer did not spoil. 
Advocates of spon ta ne ous gen er a tion, how ever, ar gued that air is needed 
for life and that the air was sealed out . It took an other 100 years for Louis 
Pas teur’s el e gant “swannecked flask” ex per i ment (see Box 27.1) to rep li
cate Spallanzani’s ex per i ment in a way that al lowed ac cess to air but not 
to mi crobes. Napoleon, need ing to feed his troops as they trav eled across 
Eu rope, of ered a prize to any one who could pre serve food. Ni co las Ap
pert (Fig. 1.4) won this prize when he dis cov ered that foods would not 
spoil if they were heated in sealed con tain ers, i.e., were canned. Thus, 
can ning was in vented with out  any knowl edge of mi cro bi ol ogy. Indeed, 
it was not un til the 1900s that math e mat i cal ba ses for can ning pro cesses 
were de vel oped.

Rob ert Koch was a gi ant of mi cro bi ol ogy. In the late 1800s, he es tab
lished cri te ria for prov ing that a bac te rium caused a dis ease. To sat isfy 
“Koch’s pos tu lates,” one had to (i) iso late the sus pected bac te rium in pure 
cul ture from the dis eased an i mal, (ii) ex pose a healthy an i mal to the 

Authors’ note
I never ap pre ci ated van 
Leeu wen hoek’s skill as a 
mi cros co pist un til I tried to use 
this rep lica mi cro scope.

Figure 1.2

Antonie van Leeu wen hoek.

Figure 1.3

Replica of van Leeu wen hoek mi cro scope.
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Table 1.1 Significant events in the his tory of food mi cro bi ol o gya

Decade Event

∼4000 B.C.E. Fermentation of food be comes an or ga nized ac tiv i ty.

1670 C.E. Hooke and van Leeu wen hoek ob serve mi cro scopic fungi and bac te ria; mi cro bi ol ogy is born.

1760 Spallanzani’s ex per i ments with boiled beef strike a blow against spon ta ne ous gen er a tion.

1800 Ni co las Appert in vents the can ning pro cess. Amazingly, this is still a main stay of food pro cess ing 200 years lat er.

1810 Pe ter Durand pat ents the tin can, mak ing Appert’s life much eas i er.

1850 Appert and Raymond Chevallier-Appert are is sued a pat ent for steam ster il i za tion (re tort). The use of steam 
un der pres sure in creases pro cess tem per a tures, de creases pro cess times, and rad i cally im proves the qual ity of 
canned food.

Louis Pas teur dem on strates that liv ing or gan isms cause lac tic and al co holic fer men ta tions.

1860 Pas teur dis proves spon ta ne ous gen er a tion. Life can come only from other life.

Jo seph Lis ter de vel ops the con cept of an ti sep tic prac tice. Persuading sur geons to wash their hands saves 
thou sands of lives.

1880 Rob ert Koch pos tu lates bac te ria as caus a tive agents of dis ease. To this day, Koch’s pos tu lates re main the “gold 
stan dard” for prov ing that bac te ria cause dis ease.

Hans Chris tian Gram in vents the Gram stain.

Julius Rich ard Petri in vents the pe tri dish. Petri worked in Koch’s lab o ra tory, where the use ful ness of agar was 
also dis cov ered.

A. A. Gartner iso lates Salmonella enterica serovar Enteritidis from a food poi son ing out  break. A cen tury later, 
sal mo nel lae are still the lead ing cause of death among peo ple con sum ing foodborne mi crobes.

1890 Pasteurization of milk be gins in the United States.

1900 The Food and Drug Act is passed in re sponse to Upton Sin clair’s ex posé of the meat in dus try in The Jungle.

1920 The U.S. Public Health Commission pub lishes meth ods to pre vent bot u lism.

Alexander Flem ing dis cov ers an ti bi ot ics. Less than 100 years later, mul ti ple an ti bi ot ic-resistant path o gens 
threaten to cause pos si ble ep i dem ics.

Clarence Birdseye in tro duces fro zen foods to the re tail mar ket place.

1930 G. M. Dack con firms that Staphylococcus au re us makes tox in.

Home re frig er a tors are widely in tro duced.

The Food, Drug, and Cosmetic Act strength ens reg u la tion over foods.

Viruses are dis cov ered.

1940 The first freeze-dried food is de vel oped.

The su per mar ket re places as sorted shops as the place to buy food.

1950 James Wat son and Fran cis Crick dis cover the struc ture of DNA. Rosalind Franklin plays a large but un cred ited role.

Research on food ir ra di a tion be gins.

1960 C. Dun can and D. Strong dem on strate that perfringens food poi son ing is caused by a tox in.

The role of fun gal tox ins is dis cov ered when “tur key X” dis ease breaks out  in poul try.

1970 S. Co hen dis cov ers ge netic re com bi na tion in bac te ria.

Larry McKay re ports the pres ence of plas mids in Gram-positive bac te ria.

Good Manufacturing Practices are in tro duced for low-acid foods.

Invention of mono clo nal an ti bod ies lays the foun da tion for mass-produced an ti body-based tests.

1980 The first rec og nized out  break of lis te ri o sis oc curs.

Escherichia coli O157:H7 is first rec og nized as a path o gen.

The first ge netic probe for de tec tion of Salmonella is de vel oped.

PCR (the po ly mer ase chain re ac tion) is in vent ed.

Prions are dis cov ered.

(continued)
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bac te rium and make it sick, and (iii) reisolate the bac te rium from the 
newly in fected an i mal.

This ap proach was so bril liant that it is still used to day to prove that a 
dis ease has a mi cro bial or i gin. Microbiology re mains based on the study 
of sin gle bac te rial spe cies in pure cul ture. Unfortunately, most mi crobes 
can not be cul tured and ex ist in na ture as com mu nity mem bers, not in 
pure cul ture. Two other in no va tions from Koch’s lab o ra tory are still with 
us. Julius Rich ard Petri, an as sis tant in Koch’s lab o ra tory, in vented the 
pe tri dish as a mi nor mod i fi ca tion of Koch’s plat ing method. And work
ers in the Koch lab o ra tory were of ten frus trated by the gel a tin used in 
the plat ing method. Gelatin would not so lid ify when the tem per a ture 
was too warm and was dis solved by cer tain or gan isms (that pro duced 
en zymes that de grade gel a tin). Wal ter Hesse, a phy si cian who had joined 
the Koch lab o ra tory to study in fec tious bac te ria in the air, shared this 
frus tra tion with his wife, Fanny. Frau Hesse had been us ing agar to thicken 
jams and jel lies for years and sug gested that they try agar in the lab o ra
tory. You know the rest of the sto ry.

The first half of the 20th cen tury was marked by the dis cov ery of the 
“tra di tion al” foodborne path o gens. Salmonella spe cies came from warm
blooded an i mals. Clostridium bot u li num be came a prob lem with im prop
erly canned foods. Staphylococcus au re us be came as so ci ated with poor 
hy giene, Bacillus ce re us con tam i nated starchy foods, and other food 
organism com bi na tions be came as so ci ated with cer tain ill nesses. Viruses 
were first crys tal lized and as so ci ated with dis ease in the 1930s and are a 
ma jor cause of foodborne ill ness. However, rel a tively lit tle is known about 
them, and they are “un der stud ied” rel a tive to bac te ria. In the mid dle of 
the 20th cen tury, bi  ol ogy made a great leap for ward: James Wat son and 
Fran cis Crick dis cov ered the struc ture of DNA (Fig. 1.5). This gave birth 
to the era of mo lec u lar ge net ics. This has led to a bet ter un der stand ing 
of how bac te ria cause ill ness, rev o lu tion ary ge netic and an ti bodybased 
de tec tion meth ods for bac te ria, ge netic “fin ger prints” as ep i de mi o log i cal 

Table 1.1 (continued)

Decade Event

1990 Irradiation is ap proved for path o gen con trol in meat and poul try.

The mad cow dis ease cri sis hits the United Kingdom.

HACCP is re quired by the U.S. Department of Agriculture.

2000 Irradiation is ap proved for shell eggs.

Regulatory con cerns about bioterroristic con tam i na tion of food lead to new laws on fa cil ity reg is tra tion, prod uct 
trace abil ity, and pre no ti fi ca tion of im ports.

The first re port of mad cow dis ease in the United States is made.

Irradiation is ap proved for fresh ice berg let tuce and fresh spin ach.

USDA in di cates High Pressure Processing can be used for treat ment of meat, poul try, and pro cessed egg 
prod ucts with out  prior ap prov al.

Food Safety Modernization Act provides preventative con trols for hu man food and preventative con trols for 
food for an i mals.

2016 You are here.
aCompiled from var i ous sourc es.
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tools, and the abil ity to ge net i cally al ter fer men ta tion or gan isms to 
im prove their in dus trial char ac ter is tics. The tools of mo lec u lar bi  ol ogy 
are be com ing in creas ingly im por tant to food mi cro bi ol o gy.

The move ment away from mas sive end prod uct test ing to safety by 
de sign also started in this era. “Good Manufacturing Practices” pro
vide man u fac tur ers with pro ce dures that should yield safe prod ucts. 
HACCP cod i fied this into a safety as sur ance sys tem. Food ir ra di a tion is 
ap proved as a “kill” step in the pro cess ing of raw poul try, meat, spin ach, 
and ice berg let tuce. Risk as sess ment pro vi des the ba sis for more so phis
ti cated reg u la tory ap proaches based on the end re sult (fewer sick peo ple) 
rather than dic tat ing pro cesses that give fewer mi crobes.

TO THE FUTURE AND BEYOND
My men tor once told me, “If you stare into the crys tal ball too long, you 
end up with shards of glass in your face.” It is hard to pre dict the fu ture. 
However, it is safe to say that there will be greater de mand for safer foods, 
that in no va tions in med i cal mi cro bi ol ogy will con tinue to mi grate into 
food mi cro bi ol ogy, and that en tirely new con cepts will al ter the course of 
food mi cro bi ol o gy.

About onethird of the world’s food sup ply is lost to spoil age. A global 
pop u la tion that will dou ble in your life time can not af ord this loss. If 
 ev ery one is to eat, that level of spoil age must be re duced. Hunger hov ers 
over hu man ity and may come to dwarf safety as an is sue. Fermentation 
as a lowenergy “ap pro pri ate tech nol o gy” may be come more im por tant as 
a pres er va tion method. Microbes them selves may be come a food source. 
(Yeast was touted as “sin glecell pro tein” in the 1970s.) Probiotic bac te ria 
may help peo ple main tain health through their diet. Perhaps, just as 
pes ti cides have been cloned into plants to kill in sects, an ti mi cro bi als 
will be cloned into food to make them kill bac te ria.

While 30% of the world’s pop u la tion is wor ried about get ting enough 
food, the third of the world’s pop u la tion that wor ries about “overnutri
tion” (an abundance of food which facilitates overeating) de mands saf er 
food. Zero risk is im pos si ble, and the cost of safety in creases ex po nen
tially as one ap proaches zero risk. How safe is “safe enough”? When should 
a so ci ety shift re sources from in creased safety to in creased avail abil ity? 
The re quire ments of in ter na tional trade man date the har mo ni za tion 

Figure 1.4

Stamp hon or ing Ni co las Appert.

Figure 1.5

The dis cov ery of DNA’s dou ble he lix 
marked a quan tum leap in the his tory of 
mi cro bi ol o gy.
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Studying mi cro bi ol ogy as an un der grad u ate on two con ti nents

Jingwen Gao

Rutgers, The State University of New 
Jersey, New Bruns wick, NJ

As a Chi nese stu dent in the United 
States, I am so sur prised to dis-
cover how di verse and how sim i lar 
the two coun tries are. It takes a 
great deal of cour age to ex plore  
an un fa mil iar na tion, but it is all  
worth while when I hear and do 
some thing that I used to think 
un be liev able or im pos si ble.

Reflecting back, I could still clearly 
re mem ber a lec ture given by Dr. 
Karl R. Mat thews, which was about 
the food safety is sues and laws in 
China. We com pared the num ber of 
re ported cases of foodborne ill ness 
be tween the two coun tries. People 
may think that China is more likely 
to have a greater num ber of 
out  breaks be cause a de vel op ing 
coun try usu ally has less strin gent 
hy giene prac tices and newly 
adopted food safety reg u la tions. In 
re al ity, the op po site may be true. 
Does China re ally have fewer cases 
of foodborne ill nesses? Probably 
not! As Dr. Mat thews spec u lated, 
many ill nesses may not be re ported 
be cause the Chi nese peo ple do not 
nec es sar ily con sider di ar rhea or 
vom it ing as an un com mon oc cur-
rence. It im me di ately oc curred to 
me how Chi nese peo ple treat the 
symp toms of foodborne ill nesses  
as in di ges tion and ig nore them. 
Consequently, ed u ca tion and 
re port ing sys tems for foodborne 
ill nesses are key is sues that China 
should fo cus on in the fu ture. 
Overseas study for me pro vi des  
a deeper un der stand ing of the 
cur rent is sues in a for eign so ci ety 
and per mits com par i son of reg u la-
tions. For ex am ple, China pays 
more at ten tion to chem i cal rather 
than bi o log i cal con tam i nants ow ing 
to the nu mer ous scan dals in re cent 

years. However, I be lieve that China 
will grad u ally shift its fo cus to 
mi cro bial food safety is sues as  
the United States has done. 
Consequently, I am mo ti vated to 
learn more about food mi cro bi ol ogy 
so I will be pre pared for the fu ture.

Once I stepped into the area of 
food mi cro bi ol ogy, I fell deeply in 
love with it and was ea ger to learn 
more. Fortunately, I have found 
many op por tu ni ties. For ex am ple, 
by at tend ing a weekly food sci ence 
sem i nar I was ex posed to a large 
amount of in for ma tion in a short 
time, which led me to con tem plate 
how the new in for ma tion linked to 
my re search. I also ac quired many 
ideas on how to de velop my own 
re search sem i nar. Attending 
pro fes sional meet ings pro vided the 
op por tu nity to com mu ni cate with 
in dus try rep re sen ta tives and learn 
of the cur rent safety is sues faced by 
food man u fac tur ers. One meet ing 
in cluded a speech on the topic of 
the vi a ble but nonculturable 
(VBNC) state in bac te ria. The food 
in dus try has be come more aware of 
VBNC bac te ria be cause they can not 
be cul tured in me dia, lead ing to 
fail ure to de tect path o gens and 
sub se quently un der es ti ma tion of 
risk. Coincidentally, my re search is 
fo cused on the VBNC state of 
bac te ria in ag ri cul tural pro duc tion 
fields. The ex change of in for ma tion 
at na tional and in ter na tional 
meet ings is im por tant since it can 
in spire a re searcher, re sult ing  
in gen er a tion of novel ideas or 
thoughts, which boosts the de vel-
op ment of food mi cro bi ol o gy.

In ad di tion to at tend ing pre sen ta-
tions, there are op por tu ni ties for 
un der grad u ate and grad u ate 
stu dents to pres ent their re search. 
Another un der grad u ate stu dent 
and I in de pen dently de signed and 

con ducted an ex per i ment which we 
pre sented as poster pre sen ta tions 
at lo cal chap ter meet ings of the 
Institute for Food Technologists 
and the Amer i can Society for 
Microbiology. We learned how to 
com pose a poster to best con vey 
our re search and re ceived many 
prac ti cal com ments from pro fes-
sion als at tend ing the con fer ences. 
Attendees from in dus try paid more 
at ten tion to the pos si bil ity of 
ap pli ca tion of the re search find ings 
in a pro duc tion en vi ron ment,  
while gov ern ment and ac a demic 
re search ers fo cused more on 
ex per i men tal pro ce dures. As one 
of the pre sent ers, I was so ex cited 
be cause it pro vided the op por tu-
nity to as sim i late the com ments 
from in di vid u als of broad ex per tise 
to strengthen my re search pro ject. 
Every time we failed to an swer a 
ques tion and searched for an 
an swer, we made prog ress and 
grad u ally be came more pro fes-
sional in our re search field.  
Hence, I hope that I will have  
more op por tu ni ties to pres ent at 
dif er ent pro fes sional meet ings in 
many coun tries, to hear other 
pro fes sion als’ thoughts as so ci ated 
with the cur rent prob lems in their 
re gions, and to widen the ap pli ca-
tion of my re search.

With the in creased level of global 
ex change in ac a demic fields, it is 
im per a tive for us, as stu dents and 
fu ture con trib u tors, to open our 
eyes to the whole world. From my 
ex pe ri ence of over seas study,  
I re al ize that we can not solely 
con cen trate on knowl edge of food 
mi cro bi ol ogy and food mi cro bial 
safety gained through books and 
pop u lar press. Instead, we must 
fo cus on is sues on a global scale 
and try to de velop so lu tions based 
on what we learn.
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of safety stan dards. Globalization of the food sup ply cre ates new chal lenges 
to food safety. Ideally, First and Third World coun tries should have sim i
lar san i tary stan dards. But how can this be achieved in coun tries where 
in door plumb ing and ru di men tary san i ta tion are scarce and re frig er a
tion is al most non ex is tent?

Scientific in no va tions usu ally ap pear first in med i cal tech nol ogy and 
have an im pact on the food sys tem later. This ef ect can be seen through 
the ad ap ta tion of rapid and au to mated meth ods, foodprocessing fa cil i
ties in creas ingly adapt ing the meth ods of phar ma ceu ti cal houses, and 
in creased em pha sis on mo lec u lar un der stand ing. Look at what is “hot” 
in the bio med i cal area to day, and you will see the food mi cro bi ol ogy of 
to mor row.

This chap ter high lights the sci en tific lim its of mi cro bi ol ogy. They 
are start ing to fall. The causes of half of the cases of foodborne ill ness 
are un known. Could they be caused by vi ruses? (It is es ti mated that vi
ruses might be re spon si ble for as much as 60% of foodborne ill nesses.) 
Could they be due to mi crobes that are there but nonculturable? Will 
new mo lec u lar tech niques for study ing these bac te ria al low us to un
der stand and con trol them? The first 200 years of mi cro bi ol ogy have 
been de voted to the study of bac te ria as if they were non in ter act ing ball 
bear ings. We now know that they “talk” to each other us ing chem i cal 
sig nals and sen sors. This quo rum sens ing helps mi cro bial com mu ni
ties de cide when they will take ac tion (for ex am ple, to mount an in fec
tious at tack). If bac te ria talk to each other, what are they say ing? If we 
knew, could we pre vent spoil age and dis ease by scram bling the sig nal, 
drown ing the sig nal out  with other bio chem i cal noise, or in ac ti vat ing 
the re ceiv ers? What about the 99% of bac te ria that re main un dis cov ered? 
What is in their gene pool? How might we use those genes and their 
prod ucts to make food bet ter and safer? What are the roles of pri ons 
and vi ruses in foodborne dis ease? How do we par tic i pate in the eth i cal 
de bate that sur rounds ge netic en gi neer ing, food ir ra di a tion, and other 
new tech nol o gies?

The most ex cit ing era of food mi cro bi ol ogy may lie in its fu ture. It is 
the pe riod that you will live in. You may cre ate the next ep och in food 
mi cro bi ol ogy. To pre pare for this, gain a foun da tional un der stand ing of 
the field to day, learn how to think crit i cally and cre a tively, and learn to 
love these crea tures that are so small but so smart.

Summary

•  Microbes were the first liv ing things on earth and re main the foun da tion of the bio sphere.

•  The fun da men tal bi o log i cal dis cov er ies of the 1800s, such as the dis proof of spon ta ne ous  gen er a tion, Koch’s 
pos tu lates, and pure cul ture of mi crobes, con tinue to in flu ence the field.

•  Molecular bi  ol ogy and ge net ics have be gun to have an im pact on food mi cro bi ol ogy and will shape its fu ture.

•  Food mi cro bi ol ogy is a rel a tively young field of study.
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Questions for crit i cal thought
 1.  What would have hap pened if there had been spores in Pas teur’s swannecked flask?

 2.  How did early mi cro bi ol o gists know whether they had a pure cul ture? Recall they did 
not have com mer cially avail  able se lec tive me dia or mo lec u lar test ing meth ods.

 3.  Extend Table 1.1 50 years into the fu ture. Enter what you think might hap pen.

 4.  Discuss how the need to pre serve food influ enced the field of mi cro bi ol o gy.

 5.  It is said that if Pas teur walked into a food mi cro bi ol ogy lab o ra tory to day, he could be 
com fort ably at work in about 15 min. Is this true? Is it good?

 6.  Why do sci en tists be lieve 99% of bac te ria are nonculturable? Conduct a search of the 
lit er a ture to un der stand how the value was de rived.

7.  Looking back at Table 1.1, what his tor i cal de vel op ment do you think has had the 
great est im pact? Why?
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INTRODUCTION
Understanding the com plex in ter ac tions of mi crobes in food is part of the 
foun da tion needed for ad dress ing the world’s grand challenges,  in clud ing 
feed ing the grow ing pop u la tion and re duc ing food waste. Food mi cro bi ol
o gists must un der stand mi crobes and their in ter ac tions in com plex food 
sys tems; in fact, these foods may rep re sent their own eco sys tems. Food 
mi cro bi ol ogy is crit i cal to new food prod uct de vel op ment, food for mu la
tions, and food safety at all  levels, which involves a variety of groups as 
discussed in Box 2.1.

The ques tion “How many bac te ria are in that food?” has no sim ple 
an swer. The first part of this chap ter ex am ines the ques tion “How do 
we de tect and quan tify bac te ria in food?” We pres ent the con cept of 
culturability and ask if it re ally re flects vi a bil i ty. Even though in jured or 

2 Microbial Growth, Survival, 
and Death in Foods

Introduction
Food Ecosystems, 
Homeostasis, and Hurdle 
Technology
Foods as Ecosystems

Classical Microbiology 
and Its Limitations
Limitations of Detection and 
Enumeration Methods

Plate Counts

Selective, or Differential, 
Media

Most-Probable-Number 
Methods

Enrichment Techniques

Physiological States  
of Bacteria
Introduction

Injury

Viable but Nonculturable

Quorum Sensing and 
Signal Transduction
Introduction

Quorum Sensing

Signal Transduction

Biofilms

Factors That Influence 
Microbial Growth
Intrinsic Factors

Extrinsic Factors

Homeostasis and Hurdle 
Technology

Growth Kinetics
Microbial Physiology  
and Metabolism
Carbon Flow and Substrate-
Level Phosphorylation

The TCA Cycle Links 
Glycolysis to Aerobic 
Respiration

Conclusion
Summary
Suggested read ing
Questions for crit i cal 
thought

Learning Objectives

The in for ma tion in this chap ter will en able the stu dent to:

•  dis tin guish among dif er ent meth ods of cul tur ing food
borne mi crobes and choose the cor rect one for a given
ap pli ca tion

•  rec og nize how in trin sic and ex trin sic fac tors are used in
con trol ling mi cro bial growth

•  use the wa ter ac tiv ity con cept to dis tin guish be tween 
“bulk wa ter” and wa ter that is un avail able for mi cro bial
growth

•  un der stand the ef ect of wa ter ac tiv ity on mi cro bial 
growth and mi cro bial ecol o gy

•  quan ti ta tively pre dict the size of mi cro bial pop u la tions 
and their rate of growth us ing equa tions that de scribe
the ki net ics of mi cro bial growth

•  qual i ta tively de scribe how al ter ing the var i ables in the 
equa tions for the ki net ics of mi cro bial growth al ters
growth pat terns

•  re late bio chem i cal path ways to en ergy gen er a tion and 
met a bolic prod ucts of foodborne bac te ria

doi:10.1128/9781555819392.ch2
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oth er wise nonculturable cells can not form col o nies in pe tri dishes, 
they do ex ist and can cause ill ness.

The sec ond part of the chap ter pres ents the im por tance of food in trin
sic (in her ent to) and ex trin sic (ex ter nal) fac tors for bac te rial growth. Ecol
ogy teaches that the in ter ac tion of fac tors de ter mines which or gan isms 
grow in an en vi ron ment. The use of mul ti ple en vi ron men tal fac tors 
(i.e., pH, salt con cen tra tion, tem per a ture, etc.) to in hibit mi cro bial 
growth is called hur dle tech nol ogy. Hurdle tech nol ogy is an in creas ingly 
im por tant pres er va tion strat e gy.

The ki net ics of mi cro bial growth are cov ered in the third part of this 
chap ter. All four phases of the mi cro bial growth curve are im por tant 
to  food mi cro bi ol o gists. If the lag phase can be ex tended be yond the 
nor mal shelf life, the food is microbially safe. If the growth rate can be 
slowed so that the pop u la tion is too small to cause ill ness, the prod uct is 
safe. Increasing the rate of the death phase can help en sure safety, as in 

Box 2.1
Agencies in volved in food safe ty

The U.S. Department of Agriculture 
(USDA) reg u lates meat and poul try 
through its Food Safety and Inspec-
tion Service (FSIS). All meat and 
poul try must be pro cessed un der 
con tin u ous USDA in spec tion. The 
USDA does not have the au thor ity 
to force a re call, but it can pres-
sure food pro ces sors to ini ti ate a 
“vol un tary” re call. The USDA’s 
Agricultural Marketing Service is 
re spon si ble for the reg u la tion of 
or ganic food, while the Agricultural 
Research Service pro vi des the 
sci ence that the reg u la tions are 
based on and that is re quired to 
pro mote U.S. ag ri cul ture.

The Food and Drug Administration 
(FDA) reg u lates all  foods ex cept 
meat, poul try, and al co hol (which is 
reg u lated by the Alcohol and Tobacco 
Tax and Trade Bureau, known as the 
TTB). The FDA pe ri od i cally in spects 
food-manufacturing fa cil i ties, must 
ap prove all  ther mal pro cesses for 
low-acid canned foods, has the 
au thor ity to is sue man da tory 
re calls, and can quar an tine foods 
un der its au thor ity for ad min is tra-
tive de ten tion. The FDA also 

reg u lates drugs and med i cal 
de vices. The food side of the  
agency re sides in the Center for 
Food Safety and Applied Nutrition 
(CFSAN). Another part of the 
agency, the Center for Veterinary 
Medicine (CVM), reg u lates an i mal 
drugs and stud ies an ti mi cro bial 
re sis tance in food an i mals and 
meat prod ucts.

The Centers for Disease Control 
and Prevention (CDC) is the part 
of the Department of Health and 
Human Services that pro vi des 
ep i de mi o log i cal ex per tise to 
in ves ti gate out  breaks of foodborne 
ill ness and tracks the in ci dence of 
foodborne ill ness over time. It 
over sees PulseNet, a na tional 
lab o ra tory net work that con nects 
foodborne ill ness cases to de tect 
out  breaks that can link geo graph i-
cally dis persed cases to a com mon 
out  break, a “DNA fin ger print ing 
clear ing house” so to speak. The 
CDC has no reg u la tory au thor ity, 
yet is crit i cal to un der stand ing food 
safety needs in the United States.

The Environmental Protection 
Agency (EPA) has reg u la tory 

au thor ity over in sec ti cides, fun gi-
cides, and her bi cides that are 
ap plied to crops.

Consider this: a “bar gain pot pie 
with chick en” con tain ing <3% 
chicken would be reg u lated by the 
FDA, but if the com pany started an 
“up scale chicken pot pie” with 30% 
chicken, it would be reg u lated by 
the USDA. If the up scale pot pie 
were so pop u lar that the com pany 
added an up scale veg e tar ian pot 
pie to its prod uct lineup, then that 
would be reg u lated by the FDA. 
Similarly, when ben zoic acid is 
added to yo gurt or cot tage cheese 
to in hibit mi cro bial growth, the 
com pound is reg u lated by the FDA. 
When the same com pound is used 
in the field to pre vent fungi from 
grow ing on grains, the EPA has 
reg u la tory au thor ity. Life gets even 
more com pli cated when it comes to 
eggs and egg prod ucts. The FDA 
reg u lates in-shell eggs, in clud ing a 
rule on the “Prevention of Salmo-
nella Enteritidis in Shell Eggs 
During Production, Storage, and 
Transportation,” while the USDA 
reg u lates egg prod ucts.



Microbial Growth, Survival, and Death in Foods  | 15

the case of cheddaring cheese made from un pas teur ized milk. Quanti
fying mi cro bial growth rates and pre dict ing mi cro bial pop u la tion sizes 
are im por tant skills for stu dents of food mi cro bi ol o gy.

The fourth part of this chap ter in tro duces the phys i  ol ogy and me tab o
lism of foodborne mi crobes. We de lib er ately cover it last lest stu dents 
panic at the sight of the word “bio chem is try.” This book as sumes no back
ground in bio chem is try, but the bio chem is try as so ci ated with foodborne 
mi crobes can be very im por tant. The bio chem i cal path ways used by lac tic 
acid bac te ria de ter mine the char ac ter is tics of fer mented foods. Spoilage is 
also caused by bio chem i cals. Lactic acid makes milk sour; car bon di ox ide 
causes cans to swell. The abil ity of bac te ria to grow un der ad verse con di
tions is gov erned by their abil ity to gen er ate dif er ent amounts of en ergy 
(in the form of aden o sine 5′triphosphate [ATP]) from dif er ent bio chem i
cal path ways. Bacteria grown in the pres ence of ox y gen (aer o bi cally) pro
duce more en ergy (ATP) than those grown in the ab sence of ox y gen 
(an aer o bi cally) (Box 2.2). Thus, or gan isms such as Staphylococcus au re us 
can with stand hos tile en vi ron ments, such as rel a tively high salt con cen
tra tions, bet ter un der aer o bic con di tions than un der an aer o bic con di tions.

FOOD ECOSYSTEMS, HOMEOSTASIS, AND HURDLE TECHNOLOGY
Foods as Ecosystems
Foods are eco sys tems com posed of the en vi ron ment and the or gan isms 
that live in it. The food en vi ron ment is com posed of in trin sic fac tors (in
her ent to the food) (i.e., pH, wa ter ac tiv ity, and nu tri ents) and ex trin sic fac
tors (ex ter nal to it) (i.e., tem per a ture, gas eous en vi ron ment, and the pres ence 
of other bac te ria). Intrinsic and ex trin sic fac tors can be ma nip u lated to 
pre serve food. When ap plied to mi cro bi ol ogy, ecol ogy can be de fined as “the 
study of the in ter ac tions be tween the chem i cal, phys i cal, and struc tural 
as pects of a niche and the com po si tion of its spe cific mi cro bial pop u la tion” 
(International Commission on Microbiological Specifications for Foods 
[ICMSF], Microbial Ecology of Foods, vol 1, Academic Press, Orlando, FL, 1980). 
“Interactions” em pha sizes the dy namic com plex ity of food eco sys tems.

Foods can be het ero ge neous on a scale of mi crom e ters. Heterogene
ity and gra di ents of pH, ox y gen, nu tri ents, etc., are key eco log i cal fac tors 

Box 2.2
Mechanisms of en ergy gen er a tion

Anaerobes can not lib er ate all  of the 
en ergy in a sub strate. They typ i cally 
make one or two ATP mol e cules by 
burn ing 1 mol of glu cose. This pro cess 
is called sub strate-level phos phor y la-
tion. Strict an aer obes are killed by air.

Aerobes can burn glu cose com-
pletely in the pres ence of ox y gen. 
They gen er ate 34 ATP mol e cules 
from 1 mol of glu cose through a 

pro cess called res pi ra tion. Strict 
aer obes can not grow in the ab sence 
of ox y gen.

Facultative an aer obes can gen er ate 
en ergy by both sub strate-level phos-
phor y la tion and res pi ra tion. They 
can grow in a wider va ri ety of 
en vi ron ments than strict aer obes or 
strict an aer obes.

Chemical struc ture of ATP.

Authors’ note
Singular and plu ral: learn these 
now and you will start to sound 
like a mi cro bi ol o gist. “Media” 
is the plu ral of “me di um.” 
“Bacteria” is the plu ral of 
“bac te ri um.” “Data” is the 
plu ral for “da tum,” al though in 
prac tice “da ta” is used for both 
the sin gu lar and plu ral.
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in foods. Foods may con tain mul ti ple mi cro en vi ron ments. This is well 
il lus trated by the food poi son ing out  breaks as so ci ated with “aer o bic” foods 
caused by a “strict an aer obe” like Clostridium bot u li num. Growth of C. bot
u li num in po ta toes, sautéed on ions, and cole slaw has caused bot u lism. The 
food’s ox y gen is driven out  dur ing cook ing and dif uses back in so slowly 
that most of the prod uct re mains an aer o bic.

CLASSICAL MICROBIOLOGY AND ITS LIMITATIONS
Limitations of Detection and Enumeration Methods
All meth ods based on the plate count have the same lim i ta tions. The plate 
count as sumes that ev ery cell forms one col ony and that ev ery col ony 
orig i na tes from only one cell. The abil ity of a given cell to grow to the 
size of a mac ro scopic col ony de pends on many things. These in clude the 
cell’s phys i o log i cal state, the growth me dium used (and the pres ence or 
ab sence of se lec tive agents), the in cu ba tion tem per a ture, etc.

Figure 2.1 il lus trates the con cepts of plate count ing, qual i ta tive de tec
tion, and mostprobablenumber (MPN) meth od ol o gies. Consider a 50
ml sam ple of milk that con tains 106 CFU of an aer o bic bac te ria per ml, 
105 aer o bic bac te ria per ml, a sig nifi  cant num ber of Staphylococcus au re us 
or gan isms (a path o gen), some Escherichia coli or gan isms, and a few Sal
monella or gan isms. (“CFU” stands for “col o nyforming unit,” which ide
ally would be a sin gle cell but in re al ity could be a chain of 10 or a clump 
of 100 cells.) Since the num ber of bac te ria is ei ther too large to count di
rectly or too small to find eas ily, sam ples have to be di luted or en riched.

Plate Counts
Plate counts are used to quan tify bac te rial pop u la tions of >250 CFU/ml (for 
liq uids) or >2,500 CFU/ml (for sol ids, which must be di luted 1:10 into a liq
uid to be pipettable). The food sam ple is first ho mog e nized 1:10 (weight:vol
ume) in a bufer to give a 10fold di lu tion. This is then fur ther di luted 
through a se ries of 10fold di lu tions to give 10, 100, 1,000, 10,000fold, 
etc., di lu tions and spread onto an agar me dium. After aer o bic in cu ba tion at 
35°C, the av er age num ber of col o nies per plate (on plates hav ing be tween 
25 and 250 col o nies) is counted and mul ti plied by the di lu tion fac tor to give 
the num ber of bac te ria in the orig i nal sam ple. This sounds sim ple, right? 
Wrong. At one time, this pro ce dure was re ferred to as the to tal plate count. 
However, it counts only those bac te ria that can grow on that agar me dium 
at 35°C in the pres ence of air. The larger pop u la tion of an aer obes is not de
tected be cause they can not grow in the pres ence of air. Bacteria that grow 
only be low 15°C might be a good pre dic tor of the re frig er ated milk’s shelf 
life. They are not de tected ei ther. Staphylococcus au re us, an op por tu nis tic 
path o gen (i.e., one which, un der some con di tions, can make you sick), 
would likely go un de tected and be lost in the crowd of harm less bac te ria. 
Variations of the stan dard aer o bic plate count con sider these is sues. Plate 
counts can be de ter mined at dif er ent tem per a tures or un der dif er ent at
mo spheres to in crease their spec i fic ity for cer tain types of bac te ria.

Selective, or Differential, Media
The con cept of se lec tive me dia is sim ple. Some in gre di ent (such as an un
usual sugar) that fa vors the growth of the tar geted or gan ism is in cluded 

Authors’ note
MPN is widely used in study ing 
bac te ria in the en vi ron ment, 
in clud ing wa ter and soil. 
Addressing food safety of fruits 
and veg e ta bles un der the FDA 
Produce Safety Rule in volves 
reg u lar test ing of wa ter and soil 
amend ments (com post and 
ma nure). MPN anal y sis is 
use ful in our evolv ing un der
stand ing of how well bac te ria 
per sist in these en vi ron ments.
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For enrichment of
Salmonella

Lactose broth
Selenite cystine or
tetrathionate broth

Streak on bismuth
sulfite agar

This sample contains
~10 million anaerobes,
100,000 aerobes,
unknown numbers of
Staphylococcus aureus,
~200 E. coli cells, and 
~10 Salmonella cells 
(all on a per-milliliter 
basis)

Each dilution test 
tube contains 9 ml 
of buffer and 1 ml
of sample from the 
tube to its left; 
0.1 ml is plated

Total plate count agar
(aerobic incubation)

Total plate count agar
(anaerobic incubation)

Baird-Parker agar 
(Staphylococcus aureus)

5.4 × 105 CFU/ml

9.6 × 106 CFU/ml

See “Questions
for critical
thought” for
plate count

~210 CFU/ml
(must use
MPN table)

MPN (EC broth)

10–1 10–2 10–3 10–510–4

 Triplicate 0.1 ml  Triplicate 0.01 ml  Triplicate 0.001 ml

54
colonies

96
colonies

Figure 2.1

Methods of enu mer at ing bac te ria. The sam ple (which rep re sents a 100 di lu tion) is 
di luted through a se ries of 10fold di lu tions be fore enu mer a tion. To enu mer ate the 
bac te ria, 0.1 ml from each di lu tion tube is plated on an agar plate of ap pro pri ate 
me dium. After 24 to 48h in cu ba tions, the col o nies are counted and the num ber is 
mul ti plied by the di lu tion fac tor to give the mi cro bial load of the orig i nal sam ple. Gray 
scale in di cates cul ture den sity. If the num ber of cells pres ent is ex pected to be low, the 
MPN tech nique is used. In this case, the sam ple is di luted into trip li cate se ries of test 
tubes con tain ing the me dia, and the pat tern of pos i tive tubes is used to de ter mine the 
MPN from an MPN ta ble (Table 2.3).
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in the me dium. The me dium might also con tain in gre di ents (such as 
an ti bi ot ics, salt, sur fac tants, etc.) that in hibit the growth of com pet ing 
bac te ria. Table 2.1 gives some ex am ples of se lec tive me dia. In the case of 
BairdPar ker agar, lith ium chlo ride, gly cine, and tellurite al low S. au re us 
to grow while sup press ing a larger num ber of other or gan isms. However, 
if in jured (see be low), tar get or gan isms may be killed by the se lec tive 
agent. In ad di tion, the se lec tive me dia are not en tirely se lec tive. Lactoba
cillus de ManRogosaSharpe (MRS) me dium is se lec tive for lac to ba cilli 
but also sup ports the growth of Listeria monocytogenes. Thus, the iden
tity of sus pected path o gens iso lated on se lec tive me dia must be con
firmed by bio chem i cal or ge netic meth ods.

Diferential me dia make a col ony of the tar get or gan ism look dif er
ent and stand out  from the back ground of other or gan isms. For ex am
ple, S. au re us col o nies are black with a pre cip i ta tion zone on BairdParker 
agar. L. monocytogenes col o nies have a blue sheen on McBride’s agar and 
turn Fra ser broth black.

The CFUpergram val ues de rived from plate counts are also influ
enced by in trin sic fac tors. Table 2.2 il lus trates these points by pro vid ing 
D val ues (time to kill 90% of the pop u la tion) at 55°C for L. monocytogenes 
or gan isms with dif er ent ther mal his to ries (heatshocked for 10 min at 
80°C or not heatshocked) on se lec tive (McBride’s) or non se lec tive (TSAY) 
me dium un der an aer o bic or an aer o bic at mo sphere. Cells that have been 
heatshocked and re cov ered on TSAY me dium are about four times more 
heat re sis tant (as ev i denced by the larger D val ues) than cells which have 
not been heatshocked and have been re cov ered on McBride’s me dium 
un der aer o bic con di tions. How might this af ect pro cess ing times and 
tem per a tures?

Table 2.1 Some se lec tive me dia used in food mi cro bi ol o gy

Organism(s) Medium Selective agent(s)

Staphylococcus au re us Baird-Parker agara Lithium chlo ride, gly cine, 
and tellurite

Listeria spe cies Fra ser broth Ferric am mo nium cit rate

Lactic acid bac te ria de Man-Rogosa-Sharpe Low pH, sur fac tant

Campylobacter spe cies Abeyta-Hunt-Bark agar Microaerobic in cu ba tion, 
an ti bi ot ics

a The big gest honor for a mi cro bi ol o gist is to have an or gan ism named af ter one self. Not far 
be hind, and much eas ier to ob tain, is to name a me dium af ter one self.

bLPM, lith ium chlo ridephenylethanolmoxalactam.

Table 2.2 Influence of ther mal his tory and enu mer a tion pro to cols on ex per i men tally 
de ter mined D val ues at 55°C for L. monocytogenes

Atmosphere

D55 value (min)
TSAY me di um McBride’s me di um

With  
heat shock

Without  
heat shock

With  
heat shock

Without  
heat shock

Aerobic 18.7 8.8 9.5 6.6

Anaerobic 26.4 12.0 No growth No growth



Microbial Growth, Survival, and Death in Foods  | 19

Most-Probable-Number Methods
MPN meth ods are used to es ti ma te the MPN of or gan isms in a sam ple 
when only low lev els (<30 CFU/ml) are pres ent (Fig. 2.1). For ex am ple, 
E. coli and co li form bac te ria might be pres ent in milk at very low lev els.
Selective agents are added to broth me dium. One mil li li ter of sam ple is
trans ferred to trip li cate test tubes of me dia. At least three 10fold se rial
di lu tions are also in oc u lated. The sam ples are in cu bated, and the pat
tern of tur bid tubes with mi cro bial growth is re corded. This pat tern is
used to de rive the MPN of bac te ria from a sta tis ti cal chart (Table 2.3).
The lower sen si tiv ity limit (for ex am ple) for a threetube MPN is <3.6
cells/g. Put dif er ently, 3.6 cells/g is the low est con cen tra tion that can ac
cu rately be quan ti fied by a threetube MPN. Using 10 tubes at each di lu
tion in stead of 3 can lower the de tec tion level to <0.96 cells/g, but the
10tube MPN is rarely costef ec tive and sel dom used. The nu mer i cal
value ob tained from an MPN de ter mi na tion is much less pre cise than
that ob tained from a plate count.

However, MPN meth od ol ogy is of ten used in the rapid anal y sis of en
vi ron men tal and food sam ples. Mechanized rapid meth ods de tect spe
cific bac te rial DNA (de oxy ri bo nu cleic acid) by us ing PCR (the po ly mer ase 
chain re ac tion) or spe cific pro teins in en zyme im mu no as says. These 

Table 2.3 MPN ta blea

No. of pos i tive tubes MPN/g
95% Confidence 

in ter val lim its No. of pos i tive tubes MPN/g
95% Confidence 

in ter val lim its
0.10 0.01 0.001 Low High 0.10 0.01 0.001 Low High

0 0 0 <3.0 9.5 2 2 0 21 4.5 42

0 0 1 3.0 0.15 9.6 2 2 1 28 8.7 94

0 1 0 3.0 0.15 11 2 2 2 35 8.7 94

0 1 1 6.1 1.2 18 2 3 0 29 8.7 94

0 2 0 6.2 1.2 18 2 3 1 36 8.7 94

0 3 0 9.4 3.6 38 3 0 0 23 4.6 94

1 0 0 3.6 0.1 18 3 0 1 38 8.7 110

1 0 1 7.2 1.3 18 3 0 2 64 17 180

1 0 2 11 3.6 38 3 1 0 43 9 180

1 1 0 7.4 1.3 20 3 1 1 75 17 200

1 1 1 11 3.6 38 3 1 2 120 37 420

1 2 0 11 3.6 42 3 1 3 160 40 420

1 2 1 15 4.5 42 3 2 0 93 18 420

1 3 0 16 4.5 42 3 2 1 150 37 420

2 0 0 9.2 1.4 38 3 2 2 210 40 430

2 0 1 14 3.6 42 3 2 3 290 90 1,000

2 0 2 20 4.5 42 3 3 0 240 42 1,000

2 1 0 15 3.7 42 3 3 1 460 90 2,000

2 1 1 20 4.5 42 3 3 2 1,100 180 4,100

2 1 2 27 8.7 94 3 3 3 >1,100 420

a For three tubes with 0.1, 0.01, and 0.001g in oc ula. Source: http:// www. fda. gov/ Food/ ScienceResearch/ LaboratoryMethods/ Bacteriological  
AnalyticalManualBAM/ ucm1096546. htm.
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test ing sys tems are usu ally de signed to de tect one spe cific ge nus of bac
te ria at a time, al though this is chang ing. Using the MPN strat egy com
bined with a sim ple sam ple prep a ra tion al lows faster screen ing meth ods 
(Box 2.3), which are needed by large food com pa nies to check the safety 
of their prod ucts. Traditional di rect plat ing meth ods may be used to con
firm pos i tive MPN re sults.

Enrichment Techniques
There is a “zero tol er ance” (ac tu ally 0 cells/25 g) for Salmonella, L. mono
cytogenes, and E. coli O157:H7 in readytoeat foods. The good news is 
that this makes it un nec es sary to count these path o gens. The bad news 
is that one must be  able to find one or more Salmonella cells hid ing among 
a mil lion other bac te ria. This is done by cou pling preenrichment me dia 
with se lec tive en rich ment, fol lowed by plat ing on se lec tive me dia and 
bio chem i cal con fir ma tion or ge netic au then ti ca tion (Fig. 2.1). The preen
richment in a non se lec tive me dium al lows in jured path o gens to re pair, 
re cover, and re gain re sis tance to se lec tive agents. The en rich ment step 
uses se lec tive agents to pro mote path o gen growth to high lev els while 
in hib it ing growth of the com pet ing or gan isms. The path o gen can then 
be iso lated on a se lec tive agar and iden ti fied us ing other meth ods.

PHYSIOLOGICAL STATES OF BACTERIA
Introduction
Not all  cells are cre ated equal. Some in jured cells lose their abil ity to 
grow on se lec tive me dia. Other cells, though vi a ble, can not grow on any 

Box 2.3
Testing pro grams

Testing pro grams are in creas ingly 
im por tant to food com pa nies of 
all  sizes. Ingredients are tested 
be fore be ing used, and fin ished 
prod ucts are tested be fore be ing 
made avail  able to con sum ers. The 
first part of any test ing pro gram 
is the sam pling, which is not as 
easy as it sounds. Sampling 
pro to cols must be sta tis ti cally 
valid for the spe cific type of food 
be ing tested. Then sam ples are 
as sessed for the pres ence of 
mi cro bial path o gens or tox ins. 
Tests must also be val i dated for the 
spe cific types of foods be ing tested. 
This is a prob lem when an out  break 
of foodborne ill ness oc curs with a 
new or un usual food; it takes time 

to get a test val i dated to de tect a 
spe cific path o gen in a spe cific 
food stuff. This hap pened in 2009 
when an out  break of gas tro in tes ti-
nal ill ness was caused by E. coli 
O157:H7 in raw cookie dough. Up 
un til that point, E. coli O157:H7 had 
never been iso lated from this food 
and would not have been sus pected 
as caus ing ill ness. This is an 
ex cel lent ex am ple rel a tive to test ing 
given the thou sands of sam ples 
that were tested on var i ous in gre di-
ents, in clud ing flour, eggs, and 
choc o late chips. While this out  break 
pro vided op por tu nity for the 
de vel op ment of new bac te rial 
test ing pro ce dures, what about 
test ing for vi ruses and par a sites? 

Testing meth od ol o gies con tinue to 
be de vel oped and, while com pa nies 
are in ter ested in test ing for 
nor o  vi rus, hep a ti tis A, and Cy-
clospora cayetanensis, ap proved 
meth ods are not yet rou tinely 
avail  able. Product test ing and 
test ing pro grams, called food safety 
au dits, play an im por tant role un der 
the Food Safety Modernization Act 
(passed by Congress in De cem ber 
2010 and signed into law by Presi-
dent Barack Obama in Jan u ary 2011, 
with con tinu ing im ple men ta tion 
be gin ning in 2013). It is im por tant 
to keep in mind that test ing must 
be used in con junc tion with 
ap pro pri ate train ing mea sures and 
good san i ta tion.

Authors’ note
Typical bac te rial re cov ery from 
foods in cludes days of in cu ba
tion in var i ous me dia in clud ing 
en rich ment steps in mul ti ple 
types of broth. Universal 
preenrichment broth (UPB) was 
de vel oped to en able en rich ment 
of in jured foodborne path o gens 
of dif fer ent gen era si mul ta
neously in lieu of hav ing to 
un dergo sep a rate si mul ta neous 
en rich ment cul tures for 
sub se quent de tec tion or 
iso la tion of each path o gen. 
Watch for fur ther de vel op ments 
and in clu sion of UPB for many 
foods and equally as many 
bac te rial types.
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me dium at all . A bio chem i cal “aware ness” al lows some bac te ria to act 
col lab o ra tively and trans mit en vi ron men tal in for ma tion to reg u late gene 
ex pres sion. Bacteria can even ex ist in struc tured com mu ni ties called bio
films. In re al ity, out  side of a lab o ra tory, bac te rial com mu ni ties are highly 
dy namic and of ten in volve all  four of the pre vi ous con di tions.

Injury
Injured cells and cells that are vi a ble but nonculturable (VBNC) pose ad
di tional prob lems to food mi cro bi ol o gists. Injury is de fined as the in abil
ity of cells ex posed to sub le thal stress to grow on se lec tive me dia, while 
re tain ing culturability on non se lec tive me dia. Cells that are VBNC can
not be cul tured on any me dium. Cells in ei ther state can not be de tected 
by col ony for ma tion. However, they can make peo ple sick and can be re
cov ered by stan dard meth ods once they re cover from the in ju ry.

Sublethal lev els of heat, ra di a tion, acid, or sanitizers may in jure rather 
than kill cells. Injured cells are less re sis tant to se lec tive agents or have 
in creased nu tri tional re quire ments. The de gree of in jury is influ enced by 
time, tem per a ture, se lec tiveagent con cen tra tion, ex per i men tal meth od ol
ogy, and other fac tors. For ex am ple, a sanitizer test may ap pear to kill lis
teria cells. However, these cells might be re cov ered us ing listeria re pair 
broth. Media for the re cov ery of in jured cells are of ten spe cific for a given 
bac te rium or stress con di tion.

Data that il lus trate in jury and the VBNC state are given in Fig. 2.2. In 
the case of in jury, cells sub jected to a mild stress are plated on a rich non
se lec tive me dium and on a se lec tive me dium. The dif er ence be tween 
the pop u la tions of cells  able to form col o nies on each me dium rep re
sents the num ber of in jured cells. If 1 × 107 CFU of a pop u la tion/ml can 
grow on the se lec tive me dium and 1 × 104 CFU/ml can grow on the non
se lec tive me dium, then 9.9 × 106 CFU/ml are in jured. (Students who 
have dif  culty work ing with logs can solve this as 10,000,000 − 10,000 = 
9,990,000.)

Cell in jury is a threat to food safety for sev eral rea sons. (i) If in jured 
cells are clas si fied as dead dur ing heat re sis tance de ter mi na tions, the 
ef ect of heat ing will be over es ti mated and the re sult ing heat pro cess will 
be in ef ec tive. (ii) Injured cells that es cape de tec tion at the time of post
processing sam pling may re pair be fore the food is eaten and then cause 
ill ness. (iii) The “se lec tive agents” may be com mon food in gre di ents, such 
as salt or or ganic ac ids or even sub op ti mal tem per a ture. These would pre
vent in jured cells from grow ing and re sult in an un der es ti ma tion of the 
mi cro bial lev els.

Cells in jured by heat ing, freez ing, and de ter gents usu ally leak in tra
cel lu lar con stit u ents from dam aged mem branes. Membrane in teg rity is 
re es tab lished dur ing re pair. Osmoprotectants can pre vent or min i mize 
freeze in jury in L. monocytogenes. Oxygen tox ic ity also causes in jury. Re
covery of in jured cells is of ten en hanced by add ing per ox idedetoxifying 
agents, such as cat a lase or py ru vate, to the re cov ery me dium or by ex clud
ing ox y gen through the use of an aer o bic in cu ba tion con di tions or add ing 
Oxyrase (which en zy mat i cally re duces ox y gen) to the re cov ery me di um.

During re pair, cells re cover from in jury. Repair re quires RNA (ri bo
nu cleic acid) and pro tein syn the sis and of ten length ens the lag phase. 
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Figure 2.2

Data in dic a tive of in jury and re pair or 
VBNC. The top panel shows the results 
of exposure to some stressor on bacteria 
plated on selective medium (e.g., deoxy
cholate citrate lactose sucrose agar; 
dashed line) or nonselective medium 
(e.g., tryptic soy agar; solid line). The 
de crease in CFU on a non se lec tive 
me dium rep re sents the true le thal ity, 
while the dif er ence be tween the val ues 
ob tained on each me dium is de fined as 
in jury. During re pair, re sis tance to 
se lec tive agents is re gained, and the value 
ob tained on the se lec tive me dium 
ap proaches that of the non se lec tive 
me dium. The lower panel shows the 
de crease in vi a bil ity dur ing stress (↓) 
when the bac te ria are cul tured on a 
non se lec tive me dium. The dark shapes 
rep re sent cel lu lar mor phol ogy as cells 
en ter the VBNC state. Note that when the 
stress is re moved (↑), the cells be come 
culturable and re gain their nor mal 
mor phol o gy.
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Environmental fac tors in flu ence the ex tent and rate of re pair. The mi
cro bial sta bil ity of cured lun cheon meat is due to the ex tended lag pe riod 
re quired for the re pair of spoil age or gan isms. The ex tent and rate of 
 re pair are influ enced by en vi ron men tal fac tors. For ex am ple, L. monocy
togenes in jured at 55°C for 20 min starts to re pair im me di ately at 37°C 
and has com pletely re cov ered by 9 h. But re pair at 4°C is de layed for 8 to 
10 days and full re cov ery re quires 16 to 19 days.

Viable but Nonculturable
In con trast to in jured cells, which can form col o nies on non se lec tive 
 me dia, cells that are VBNC can not be cul tured on any me dium. For ex am
ple, Salmonella, Campylobacter, Escherichia, Shigella, and Vibrio spe cies 
can be vi a ble but not be culturable by nor mal meth ods. The dif er en ti a
tion of veg e ta tive cells into a dor mant VBNC state is a sur vival strat egy for 
many nonsporulating bac te ria. During the tran si tion to the VBNC state, 
rodshaped cells shrink and be come small spher i cal bod ies. These are to
tally dif er ent from bac te rial spores. It takes from 2 days to sev eral weeks 
for an en tire pop u la tion of veg e ta tive cells to be come VBNC.

Although VBNC cells can not be cul tured, their vi a bil ity is dem on
strated through cy to log i cal meth ods. The struc tural in teg rity of the bac
te rial cy to plas mic mem brane can be de ter mined by the per me abil ity of 
cells to fluo res cent nu cleic acid stains. Bacteria with in tact cell mem
branes stain fluo res cent green, whereas bac te ria with dam aged mem
branes stain fluo res cent red. Iodonitrotetrazolium vi o let can also iden tify 
VBNC cells. Respiring cells re duce iodonitrotetrazolium vi o let to form an 
in sol u ble com pound de tect able by mi cro scopic ob ser va tion. Additional 
meth ods for de tect ing VBNC cells are be ing de vel oped as un der stand ing 
of bac te ria at the mo lec u lar level and tech niques for ge netic ma nip u la
tion ad vance. The de tec tion of spe cific RNA by re verse tran scrip tase PCR 
is one such method. Alternatively, re porter genes, such as green fluo res
cent pro teintagged and bio lu mi nes cencetagged genes, can iden tify cells 
that are syn the siz ing pro teins, even though they can not be cul tured.

Box 2.4
Update on the viable but nonculturable state for bacteria

Some stu dents may be sur prised 
to learn that Dr. Rita Colwell at the 
University of Mary land and her 
col lab o ra tors be gan to fo cus on 
VBNC Vibrio cholerae in 1982. 
Today lead ing mi cro bi ol o gists and 
mem bers of the Amer i can Society 
for Microbiology (pub lish ers of 
this text) con tinue to study the 
VNBC state in duced by a va ri ety of 
en vi ron men tal stresses in numer-
ous bacterial species. These 

en vi ron men tal stresses include 
sub op ti mum growth tem per a-
tures, the pres ence of heavy 
met als, or el e vated os motic 
con cen tra tions. Human and 
en vi ron men tal path o genic bac te ria 
may en ter the VBNC state while 
main tain ing cel lu lar struc ture and 
gene ex pres sion. Yet these cells 
avoid stan dard lab o ra tory cul ture 
meth ods. Cells that en ter VBNC 
even tu ally exit dor mancy in a shift 

called “re sus ci ta tion.” This shift 
may be aided by quo rum-sensing 
sig nal mol e cules. Global cli mate 
change seems to play a role in 
re sus ci tat ing dor mant forms of 
Vibrio, lead ing to in creased 
Vibrio-related in fec tions world-
wide. Are VBNC vibrios be ing 
re sus ci tated in warmer wa ters?
Ol i ver JD. 2016. The vi a ble but nonculturable 
state for bac te ria: sta tus up date. Microbe 
11(4):159–164.
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Nonculturable Salmonella enterica serovar Enteritidis pop u la tions (<10 
CFU/ml), starved at 7°C, have been quan ti fied as 104 vi a ble cells/ml us ing 
nonculture meth ods. Experimental data in Fig. 2.2 il lus trate a Vibrio pop
u la tion that ap pears to have died of (i.e., gone through a 6log re duc tion 
in CFU per mil li li ter) even though >105 cells per ml are quan ti fied as vi a
ble by nonculture meth ods.

Because the VBNC state is most of ten in duced by nu tri ent lim i ta tion 
in  aquatic en vi ron ments, it might ap pear ir rel e vant to the nu tri entrich 
 mi lieu of food. However, the VBNC state can be in duced by changes in salt 
con cen tra tion, ex po sure to hy po chlo rite, and shifts in tem per a ture. Food
borne path o gens in nu tri tion ally rich me dia can be come VBNC when 
shifted to re frig er a tion tem per a tures. When Vibrio vulnificus pop u la tions 
(105 vi a ble cells) are shifted to re frig er a tion tem per a tures, the en tire pop u
la tion be comes nonculturable (<0.04 CFU/ml) but main tains le thal ity in 
mice, in which the cells can be re sus ci tated. VBNC cam pylo bac ters are 
re sus ci tated when in oc u lated into fer til ized chicken eggs at 37°C for 48 h. 
E. coli and Salmonella enterica serovar Typhimurium can en ter a VBNC
state fol low ing chlo ri na tion of waste wa ter. Although nonculturable, they 
may still pres ent a pub lic health haz ard. Temperature changes can in duce
the VBNC state. When starved at 4 or 30°C for more than a month, Vibrio
harveyi be comes VBNC at 4°C but re mains culturable at 30°C. In con trast,
E. coli en ters the VBNC state at 30°C but dies at 4°C.

Resuscitation of VBNC cells is dem on strated by an in crease in cul
turability that is not ac com pa nied by an in crease in the to tal cell num
bers. The re turn to culturability can be in duced by tem per a ture shifts or 
grad ual re turn of nu tri ents. The same pop u la tion of bac te ria can go 
through mul ti ple cy cles of the VBNC and culturable states in the ab sence 
of growth. Inhibitors of tran scrip tion and trans la tion in hibit re sus ci ta tion. 
The ad di tion of cat a lase or so dium py ru vate to me dia re stores cultur
ability of VBNC E. coli O157 and Vibrio parahaemolyticus. This sug gests 
that the trans fer of cells to nu tri entrich me dia ini ti ates rapid pro duc tion 
of su per ox ide and free rad i cals. Catalase hy dro lyzes H2O2. Sodium py ru
vate de grades H2O2 through de car box yl ation of the αketo acid to form 
ace tic acid and CO2.

VBNC cells are found in ma rine, soil, and gas tro in tes ti nal en vi ron
ments. Indeed, as many as 99% of bac te ria in the bio sphere may be 
nonculturable. Increased aware ness of the VBNC state may lead to a re
ex am i na tion of our re li ance on cul tural meth ods to mon i tor the vi a bil ity 
of mi crobes in foods. The mech a nisms of VBNC state for ma tion, the 
mech a nisms by which VBNC cells re sus ci tate, and the mech a nisms that 
reg u late re sus ci ta tion are largely un known. The re la tion ship be tween vi a
bil ity and culturability needs to be bet ter un der stood. Does the VBNC 
state re flect a true state of bac te ria, or sim ply our in abil ity to cul ture them?

QUORUM SENSING AND SIGNAL TRANSDUCTION
Introduction
It turns out  that most bac te ria do not ex ist as sol i tary iso lated be ings. 
They com mu ni cate with each other. There is an ex plo sion of in for ma tion 
on cel lu lar com mu ni ca tion among foodborne mi crobes. Cellular com mu
ni ca tion oc curs by two dif er ent mech a nisms: quo rum sens ing and sig nal 
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trans duc tion. Quorum sensing is regulation of gene expression by bacte
ria in response to changes in bacterial populations; signal transduction is 
another type of regulatory system which involves response to changes in 
myriad diferent environmental conditions. In quo rumsens ing sys tems, 
autoinducers dif use into the cell. When the autoinducer reaches some 
thresh old con cen tra tion, it evokes a phys i o log i cal re sponse. Twocomponent 
sig nal trans duc tion sys tems com prise a sig nalbinding sen sor that spans 
the mem brane and a pro tein that re sponds to the sig nal. Both quorum 
sensing and signal transduction regulate genes that would be superfluous 
to isolated cells but advantageous to large populations.

Quorum Sensing
Bacteria use quo rum sens ing to de ter mine if their pop u la tion is big 
enough to jus tify some ac tion. The term quo rum sens ing is de rived from 
hu man leg is la tive bod ies where a quo rum (i.e., a cer tain num ber of par tic
i pants) is re quired be fore ac tion can be taken. In mi cro bial quo rum sens
ing, cells pro duce a sig nal com pound that dif uses into the en vi ron ment. 
When the bac te rial pop u la tion is low, the ex tra cel lu lar con cen tra tion of 
the sig nal mol e cule re mains low, and the sig nal mol e cule con tin ues to 
dif use away from the cell. However, when many cells pro duce the sig nal 
mol e cule, its ex tra cel lu lar con cen tra tion in creases, and it dif uses back 
into the cell. When the sig nal com pound dif uses back into the cell, it 
binds to an in tra cel lu lar reg u la tor pro tein that af ects tran scrip tion of a 
regulon(s) to elicit a cel lu lar re sponse. The gene for the sig nal com pound 
is on the same regulon and there fore is autoinduced.

In Gramnegative bac te ria, Nacyl homoserine lac tones (AHLs; also 
ab bre vi ated in the lit er a ture as HSLs) gen er ally act as sig nal ing mol e
cules. These are re ferred to as autoinducer 1 and are syn the sized by AHL 
synthase, en coded by the luxI gene. At high con cen tra tions, the auto
inducers bind to and ac ti vate a tran scrip tional ac ti va tor, which, in turn, 
in duces tar get gene ex pres sion.

Examples of Cell Signaling in Foodborne Microbes
It is tempt ing to spec u late that quo rum sens ing has a role in spoil age. 
However, there are not many data to sup port this. Many stud ies have 
used a bio lu mi nes cence re sponse in Vibrio harveyi as ev i dence of quo
rum sens ing in a foodborne or gan ism. However, these stud ies do not 
prove much un less the autoinducing com pound has been iso lated and 
the reg u lated phe no type has been iden ti fied in that mi crobe. Campylo
bacter, Salmonella, E. coli O157:H7, Enterobacteriaceae, Pseudomonas, 
Aeromonas, Shewanella, and Photobacterium pro duce a bio lu mi nes cence 
re sponse in Vibrio harveyi. Such sig nals have been de tected in broth, 
chicken soup, milk, bean sprouts, vac u umpacked beef, fish fil lets, and 
tur key. There are many phe no types for which a role for cell sig nal ing 
has been es tab lished at a ge netic lev el.

Molecules in foods may mimic or al ter quo rumsens ing sig nal ing 
sys tems of spoil age and path o genic bac te ria in food. Probiotic bac te ria 
have healthpromoting ef ects. How pro bi otic bac te ria such as Lactobacil
lus ac i doph i lus pro duce these ef ects is not en tirely un der stood. Probiotic 
bac te ria pre vent in fec tion with E. coli O157:H7 in mouse mod els. Re



Microbial Growth, Survival, and Death in Foods  | 25

search sug gests that pro bi ot ics pro duce small mol e cules that in ter fere 
with E. coli O157:H7 quo rumsens ing sys tems. The yeast Saccharomyces 
cerevisiae, com monly used in mak ing bread and beer, ex hib its quo rum
sens ing be hav ior. The com mu ni ca tion mol e cules are ar o matic al co hols. 
The tran si tion be tween the sol i tary yeast form and the fil a men tous form 
is reg u lated by quo rum sens ing.

A more rig or ous study casts doubt on the link age of quo rum sens ing 
and spoil age. Vacuumpacked meat in oc u lated with wildtype strains or 
AHL synthase knock out  mu tants spoiled at the same rate. Furthermore, 
ad di tion of quo rumsensing in hib i tors did not in flu ence spoil age. This in
di cates that quo rum sens ing does not reg u late spoil age in vac u umpacked 
meat.

There are four cri te ria for quo rum sens ing in a given or gan ism: 
(i) the pro duc tion of the sig nal com pound is spe cific to an event, (ii) the 
sig nal ac cu mu lates ex tra cel lu larly, (iii) a unique re sponse is gen er ated 
when the sig nal com pound reaches a thresh old con cen tra tion and binds 
to a spe cific re cep tor, and (iv) the re sponse goes be yond me tab o lism or 
de tox i fi ca tion of the sig nal com pound. Rarely are these cri te ria met.

Signal Transduction
Twocomponent sig nal trans duc tion sys tems con sist of a mem brane
spanning his ti dine ki nase re cep tor and an in tra cel lu lar re sponse reg u la
tor. The sig nal mol e cule acts on the ex tra cel lu lar side of the pro tein 
ki nase. (Unlike in quo rum sens ing, the trig ger mol e cule does not dif use 
into the cell.) The ki nase trans duces (i.e., trans mits) the sig nal across the 
mem brane through a con for ma tional change. This in creases the ki nase 
ac tiv ity on the in tra cel lu lar side of the cell mem brane. The in creased ki
nase ac tiv ity phos phor y lates a re sponse reg u la tor pro tein. The phos
phor y lated re sponse reg u la tor can mod u late gene ex pres sion, en zy matic 
ac tiv ity, fla gel lar ro ta tion, or other phe no types.

Biofilms
A biofilm is an ag gre ga tion of cells, of ten of many spe cies, into com plex 
struc tures on solid sur faces. Biofilm for ma tion is a mul ti step pro cess. 
Biofilms can form on any sur face. A de vel op ing biofilm is shown in the 
elec tron mi cro graph in Fig. 2.3. First, the solid sur face is con di tioned so 
that cells can be adsorbed. Biopolymer for ma tion fol lows rap idly and an
chors the cells. The syn the sis of this ma trix may be upregulated by quo
rum sens ing when the lo cal con cen tra tion of cells in creases due to their 
ad sorp tion. This is fol lowed by the for ma tion of microcolonies hav ing 
de fined bound aries, which al low fluid chan nels to run through the bio
matrix. These chan nels may be con sid ered a prim i tive cir cu la tory sys
tem, which re quires high erlevel or ga ni za tion, quo rum sens ing, or some 
kind of celltocell com mu ni ca tion to pre vent un dif er en ti ated growth. 
Such growth would clog the chan nels that bring nu tri ents and re move 
wastes. Finally, cells can de tach from the biofilm to ini ti ate the for ma
tion of new bio films or move to other en vi ron ments (such as from a 
mixer into a food). A defi  nite role for quo rum sens ing in biofilm for ma
tion has been proved in some bac te ria, but the ev i dence in foodborne 
path o gens is con flict ing.
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Cells in bio films are more re sis tant to heat, chem i cals, and sanitizers 
than are plank tonic (free in di vid ual) cells. The le thal ity of a com bi na tion 
of so dium hy po chlo rite and heat to L. monocytogenes is ap prox i ma tely 100 
times lower for bio films than for free cells. Increased chem i cal re sis tance 

It’s easy to make a place for bacteria  
to grow.

Figure 2.3

Confocal micrograph of threespecies biofilm communities taken at 18 h of biofilm 
growth on saliva as the sole nutritional source. The human oral bacteria Streptococcus 
oralis (green), Veillonella sp. (blue), and Fusobacterium nucleatum (red) are growing in 
a flow cell and show intimate interactions within each community and integrated 
intercommunity connections. (From Periasamy S, Kolenbrander P, J Bacteriol 
192:2965–3972, 2010.)
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is at trib uted to the very slow growth of cells in bio films and not to the 
dif u sional bar rier cre ated by the biofilm. Indeed, cells in the nu tri ent
depleted in te rior of the microcolony may be in the VBNC state. Biofilms 
pose spe cial chal lenges to the food in dus try. The foodborne path o gens E. 
coli O157:H7, L. monocytogenes, Yersinia enterocolitica, and Campylobacter 
jejuni form bio films on food sur faces and food con tact equip ment, lead
ing to se ri ous safety is sues. Only proper clean ing can en sure that the 
cells in the na scent biofilm can be reached by sanitizers be fore they be
come re cal ci trant in fully de vel oped bio films. Trisodium phos phate is 
ef ec tive for E. coli O157:H7, C. jejuni, and Salmonella Typhimurium cells 
in a biofilm. Other meth ods for con trol of bio films in clude su perhigh 
mag netic fields, ul tra sound treat ment, pro teo lytic and gly co lytic en
zymes, and highvolt age pulsed elec tric fields. The de sign of equip ment 
with smooth, highly pol ished sur faces also im pedes biofilm for ma tion 
by mak ing the ini tial ad sorp tion step more dif  cult.

There con tin ues to be a great need for re search that will yield a bet ter 
un der stand ing of bio films. Planktonic cells are easy to study, and pure 
cul ture is the foun da tion of mi cro bi ol ogy as we know it. However, in most 
nat u ral en vi ron ments, bac te ria re pro duce on sur faces rather than in liq
uids. To a large de gree, food mi cro bi ol o gists study mi crobes in their do
mes ti cated (i.e., plank tonic) set ting rather than their nat u ral at tached 
state. More re search ers are ad dress ing bac te rial bio films on food sam
ples and in food ser vice sit u a tions.

FACTORS THAT INFLUENCE MICROBIAL GROWTH
Intrinsic Factors
Characteristics in her ent to the food it self are called in trin sic fac tors. These 
in clude pH, wa ter ac tiv ity (aw), ox i da tionreduction po ten tial, nat u rally 
oc cur ring com pounds that in flu ence mi cro bial growth, and com pounds 
added as pre ser va tives. Most of these fac tors are cov ered sep a rately in 
the chap ters on phys i cal and chem i cal meth ods of food pres er va tion. 
Because of their im por tance, we give spe cial at ten tion to pH, aw , and 
tem per a ture (an ex ter nal fac tor).

pH
The pH value of a food is a log scale mea sure ment of its acid ity. pH is de
fined by the re la tion ship pH = −log [H+]. Because each unit on the pH 
scale rep re sents a 10fold dif er ence, a food with a pH of 6 is 10 times more 
acidic and a pH of 5.0 is 100 times more acidic than a food with a pH of 7. 
That a low pH num ber rep re sents a high acid ity in vari ably causes “mis
speak ing” even among pro fes sion als. Try to avoid this er ror. The lower the 
pH, the more en ergy the cell has to spend on main tain ing its in tra cel lu lar 
pH near neu tral ity and the less en ergy it has to grow, pro duce tox ins, etc. 
Table 2.4 lists typ i cal pH val ues for sev eral foods. Note that foods with 
lower pH val ues gen er ally re quire milder pro cess ing than foods hav ing 
higher pH val ues. Most foodborne path o gens can not grow be low pH 4.4, 
but there are ex cep tions. Some path o gens may per sist at lower pH val
ues or die of very slowly. Spoilage or gan isms, such as lac tic acid bac te ria 
and fungi, can grow in acid prod ucts, but there are rarely mi cro bial 
prob lems in foods with pH val ues <3.0. Environmental ex trem o philes 

Authors’ note
“pH” is a noun, not a verb. 
Your in struc tors will cringe if 
they hear you say, “I pHed the 
sam ple.”
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such as Thiobacillus thiooxidans and Sulfolobus acidocaldarius grow at 
pH val ues of <1.0! Fortunately, these or gan isms are not as so ci ated with 
foods. The op ti mum pH for most foodborne mi crobes is near neu tral ity. 
The up per limit for growth is pH 8 to 9, but no foods are this al ka line.

In ad di tion to the en ergy ex pense re quired to main tain in tra cel lu lar 
neu tral ity, pH in flu ences gene ex pres sion. The ex pres sion of genes gov
ern ing pro ton trans port, amino acid deg ra da tion, ad ap ta tion to acidic 
or ba sic con di tions, and even vir u lence can be reg u lated by the ex ter nal 
pH. Cells sense changes in acid ity through sev eral mech a nisms.

 1.  Organic ac ids en ter the cell only in the pro ton ated (un dis so ci ated) 
form. Charged com pounds can not cross the mem brane. So the 
un charged acid en ters the cell and then dis so ci ates, re leas ing H+ 
(the pro ton) in the cell cy to plasm. The cell may sense the ac cu mu
la tion of the re sult ing anions (negatively charged ions), which 
can not pass back across the cell mem brane. Additionally, they 
may sense the re leased pro tons, which acid ify the cy to plasm.

 2.  The change in pH re sults in a change in the trans mem brane 
pro ton gra di ent (i.e., the dif er ence in pH be tween the in side and 
out  side of the cell), which can also serve as a sen sor to start or 
stop en er gydependent re ac tions.

 3.  The changes in acid ity in side the cell may re sult in the pro ton ation 
or deprotonation of amino ac ids in pro teins. This may al ter the 
sec ond ary or ter tiary struc ture of the pro teins, chang ing their 
func tion, and sig nal ing the cell about the change in pH.

Cells must main tain their in tra cel lu lar pH (pHi) above some crit i cal 
pHi at which in tra cel lu lar pro teins be come de na tured. Salmonella serovar 
Typhimurium has three pro gres sively more strin gent mech a nisms to 
main tain pHi that sup ports life. These three mech a nisms are the ho meo
static re sponse, the acid tol er ance re sponse, and the syn the sis of acid shock 
pro teins.

At an ex ter nal pH (pHo) of >6.0, sal mo nella cells ad just their pHi 
through the ho meo static re sponse. The ho meo static re sponse main tains 
pHi by in creas ing the ac tiv ity of pro ton pumps so that the cells ex pel more 
pro tons from the cy to plasm. The ho meo static mech a nism is “al ways on” 
and func tions in the pres ence of pro tein syn the sis in hib i tors.

The acid tol er ance re sponse (ATR) is trig gered by a pHo of 5.5 to 6.0. 
This mech a nism is sen si tive to pro tein syn the sis in hib i tors; there are at 

Table 2.4 Typical pH val ues of foods

pH Food(s)

>7.0 Egg al bu men, crab, sweet corn

7.0–6.5 Milk, ham, ba con, poul try, fish, shrimp

6.5–5.3 Raw beef, veg e ta bles, vac u um-packed meat, mel ons

5.3–4.5 Cottage cheese, fer mented veg e ta bles, fer mented meats 
(e.g., sum mer sau sage), many sauces and soups

<4.5 Tomatoes, fruits and fruit juices, yo gurt, pick les, sau er kraut



Microbial Growth, Survival, and Death in Foods  | 29

least 18 ATRinduced pro teins. The ATR ap pears to in volve the mem
branebound ATPase pro ton pump and main tains a pHi of >5.0 at pHo 
val ues as low as 4.0. The loss of ATPase ac tiv ity caused by gene dis rup
tion mu ta tions or met a bolic in hib i tors abol ishes the ATR but not the pH 
ho meo static mech a nism.

The ATR may con fer crossprotection to other en vi ron men tal stress
ors. Acid ad ap ta tion in creases heat and freezethaw re sis tance of E. coli 
O157:H7. The ex po sure of Salmonella serovar Typhimurium cells to pH 
5.8 for a few cell dou blings ren ders the cells less sen si tive to so dium 
chlo ride and heat. The rate of sur vival of ac idadapted L. monocytogenes 
ex posed to nisin is ap prox i ma tely 10fold greater than that of nonadapted 
cells. Acidadapted L. monocytogenes also has in creased re sis tance against 
heat shock, os motic stress, and al co hol stress. Acid ad ap ta tion of E. coli 
O157:H7 en hances thermotolerance.

The syn the sis of acid shock pro teins is the third way that cells reg u
late pHi. The syn the sis of these pro teins is trig gered by a pHo from 3.0 to 
5.0. Acid shock pro teins con sti tute a set of reg u la tory pro teins dis tinct 
from the ATR pro teins.

Water Activity
Water is a ma jor fac tor in con trol ling mi cro bial growth and chem i cal re
ac tions in food. This in hi bi tion is caused by the avail abil i ty of the wa ter 
in the food rather than the amount of wa ter. Water can be chem i cally 
bound to food mol e cules or im mo bi lized by cap il lary ac tion in the food 
mi cro struc ture. The wa ter is bound by ionic in ter ac tions, hy dro gen bond
ing, cap il lary ac tion, etc., with con stit u ents of the food. You may have 
ex pe ri enced the dif  culty of re mov ing wa ter from a cap il lary tube. The 
wa ter bound by cap il lary ac tion is not avail  able for chem i cal re ac tions or 
mi cro bial growth. The amount of un bound or avail  able wa ter de ter mines 
if mi crobes can grow.

aw is the mea sure of avail  able wa ter or, strictly speak ing, the en ergy 
of wa ter in foods. aw is de fined as the ra tio of the va por pres sure of wa
ter in a food, P, to the va por pres sure of pure wa ter, P0, at the same tem
per a ture:

aw = P/P0

The move ment of wa ter va por from a food to the air de pends on the 
mois ture con tent, the food com po si tion, the tem per a ture, and the hu mid
ity. At con stant tem per a ture, wa ter in the food equil i brates with wa ter 
va por in the air. This is the food’s equi lib rium mois ture con tent. Think 
of po tato chips at a pic nic on a hu mid day; they gain mois ture and be
come soggy. Similarly, bread left out  in dry win ter air loses mois ture and 
be comes stale. At the equi lib rium mois ture con tent, the food nei ther 
gains nor loses wa ter to the air. The rel a tive hu mid ity of the air sur
round ing the food is thus the equi lib rium rel a tive hu mid ity (ERH). So, 
aw can also be de fined as fol lows:

aw = ERH (%)/100

The rel a tive hu mid ity re la tion ship is used by in stru ments that use 
dew point to mea sure aw (Fig. 2.4). The food is put in a small cup and the 

Authors’ note
Nisin is an antibacterial peptide 
produced by the bacterium 
Lactococcus lactis and is 
commonly used as a natural 
food additive. In fact, it is being 
used more frequently in a 
variety of foods. Keep your ears 
open, as you may hear about it 
in the news. 
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wa ter in the food is al lowed to equil i brate (i.e., to achieve its ERH) with 
the head space wa ter va por. The dew point (the tem per a ture at which the 
va por in the air con denses to vis i ble wa ter) is a pri mary mea sure ment 
of va por pres sure. So, the va por pres sure can be mea sured by cool ing the 
cham ber un til con den sa tion is de tected op ti cally. The aw of the sam ple is 
then the ra tio of the con den sa tion va por pres sure at dew point tem per a
ture to the sat u ra tion va por pres sure at the sam ple tem per a ture. These 
mea sure ments can be made to an aw of 0.001 in less than 5 min.

The third way to ex press aw is on a mole frac tion ba sis as aw = mo les 
of sol vent/(mo les of sol vent + mo les of sol ute). In sym bolic lan guage, 
this is ex pressed as fol lows:

aw = n1/(n1 + n2)

where n1 is the mo les of sol vent (usu ally wa ter) and n2 is the mo les of 
sol ute. (Can you see why aw val ues must be less than 1?) Since there are 
55.5 mol of wa ter in 1 li ter (1,000 g/18 gmol−1), the equa tion for cal cu lat
ing aw be comes

aw = 55.5/(55.5 + n2)

The the o ret i cal amounts of sugar and salt re quired to achieve a given 
aw are shown in Table 2.5. Whereas it ap pears that half as much so dium 
chlo ride as su crose is re quired (on a mo lar ba sis), 1 mol of so dium chlo
ride dis as so ci ates into 1 mol of so dium and 1 mol of chlo ride to give 2 
mol of sol ute.

These equa tions can be used to cal cu late the aw of a known sol ute 
con cen tra tion or to de ter mine how much sol ute should be added to ob
tain a given aw, as shown be low.

Figure 2.4

The AquaLab Series 3 is a me ter that 
uses the dew point to mea sure aw . 
(Courtesy of Decagon Devices.)



Microbial Growth, Survival, and Death in Foods  | 31

Example 1
What will be the aw of a so lu tion con tain ing 10% (weight/weight) glu cose?

 1.  Assume 1 li ter of so lu tion.
 2.  Calculate the molal con cen tra tion of glu cose.

a. 100 g/900 g of wa ter
b.  For the molal con cen tra tion, this equals 111 g of glu cose/1,000 g

of wa ter.
c. 111 g/180 gmol−1 (the for mula weight for glu cose) = 0.61 mol

 3.  Calculate the aw.
aw = 55.5/(55.5 + n2) = 55.5/(55.5 + 0.61) = 55.5/56.1 = 0.989

Example 2
What per cent glu cose would it take to reach an aw of 0.90?

 1.  Assume 1 li ter of so lu tion.
 2.  Calculate the molal con cen tra tion of glu cose.

a. aw = 55.5 /(55.5 + n2)
b. 0.90 = 55.5/(55.5 + n2)
c. 0.90(55.5) + 0.90(n2) = 55.5
d. 49.95 + 0.90(n2) = 55.5
e. 0.90(n2) = 5.5
f. n2 = 6.1 mol al

 3.  Convert molal con cen tra tion to per cent.
a. 6.1 molal so lu tion = 6.1 mol × 180 g/mol = 1,098 g of glu cose
b. 1,098 g/(1,098 g of glu cose + 1,000 g of wa ter) = 52%.

Foods with the same aw may have dif er ent mois ture con tents due 
to their chem i cal com po si tions and wa ter bind ing ca pac i ties (see Table 25.2).

Dehydration pre serves food by re mov ing avail  able wa ter, i.e., re duc
ing aw. Hot air re moves wa ter by evap o ra tion. Freezedrying re moves 

Table 2.5 Theoretical amounts of salt and sugar re quired to achieve var i ous aws

aw

Salt Sugar
Molalitya % Molality %

0.99 0.3 1.7 0.6 17.0

0.98 0.5 2.8 1.1 27.3

0.96 1.1 6.0 2.3 44.0

0.94 1.0 9.5 3.6 55.3

0.92 2.4 12.3 4.9 62.6

0.90 3.1 15.3

0.88 3.7 17.8

0.86 4.5 20.8

0.84 5.3 23.7

0.80 6.9 28.8

0.75 9.2 34.9

0.70 11.9 41.0

0.65 15.0 46.7

0.60 18.5 52.0

aDo you re mem ber the dif er ence be tween mo lality and mo lar i ty?
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Figure 2.5

When wa ter turns from solid to liq uid, it be comes more avail  able for mi cro bial 
growth. (Lucky Cow © 2004 Mark Pett. Distributed by Universal Press Syndicate. 
Reprinted with per mis sion. All rights re served.)

wa ter by sub li ma tion (the con ver sion of ice to va por with out  pass ing 
through the liq uid stage) af ter freez ing. These pro cesses re duce the aw 
of the food to lev els that in hibit growth. Freezing re duces aw, and when 
the food thaws, the aw in creases (Fig. 2.5).

The aws of var i ous foods are listed in Table 2.6. Highmoisture foods, 
such as fruits, veg e ta bles, meats, and fish, have aws of ≥0.98. Intermedi
atemoisture foods (e.g., jams and sau sages) have aw lev els of 0.7 to 0.85. 
Additional pre ser va tive fac tors (e.g., re duced pH, pre ser va tives, and pas
teur i za tion) are re quired for their mi cro bi o log i cal sta bil i ty.

Various mi crobes have dif er ent aw re quire ments. Decreasing the aw 
in creases the lag phase of growth, de creases the growth rate, and de
creases the num ber of cells at sta tion ary phase. Foodborne mi crobes are 
grouped by their min i mal aw re quire ments in Table 2.7. Gramnegative 
spe cies usu ally re quire the high est aw. Gramnegative bac te ria such as 
Pseudomonas spp. and most mem bers of the fam ily Enterobacteriaceae 
usu ally grow only above aws of 0.96 and 0.93, re spec tively. Grampositive 

Table 2.6 Typical aws of var i ous foodsa

Foods aw

Fresh, raw fruits, veg e ta bles, meat, and fish >0.98

Cooked meat, bread 0.95–0.98

Cured meat prod ucts, chees es 0.91–0.95

Sausages, syr ups 0.87–0.91

Rice, beans, peas 0.80–0.87

Jams, mar ma lades 0.75–0.80

Candies 0.65–0.75

Dried fruits 0.60–0.65

Dehydrated ver mi celli, spices, milk pow der 0.20–0.60

a Reprinted from Farkas J, p. 567–591, in Doyle MP, Beuchat LR, Montville TJ, ed, Food 
Microbiology: Fundamentals and Frontiers, 2nd ed, ASM Press, Wash ing ton, DC, 2001.
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nonsporeforming bac te ria are less sen si tive to re duced aw. Many Lacto
bacillaceae have a min i mum aw near 0.94. Some Micrococcaceae grow be
low an aw of 0.90. Staphylococci are unique among foodborne path o gens 
be cause they can grow at a min i mum aw of about 0.86. However, they do 
not make tox ins be low an aw of 0.93. Most sporeforming bac te ria do not 
grow be low an aw of 0.93. Spore ger mi na tion and out  growth of Bacillus 
ce re us are pre vented at aws of 0.97 to 0.93. The min i mum aw for Clostrid
ium perfringens spore ger mi na tion and growth is be tween 0.97 and 0.95.

Several yeast spe cies grow at aw lev els lower than those of bac te ria. 
Salttolerant spe cies, such as Debaryomyces hansenii, Hansenula anom
ala, and Candida pseudotropicalis, grow well on cured meats and pick les 
at NaCl con cen tra tions of up to 11% (aw = 0.93). Some xerotolerant spe
cies (such as Zygosaccharomyces rouxii, Zygosaccharomyces bailii, and 
Zygosaccharomyces bisporus) grow and spoil foods, such as jams, honey, 
and syr ups, hav ing a high sugar con tent (and cor re spond ingly low aw).

Molds gen er ally grow at aws lower than do foodborne bac te ria. The 
most com mon xerotolerant molds be long to the ge nus Eurotium. Their 
min i mal aw for growth is 0.71 to 0.77, while the op ti mal aw is 0.96. True 
xerophilic molds, such as Monascus (Xeromyces) bisporus, do not grow 
at aws of >0.97 to 0.99. The re la tion ship of aw to mold growth and toxin 
for ma tion is com plex. Under mar ginal en vi ron men tal con di tions of low 
pH, low aw, or low tem per a ture, molds may be  able to grow but not make 
tox ins.

The var ied aw growth lim its of bac te ria and fungi re flect the mech a
nisms that help them grow at low aws. Bacteria pro tect them selves from 
os motic stress by ac cu mu lat ing com pat i ble sol utes in tra cel lu larly. Compat
ible sol utes equil i brate the cells’ in tra cel lu lar aw to that of the en vi ron ment 
but do not in ter fere with cel lu lar me tab o lism. Some bac te ria ac cu mu late 
K+ ions and amino ac ids, such as pro line. Halotolerant and xerotolerant 
fungi con cen trate polyols such as glyc erol, erythritol, and arabitol.

Extrinsic Factors
Extrinsic fac tors are ex ter nal to the food. Temperature and gas com po si
tion are the main ex trin sic fac tors influ enc ing mi cro bial growth. The 
in flu ence of tem per a ture on mi cro bial growth and phys i  ol ogy is huge. 
While the in flu ence of tem per a ture on growth rate is ob vi ous and cov
ered in some de tail, the in flu ence of tem per a ture on gene ex pres sion is 
equally im por tant. Cells grown at re frig er a tion tem per a ture are not just 
“slower grow ers” than those grown at room tem per a ture; they ex press 

Table 2.7 Minimal aws re quired for growth of foodborne mi crobes at 25°Ca

Group of mi cro or gan isms Minimal aw re quired

Most bac te ria 0.91–0.88

Most yeasts 0.88

Regular molds 0.80

Halophilic bac te ria 0.75

Xerotolerant molds 0.71

Xerophilic molds and osmophilic yeasts 0.62–0.60

a Reprinted from Farkas J, p. 567–591, in Doyle MP, Beuchat LR, Montville TJ, ed, Food 
Microbiology: Fundamentals and Frontiers, 2nd ed, ASM Press, Wash ing ton, DC, 2001.
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dif er ent genes and are phys i o log i cally dif er ent. Later chap ters pro vide 
de tails about how tem per a ture reg u lates the ex pres sion of genes gov ern
ing traits rang ing from mo til ity to vir u lence.

Cells need many met a bolic ca pa bil i ties to grow in the cold. Cells main
tain mem brane flu id ity at low tem per a tures through a pro cess called 
homeoviscous ad ap ta tion. As tem per a ture de creases, cells syn the size 
in creas ing amounts of mono and diunsaturated fatty acids (which have 
double bonds). The “kinks” caused by the dou ble bonds pre vent the tight 
pack ing of the fatty ac ids, which would cause them to so lid ify. The mem
brane’s phys i cal state can reg u late gene ex pres sion, par tic u larly those 
genes that re spond to tem per a ture. The ac cu mu la tion of com pat i ble 
sol utes at low tem per a tures is sim i lar to their ac cu mu la tion dur ing low 
aw. Foods are a rich source of com pat i ble sol utes for foodborne bac te ria. 
Compatible sol utes that can be used di rectly by bac te ria in clude pep tides, 
amino ac ids, be ta ine, sug ars, tau rine, and car ni tine. Coldshock pro teins 
also con trib ute to growth at low tem per a tures. Coldshock pro teins ap pear 
to func tion as RNA chap er ones, min i miz ing the fold ing of mes sen ger 
RNA (mRNA). This helps the trans la tion pro cess.

Temperature can also reg u late the ex pres sion of vir u lence. The ex pres
sion of 16 pro teins on seven op er ons on the Y. enterocolitica vir u lence plas
mid is high at 37°C, weak at 22°C, and un de tect able at 4°C. Similarly, the 
gene(s) re quired for Shigella vir u lence is ex pressed at 37°C but not at 30°C. 
The ex pres sion of genes re quired for L. monocytogenes vir u lence is also 
reg u lated by tem per a ture. Cells grown at 4, 25, and 37°C all  syn the size 
internalin, a pro tein re quired for pen e tra tion of the host cell. Cells grown 
at 37°C, but not at 25 or 4°C, can lyse blood cells. Temperature in flu ences 
the ex pres sion of the Vibrio cholerae toxT and toxR genes, which are es sen
tial for chol era toxin pro duc tion. Esp pro teins are re quired for sig nal 
trans duc tion events lead ing to the for ma tion of the at tach ing and ef ac ing 
le sions linked to vir u lence. In enterohemorrhagic E. coli, tem per a ture 
mod u lates tran scrip tion of the esp genes; syn the sis of Esp pro teins is 
en hanced when bac te ria are grown at 37°C.

The growth tem per a ture can in flu ence a cell’s ther mal sen si tiv ity. 
L. monocytogenes cells pre heated at 48°C have in creased ther mal re sis
tance. Holding listeria cells at 48°C for 2 h in sau sages in creases their D 
val ues at 64°C 2.4fold. This thermotolerance is main tained when cells 
are held for 24 h at 4°C. Subjecting E. coli O157:H7 to sub le thal heat ing 
at 46°C in creases their D value at 60°C 1.5fold.

Shock pro teins syn the sized in re sponse to one stressor may pro vide 
crossprotection against other stress ors. Bacillus subtilis ex posed to mild 
heat stress can sur vive le thal tem per a tures and ex po sure to toxic con
cen tra tions of NaCl. Heatadapted (50°C for 45 min) Listeria is also more 
re sis tant to acid shock. Similarly, sub le thal heat treat ment of E. coli 
O157:H7 cells in creases their tol er ance to acidic con di tions.

Temperature con trol is a key fac tor for food safety. The old ad age “Keep 
hot foods hot and cold foods cold” (Fig. 2.6) has much va lid ity. The gen
eral tem per a ture guide line is cap tured in the “40140” rule. Foods should 
be held be low 40°F or above 140°F, since these are the tem per a ture ranges 
for mi cro bial growth. As a cor  ol lary to the 40140 rule, foods should move 
through the zone of tem per a ture abuse as rap idly as pos si ble to pre vent 
mi cro bial growth. Note that slow cool ing causes more cases of foodborne 
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dis ease than im proper heat ing. The cool ing time is pro por tional to the 
square of the short est di men sion of the food sam ple. That is, dou bling the 
di am e ter of a pot in creases the cool ing time 4fold. An 8gallon con tainer 
of sauce placed in a 40°F re frig er a tor can take 25 h to cool from 105 to 
57°F! The so lu tion to the prob lem of slow cool ing is to use shal low trays 
rather than deep pots.

A more so phis ti cated model, de vel oped by Frank Bryan, com bines 
time with tem per a ture. As you’ll see later in this chap ter, time and tem
per a ture are in the ex po nen tial por tion of the growth equa tion (equa tion 
1; note that the in flu ence of tem per a ture is in cor po rated into the growth 
rate, µ). Figure 2.7 as so ci ates the de gree of dan ger in a given time with 
spe cific tem per a tures. Foods held at the heart of the dan ger zone, ∼35°C 
(imag ine a pic nic on a hot sum mer day), be come dan ger ous in a few 
hours. On a cool au tumn day, it might take a few days to reach the same 
de gree of haz ard. Figure 2.8 fur ther parses these into zones of risk and 
haz ard. Students should un der stand the dif er ence be tween haz ard and 
risk. Hazard is the po ten tial to cause harm or be a source of dam age. 
Risk is the prob a bil ity that the haz ard will lead to in jury. One might con
sider ground beef haz ard ous due to the po ten tial pres ence of path o genic 
bac te ria; if it is cooked to well done, there is no risk. Eating rare ham
burger has a higher risk. In some ways, the prac tice of food mi cro bi ol
ogy is one of risk man age ment, that is, re duc ing the level of some haz ard 
to an ac cept able prob a bil i ty.

A rule of thumb in chem is try sug gests that re ac tion rates (or spe cific 
growth rates, µ) dou ble with ev ery 10°C in crease in tem per a ture. This 
sim pli fy ing as sump tion is valid for bac te rial growth rates only over a lim
ited tem per a ture range (Fig. 2.9). Above the op ti mal growth tem per a ture, 
the growth rates de crease rap idly. Below the op ti mum, growth rates also 
de crease but more grad u ally. Bacteria can be classified according to how 
temperature influences their growth: (i) psychrophiles are coldloving 
bacteria that have an optimum growth temperature of −20°C to +10°C; 

Figure 2.6

One of the ma jor rules of food safety is “Keep hot foods hot and cold foods cold.” 
(Baldo © 2004 Baldo Partnership. Distributed by Universal Press Syndicate. 
 Reprinted with per mis sion. All rights re served.)
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(ii) psychrotrophs are coldtolerant bacteria that have an optimum growth 
range of 15 to 20°C; (iii) mesophiles grow best at moderate temperatures 
from 20 to 45°C; and (iv) thermophiles thrive at relatively high tempera
tures, 41 to 122°C.

Both psychrophiles and psychrotrophs grow, al beit slowly, at 0°C. 
True psychrophiles have op ti mum growth rates at 15°C and can not grow 
above 25°C. Psychrotrophs, such as L. monocytogenes and C. bot u li num 
type E, have an op ti mum growth tem per a ture of ∼25°C and can not grow at 
>40°C. Because these foodborne path o gens, and even some mesophilic 
S. au re us or gan isms, can grow at <10°C, con ven tional re frig er a tion can not 
en sure food safe ty.

Homeostasis and Hurdle Technology
Consumer de mands for min i mally pro cessed fresh foods have de creased 
the use of in trin sic fac tors, such as acid ity and salt, as the sole means of 
in hib it ing mi crobes. Many foods now use mul ti plehurdle tech nol ogy to 
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Figure 2.7

Efects of time and tem per a ture on bac te ria. (Redrawn from an il lus tra tion by Frank 
Bryan, with per mis sion of Food Safety Magazine.)
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in hibit mi cro bial growth. Instead of set ting one en vi ron men tal pa ra
meter to the ex treme limit for growth, hur dle tech nol ogy “deoptimizes” 
sev eral fac tors. For ex am ple, lim it ing the amount of avail  able wa ter to 
an aw of <0.85 or a lim it ing pH of 4.6 pre vents the growth of foodborne 
path o gens. Hurdle tech nol ogy might ob tain sim i lar in hi bi tion at pH 5.2 
and an aw of 0.92. Table 2.8 shows how dif er ent com bi na tions of pH and 
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A more so phis ti cated ex am i na tion of time and tem per a ture al lows one to eval u ate risk 
and haz ard. (Redrawn from an il lus tra tion by Frank Bryan, with per mis sion of Food 
Safety Magazine. Note that the x axis is on a log scale.)
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Relative growth rates of bac te ria at dif er ent tem per a tures. (Redrawn from Doyle MP, 
Beuchat LR, Montville TJ, ed, Food Microbiology: Fundamentals and Frontiers,  
2nd ed, ASM Press, Wash ing ton, DC, 2001.)
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aw de ter mine the re frig er a tion re quire ments of dif er ent foods. Combi
nations of pH and aw are also part of the fed eral can ning reg u la tions. 
Foods with a pH of <4.6 or those with a pH of >4.6 but an aw of <0.85 are 
con sid ered highacid foods and can be pro cessed in open ket tles of boil
ing wa ter. Foods with a pH of >4.6 and an aw of >0.85 are con sid ered 
lowacid foods and must be pro cessed at higher tem per a tures in re torts 
(in dus tri alsize pres sure cook ers) un der pres sure us ing pro cesses ap
proved by the FDA.

Hurdle tech nol ogy works best when it uses in hib i tors that work by 
dif er ent mech a nisms. For ex am ple, bac te ria must main tain in tra cel lu
lar pH within nar row lim its. This is done by us ing en ergy to pump out  
pro tons as de scribed be low. In lowaw en vi ron ments, cells must use 
 en ergy to ac cu mu late com pat i ble sol utes. Membrane flu id ity must be 
main tained as tem per a tures change through a dif er ent mech a nism, 
homeoviscous ad ap ta tion. The ex pen di ture of en ergy to main tain ho
meo sta sis is fun da men tal to life. When cells chan nel the en ergy needed 
for growth into main te nance of ho meo sta sis, their growth is in hib ited. 
When the en ergy de mands of ho meo sta sis ex ceed the cell’s en er gy
producing ca pac ity, the cell dies. Hurdle tech nol ogy can en com pass the 
use of an ti mi cro bial agents and tech nol ogy, in clud ing the use of ozone 
and the ap pli ca tion of ir ra di a tion, in con junc tion with shifts in pH and 
aw, to in hibit mi cro bial growth.

Hurdle ef ects can be ad di tive or syn er gis tic. Claims of syn ergy 
should be sup ported by a quan ti ta tive anal y sis, such as the use of an 

Table 2.8 Interaction of pH and aw on food sta bil i ty

Combination of pH and aw

Recommended 
stor age temp (°C) Food clas si fi ca tion

pH of >5.0 and aw of >0.95 <4 Easily per ish able

pH of 5.0–5.2 and aw of 0.90–0.95 <10 Perishable

pH of <5.2 and aw of <0.95 or pH  
of <5.0 or aw of <0.90

May not re quire 
re frig er a tion

Shelf sta ble
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Figure 2.10

An isobologram is used to de ter mine the in ter ac tion of two an ti mi cro bial in hib i tors 
(see text).
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isobologram (Fig. 2.10). To con struct an isobologram, the min i mum in
hib i tory con cen tra tion (MIC) of com pound A is plot ted on the x axis. 
The MIC of com pound B is plot ted on the y axis. A line is drawn to con
nect the points. Experiments de ter mine the MICs of com pounds A and 
B in var i ous con cen tra tions, and these are plot ted on the isobologram. If 
the points fall on the line, the ef ect is ad di tive. If they fall be low the 
line, the ef ect is syn er gis tic. If they fall above the line, there is an an tag
o nis tic ef ect.

Novel ap proaches to hur dle tech nol ogy in clude the use of bac te rio cins 
with high pres sure, pulsed elec tric fields, and other an ti mi cro bi als such 
as ly so zyme and lactoferrin. Control of S. au re us in pas teur ized milk can 
be achieved us ing phageencoding endolysin and nisin. Combining the 
an ti mi cro bi als causes 64 and 16fold re duc tions in nisin and endolysin 
MICs, re spec tively. The mech a nism(s) by which the syn er gis tic ef ect is 
achieved is not yet known.

GROWTH KINETICS
The change in bac te rial num bers over time is rep re sented by growth 
curves show ing the lag, ex po nen tial, sta tion ary, and death phases of the 
pop u la tion (Fig. 2.11). These phases and the growth ki net ics de scribed 
be low are based on the bi nary rep li ca tion of DNA (i.e., one copy makes 
two cop ies makes four cop ies makes eight cop ies, etc.). In bac te ria, which 
rep li cate by bi nary fis sion, in creases in cell num ber closely cor re spond 

How many doublings will 
it take for 4 bacteria to 
become 20 million?
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to the rep li ca tion of DNA. Thus, the growth curves can be plot ted as the 
num ber of cells (CFU per mil li li ter) on a log a rith mic scale or log10 CFU per 
mil li li ter ver sus time. This method may not be ap pro pri ate for yeasts, 
which rep li cate by bud ding, be cause each cell may have many buds at a 
given pe riod. In this case, the log of the op ti cal den sity will give ac cu rate 
re sults. Fungi are even more prob lem atic since they grow both by branch
ing, which is ex po nen tial, and by hy phal elon ga tion, which is lin ear. In 
this case, it is the log of the cell dry weight that must be plot ted against 
time. Growthcurve graphs rep re sent the state of mi cro bial pop u la tions 
rather than in di vid ual mi crobes. Thus, both the lag phase and sta tion ary 
phase of growth rep re sent pe ri ods when the growth rate equals the death 
rate to pro duce no net change in cell num bers.

Food mi cro bi ol ogy is con cerned with all  four phases of mi cro bial 
growth. Microbial in hib i tors can ex tend the lag phase, de crease the 
growth rate, de crease the size of the sta tion aryphase pop u la tion, and 
in crease the death rate. During the lag phase, cells ad just to their new 
en vi ron ment by turn ing genes on or of, rep li cat ing their genes, and, 
in the case of spores, dif er en ti at ing into veg e ta tive cells (see chap ter 
3). The lagphase du ra tion de pends on the tem per a ture, the in oc u lum 
size (larger in oc ula usu ally have shorter lag phases), and the phys i o
log i cal his tory of the or gan ism. If ac tively grow ing cells are trans ferred 
into an iden ti cal fresh me dium at the same tem per a ture, the lag phase 
may van ish. These fac tors can also be ma nip u lated to ex tend the lag 
phase enough so that some other qual ity at tri bute of the food (such as 
pro te  ol y sis or brown ing) be comes un ac cept able to hu mans. Foods are 
con sid ered microbially safe if the food spoils be fore path o gens grow (be
cause peo ple will not eat spoiled food). However, “spoiled” is a sub jec tive 
and cul tur ally bi ased con cept. It is safer to pre vent cell growth, re gard
less of time (such as re duc tion of pH to <4.6 to in hibit path o gen 
growth).

Bacteria re pro duce by bi nary fis sion dur ing the log, or ex po nen tial, 
phase of growth. One cell di vi des into two cells that di vide into four cells 
that di vide into eight cells, etc. Food mi cro bi ol o gists of ten use dou bling 
times as the con stant to de scribe the rate of log a rith mic growth. Doubling 
times (td), which are also re ferred to as gen er a tion times (tgen), are in versely 
re lated to the spe cific growth rate (µ) as shown in Table 2.9.
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All sec tions of the mi cro bial growth curve are af ected by time and tem per a ture.
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Table 2.9 Representative spe cific growth rates and dou bling times of mi cro or gan isms

Organism and con di tions µ (h−1) td (h)

Bacteria

Optimal con di tions 2.3 0.3

Limited nu tri ents 0.20 3.46

Psychrotroph, 5°C 0.023 30

Molds

Optimal con di tions 0.1–0.3 6.9–20

Equations can be used to cal cu late the in flu ence of dif er ent var i ables 
on a food’s fi nal mi cro bial load. The num ber of or gan isms (N) at any 
time (t) is pro por tional to the ini tial num ber of or gan isms (N0).

N = N0eµt (1)

Thus, de creas ing the ini tial mi cro bial load 10fold will re duce the cell 
num ber at any time by 10fold. Because the spe cific growth rate (µ) and 
time are in the power (i.e., ex po nent) func tion of the equa tion, they have 
a greater ef ect on the cell num ber than does the ini tial cell num ber. 
Consider a food where the N0 is 1 × 104 CFU/g and the µ is 0.2 h−1 at 
37°C. After 24 h, the cell num ber would be 1.2 × 106 CFU/g. Reducing the 
ini tial num ber 10fold re duces the num ber af ter 24 h by 10fold to 1.2 × 105 
CFU/g. However, re duc ing the tem per a ture from 37 to 7°C has a more 
pro found ef ect. If the growth rate de creases 2fold with ev ery 10°Cde
crease in tem per a ture, then the µ will be de creased 8fold to 0.025 h−1 
at 7°C. When the first equation above is solved us ing these val ues (i.e., 
N = 104e0.025×24), the cell num ber (N) at 24 h is 1.8 × 104 CFU/g. Both time 
and tem per a ture have a much greater in flu ence over the fi nal cell num
ber than does the ini tial mi cro bial load.

How long it will take a mi cro bial pop u la tion to reach a cer tain level 
can be de ter mined from the fol low ing equa tion:

2.3 log(N/N0) = µΔt (2)

Consider the case of ground meat man u fac tured with an N0 of 1 × 
104 CFU/g. How long can it be held at 7°C be fore reach ing a level of 
108 CFU/g? According to equa tion 3:

t = [2.3(log108/104)]/0.025 or 368 h (3)

The re la tion ship be tween dou bling times (td) and µ is more ob vi ous if 
equa tion 2 is writ ten us ing nat u ral logs [i.e., ln(N/N0) = µΔt] and solved 
for the con di tion where t is td and N is 2N0. Since the nat u ral log of 2 is 
0.693, the so lu tion is 0.693/µ = td.

Some typ i cal spe cific growth rates and dou bling times are given in 
Table 2.9. Examples of how to cal cu late dou bling times and growth rates 
are given in Box 2.5.

MICROBIAL PHYSIOLOGY AND METABOLISM
Think about your room. Its nat u ral state is dis or dered. It takes en ergy 
to com bat the dis or der. This is as it should be. It is a law of the uni verse. 

Aerobes have 17 times more energy than 
anaerobes.
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Box 2.5
Calculating spe cific growth rates and dou bling times from plate count da ta

You have ob tained plate count 
data such as those shown in the 
ta ble. How do you use these to 
cal cu late spe cific growth rates and 
dou bling times? There are many 
diff er ent ways. If your in struc tor 
has a pref er ence, or even a 
method not shown here, use it! If 
not, find the way that works for 
you.

Graphical so lu tion us ing  
semi log pa per

This method is good for vi sual 
learn ers and the math e mat i cally 
chal lenged.

 1.  Plot the data on semi log  
pa per with CFU/milliliter on  
the y axis and time on the  
x ax is.

 2.  Draw a straight line through the 
lin ear por tion of the curve.

 3.  Pick a con ve nient value on the y 
axis (y1), and note the cor re-
spond ing time (t1).

 4.  On the y axis, find the value that 
is 2y1. Find the time (t2) that 
cor re sponds to 2y1.

 5. The dou bling time is t2 – t1.
 6.  Note that you can not do lin ear 

re gres sion on these data since 
the y axis is on a log, not lin ear, 
scale.

Calculations us ing an Excel  
spread sheet

This method is more ex act, quan ti ta-
tive, and, once you know how to use 
it, eas ier than the graph i cal method. 
This method can be used with other 
plot ting pro grams, al though the 
spe cific com mands will be diff er ent. 
You can also do the log con ver sions, 
plot them on reg u lar graph pa per, 
and do lin ear re gres sion with any 
cal cu la tor.

Using an Excel spread sheet:

 1.  Convert the data into log CFU per 
mil li li ter.

 2. Arrange the data in col umns of 
time (first col umn) and log CFU/
milliliter (sec ond col umn) as 
shown in the ta ble.

 3.  Highlight all  the rows of da ta.
 4.  In the pro gram use the com-

mands “in sert” → chart → xy 
(scat ter). This will plot the data, 
and the lin ear sec tion will 
be come ap par ent.

 5.  Press “can cel” (yes, can cel!), 
high light the rows iden ti fied in 
step 4 above as be ing in the lin ear 
sec tion, and re peat the pro cess in 
step 4.

 6.  Now you have the chart. With the 
chart se lected, click on the Chart 
Menu. Choose “add trendline” → 

lin ear and, from the op tions, 
“dis play equa tion on chart.” The 
slope of the line is the spe cific 
growth rate. Since the data were 
plot ted in log10 and nat u ral log, 
the 2.3 con ver sion fac tor (as 
ex plained in equa tions 2 and 3) 
must be used. To con vert the 
spe cific growth rate to dou bling 
times, use the equa tion 0.693/
(2.3)(µ) = td. Or, in this case, 
0.693/(2.3)(0.0105) = 28.7 min.

Time 
(min)

CFU/ml (text 
ex am ple)

CFU/ml 
(prob lem 16)

0 1.5 × 105 3.0 × 105

30 1.8 × 105

60 1.4 × 105 3.0 × 105

90 1.9 × 105

120 2.0 × 105 4 × 105

150 4.0 × 105

180 8.0 × 105 6.5 × 105

210 2.2 × 106

240 4.0 × 106 2.0 × 106

270 6.5 × 106

300 1.8 × 107 1.5 × 106

330 3.3 × 107

360 4.0 × 107 2.0 × 106

390 4.4 × 107

420 5.0 × 107 2.0 × 106

(Tell that to your mother, room mate, or part ner the next time they com
plain about your messy room.) The sec ond law of ther mo dy nam ics 
dic tates that all  things go to a state of max i mum dis or der in the ab
sence of en ergy in put. Since life is a fun da men tally or dered pro cess, all  
liv ing things must gen er ate en ergy to main tain their or dered state. 
Foodborne bac te ria do this by ox i diz ing re duced com pounds. Oxida
tion oc curs only when the ox i da tion of one com pound is cou pled to the 
re duc tion of an other. In the case of aer o bic bac te ria (bac te ria that re
quire ox y gen to live), the ini tial car bon source, for ex am ple, glu cose, is 
ox i dized to car bon di ox ide, ox y gen is re duced to wa ter, and 34 ATP mol e
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cules are gen er ated. Aerobes gen er ate most of their ATP through ox i
da tive phos phor y la tion in the elec tron trans port chain. In ox i da tive 
phos phor y la tion, en ergy is gen er ated when ox y gen is used as the ter mi
nal elec tron ac cep tor. This drives the for ma tion of a highenergy bond 
be tween free phos phate and aden o sine 5′diphosphate (ADP) to form 
ATP, which can be thought of as the cell’s en ergy cur rency that can be 
“saved” for fu ture use. Anaerobic bac te ria, which do not use ox y gen, must 
use an in ter nal or ganic com pound as an elec tron ac cep tor in a pro cess of 
fer men ta tion. They gen er ate only 1 or 2 mol of ATP per mol of glu cose 
used. The ATP is formed by sub stratelevel phos phor y la tion, and the phos
phate group is trans ferred from a phos phor y lated or ganic com pound to 
ADP to make ATP.

Carbon Flow and Substrate-Level Phosphorylation
The Emb denMeyerhofParnas (EMP) path way (Fig. 2.12) is the most 
com mon path way for glu cose ca tab o lism (gly col y sis). The over all rate of 
gly col y sis is reg u lated by the ac tiv ity of phos pho fruc to ki nase. This en
zyme con verts fruc tose6phosphate to fruc tose1,6bisphosphate. Phos
phofructokinase ac tiv ity is reg u lated by the bind ing of aden o sine 
5′monophosphate (AMP) or ATP to in hibit or stim u late (re spec tively) 
the phos phor y la tion of fruc tose6phosphate. Fructose1,6bisphosphate 
ac ti vates lac tate de hy dro ge nase (see be low) so that the flow of car bon to 
py ru vate is tightly linked to nic o tin amide ad e nine di nu cle o tide (NAD) 
re gen er a tion. This oc curs when py ru vate is re duced to lac tic acid, the 
only prod uct of this “homolactic” fer men ta tion. Two ATP mol e cules are 
formed in this path way.

The Entner-Doudoroff Pathway Allows Use of Five-Carbon Sugars and Makes 
One ATP Molecule
The EntnerDoudorof path way is an al ter nate gly co lytic path way that 
yields one ATP mol e cule per mol e cule of glu cose and di verts one three
carbon unit to bio syn the sis. In aer obes that use this path way, such as 
Pseudomonas spe cies, the dif er ence be tween form ing one ATP by this 
path way and form ing two ATPs by the EMP path way is in con se quen tial 
com pared to the 34 ATPs formed from ox i da tive phos phor y la tion. In 
the EntnerDoudorof path way, glu cose is con verted to 2keto3deoxy
6phosphogluconate. The en zyme ke todeoxy phosphogluconate (KDGP)
al dol ase cleaves 2keto3deoxy6phosphogluconate to one mol e cule of
py ru vate (di rectly, with out  the gen er a tion of an ATP) and one mol e cule 
of 3phosphoglyceraldehyde. The 3phosphoglyceraldehyde then fol lows
the same re ac tions as in the EMP path way. One ATP is made by sub
stratelevel phos phor y la tion us ing phos pho enol pyr uvate to do nate the 
phos pho ryl group.

Homolactic Catabolism Makes Only Lactic Acid
Homolactic bac te ria in the gen era Lactococcus and Pediococcus and some 
Lactobacillus spe cies pro duce lac tic acid as the sole fer men ta tion prod uct. 
The EMP path way is used to pro duce py ru vate, which is then re duced by 
lac tate de hy dro ge nase, form ing lac tic acid, re gen er at ing NAD, and gen
er at ing two ATPs.

Authors’ note
We have writ ten this book 
as sum ing no coursework in 
bio chem is try. But mi crobes 
can not be un der stood with out  
un der stand ing any bio chem is
try. Consider this sec tion your 
min i mal primer in bio chem is try.
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Major cat a bolic path ways used by foodborne bac te ria. (Redrawn from Doyle MP, 
Beuchat LR, Montville TJ, ed, Food Microbiology: Fundamentals and Frontiers, 2nd ed, 
ASM Press, Wash ing ton, DC, 2001.)

Heterofermentative Catabolism Gives Several End Products
Heterofermentative bac te ria, such as leuconostocs and some lac to ba
cilli, have nei ther al dol ases nor KDPG al dol ase. The heterofermenta
tive path way is based on the ca tab o lism of fivecarbon sug ars 
(pen toses). The pen tose can be trans ported into the cell or made by 
de car box yl at ing hex oses. In ei ther case, the pen tose is con verted to 
xylulose5phosphate, with ribulose5phosphate as an in ter me di ate. 
The xylulose5phosphate is split to glyc er al de hyde3phosphate and a 
twocarbon unit. The twocarbon unit can be con verted to ac et al de
hyde, ac e tate, or eth a nol. Although this path way yields only one ATP, 
it of ers cells a com pet i tive ad van tage by al low ing them to uti lize pen
toses that homolactic or gan isms can not use.
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The TCA Cycle Links Glycolysis to Aerobic Respiration
The tri car box ylic acid (TCA) cy cle links gly co lytic path ways to res pi ra
tion. It gen er ates re duced nic o tin amide ad e nine di nu cle o tide (NADH2) 
and re duced fla vin ad e nine di nu cle o tide (FADH2) as sub strates for ox i
da tive phos phor y la tion and makes some ATP through sub stratelevel 
phos phor y la tion. With each turn of the TCA cy cle,

2 pyruvate + 2 ADP + 2 FAD + 8 NAD →  
6 CO2 + 2 ATP + 2 FADH2 + 8 NADH (4)

and ox y gen is used as the ter mi nal elec tron ac cep tor to form wa ter. The 
TCA cy cle is used by all  aer obes. Anaerobes may have some of the en
zymes in the TCA cy cle but not enough to com plete the full cy cle.

The TCA cy cle is also the ba sis for two in dus trial fer men ta tions im por
tant to the food in dus try. The in dus trial fer men ta tions for the acidulant 
cit ric acid and the fla vor en hancer glu tamic acid have sim i lar bio chem i cal 
ba ses. Both fer men ta tions take ad van tage of im paired TCA cy cles.

CONCLUSION
Microbial growth in foods is com plex. It is gov erned by ge netic, bio chem
i cal, and en vi ron men tal fac tors. Developments in mo lec u lar bi  ol ogy and 
mi cro bial ecol ogy will con tinue to in form our per spec tives about the pres
ence and growth of mi crobes in foods. Some of these de vel op ments are 
de tailed in this book. Other de vel op ments will un fold over the com ing de
cades, per haps led by read ers whose jour ney be gins now.
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Across
1. MPN methods are used to ________

low numbers of bacteria
4. Arguably the most important extrinsic factor
5. The Entner-Doudoroff pathway allows the

use of _____-carbon sugars
7. One way to determine viability
8. A type of factor inherent to a food that

  affects the growth of bacteria
9. Organisms that grow at low water activity

  and low pH
 10. A technology that uses more than one
  inhibitor to stop microbial growth
 11. A type of medium that allows only specific
  bacteria to grow

Down
2. A sublethal level of stress

  may ________ rather than kill cells
3. When cells grow in the absence of

  air, they grow ________
6. A type of factor that is not part of a food
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Summary

•  Food mi cro bi ol ogy is a highly spe cial ized sub field of mi cro bi ol o gy.

•  The amount of en ergy a mi crobe makes de pends on the met a bolic path ways it can use.

•  The plate count de ter mines how many or gan isms can grow on a given me dium un der the in cu ba tion con di tions used.

•  Selective me dia al low low num bers of spe cific path o gens to be enu mer ated when they are in a larger pop u la tion 
of other bac te ria.

•  Enrichment al lows very low num bers of spe cific path o gens to be de tected in the pres ence of large num bers of 
other bac te ria.

•  The most-probable-number (MPN) method al lows very low num bers of bac te ria to be es ti mated from sta tis ti cal 
ta bles.

•  Injured cells may es cape de tec tion by cul tural meth ods but can still cause ill ness when con sumed.

•  Viable but nonculturable (VBNC) cells are ex actly that.

•  Intrinsic fac tors, such as pH and aw, and ex trin sic fac tors, such as time and tem per a ture, can be ma nip u lated to 
con trol mi cro bial growth.

•  The amount of avail  able wa ter (aw) de ter mines which or gan isms can grow in a food and in flu ences lag time, 
growth rate, and fi nal cell den si ty.

•  An aw of 0.85 is the low est aw that al lows growth of path o gens. This makes it a car di nal value in food mi cro bi ol o gy.

•  Hurdle tech nol ogy chal lenges bac te ria by sev eral mech a nisms to in hibit mi cro bial growth.

•  The mi cro bial growth curve con sists of lag, log, sta tion ary, and death phases of growth. Each phase is im por tant 
to mi cro bial food safety and can be ma nip u lat ed.

•  The equa tion N = N0eµt de scribes the ex po nen tial phase of mi cro bial growth.

•  Different bac te ria use diff er ent met a bolic path ways to gen er ate the en ergy they need to main tain an or dered state.

•  Aerobic bac te ria make ATP by ox i da tive phos phor y la tion.

•  Anaerobic bac te ria make ATP by sub strate-level phos phor y la tion.
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Questions for crit i cal thought
 1.  The plate count is based on the as sump tions that one cell forms one col ony and that 

ev ery col ony is de rived from only one cell. For each as sump tion, list two sit u a tions 
where this would not be true.

 2.  Given the data in Fig. 2.1, cal cu late the num ber of S. au re us or gan isms in the sam
ple us ing the proper units.

 3.  Why can’t you use the stan dard plate count to enu mer ate 3.2 × 104 CFU of S. au re us/ml
in a pop u la tion of 5.3 × 107 other bac te ria?

 4.  If the dark cir cles in the di a gram be low rep re sent test tubes pos i tive for growth,
what would the MPN of the sam ple be?

 5.  What is the dif er ence be tween in trin sic and ex trin sic fac tors in food? Name one
in trin sic fac tor and one ex trin sic fac tor that you think are very im por tant for con
trol ling mi crobes in food. Why do you think that they are im por tant? How do 
they work?

 6.  What three mech a nisms do cells use to main tain pH ho meo sta sis? Why do they
need three? Loss of which mech a nism would be worst for the cell? Why?

 7.  Why do the data for su crose (but not salt) end at an aw of 0.92? (Hint: what is the
high est con cen tra tion of su crose you can find in food?)

 8.  What would hap pen to the aw of a 44% su crose so lu tion if it were com pletely con
verted to glu cose and fruc tose?

 9.  Table 2.5 was con structed us ing cal cu la tions to de ter mine the amount of salt needed
to achieve a cer tain aw. However, when the amount of salt is de ter mined by ac tual 
mea sure ment of aw dur ing salt ad di tion, the amount of salt re quired is lower than the 
the o ret i cal value. Speculate on rea sons for this. How would you test your hy poth e sis?

  10.  If the salt con cen tra tion of a soup is re duced from 5 to 3%, what will the ef ect on aw

be? (Calculate the aw at both con cen tra tions.)

  11.  Consider equa tion 1. Your food prod uct has an ini tial aer o bic plate count of 3.8 × 104

CFU/g. After 1 week of re frig er ated stor age, the count reaches an un ac cept able
3.8 × 106 CFU/g. You de cide that an ac cept able level of 3.8 × 105 CFU/g could be
achieved if the ini tial count were lower. What start ing level of bac te ria would you
need to achieve this goal? (Hint: put your cal cu la tor away and think about it.) In
real life, how might a food man u fac turer achieve this lower ini tial count?

  12.  Your com pany man u fac tures readytoeat re frig er ated meals. Your su per vi sor asks 
you to start track ing mi cro bial qual ity by do ing the to tal plate count with in cu ba
tion at 37°C. Why is this not a good idea? How would you con vince your boss that
she was wrong?

  13.  Make a chart list ing the three main cat a bolic path ways and their key reg u la tory
en zyme, car bo hy dratesplitting en zyme, amount of ATP gen er ated, and fi nal met
a bolic prod uct.

  14.  Both an aer o bic lac tic acid bac te ria and aer o bic pseu do mo nads are nat u rally pres ent 
in ground beef. In beef packed in ox y genpermeable cel lo phane, pseu do mo nads
are the main spoil age or gan isms. In beef packed in ox y genimpermeable plas tic
film, lac tic acid bac te ria pre dom i nate. Why?

  15.  Write a nar ra tive ex plain ing the re la tion ship be tween time and tem per a ture as 
 il lus trated in Fig. 2.7 and 2.8.

  16.  What is the dou bling time for the growth curve in the prob lem col umn of the ta ble
in Box 2.5?

44 C H A P T E R  2

• The equation N 5 N0emt describes the exponential phase of microbial 
growth.

• Different bacteria use different metabolic pathways to generate the 
energy they need to maintain an ordered state.

• Aerobic bacteria make ATP by oxidative phosphorylation.
• Anaerobic bacteria make ATP by substrate-level phosphorylation.
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Questions for critical thought
1. The plate count is based on the assumptions that one cell forms one 

colony and that every colony is derived from only one cell. For each 
assumption, list two situations where this would not be true.

2. Given the data in Fig. 2.1, calculate the number of S. aureus organisms 
in the sample using the proper units.

3. Why can’t you use the standard plate count to enumerate 3.2 3 104 CFU 
of S. aureus/ml in a population of 5.3 3 107 other bacteria?

4. If the dark circles in the diagram below represent test tubes positive for 
growth, what would the MPN of the sample be?

0.1 ml 0.01 ml 0.001 ml 0.0001 ml 0.00001 ml

5. What is the difference between intrinsic and extrinsic factors in food? 
Name one intrinsic factor and one extrinsic factor that you think are 
very important for controlling microbes in food. Why do you think that 
they are important? How do they work?

6. What three mechanisms do cells use to maintain pH homeostasis? Why 
do they need three? Loss of which mechanism would be worst for the 
cell? Why?

7. Why do the data for sucrose (but not salt) end at 0.92? (Hint: what is the 
highest concentration of sucrose you can find in food?)

8. What would happen to the aw of a 44% sucrose solution if it were com-
pletely converted to glucose and fructose?

Montville3E_Ch02.indd   44 5/15/12   9:01 AM



|  Chapter 248

  17.  Why is there no sim ple an swer to the ques tion “How many bac te ria are in this sam
ple of food?”

  18.  Although we speak of a “zero tol er ance” for a path o gen in food, the ac tual limit is 
0/25 g. Why?

  19.  What are ex am ples of struc tures where bio films could grow? Why would these be 
food safety prob lems?

  20.  If a food safety test is neg a tive for bac te rial path o gens, why doesn’t that guar an tee a 
safe prod uct?
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INTRODUCTION
This chap ter is about spores. They are unique life forms of tre men dous 
sig nif  cance in food pro cess ing. The im por tance of spores and the steps 
used to con trol them are dis cussed frst. Then the struc ture and unique 
prop er ties of the spore are de scribed. Finally, the com plex life cy cle of a 
spore, which con sists of spor u la tion (the con ver sion of a veg e ta tive cell 
to a spore) and ger mi na tion (the con ver sion of a spore to a veg e ta tive cell), 
is pre sent ed.

SPORES IN THE FOOD INDUSTRY
Spore-forming bac te ria and heat-resistant fungi cause big prob lems for 
the food in dus try. Three spe cies of sporeformers, Clostridium bot u li num, 
Clostridium perfringens, and Bacillus ce re us, are in fa mous for pro duc ing 
tox ins. Other sporeformer spe cies, such as Alicyclobacillus, Geobacillus, 
and Sporolactobacillus, cause spoil age. Sporeformers that cause food-
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Their Signifcance
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Learning Objectives

The in for ma tion in this chap ter will help the stu dent to:

•  dis cuss how the can ning in dus try over comes the
chal lenge of spore heat re sis tance

•  de fne the traits of low-acid canned foods and how they
must be pro cessed

•  iden tify, char ac ter ize, and dif er en ti ate among 
 spore-forming bac te ria that cause ill ness and spoil age

•  un der stand the fun da men tal dif er ence be tween a 
 bac te rial spore and a veg e ta tive cell

•  cor re late the unique prop er ties of spores with the
 chal lenge they pres ent for food pres er va tion

•  draw a di a gram of a spore and com pare it to a di a gram   
of a bac te rial cell

•  ex plain the phys i cal and chem i cal ba ses for spore heat
re sis tance

•  com pare the cy cles of spor u la tion and ger mi na tion with 
the gain and loss of spore re sis tance char ac ter is tics
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borne ill ness and spoil age are par tic u larly im por tant in low-acid foods 
(pH ≥ 4.6) pack aged in cans, bot tles, pouches, or other her met i cally (vac-
uum) sealed con tain ers (i.e., “canned” foods) that are pro cessed by heat. 
Diseases and spoil age caused by sporeformers are usu ally as so ci ated 
with ther mally pro cessed foods, since heat kills veg e ta tive cells but al-
lows sur vival and growth of spore-forming or gan isms. Other spore-
formers cause spoil age of high-acid foods (pH < 4.6), but not ill ness. 
Psychrotrophic sporeformers cause spoil age of re frig er ated foods. Fungi 
that pro duce heat-resistant as co spores cause spoil age of acidic foods and 
bev er ag es.

Louis Pas teur dis cov ered, dur ing his stud ies of bu tyric acid fer men-
ta tions in wines, that spore-forming bac te ria cause food spoil age. Pas-
teur iso lated an or gan ism he termed Vibrion butyrique, which is prob a bly 
what we now call Clostridium butyricum. Spores were also dis cov ered 
in de pen dently by Fer di nand Cohn and Rob ert Koch in 1876. Pas teur 
and Koch linked mi cro bial ac tiv ity with food qual ity and safety. The fa-
mous Koch’s pos tu lates (Box 3.1) were born dur ing his in ves ti ga tion of 
Bacillus anthracis. These pos tu lates are still used to prove that a dis ease 
is caused by a spe cifc bac te ri um.

In the late 1700s, Ni co las Appert in vented the pro cess of appertiza-
tion, a pre de ces sor to can ning. This pro cess places food in a her met i-
cally (air tight) sealed con tainer and pre serves it by heat ing. Appert 
(in cor rectly) be lieved that the elim i na tion of air sta bi lized canned foods. 
The em pir i cal use of ther mal pro cess ing grad u ally de vel oped into mod ern- 
day can ning in dus tries. In the late 1800s and early 1900s, sci en tists in 
the United States de vel oped sci en tifc prin ci ples to en sure the safety of 
ther mally pro cessed foods. Because of these stud ies, ther mal pro cess-
ing of foods in her met i cally sealed con tain ers be came an im por tant in-
dus try. Sam uel Pres cott and Wil liam Underwood of the Mas sa chu setts 
Institute of Technology and Harry Rus sell of the University of Wis con-
sin found that spore-forming ba cilli caused the spoil age of ther mally 
pro cessed clams, lob sters, and corn. The clas sic study of J. R. Esty and 
K. F. Meyer in Cal i for nia pro vided de fn i tive val ues for the heat re sis-
tance of C. bot u li num type A and B spores. C. Olin Ball of Rutgers Uni-
versity de vel oped the math e mat i cal foun da tion for com mer cial can ning. 
These ef orts helped res cue the U.S. can ning in dus try from its near 
death in the 1940s due to bot u lism out  breaks caused by com mer cially 
canned ol ives and other foods. Quantitative ther mal pro cesses, un der-
stand ing of spore heat re sis tance, asep tic pro cess ing, and im ple men ta-
tion of the Hazard Analysis and Critical Control Point (HACCP) con cept 
all  grew out  of the canned-food in dus try.

Low-Acid Canned Foods
The U.S. Food and Drug Administration (FDA) and the U.S. Depart-
ment of Agriculture (USDA) Food Safety Inspection Service de fne a 
low-acid canned food as one with a f nal pH of >4.6 and a wa ter ac tiv ity 
(aw) of >0.85. The USDA has reg u la tory con trol of foods that con tain at 
least 3% raw red meat or 2% cooked poul try. The FDA reg u lates ev ery-
thing else. The reg u la tions for the ther mal pro cess ing of canned foods 
are de scribed in the U.S. Code of Fe de ral Regulations (21 CFR, parts 108 
to 114). For ev ery food they make, food pro ces sors must fle a de scrip tion 

Box 3.1
Koch’s pos tu lates for proof for 
the bac te rial or i gin of a dis ease

  1.  The bac te ria must be 
iso lated from a sick an i mal.

  2.  The bac te ria must be 
iden ti fied in pure cul ture.

  3.  When the pure cul ture of 
bac te ria is re in tro duced into 
a healthy an i mal, the an i mal 
be comes sick.

Authors’ note
Appert be came the “Father of 
Canning” in re sponse to a call 
from in fa mous French mil i tary 
leader Napoleon, who wanted 
to keep his mil i tary safe from 
foodborne ill ness. Napoleon 
of fered a 12,000-franc prize to 
any one who could come up 
with a food pres er va tion 
method and Appert ul ti mately 
claimed the prize. Just goes to 
show that you never know from 
where crit i cal ideas may come.
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of the ther mal pro cess, fa cil ity, equip ment, and for mu la tions with the 
FDA or USDA be fore they start mak ing the prod uct.

Low-acid canned foods are pack aged in her met i cally sealed con tain-
ers. These are usu ally cans or glass jars but can also be pouches and 
other types of con tain ers. These “cans” (as col lec tively de fned in this 
chap ter) must be pro cessed by heat to achieve “com mer cial ste ril i ty.” 
Commercial ste ril ity uses heat to in ac ti vate foodborne path o gens and 
spoil age mi cro or gan isms that can grow in the food. Commercial ste ril-
ity in di cates a shelf-stable prod uct with a neg li gi ble level of mi cro bial 
sur vival. Acidifcation or aw re duc tion can also pro duce com mer cial ste-
ril ity. These tech niques are of ten com bined to re duce heat treat ments 
and im prove prod uct qual i ty.

Inactivation of C. bot u li num spores is the pri mary pro cess ing goal for 
low-acid canned foods. C. bot u li num is the most heat-resistant mi cro bial 
path o gen. (There are, how ever, spores from other bac te ria, such as Geo-
bacillus stearothermophilus, that are more heat re sis tant.) The se ver ity of 
the heat treat ment re quired de pends on the class of food, its spore con-
tent, pH, stor age con di tions, and other fac tors. For ex am ple, canned low-
acid veg e ta bles and un cured meats usu ally re ceive a 12D pro cess (see 
be low) or “bot u li num cook.” This re sults in a 12-log10, or 99.9999999999%, 
re duc tion of vi a ble C. bot u li num spores. Milder heat treat ments are ap-
plied to shelf-stable canned cured meats (where the cur ing agents in-
hibit growth) and to foods with re duced aw or other an ti mi cro bial fac tors. 
Certain foods and in gre di ents, such as mush rooms, po ta toes, spices, sug-
ars, and starches, may con tain high spore lev els and re quire more than a 
12D pro cess to pre vent spoil age. When spore loads in flu ence the pro cess, 
they must be mon i tored.

Researchers in the early and mid-20th cen tury quan ti fed the ther-
mal pro cesses re quired to pre vent bot u lism and spoil age in canned 
foods. The le thal ity of a ther mal pro cess is cal cu lated from the semi log-
a rith mic mi cro bial death model. In this model, the num ber of sur viv ing 
cells is plot ted on a log a rith mic y axis against the time of heat ing on the 
lin ear x axis. This re sults in a lin ear re la tion ship. One over the neg a tive 
slope of this line is the D value. The D value is de fned as the time it 
takes to re duce vi a bil ity by a fac tor of 10. This rea son ing pro vi des the 
foun da tion for the 12D bot u li num cook. The bot u li num cook is the ther-
mal pro cess time re quired for a 12-log10 re duc tion of vi a ble C. bot u li num 
spores. Of course, there would never be 1012 spores in a sin gle can. But 
sta tis ti cally, the be hav ior of 1012 spores in a sin gle can is the same as that 
of one spore in each of 1012 cans. So, if there were one spore per can and 
the 12D pro cess were used, only one of the 1012 cans would con tain a vi a ble 
spore. Why 12D (and not 10 or 14)? No one re mem bers. Two ex pla na tions 
are cir cu lat ing. One is that 12D equals a mil lion mil lion, a ri dic u lously low 
prob a bil ity. The other ex pla na tion is that 1012 spores is the max i mum 
num ber that could ft in a 1-cm3 vol ume.

Two terms, or val ues, are used to de scribe ther mal in ac ti va tion of 
bac te ria. (i) The D value is the time re quired for a 1-log re duc tion in vi a-
bil ity at a given tem per a ture, and (ii) the z value is the tem per a ture change 
re quired to al ter the D value by a fac tor of 10. The D value rep re sents the 
heat sen si tiv ity of an or gan ism at a spe cifc tem per a ture. The z value rep-
re sents how much that heat sen si tiv ity changes as tem per a tures change. 
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The z value is usu ally ex pressed as the num ber of de grees that it takes to 
change the D value by a fac tor of 10.

The can ning in dus try pri or i tizes pro cess de sign to pro tect against 
(i) pub lic health haz ard from C. bot u li num spores, (ii) spoil age from meso-
philic spore-forming or gan isms, and (iii) spoil age from ther mo philic or-
gan isms in con tain ers stored in warm en vi ron ments. Generally, low-acid 
canned foods re quire 3 to 6 min at 121°C (250°F) to achieve a 12D treat-
ment. This en sures the in ac ti va tion of C. bot u li num spores hav ing a 
D121°C of 0.21 min and a z value of 10°C (18°F). Economic spoil age is 
avoided by achiev ing ∼5D kill ing of mesophilic spores that typ i cally have 
a D121°C of ∼1 min. Foods dis trib uted in warm cli ma tes re quire a se vere 
ther mal treat ment of ∼20 min at 121°C to achieve a 5D kill ing of Clos-
tridium thermosaccharolyticum, Geobacillus (for merly Bacillus) stearother-
mophilus, and Desulfotomaculum nigrificans. These or gan isms have a 
D121°C of ∼3 to 4 min. Such se vere treat ments de crease nu tri ent con tent 
and sen sory qual i ties but en sure a shelf-stable food.

Aseptic pro cess ing can im prove the qual ity of low-acid canned foods. 
There are three steps in asep tic pro cess ing (Fig. 3.1) (i) The prod uct is 
com mer cially ster il ized out  side of the con tainer. Since the prod uct is in 
con tact with the heat source, it rap idly achieves a uni form pro cess tem-
per a ture. (ii) The pro cessed prod uct is then cooled and trans ferred into 
pre ster il ized con tain ers, and (iii) the con tainer re ceives an asep tic her metic 
seal ing in a ster ile en vi ron ment. This tech nol ogy was ini tially used for 
com mer cial ster il i za tion of milk and creams in the 1950s. It is now used 
for other foods, such as soups, egg nog, cheese spreads, sour cream dips, 

Sterilizer

Container

Container formation and sterilization

Product
sterilization

Product supply

Product filler

Aseptic filling

Packaging
stock

Figure 3.1

Comparison of con ven tional (top) and asep tic (bot tom) pro cess ing of food. In con ven-
tional pro cess ing, the food is placed in the con tainer, sealed, and ster il ized. In asep tic 
pro cess ing, the food and the con tainer are ster il ized sep a rately, flled, and sealed 
un der asep tic con di tions.
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pud dings, and high-acid prod ucts such as boxed fruit drinks. Aseptic 
pro cess ing and pack ag ing sys tems re duce en ergy, pack ag ing ma te rial, 
and dis tri bu tion costs.

Bacteriology of Sporeformers of Public Health Significance
Three spe cies of sporeformers, C. bot u li num, C. perfringens, and B. ce re us, 
cause foodborne ill ness. They are cov ered ex ten sively in later chap ters. 
There have also been oc ca sional in ci dences of in tes ti nal an thrax caused 
by eat ing con tam i nated raw or poorly cooked meat. Whereas B. anthracis 
is not con sid ered a foodborne path o gen, it is an or gan ism of vet er i nary 
im por tance be cause it can cause in fec tions in an i mals. The im pact of 
B. anthracis spores on so ci ety is dis cussed in Box 3.2; and an thrax can
be con sid ered a dis ease of “One Health” im por tance.

Other sporeformers are as so ci ated with food and non food en vi ron-
ments (Table 3.1). In some cases, ad vances in mo lec u lar bi  ol ogy have led 

Authors’ note
One Health is an ini tia tive to 
pro mote the in clu sive re la tion-
ship of health among an i mals, 
hu mans, and the en vi ron ment. 
One Health en cour ages 
col lab o ra tions be tween phy si-
cians, vet er i nar i ans, and oth ers 
in sci en tif ic-health and en vi ron-
men tally re lated dis ci plines. 
Many of the zoo notic dis eases 
in this text are di rectly im por-
tant to One Health.

Box 3.2
Bacillus anthracis

Anthrax is an acute zoonotic 
infectious disease caused by the 
spore-forming bacterium Bacillus 
anthracis. Anthrax most commonly 
occurs in wild and domestic animals 
like cattle, sheep, goats, camels, and 
antelopes. Infection can occur in 
cattle through the ingestion of 
contaminated soil, fodder, or 
compound feed. Anthrax is noted in 
the Merck Veterinary Manual as 
being most common in wild and 
domestic herbivores, where under-
diagnosis and unreliable reporting 
make it difficult to estimate the true 
incidence of anthrax worldwide. 
Anthrax spores in the soil are 
resistant to environmental pressures 
and can cause disease even years 
after an outbreak. For this reason, it 
is important that where an outbreak 
in cattle has occurred, carcasses 
must be disposed of properly and 
premises should be quarantined 
until all susceptible animals are 
vaccinated. Anthrax is a disease 
listed in the World Organisation for 
Animal Health (OIE) Terrestrial 
Animal Health Code as a reportable 
and notifiable disease. Anthrax 
disease also can occur in humans 
when they are exposed to infected 
animals or tissue from infected 

animals, or following an intentional 
release of anthrax spores as an agent 
of biological war or terrorism.

The reality of spore survival is 
especially important when thinking 
about transmission of anthrax. Here 
are some interesting facts. B. anthracis 
spores have been identified in soil 
samples from places where 50 years 
earlier animal carcasses had been 
buried.  In another study, spores 
remained viable for 60 years after 
being stored in a rubber-stoppered 
bottle. B. anthracis has even been 
cultured from bones recovered from 
archeological diggings in the northern 
regions of the Kruger National Park in 
Africa, from bones radiocarbon dated 
as being 200 ± 50 years old.

Unfortunately, you may be more 
familiar with frightening images of 
white powder being sent through the 
mail, amidst chaos and death. This is 
a real threat in our global society. In 
2001, attacks by transmission of 
Bacillus anthracis spores occurred, 
killing five people and causing 
disease in 22 individuals. Did you 
ever correlate these events to their 
microbiological origins? From this 
chapter, you learned the importance 
of spores in food production, but 

spores are all around us and are 
potential agents of bioterrorism. 
Emergency preparedness training 
includes essential information 
related to the transmission of spores.

Anthrax can be contracted in three 
different ways: through cuts or 
abrasions on the skin (cutaneous 
transmission), through inhalation of 
spores, or through consumption of 
raw or undercooked contaminated 
meat (intestinal transmission). For 
more information see The Merck 
Veterinary Manual “Overview of 
Anthrax” available online (http://
www.merckvetmanual.com/mvm/
generalized_conditions/anthrax/
overview_of_anthrax.html).

Chains of Bacillus anthracis cells are shown 
here under a light microscope. Can you see 
the spores? (U.S. Army Medical Research 
Institute of Infectious Diseases photo.)
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Table 3.1  Genera of Gram-positive spore-forming bac te ria

Genus Characteristics

Alicyclobacillus Thermophilic aciduric spore-forming bac te ria that  
sur vive hot fill pro cesses and cause spoil age in juic es

Amphibacillus Facultatively an aer o bic xy lan-degrading spore-forming bac te ria

Bacillus Aerobic spore-forming rod-shaped bac te ria

Clostridium Anaerobic spore-forming rod-shaped bac te ria

Desulfotomaculum Sulfate-reducing spore-forming bac te ria

Filobacillus Halophilic aer o bic spore-forming bac te ria

Geobacillus Thermophilic spore-forming rod-shaped bac te ria

Sporolactobacillus Spore-forming lac to ba cil li

Sulfolobus Sulfur-oxidizing ther mo philic aciduric spore-forming bac te ria

Table 3.2 Heat re sis tance of sporeformers of im por tance in foodsa

Type of spore Approx D100°C (min)

Spores of pub lic health sig nifi  cance

 Group I Clostridium bot u li num types A and B 7–30

 C. bot u li num type E 0.01

 Bacillus ce re us 3–200

 Clostridium perfringens 0.3–18

Mesophilic aer obes

 Bacillus subtilis 7–70

 Bacillus licheniformis 13.5

 Bacillus megaterium 1

 Bacillus polymyxa 0.1–0.5

 Bacillus thermoacidurans 2–3

Thermophilic aer obes

 Geobacillus stearothermophilus 100–1,600

 Bacillus coagulans 20–300

Mesophilic an aer obes

 Clostridium sporogenes 80–100

Thermophilic an aer obes

 Desulfotomaculum nigrificans <480

 Clostridium thermosaccharolyticum 400

a Source: Setlow P, John son AE, p. 33–70, in Doyle MP, Beuchat LR, Montville TJ, ed, Food 
Microbiology: Fundamentals and Frontiers, 2nd ed, ASM Press, Wash ing ton, DC, 2001.

to the di vi sion of a ge nus (e.g., Geobacillus thermophilus was once Bacil-
lus thermophilus; noth ing has changed, ex cept the name). In other cases, 
such as with Filobacillus, the or gan ism does not ft in any known ge nus, 
so a new one is ini ti ated. The ther mal re sis tance pa ram e ters for many 
foodborne sporeformers are shown in Table 3.2.

C. bot u li num is the prin ci pal mi cro bial haz ard in heat-processed vac-
u um-packed foods and in min i mally pro cessed re frig er ated foods. The 
ge nus Clostridium con sists of Gram-positive, an aer o bic, spore-forming 
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ba cilli that ob tain en ergy by fer men ta tion. C. bot u li num spores swell the 
mother spo ran gium, giv ing a “ten nis rack et” or club-shaped ap pear ance. 
The strains of C. bot u li num are het ero ge neous and pro duce an ti gen i cally 
dis tinct tox ins (A through G) that are strain spe cifc. Organisms that 
pro duce these toxin types fall into two larger groups, type I and type II. Type 
I C. bot u li num strains are mesophiles, pro duce heat-resistant spores, and 
make pro te ases that cause ob vi ous spoil age. Type II C. bot u li num strains 
are nonproteolytic and make spores that are less heat sen si tive. But they 
can grow at low tem per a tures. Thus, reg u la tors are con cerned that min-
i mally pro cessed re frig er ated food might be a bot u lism haz ard.

C. perfringens is wide spread in soils and in the in tes ti nal tracts of
hu mans and cer tain an i mals. C. perfringens grows ex tremely rap idly in 
high-protein foods. This is es pe cially true for meats that are cooked, kill-
ing veg e ta tive cells, and then tem per a ture abused, al low ing C. perfrin-
gens to grow. The time in the 40 to 140°F tem per a ture abuse zone al lows 
growth and pro duc tion of a di ar rheal en tero toxin. C. perfringens pro-
duces other ex tra cel lu lar tox ins and en zymes, but these are mainly im-
por tant for gas gan grene and an i mal dis eases. Its ubiq ui tous dis tri bu tion 
in foods and food en vi ron ments, for ma tion of spores that sur vive cook-
ing, and ex tremely high growth rate in warm foods (dou bling times of 6 
to 9 min at 43 to 45°C) are char ac ter is tics that lead C. perfringens to cause 
foodborne ill ness.

The heat re sis tance of C. perfringens spores var ies among strains. In 
gen eral, two clas ses of heat sen si tiv ity are com mon. Heat-resistant 
spores have D90°C (D194°F) val ues of 15 to 145 min and z val ues of 9 to 16°C 
(16 to 29°F), while heat-sensitive spores have D90°C val ues of 3 to 5 min 
and z val ues of 6 to 8°C (11 to 14°F). The spores of the heat-resistant class 
gen er ally re quire a heat shock of 75 to 100°C (167 to 212°F) for 5 to 20 
min in or der to ger mi nate. The spores of both clas ses may sur vive cook-
ing of foods and may be stim u lated by the heat shock that oc curs dur ing 
ther mal pro cess ing. Both clas ses cause di ar rheal foodborne ill ness.

The ge nus Bacillus con tains only two path o genic spe cies, B. anthracis 
and B. ce re us. B. ce re us can pro duce a heat-labile en tero toxin caus ing di-
ar rhea and a heat-stable toxin caus ing eme sis (vom it ing) in hu mans. 
Generally, the or gan ism must grow to very high num bers (>106/g of 
food) to cause hu man ill ness. B. ce re us is closely re lated to B. megate-
rium, B. thuringiensis, and B. anthracis. B. ce re us can be dis tin guished 
from these spe cies by bio chem i cal tests and the ab sence of toxin crys-
tals. Other ba cilli, in clud ing B. licheniformis, B. subtilis, and B. pumilus, 
have caused foodborne out  breaks, pri mar ily in the United Kingdom.

Spores of B. ce re us are lo cated in the cen tral to sub ter mi nal part of 
the veg e ta tive cell. Spore ger mi na tion oc curs over the range of 8 to 30°C 
(46.4 to 86°F). Spores from strains as so ci ated with food poi son ing have a 
heat re sis tance (D95°C [D203°F]) of ∼24 min. Other strains have a wider 
range of heat re sis tances. The strains in volved in food poi son ing may 
have higher heat re sis tances and there fore be more apt to sur vive cook ing.

Heat Resistance of C. bot u li num Spores
Heat re sis tance of spores var ies greatly among spe cies, and even among 
strains (Table 3.2). Group I C. bot u li num type A and pro teo lytic B strains 
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pro duce spores that are ex tremely heat re sis tant. They are the most im-
por tant sporeformers for the pub lic health safety of canned foods. Com-
mercial out  breaks of bot u lism as so ci ated with ol ives and other canned 
veg e ta bles led Esty and Meyer to con duct their clas sic in ves ti ga tions on 
the heat re sis tance of bot u li nal spores. (An example of a more recent 
important outbreak is mentioned in Box 3.3.) Esty and Meyer ex am ined 
109 type A and B strains at fve heat ing tem per a tures from 100 to 120°C 
(212 to 248°F). They found that the in ac ti va tion rate is log a rith mic be tween 
100 and 120°C, and the in ac ti va tion rate de pends on the spore con cen tra-
tion, the pH, and the food they are heated in. Esty and Meyer found that 
0.15 M phos phate bufer (Sorensen’s bufer), pH 7.0, gives the most con sis-
tent heat in ac ti va tion re sults; their stan dard ized sys tem for com par ing 
heat re sis tances is still used by re search ers. The data of Esty and Meyer 
can be ex trap o lated to give a max i mum value for D121.1°C of 0.21 min for 
C. bot u li num type A and B spores in phos phate bufer. The can ning in-
dus try uses D121°C as a stan dard in cal cu lat ing pro cess re quire ments. 
Proteolytic type F C. bot u li num spores have the fol low ing heat re sis-
tances: a D98.9°C of 12.2 to 23.2 min and a D110°C of 1.45 to 1.82 min. These 
val ues are much lower than for type A spores. Spores of nonproteolytic 
type B and E C. bot u li num have much lower heat re sis tances than pro-
teo lytic A and B strains. Type E spores have D70°C (D158°F) val ues vary ing 
from 29 to 33 min and D80°C (D176°F) val ues from 0.3 to 2 min de pend ing 
on the strains. The z val ues range from 13 to 15°F. The heat re sis tance of 
C. bot u li num spores de pends on en vi ron men tal and re cov ery con di tions. 
Heat re sis tance is mark edly af ected by acid ity. Esty and Meyer found 
that spores have max i mum re sis tance at pH 6.3 and 6.9 and that re sis-
tance de creases mark edly at pH val ues be low 5 or above 9. Increased 
so dium chlo ride or su crose con cen tra tions, as well as de creased aw, in-
crease the heat re sis tance of C. bot u li num spores. C. bot u li num spores 
coated in oil are more re sis tant to heat. Sporulation of C. bot u li num at 
higher tem per a tures re sults in spores with greater heat re sis tance, pos-
si bly through the for ma tion of heat shock pro teins.

Box 3.3
Outbreak update 

An in ter na tional out  break as so ci-
ated with bot u lism in com mer cial 
car rot juice oc curred in Sep tem ber 
2006, in Geor gia and Flo rida in the 
United States and in On tario, 
Can ada. Six peo ple con tracted bot u-
lism af ter in gest ing the con tam i-
nated juice. At 1 year af ter the on set 
of symp toms, one pa tient had died, 
two pa tients re mained de pen dent 
on ven ti la tors due to ill ness, and 
three were no lon ger de pen dent on 
ven ti la tors. The need for val i da tion 

of heat treat ment was a crit i cal 
out  come of this out  break. In the 
1980s, com mer cially pro duced jars 
of gar lic packed in oil caused a 
se ries of bot u lism out  breaks due to 
the lack of bar ri ers of acid ity, salt, 
and sugar. After these out  breaks, 
the FDA re quire ment for the 
ad di tion of an acid i fi ca tion pre ser-
va tive pre vented fur ther out  breaks 
from this prod uct. In June 2007, in 
re sponse to the car rot juice out -
break, the FDA mod i fied guid ance 

for re frig er ated low-acid juices to 
rec om mend add ing a val i dated 
juice-treatment method, in clud ing 
acid i fi ca tion or ap pro pri ate ther mal 
treat ment to de crease the risk of 
C. bot u li num con tam i na tion in the 
case of a breach in re frig er a tion.
Sheth AN, Wiersma P, Atrubin D, Dubey V, 
Zink D, Skinner G, Doerr F, Juliao P, 
Gon za lez G, Bur nett C, Drenzek C, Shuler C, 
Aus tin J, El lis A, Maslanka S, Sobel J. 2008. 
International out  break of se vere bot u lism 
with pro longed tox e mia caused by com mer-
cial car rot juice. Clin Infect Dis 47:1245–1251.
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C. bot u li num spores of groups I and II are highly re sis tant to ir ra di a-
tion com pared with most veg e ta tive cells. It is prob a bly not prac ti cal to 
in ac ti vate them in foods by ir ra di a tion. C. bot u li num spores have a D of 
2.0 to 4.5 kGy. C. bot u li num spores are also highly re sis tant to eth yl ene 
ox ide but are in ac ti vated by hal o gen sanitizers and by hy dro gen per ox-
ide. Hydrogen per ox ide is com monly used for san i tiz ing sur faces in 
asep tic pack ag ing. Halogen sanitizers are used in can nery cool ing wa ters.

Spoilage of Acid and Low-Acid Canned and Vacuum-Packaged  
Foods by Sporeformers
Thermally pro cessed low-acid foods re ceive a heat treat ment ad e quate to 
kill spores of C. bot u li num but not suf  cient to kill more heat-resistant 
spores. Acid and acid i fed foods with an equi lib rium pH of ≤4.6 are not 
heated enough to in ac ti vate all  spores. Most spe cies of sporeformers do 
not grow un der acid con di tions. Inactivation of these spores is un nec es-
sary (since they can not grow). A pro cess that in ac ti vated them would 
de crease food qual ity and nu tri tion. Other foods, such as cured meats and 
hams that are not heated enough to kill spores, must be kept re frig er ated to 
pre vent mi cro bial growth. Nonpathogenic sporeformers cause spoil age in 
these foods.

The spores nat u rally pres ent in foods and the can nery en vi ron ment 
con trib ute to spoil age prob lems. Dry in gre di ents such as sugar, starches, 
flours, and spices of ten con tain high spore lev els. Spore pop u la tions can 
also ac cu mu late in a food-processing plant, such as ther mo philic spores 
on heated equip ment and saccharolytic clos tridia in plants pro cess ing 
sug ar-rich foods such as fruits.

The prin ci pal spoil age or gan isms and spoil age man i fes ta tions are 
pre sented in Table 3.3. The prin ci pal clas ses of sporeformers caus ing 
spoil age are ther mo philic flat-sour or gan isms, ther mo philic an aer obes 
not pro duc ing hy dro gen sul fde, ther mo philic an aer obes form ing hy-
dro gen sul fde, pu tre fac tive an aer obes, fac ul ta tive Bacillus mesophiles, 
bu tyric clos tridia, lac to ba cilli, and heat-resistant molds and yeasts. Ali-
cyclobacillus acidoterrestris and psychrotrophic clos tridia can spoil fruit 
prod ucts and meat, re spec tively. Alicyclobacillus is par tic u larly no tice-
able be cause it causes a dis in fec tant smell in juices be fore they ap pear 
vis i bly spoiled. These sporeformers are con trolled by mon i tor ing raw 
foods to limit the ini tial spore load, ther mal pro cess ing ap pro pri ate for 
stor age and dis tri bu tion con di tions, cool ing prod ucts rap idly, chlo ri na-
tion of cool ing wa ter, and good manufactur ing prac tices.

Heat-resistant fungi cause spoil age of acidic foods, par tic u larly fruit 
prod ucts. Heating for a few min utes at 60 to 75°C kills most fl a men tous 
fungi and yeasts. However, heat-resistant fungi pro duce thick-walled as-
co spores that sur vive heat ing at ≥85°C for 5 min. The most com mon 
heat-resistant spoil age fungi are Byssochlamys, Neosartorya, Talaromyces, 
and Eupenicillium. Some heat-resistant fungi also pro duce toxic sec ond-
ary me tab o lites called my co tox ins. To pre vent spoil age of heat-treated 
foods, raw ma te ri als should be screened for heat-resistant fungi and 
strict good manufactur ing prac tices and san i ta tion pro grams should be 
fol lowed. Manipulation of aw and ox y gen and the ap pli ca tion of antimy-
cotic agents can pre vent fun gal growth.



|  Chapter 358

Table 3.3  Spoilage of canned foods by sporeformersa

Type of spoil age pH Major sporeformer(s) re spon si ble Spoilage de fects

Flat-sour ≥5.3 B. coagulans, B. stearothermophilus No gas, pH low ered. May have ab nor mal odor and 
cloudy li quor.

Thermophilic an aer obe ≥4.8 C. thermosaccharolyticum Can swells, may burst. Anaerobic end prod ucts 
give sour, fer mented, or bu tyric odor. Typical foods 
are spin ach and corn.

Sulfide spoil age ≥5.3 D. nigrificans, Clostridium  
bifermentans

Hydrogen sul fide pro duced, giv ing rot ten-egg odor. 
Iron sul fide pre cip i tate gives black ened ap pear ance. 
Typical foods are corn and peas.

Putrefactive an aer obe ≥4.8 C. sporogenes Plentiful gas. Disgusting pu trid odor. pH of ten 
in creased. Typical foods are corn and as par a gus.

Psychrotrophic 
clos trid ia

>4.6 Spoilage of vac u um-packaged chilled meats; 
pro duc tion of gas, off-flavors and odors, and 
dis col or ation.

Aerobic sporeformers ≥4.8 Bacillus spp. Gas usu ally ab sent ex cept for cured meats; milk is 
co ag u lated. Typical foods are milk, meats, and 
beets.

Butyric spoil age ≥4.0 C. butyricum and Clostridium 
ter ti um

Gas, ace tic and bu tyric odors. Typical foods are 
to ma toes, peas, ol ives, and cu cum bers.

Acid spoil age ≥4.2 B. thermoacidurans Flat (Bacillus) or gas (bu tyric an aer obes). Off-odors 
de pend on or gan ism. Common foods are to ma-
toes, to mato prod ucts, and other fruits.

<4 Alicyclobacillus acidoterrestris Flat spoil age with off-flavors. Most com mon in fruit 
juices and acid veg e ta bles; also re ported to spoil 
iced tea.

a Source: Setlow P, John son EA, p. 33–68, in Doyle MP, Beuchat LR, Montville TJ (ed), Food Microbiology: Fundamentals and Frontiers, 3rd ed, ASM 
Press, Wash ing ton, DC, 2007.

SPORE BIOLOGY
Structure
The spore is re leased from the mother cell at the end of spor u la tion. 
Spores are biochemically, struc tur ally, and phys i o log i cally dif er ent from 
veg e ta tive cells. The spore has seven lay ers: the exosporium, coats, outer 
mem brane, cor tex, germ cell wall, in ner mem brane, and core (Fig. 3.2). 
Many spore struc tures have no coun ter parts in the veg e ta tive cell.

The out  er most spore layer, the exosporium, var ies in size among spe-
cies. Underlying the exosporium are the spore coats. The spore coats 
pro tect the spore cor tex from at tack by lytic en zymes. Underlying the 
spore coats is the outer spore mem brane. It helps keep the spore im per-
me able to small mol e cules.

The cor tex is un der the outer mem brane. The pep ti do gly can that 
makes up the cor tex is struc tur ally sim i lar to cell wall pep ti do gly can, but 
with sev eral dif er ences. The spore pep ti do gly can al ways con tains diami-
nopimelic acid, which is not found in the veg e ta tive cell wall (Fig. 3.3). 
The spore cor tex me chan i cally de hy drates the spore core and is re spon-
si ble for much of spore re sis tance (see be low).

Between the cor tex and the in ner mem brane is the germ cell wall. Its 
struc ture may be iden ti cal to that in veg e ta tive cells. The next struc ture, 
the in ner spore mem brane, is a com plete mem brane. It is a very strong 
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per me abil ity bar rier. This mem brane’s phos pho lipid con tent is sim i lar 
to that of veg e ta tive cells.

Finally, the spore core con tains the spore’s DNA, ri bo somes, and most 
en zymes, as well as the de pos its of pyr i dine-2,6-carboxylic acid (dipico-
linic acid [DPA]) and di va lent cat ions. There are many unique com pounds 
in the dor mant spore, in clud ing the large pool of small ac id-soluble pro-
teins (SASP), which com prises 10 to 20% of spore pro tein. Much of the 
SASP is bound to spore DNA. Spore cores have very low wa ter con tent. 
While veg e ta tive cells have ∼4 g of wa ter per g of dry weight, the spore 
core has only 0.4 to 1 g of wa ter per g of dry weight. The core’s low wa ter 
con tent is re spon si ble for spore dor mancy and spore re sis tance. The spore 
cor tex gen er ates and main tains spore core de hy dra tion, but the pre cise 
mech a nism(s) in volved is un known.

Macromolecules
Spores are biochemically dif er ent from veg e ta tive cells. Some spore pro-
teins are ab sent in the veg e ta tive cell. The SASP play a ma jor role in spore 
re sis tance. The bind ing of these pro teins to DNA pro vi des re sis tance to 

Core

Coats
Cortex

Germ cell wall

Inner forespore
membrane

Outer forespore
membrane

Exosporium

Figure 3.2

Structure of a dor mant spore. The var i ous struc tures are not drawn pre cisely to scale, 
es pe cially the exosporium, the size of which var ies tre men dously among spores of 
dif er ent spe cies. The rel a tive size of the germ cell wall is also gen er ally smaller than 
shown. The po si tions of the in ner and outer forespore mem branes, be tween the core 
and the germ cell wall and be tween the cor tex and coats, are also noted. (Redrawn 
from Setlow P, Johnson EA, p. 33–70, in Doyle MP, Beuchat LR, Montville TJ, ed, Food 
Microbiology: Fundamentals and Frontiers, 2nd ed, ASM Press, Wash ing ton, DC, 2001.)
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Figure 3.3

Structure of DPA. Note that at phys i o-
log i cal pH both car boxyl groups are 
ion ized.
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chem i cal and en zy matic cleav age of the DNA back bone and al ters the 
DNA’s ul tra vi o let (UV) pho to chem is try. Conversely, many pro teins pres-
ent in veg e ta tive cells are ab sent in spores. These in clude amino acid 
and nu cle o tide bio syn thetic en zymes. The cat a bolic en zymes for us ing 
amino acid and car bo hy drate are pres ent in both spores and cells. Spore 
DNA ap pears iden ti cal to cell DNA.

Small Molecules
The spore’s small mol e cules, lo cated in the core, are dif er ent from those 
in cells. The small amount of spore core wa ter and the huge de posit of 
DPA and di va lent cat ions have al ready been noted (Table 3.4). The ions 
in the spore core are im mo bile since there is no free wa ter. The pH in 
the spore core is 1 to 1.5 units lower than that in a grow ing cell. In con-
trast to grow ing cells, spores have lit tle, if any, “high-energy” com pounds, 
such as deoxynucleoside tri phos phates, ri bo nu cle o side tri phos phates, 
re duced pyr i dine nu cle o tides, and acyl co en zyme A (ac yl-CoA) (Table 3.4).

Table 3.4 Small mol e cules in cells and spores of Bacillus spe cies

Moleculea

Content (mmol/g [dry wt]) in:
Cellsb Sporesc

ATP 3.6 ≤0.005

ADP 1 0.2

AMP 1 1.2–1.3

Deoxynucleotides 0.59d <0.025e

NADH 0.35 <0.002f

NAD 1.95 0.11f

NADPH 0.52 <0.001f

NADP 0.44 0.018f

Acyl-CoA 0.6 <0.01f

CoASH 0.7 0.26f

CoASSX <0.1 0.54f

3PGA <0.2 5–18

Glutamic ac id 38 24–30

DPA <0.1 410–470

Ca2+ 380–916

Mg2+ 86–120

Mn2+ 27–56

H+ 7.6–8.1g 6.3–6.9g

a Abbreviations: ATP, aden o sine 5′-triphosphate; ADP, aden o sine 5′-diphosphate; AMP, aden o-
sine 5′-monophosphate; NADH, re duced nic o tin amide ad e nine di nu cle o tide; NAD, nic o tin-
amide ad e nine di nu cle o tide; NADPH, re duced nic o tin amide ad e nine di nu cle o tide phos phate; 
NADP, nic o tin amide ad e nine di nu cle o tide phos phate; CoASH, free CoA; CoASSX, CoA in 
disulfde link age to CoA or a pro tein; 3PGA, 3-phosphoglycerate.

b  Values for B. megaterium in mid-log phase.
c  Values are ranges from spores of B. ce re us, B. subtilis, and B. megaterium.
d  Value is the to tal of all  four deoxynucleoside tri phos phates.
e  Value is the sum of all  four deoxynucleotides.
f  Values are for B. megaterium on ly.
gValues are ex pressed as pHs and are ranges for B. ce re us, B. megaterium, and B. subtilis.
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Dormancy
Spores are met a bol i cally dor mant. They have no de tect able me tab o lism. 
The ma jor cause of the spore’s met a bolic dor mancy is un doubt edly its 
low wa ter con tent, which pre cludes en zyme ac tion. Dormancy is fur ther 
dem on strated by en zyme-substrate pairs in the core which are sta ble 
for months to years but which are de graded in the frst 15 to 30 min of 
ger mi na tion.

Resistance
The spore’s dor mancy helps it sur vive for ex tremely long pe ri ods in the 
ab sence of nu tri ents (Box 3.4). A sec ond fac tor in long-term spore sur-
vival is the spore’s ex treme re sis tance to heat, ra di a tion, chem i cals, and 
des ic ca tion. Spores are much more re sis tant than veg e ta tive cells. Spore 
re sis tance is due to many fac tors, such as spore core de hy dra tion, SASP, 
and im per me abil ity. Since dif er ent fac tors con trib ute to dif er ent types 
of re sis tance, it is not sur pris ing that dif er ent types of re sis tance are 
gained at dif er ent times in spor u la tion. The mech a nisms of spore heat, 
UV light, and H2O2 re sis tance have been de ter mined. The fol low ing dis-
cus sion of spore re sis tance con cen trates on B. subtilis be cause of the de-
tailed mech a nis tic data avail  able for this or gan ism. Factors in volved in 
re sis tance of B. subtilis spores are un doubt edly in volved in re sis tance of 
other spe cies.

Freezing and Desiccation Resistance
Some grow ing bac te ria are killed dur ing freez ing (al though not enough 
for freez ing to be con sid ered a le thal pro cess). Killing also oc curs dur ing 
dry ing. The pre cise mech a nism(s) of kill ing is not clear, but one cause 
may be DNA dam age; freeze-drying cells can cause sig nif  cant mu ta-
gen e sis. Spores, how ever, are re sis tant to mul ti ple cy cles of freeze-drying. 
A com plete ex pla na tion for spore dry ing re sis tance is not yet avail  able. 
However, the SASP con trib ute to this by pre vent ing DNA dam age.

Box 3.4
Ju ras sic spores

Just how long can spores be 
dor mant and still be vi a ble? Think 
along geo log i cal time lines. The 
earth was formed about 6 bil lion 
years ago. Bacteria came on the 
scene about 3 bil lion years ago. 
Dinosaurs went ex tinct 65 mil lion 
years ago. “Humanity” is about  
6 mil lion years old. Bacteria, as a 
class, clearly have stay ing power. 
Individual or gan isms also have 
stay ing power. Raúl Cano, a 
mi cro bi ol o gist at Cal i for nia Poly-

technic University, res ur rected a 
spore that had been dor mant for 
25 mil lion to 40 mil lion years. Bacillus 
spe cies have a sym bi otic re la tion-
ship with bees, which are fre quently 
em bed ded in am ber. Spores had 
been ob served in these bees by 
elec tron mi cros copy, and spore 
DNA had been iso lated, but no one 
had ever de ter mined if the spores 
were still alive. Cano rig or ously 
ster il ized the am ber sam ples and 
all  of the ex per i men tal ma te rial 

be fore pul ver iz ing it into broth 
where spores could nor mally grow. 
Grow they did! The spores pro-
duced ba cilli. Analysis of their 
DNA showed that they were 
an cient and un re lated to any 
mod ern ba cilli that could have 
been po ten tial con tam i nants. 
Cano RJ, Borucki MK. 1995. Revival and 
iden ti fi ca tion of bac te rial spores in 24–40 
mil lion year old Do min i can am ber. Science 
228:1060–1064.

Authors’ note
Dormant spores that have been 
trapped in pre his toric am ber 
for 20 mil lion years have 
ger mi nated and re sumed 
growth as veg e ta tive cells when 
in tro duced to mi cro bi o log i cal 
me dia!
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Pressure Resistance
Spores are much more re sis tant to high pres sures (≥12,000 atm) than cells 
are. Spores are more re sis tant than cells to lower pres sures, but par a dox-
i cally, spores are killed more rap idly at lower pres sures than they are at 
higher pres sures. This ap par ent anom aly is due to the fact that lower pres-
sures pro mote spore ger mi na tion; the ger mi nated spores are then rap idly 
killed at high pres sure. High pres sures do not pro mote spore ger mi na tion.

γ-Radiation Resistance
Spores are gen er ally more re sis tant to γ-radiation than are veg e ta tive 
cells. In the few spe cies stud ied, γ-radiation re sis tance is gained dur ing 
spor u la tion 1 to 2 h be fore heat re sis tance is ac quired. The pre cise fac tors 
in volved in spore γ-radiation re sis tance are not known, al though SASP 
are not in volved. Radiation re sis tance does not cor re late with heat re sis-
tance. The low wa ter con tent in the spore core may pro vide pro tec tion 
against γ-radiation. Radiation pre sum ably dam ages spore DNA through 
an un known mech a nism.

UV Radiation Resistance
Spores are 7 to 50 times more re sis tant than are veg e ta tive cells to UV 
light. During spor u la tion, UV re sis tance is ac quired 2 h be fore heat re sis-
tance, in par al lel with syn the sis of SASP. The lat ter pro teins are es sen tial 
for spore UV re sis tance. Coats, cor tex, and core de hy dra tion are not nec-
es sary for spore UV re sis tance.

Chemical Resistance
Spores are much more re sis tant than cells to many chem i cals, pH 
 ex tremes, and lytic en zymes such as ly so zyme. Resistance of spores 
to chem i cals is ac quired at dif er ent times in spor u la tion. For some 
com pounds, spore coats play a role in chem i cal re sis tance, pos si bly by 
pro vid ing an ini tial bar rier against at tack. This is clearly true for lytic 
en zymes, as spores with coats re moved are sen si tive to ly so zyme. The 
in abil ity of most mol e cules to pen e trate into the spore core plays an im-
por tant role in chem i cal re sis tance.

Heat Resistance
The heat re sis tance of spores is a huge prob lem for the food in dus try. It 
is prob a bly the best-studied form of re sis tance. Spore heat re sis tance is 
truly re mark able; many spores with stand 100°C for sev eral min utes. 
Heat re sis tance is of ten quan ti fed as a Dt value, which is the time, in 
min utes, at the tem per a ture (t) needed to kill 90% of a pop u la tion. Gen-
erally, D val ues for spores at a tem per a ture of t + 40°C are about equal to 
those for their veg e ta tive cell coun ter parts at tem per a ture t. An of ten 
over looked fea ture of spore heat re sis tance is that the ex tended sur vival 
of spores at el e vated tem per a tures is par al leled by even lon ger sur vival 
times at lower tem per a tures. Spore D val ues in crease 4- to 10-fold for 
each 10°C de crease in tem per a ture. Consequently, a spore with a D90°C of 
30 min may have a D20°C of many years.

We do not know what tar get(s) is dam aged by heat when spores are 
killed. The kill ing of spores by heat is not caused by DNA dam age or 
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mu ta gen e sis. Protein(s) may be the tar get of spore heat kill ing. Sublethal 
heat treat ment can also in jure spores. This dam age can be re paired dur-
ing spore ger mi na tion and out  growth. Several fac tors that mod u late 
spore heat re sis tance are dis cussed be low.

Sporulation Temperature
Elevated spor u la tion tem per a tures in crease spore heat re sis tance. Indeed, 
spores of ther mo philes are gen er ally more heat re sis tant than spores of 
mesophiles. Since spore mac ro mol e cules are iden ti cal to cell mac ro-
mol e cules, spore mac ro mol e cules are not in trin si cally heat re sis tant. 
Presumably, the to tal mac ro mo lec u lar con tent of spores from ther mo-
philes is more heat sta ble than that of mesophiles. This would ac count for 
their higher heat re sis tance (Fig. 3.4). However, spores of the same strain 
pre pared at var i ous tem per a tures are most re sis tant when pre pared at the 
high est tem per a ture.

α/β-Type SASP
Surprisingly, nei ther gen eral mu ta gen e sis nor DNA dam age oc curs dur-
ing the kill ing of spores by wet heat. Therefore, spore DNA must be well 
pro tected against heat dam age, and the ther mal in ac ti va tion of spores 
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Figure 3.4

Influence of spor u la tion tem per a ture on D val ues of Bacillus subtilis spor u lated at 32°C 
(pale green dots) or 52°C (dark green dots). (Redrawn from Sala FJ, Ibarz P, Palop A, 
Raso J, Con don S, J Food Prot 58:239–243, 1995. Copyright International Association 
for Food Protection, Des Moines, IA.)
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must be due to other mech a nisms. The ma jor cause of spore DNA pro-
tec tion against heat dam age ap pears to be the sat u ra tion of spore DNA 
by α/β-type SASP. Spores from B. subtilis α−β− mu tants are more heat 
sen si tive than those of wild-type strains.

Dry heat af ects spores dif er ently than wet heat. First, spores are much 
more re sis tant to dry heat than to wet heat. D val ues are 100- to 1,000-
fold higher in dry ver sus hy drated spores. Second, spores have a rather 
high level of mu ta gen e sis (∼12% of sur vi vors) when killed by dry heat. 
This mu ta gen e sis dam ages spore DNA.

Core Water Content and Heat Resistance
Low core wa ter con tent is a ma jor fac tor in heat re sis tance. The spore be-
comes more heat re sis tant as it is de hy drated. The spore cor tex is es sen-
tial for cre at ing and main tain ing the de hy drated state of the spore core. 
This is un doubt edly due to the cor tex’s abil ity to change its vol ume upon 
changes in ionic strength and/or pH. If the ex pan sion in cor tex vol ume 
were re stricted to one di rec tion, i.e., to wards the spore core, me chan i cal 
ac tion in the op po site di rec tion would ex press wa ter from the core.

There is a good cor re la tion be tween spore core wa ter con tent and heat 
re sis tance over a 20-fold range of D val ues. However, at the ex tremes of 
core wa ter con tents, D val ues vary widely, pre sum ably re flect ing the im-
por tance of other fac tors such as spor u la tion tem per a ture, cor tex struc-
ture, etc. Presumably, wa ter-driven chem i cal re ac tions are in hib ited by 
the spore core’s low wa ter con tent. Low wa ter con tent also con trib utes to 
heat re sis tance and sta bi lizes mac ro mol e cules, such as pro teins, by re-
strict ing their mo lec u lar mo tion.

THE CYCLE OF SPORULATION AND GERMINATION
Sporulation
Spores are made in re sponse to en vi ron men tal stress or nu tri ent de ple-
tion. The mo lec u lar bi ol o gies of spor u la tion and spore re sis tance have 
been ex ten sively stud ied in the ge nus Bacillus. Whereas spores formed 
by Alicyclobacillus, Clostridium, Desulfotomaculum, and Sporolactobacillus 
are also prob lem atic in foods, much less is known about them.

The frst event of spor u la tion is an un equal cell di vi sion, which cre ates 
the smaller spore com part ment and the larger mother cell com part ment. 
As spor u la tion pro ceeds (Fig. 3.5), the mother cell en gulfs the forespore, 
re sult ing in a cell (the forespore) within a cell (the mother cell). Each has 
a com plete ge nome. Because the spore is formed within the mother cell, 
it is called an en do spore.

Genes are ex pressed at spe cifc times and places dur ing spor u la tion. 
Some genes are ex pressed only in the mother cell. Other genes are ex-
pressed only in the spore. Gene ex pres sion is con trolled by the or dered 
syn the sis and ac ti va tion of new sigma (spec i fc ity) fac tors for RNA po ly-
mer ase. Many DNA-binding pro teins, both re pres sors and ac ti va tors, also 
reg u late gene ex pres sion dur ing spor u la tion.

As spor u la tion pro ceeds, there are strik ing mor pho log i cal and bio-
chem i cal changes in the de vel op ing spore. It be comes en cased in two 
lay ers, the spore cor tex and the spore coat. These lay ers are not found in 
veg e ta tive cells. The spore also ac cu mu lates a huge store (≥10% of dry 

Authors’ note
Sporulation is quite com pli-
cated. The sci ence of spor u la-
tion con tin ues to grow. See Box 
3.5 to read about superdormant 
sporeformers.
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weight) of DPA (Fig. 3.3), found only in spores. It also has a large amount 
of di va lent cat ions, pri mar ily cal cium. The spore is then met a bol i cally 
dor mant and ex tremely re sis tant to heat, ra di a tion, and chem i cals. Dor-
mant spores are re frac tile (bright) when viewed un der a phase-contrast 
mi cro scope.

Activation
Dormant spores re sume me tab o lism when they ger mi nate (Fig. 3.5). 
Spores ger mi nate more rap idly and com pletely if “ac ti vat ed” prior to ex-
po sure to a nu tri ent that in duces ger mi na tion (i.e., a germinant). There 
are many ways to ac ti vate spores. The most widely used is a sub le thal 
heat shock (e.g., 10 min at 80°C). The pre cise changes in duced by spore 
ac ti va tion are not clear. In some spe cies, the ac ti va tion is re vers ible. In 
most spe cies, heat ac ti va tion re leases a small amount of the spore’s DPA.

Germination
Spores lose most of their unique at tri butes, in clud ing heat re sis tance, 
within min utes of en coun ter ing a germinant. (A germinant is a com-
pound, such as an amino acid, that in duces ger mi na tion.) The spores lose 
DPA and SASP. During this time, ac tive me tab o lism be gins, and syn-
the sis of large mol e cules starts. Eventually, the ger mi nated spore dif er-
en ti ates into a grow ing veg e ta tive cell.

Spore ger mi na tion oc curs dur ing the frst 20 to 30 min af ter mix ing 
of spores and germinant. During this pe riod, a re sis tant dor mant spore, 
with a cor tex and a large pool of DPA, min er als, and SASP, is trans-
formed to a sen si tive, ac tively me tab o liz ing ger mi nated spore in which 
the cor tex and SASP have been de graded. These deg ra da tive changes can 
oc cur in the ab sence of nu tri ents. However, fur ther con ver sion of the 
ger mi nated spore into a grow ing cell re quires bio syn thetic re ac tions and 
added nu tri ents.

Spore ger mi na tion can be trig gered by many com pounds, in clud ing 
amino ac ids, sug ars, salts, and DPA. How these com pounds trig ger 
spore ger mi na tion is not clear. Metabolism of the germinant is not 
re quired. Indeed, even in or ganic salts cause spores to ger mi nate. The 
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Figure 3.5

Cycle of spor u la tion, dor mancy, ac ti va tion, and 
out  growth.

Authors’ note
If one enu mer ates a pop u la tion 
of 850,000 spores per ml on 
agar me dium, the col ony count 
may be as low as 75,000. If the 
spores are heated for 10 min  
at 80°C (heat shocked), this 
pop u la tion might in crease to 
775,000.
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ste reo spec i fc ity of germinants (e.g., l-alanine is a germinant, whereas 
d-alanine of ten in hib its ger mi na tion) sug gests that some germinants 
in ter act di rectly with spe cifc pro teins.

In the frst min utes of spore ger mi na tion, pro tons and some di va lent 
cat ions are re leased. Release of DPA, loss of spore refractility, and cor tex 
deg ra da tion fol low. During ger mi na tion, the spore ex cretes up to 30% of 
its dry weight, and the core wa ter con tent in creases to that of the veg e ta-
tive cell. These events re quire large changes in the per me abil ity of the 
in ner spore mem brane. However, nei ther the na ture nor the mech a nism 
of these changes is un der stood. The changes ac com pa ny ing the ini ti a-
tion of spore ger mi na tion may be ex tremely fast. An in di vid ual spore 

Box 3.5
Superdormant sporeformers

Bacterial sporeformers are diff er ent, 
and the same can be said for spores. 
All spores are not cre ated equal. 
Bacterial spores en ter a dor mant 
sur vival state trig gered in the host 
cell by nu tri ent de ple tion. The spore 
then con verts to a veg e ta tive state 
when nu tri ents be come pres ent; 
some times these nu tri ents are called 
germinants. This is the ba sis of the 
adap tive mech a nism that al lows 
bac te rial cells to last long pe ri ods of 
time in soils and in foods. Resistant 
spores are a con tin u ous con cern for 
the food in dus try. The goal of us ing 
hur dle tech nol ogy is to ger mi nate 
spores in a food prod uct and then 
in ac ti vate the veg e ta tive cells; 
how ever, the pres ence of superdor-
mant spores cells can make this goal 
diffi  cult. Superdormancy is a rel a tive 
term and superdormant spores may 
not be ge net i cally diff er ent from 
other spores in the pop u la tion.

Superdormant spores are spores 
that ger mi nate ex tremely slowly, if at 
all . Superdormancy is a char ac ter is-
tic of spores from Bacillus and 
Clostridium spe cies. The risk is that 
superdormant spores may re main in 
a food prod uct even af ter ger mi na-
tion and in ac ti va tion mea sures have 
been ap plied to the food. Why are 
some spores superdomant? The 
cause is be lieved to be a lack of 

nu tri ent re cep tors on the spore’s 
in ner mem brane. This is an ac tive 
area of re search. The good news is 
that re search ers be lieve that the 
num ber of superdormant spores 
within a food prod uct is likely to be 
low, mak ing ap pli ca tion of in ac ti va-
tion mea sures ex tremely im por tant.

Another emerg ing chal lenge to the 
food in dus try is the pres ence of 
psychrotolerant sporeformers. 
There are three ma jor play ers in this 
chal lenge: Bacillus ce re us, Bacillus 
weihenstephanensis, and Clostridium 
bot u li num type E. Psychrotolerant 
sporeformers may be as so ci ated 
with milk, rice, veg e ta bles, po ta-
toes, grains, and ce re als. B. weihen-
stephanensis is sim i lar to B. ce re us, 
yet they are ge net i cally diff er ent. B. 
weihenstephanensis has caused 
out  breaks and deaths re lated to 
con tam i nated in fant for mula in 
Eu rope, where the clin i cal iso late 
was iso lated from equip ment in the 
pro cess ing fa cil ity. One grow ing 
con cern is the pres ence of B. 
weihenstephanensis in raw milk, 
where spores have the po ten tial to 
ger mi nate and pro duce toxin dur ing 
re frig er a tion. Some spores have 
been shown to sur vive the pas teur i-
za tion pro cess. A walk through the 
fruit and veg e ta ble aisle at a large 
su per mar ket pro vi des ev i dence of 

the growth of cold-pressed juice 
in dus try. Cold-pressed juices have 
ex ploded in pop u lar ity since 2014 
and con tin ued growth is an tic i-
pated. These juices are pres sur ized 
with out  heat at 500 to 600 mPa  
for 1 to 2 min utes. The pres sure 
var i ables here could al low for spore 
sur vival, ger mi na tion, and out -
growth at re duced tem per a tures, 
fol lowed by toxin pro duc tion.

So spores con tinue to baf e food 
sci en tists, es pe cially given the 
grow ing con sumer de mand for 
con ve nient min i mally pro cessed, 
re frig er ated foods with ex tended 
shelf life. Psychrotolerant path o-
gens may have the abil ity to 
ger mi nate, grow, and po ten tially 
pro duce tox ins at re frig er a tion 
abuse tem per a tures. Of great est 
con cern are those foods that are 
min i mally pro cessed and not 
heated prior to con sump tion. 
Research con tin ues to in ves ti gate 
mech a nisms by which sporeform-
ers per sist in foods as well as their 
means of ger mi na tion, out  growth, 
and in ac ti va tion. 
Markland SM, Farkas DF, Kniel KE,  
Hoo ver DDG. 2013. Pathogenic psychrotol-
erant sporeformers: an emerg ing chal lenge 
for low-temperature stor age of min i mally 
pro cessed foods. Foodborne Pathog Dis 
10:413–419.
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can lose refractility in as lit tle as 30 s to 2 min. However, for a spore 
pop u la tion, the time can be much lon ger. Individual spores ini ti ate ger-
mi na tion af ter widely dif er ent lag times.

RNA syn the sis starts dur ing the frst few min utes of ger mi na tion. It 
uses nu cle o tides stored in the spore or gen er ated by break down of pre-
ex ist ing spore RNA. Protein syn the sis be gins shortly af ter RNA syn the-
sis. Early in ger mi na tion, amino ac ids pro duced from SASP break down 
are used for pro tein syn the sis.

Outgrowth
The tran si tion from spore ger mi na tion to spore out  growth is not dis-
tinct. Outgrowth is the time from ∼25 min af ter the start of ger mi na tion 
un til the frst cell di vi sion. Existing com pounds are used for most pro-
cesses dur ing ger mi na tion. Outgrowth re quires the syn the sis of new 
amino ac ids, nu cle o tides, and other small mol e cules.

Germination pro ceeds for at least 60 min be fore DNA rep li ca tion is 
ini ti ated, but DNA re pair can oc cur well be fore DNA rep li ca tive syn the sis. 
Even in the frst min ute of ger mi na tion, spores con tain deoxynucleoside 
tri phos phates. During spore out  growth, the vol ume of the out  grow ing 
spore con tin ues to in crease, re quir ing the syn the sis of mem brane and 
cell wall com po nents.

Summary

•  Spores are unique life forms that are re sis tant to many stress es.

•  The heat re sis tance of spores in food is mea sured as their D value, i.e., the num ber of min utes at a given
tem per a ture re quired to kill 90% of the spores. The z value is the num ber of de grees that it takes to change
the D value by a fac tor of 10.

•  Low-acid canned foods are those with a pH of >4.8 and an aw >0.85.

•  Commercial ste ril ity is achieved through the ap pli ca tion of a 12D bot u li num cook.

•  Many sporeformers cause eco nomic spoil age.

•  Sporulation is the pro cess by which a veg e ta tive cell pro duces a spore.

•  Germination and out  growth en able the spore to re sume life as a veg e ta tive cell.

•  The spore cor tex is a unique form of pep ti do gly can that con trib utes to spore re sis tance.

•  Dipicolinic acid and small ac id-soluble pro teins (SASP) also con trib ute to spore re sis tance.

•  The ther mal re sis tance of a spore crop is influ enced by many fac tors, in clud ing its spor u la tion tem per a ture.

•  The rel a tively low wa ter con tent of the spore core helps make it re sis tant.

•  Sporulation, ger mi na tion, and out  growth are parts of the spore’s life cy cle.
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Questions for crit i cal thought
  1.  You may re mem ber that low-acid canned foods must re ceive a ther mal pro cess 

equiv a lent to 2.4 min at 250°F. This cal cu la tion is based on a 12-log re duc tion of 
C. bot u li num spores, which have a D250°F of 0.2 min. Consider two pro cess de vi a tions. 
In de vi a tion A, the tem per a ture is cor rect, but the time is ∼10% too short (i.e., the 
prod uct re ceives 2.16 min at 250°F). In de vi a tion B, the time is cor rect, but the tem-
per a ture is ∼10% too low (i.e., the prod uct re ceives 2.40 min at 232°F). Which pro-
cess de vi a tion rep re sents a greater threat to pub lic safety? Be quan ti ta tive in your 
an swer (i.e., cal cu late the log re duc tion in C. bot u li num spores as the re sult of each 
de vi a tion, as sum ing a z value of 18°F). Show all  of your work.

  2.  Defne the z value. If an or gan ism has a D80°C of 20 min, a D95°C of 2 min, and a 
D110°C of 0.2 min, what is its z value? (Hint: if you un der stand the con cept, you will 
not need a cal cu la tor.)

  3.  If you had to choose, would you rather be a spore or a veg e ta tive cell? Why?

  4.  What are two com po nents found in spores but not veg e ta tive cells? What is their 
func tion?

  5.  Is it okay for cans of to ma toes to con tain vi a ble C. bot u li num spores? Why or why 
not?

  6.  Explain what “gene ex pres sion is reg u lated in time and space” means in your own 
words.

  7.  Discuss how spore wa ter con tent in flu ences heat re sis tance. How does this in te-
grate with what else you know about ther mal le thal ity (i.e., wet ver sus dry heat, heat 
re sis tance at low wa ter ac tiv ity, etc.)?

  8.  Figure 3.2 shows an ide al ized di a gram of a spore. How many of the struc tures can 
you iden tify in the real trans mis sion elec tron mi cro graph shown here?

  9.  Many mech a nisms in this chap ter are de scribed as “not un der stood,” “un known,” 
or “yet to be de ter mined.” Identify one such mech a nism and use an on line search 
en gine, such as Google Scholar, to fnd at least one ar ti cle deal ing with that mech-
a nism. Read the in tro duc tion and dis cus sion of the pa per and ex plain what is 
known and what is un known. Design an ex per i ment(s) to test your ideas.

  10.  Speculate—if spore for ma tion is such a good mech a nism for sur viv ing ad verse 
con di tions, why don’t all  bac te rial spe cies form spores?

  11.  Figure 3.4 il lus trates the in flu ence of spor u la tion tem per a ture on D value. What is 
the ef ect of spor u la tion tem per a ture on the z value in this case?

  12.  Training and ed u ca tion on spores is a crit i cal part of emer gency pre pared ness. De-
sign strat e gies for trans mis sion of spores into the en vi ron ment that could be used 
as a bioterrorist threat and the ways in which spore dis sem i na tion and ger mi na tion 
could be con trolled.

Shown is a micrograph of a section 
through a spore and sporangium of 
Bacillus subtilis. (Courtesy of Lee Simon 
and the Montville laboratory, Rutgers 
University.)
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INTRODUCTION
Microorganisms are an in te gral com po nent of ev ery day life, in hab it ing our 
bod ies and our en vi ron ment. Foods har bor a rich and di verse pop u la tion 
of mi cro or gan isms (yeasts, molds, vi ruses, bac te ria, and pro to zoa). De
pending on the type of mi cro or gan ism(s) as so ci ated with a food, sev eral 
dif er ent sce nar ios are pos si ble: (i) pro duc tion of food (e.g., yo gurt, wine, 
and beer) and hu man health ben e fits (pro bi ot ics); (ii) spoil age of raw and 
pro cessed foods; and (iii) hu man ill ness through in ges tion of mi cro or
gan isms or tox ins. Determining the types and num bers of mi cro or gan
isms in a food is an im por tant as pect of food microbiology (see Box 4.1).

The aer o bic plate count (APC) pro vi des an es ti ma tion of the num ber 
of mi cro or gan isms in a food. As the name im plies, strict an aer obes do 
not grow on the plate and there fore are not in cluded in the APC. The 
APC chang es—in creases or de creas es—dur ing the pro cess ing, han dling, 
and stor age of foods. In foods that are held raw, such as re frig er ated meats, 
the APC in creases dur ing stor age, whereas in dried or fro zen foods, the 
APC re mains un changed or de creases. Depending on the food, the APC 
can be as low as 10 or as high as 1,000,000 mi cro or gan isms per gram.

The lev els of mi cro or gan isms in prod ucts from the same or i gin can 
dif er greatly. For in stance, the mi cro bial load of ground meat is much 
greater than that of whole cuts of meat. During the han dling, grind ing, 
and pack ag ing of meat pieces, bac te ria may mul ti ply or bac te ria on 
equip ment can be trans ferred to the prod uct. The start ing num ber of 
mi cro or gan isms as so ci ated with a food will have a sig nifi  cant im pact on 
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The in for ma tion in this chap ter will en able the stu dent to:

•  dis cuss meth ods avail  able for mi cro bi o log i cal anal y sis 
of food

•  com pare meth ods of anal y sis, in di cat ing ad van tages 
and dis ad van tages of each meth od

•  de tail pro ce dures for col lec tion and pro cess ing of 
food sam ples

•  cal cu late the mi cro bial pop u la tion of a sam ple

•  rec og nize the dif er ence be tween con ven tional, rapid, 
and hy brid mi cro bi o log i cal meth ods
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Box 4.1
Microbial con tam i na tion of foods at re tail mar kets in Me xi co

Santos García and Norma He re dia, 
Universidad Autónoma de Nuevo 
León

Approximately 8.9 mil lion of 
Me xi co’s 118 mil lion in hab i tants are 
in volved in food pro duc tion, and 
about 80% of those em ployed in 
food pro duc tion work in ag ri cul ture. 
Mex i can agrifood sys tems use 11% 
of the coun try’s sur face to grow 
more than 500 veg e ta ble spe cies. 
The north ern states of Me xico grow 
many crops for ex por ta tion. Along 
with sev eral other re gions, these 
states have prob lems with wa ter 
avail abil ity. However, this prob lem 
could be ben e fi cial for food safety 
be cause many farm ers ir ri gate with 
wa ter from wells, which usu ally has 
bet ter mi cro bi o log i cal qual ity than 
wa ter from riv ers or res er voirs.

There is an in creas ing trend in 
Me xico to wards the use of pro-
tected cul ti va tion. Currently, Me xico 
has more than 25,000 pro tected 
units (most of them green houses), 
and the num ber of pro tected units 
is grow ing. The crops most fre-
quently grown with pro tected 
cul ti va tion are to mato, cu cum ber, 
and bell pep per.

Me xico is the lead ing ex porter of 
av o cado in the world. It is the 
sec ond lead ing ex porter of to mato, 
wa ter melon, can ta loupe, pa paya, 
and lime, and third lead ing ex porter 
of green pep per, cu cum ber, and 
on ion, along with other veg e ta bles. 
Moreover, Me xico is the most 
im por tant sup plier of pro duce to 
the United States. Produce im-
ported by the United States from 
Me xico gen er ally has a mi cro bial 
qual ity com pa ra ble to do mes tic 
sam ples pro duced in the United 
States. Nevertheless, sev eral 
out  breaks of foodborne ill nesses in 

the United States have been 
as so ci ated with pro duce im ported 
from Me xi co.

The main food safety prob lems in 
Me xico are re lated to poor ed u ca-
tion, lan guage dif er ences, com mu-
ni ca tion skills, un healthy hab its of 
han dlers, poor wa ter qual ity, use 
of ma nure or sew age (in a small 
num ber of re gions), and lack of 
san i tary fa cil i ties (on some farms). 
Gastrointestinal dis eases due to the 
con sump tion of con tam i nated food 
are among the top five causes of 
dis ease in the coun try. However, 
re cent re ports in di cate that the rate 
of gas tro in tes ti nal dis eases in 
chil dren youn ger than 5 years and 
mor tal ity rates in the gen eral 
pop u la tion are de creas ing. The 
main bac te rial path o gens re ported 
to cause gas tro in tes ti nal dis eases in 
Me xico in clude en tero toxi genic and 
en tero patho genic Escherichia coli, 
Salmonella, Shigella spp., Campylo-
bacter jejuni, and Yersinia enteroco-
litica, which rep re sent about 50% of 
the to tal. However, be cause 
path o gen con tam i na tion oc curs 
only oc ca sion ally and at low 
con cen tra tions, and be cause test ing 
for spe cific path o gens is ex pen sive 
and time con sum ing, num bers of 
fe cal co li forms, E. coli, and en tero-
cocci are fre quently used as 
in di ca tors of fe cal con tam i na tion.

Rates of re tail pro duce con tam i na-
tion in Me xico vary de pend ing on 
re gion. For ex am ple, in Me xico City 
(cen tral Me xico), 100 sam ples of 17 
dif er ent veg e ta bles (1,700 to tal 
sam ples) from the Central Produce 
Supply Station were an a lyzed over 
18 months. Salmonella was iso lated 
from 98 sam ples (5.7%). In Pa chuca 
(cen tral Me xico), high lev els of 
mesophilic aer o bic bac te ria, with 
counts of 7.2 and 6.4 log col o ny-

forming units (CFU) per gram, were 
found for ser rano and jalapeño 
pep pers, re spec tively. Furthermore, 
en tero toxi genic E. coli, enteroinva-
sive E. coli, Shiga-toxin pro duc ing  
E. coli, and Salmonella were iso lated
from sprouts and other prod ucts
grown in that state. This level of
con tam i na tion could be due to 
de fi cien cies in agrotechnology, 
qual ity con trol sys tems, or com mer-
cial i za tion of pro duce pro duc tion in 
that re gion.

A study con ducted in Mon ter rey 
(north ern Me xico) in ves ti gated the 
mi cro bi o log i cal qual ity of two 
va ri e ties of to ma toes (saladette and 
bola) and two va ri e ties of pep pers 
(jalapeño and ser rano) in sev eral 
re tail es tab lish ments from 2010 to 
2011. The pres ence of in di ca tor 
or gan isms var ied be tween va ri e ties 
and or i gins. Relatively high lev els of 
or gan isms were found in pep pers 
com pared to to ma toes, with 
saladette to ma toes and ser rano 
pep pers show ing the great est 
mi cro or gan ism lev els among the 
to mato and pep per va ri e ties. Only 
one to mato sam ple and one 
jalapeño sam ple were pos i tive for 
Salmonella. In the case of the 
pep per, con tam i na tion was found in 
the stem, which is usu ally re moved 
be fore con sump tion. Interestingly, 
no dif er ence in mi cro or gan ism 
lev els was found be tween pro duce 
from small mar kets ver sus su per-
mar kets.

Another study con ducted in 
Mon ter rey (north ern Me xico) 
an a lyzed 50 sam ples (25 from 
pop u lar mar kets and 25 from su per-
mar kets) each of green on ions, 
pars ley, to ma toes, ser rano pep pers, 
jalapeño pep pers, and can ta loupe 
for mi cro bial con tam i na tion. Many 
of these pro duce items, in clud ing 

(continued)
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the num ber of mi cro or gan isms pres ent in the fin ished prod uct, even for 
foods that re ceive heat treat ment. Poorquality in gre di ents, poor san i ta
tion, re con tam i na tion, and im proper han dling can re sult in high lev els 
of mi cro or gan isms even in foods that were prop erly heat treat ed.

In or der to de ter mine if a prod uct meets the mi cro bial lev els pre
scribed in spec i fi ca tions, guide lines, or stan dards, an es ti ma tion of the 
num ber of mi cro or gan isms in or on a food is needed. A rule of thumb is 
that, as the mi cro bial count in creases, the qual ity of the food de creases. 
Of course, there are ex cep tions to this rule; for in stance, in fer mented 
foods the level of mi cro or gan isms would be ex pected to in crease. This 
chap ter fo cuses on some of the meth ods for de ter min ing the mi cro bial 
lev els of foods. Note that, for the most part, mi cro bi o log i cal anal y sis of 
food sam ples re fers to de ter min ing the lev els of bac te ria.

SAMPLE COLLECTION AND PROCESSING
The meth ods used for sam ple col lec tion and pro cess ing vary from food 
to food and for spe cific mi cro or gan isms. The Food and Drug Adminis
tration (FDA) out  lines the meth ods that it uses in the Bacteriological 

mel ons, pars ley, on ions, to ma toes, 
and pep pers (jalapeño and ser-
rano), have been as so ci ated with 
out  breaks of foodborne ill nesses. 
Contamination lev els of mesophilic 
or gan isms in these sam ples ranged 
from 10 to greater than 107 CFU/g. 
Contamination lev els of co li forms, 
molds, and yeasts were be low 105 
CFU/g in most sam ples, with 
to ma toes ex hib it ing the low est 
lev els. Clostridium perfringens was 
iso lated from six sam ples of pars ley. 
Salmonella enterica serovar Typhi, 
Campylobacter spp., and Listeria 
monocytogenes were each iso lated 
from dif er ent pars ley sam ples. 
Neither E. coli O157:H7 nor Shigella 
spp. were de tected in any sam ple.

Another study con ducted in 
Chi hua hua State (north ern Me xico) 
an a lyzed the mi cro bial con tam i na-
tion of can ta loupes, ap ples, 
peaches, and va ri e ties of to ma toes 
and pep pers. Total con tam i na tion 
lev els of co li forms, molds, and 

yeasts were low, and no Salmonella 
or E. coli O157:H7 was de tect ed.

Me xico is di vided into three ma jor 
re gions ac cord ing to agrotechno-
logical de vel op ment and cli matic 
con di tions for pro duce pro duc tion: 
the north-north east, cen tral, and 
south-southeast re gions, which 
have high, me dium, and low lev els 
of tech nol ogy, re spec tively. These 
tech no log i cal dif er ences may 
con trib ute to the dif er ences in 
con tam i na tion of pro duce found in 
dif er ent re gions of Me xi co.

To im prove the mi cro bi o log i cal 
con di tion of pro duce, the Mex i can 
gov ern ment has im ple mented a 
na tional pro gram called the System 
for Reduction of Contamination Risks. 
This pro gram is in ac cor dance with 
the U.S. Food and Drug Administra-
tion Food Safety Modernization Act 
and out  lines a se ries of rules and 
ac tiv i ties that should be fol lowed by 
farm ers, par tic u larly those who want 

to ex port their prod ucts. The 
Mex i can gov ern ment has re leased 
good prac tices man u als, guides, 
and for mats for farm ers and has 
en cour aged the par tic i pa tion of 
third-party ac cred ited con sul tants. 
In sev eral ar eas, gov ern ment au dits 
are con ducted of the reg is tra tion 
and ad min is tra tive pro cesses, 
pro duc tive fa cil i ties, hy giene, 
han dling of do mes tic fauna, farm 
worker train ing, in ter nal eval u a tion, 
pro ce dure val i da tion, trace abil ity, 
pro duc tive his tory, wa ter man age-
ment, fer til iza tion pro ce dures, use 
and han dling of ag ro chem i cals, 
har vest ing pro cesses, pack ing, 
trans por ta tion, and or ganic pro duc-
tion (if ap pli ca ble), among oth ers. If 
an au dit re veals that cer tain stan-
dards are met, then the gov ern ment 
pro vi des cer ti fi ca tion to the pro duc-
tion fa cil ity. This pro gram is 
ex pected to main tain high lev els of 
mi cro bi o log i cal qual ity of the 
pro duce grown in Me xi co.

Box 4.1  
(continued)
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Analytical Manual, and the Food Safety and Inspection Service of the 
U.S. Department of Agriculture (USDA) pub lishes the Microbiology 
Laboratory Guidebook. Resources such as the Bacteriological Analytical 
Manual and Microbiology Laboratory Guidebook are reg u larly up dated 
on line. Regardless of the pro to col used, a sam ple will yield sig nifi  cant and 
mean ing ful in for ma tion only if it rep re sents the mass of ma te rial be ing 
ex am ined, if the method of col lec tion used pro tects against mi cro bial 
con tam i na tion, and if the sam ple is han dled in a man ner that pre vents 
changes in mi cro bial num bers be tween col lec tion and anal y sis.

During sam ple col lec tion it is im per a tive to pre vent the in tro duc tion 
of mi crobes into the food sam ple. Ideally, in di vid ual con tain ers of food 
should be sub mit ted for anal y sis. However, this is not al ways prac ti cal, 
and there fore a rep re sen ta tive sam ple must be col lected us ing an asep tic 
tech nique. Instruments used for sam ple col lec tion should be ster il ized 
in the lab o ra tory rather than at the place of sam pling. Sterile con tain ers 
(plas tic bags or widemouthed jars) should be la beled with the name of 
the food, the date col lected, and other in for ma tion that may be use ful in 
the anal y sis of re sults and track ing of the sam ple.

Once the sam ple is col lected, it should be an a lyzed as quickly as pos
si ble to pre vent a change in the mi cro bial pop u la tion. However, this is not 
al ways pos si ble, and in that case, the sam ple should be re frig er ated and 
fro zen sam ples should be kept fro zen. Products that are nor mally re frig
er ated should not be fro zen, since freez ing may cause death or dam age 
to some bac te rial cells, pro duc ing in cor rect re sults.

Before anal y sis, some prep a ra tion of the sam ple is gen er ally re quired 
(Fig. 4.1). For mean ing ful re sults, the sam ple should be pro cessed to 
pro duce a ho mo ge neous sus pen sion of bac te ria so that they can be pi
petted. If the sam ple is solid, the food is gen er ally mixed with a ster ile 
dil u ent, such as Butterfield’s buf ered phos phate or 0.1% pep tone wa ter. 
If an ap pro pri ate buffer is not used, the bac te ria may mul ti ply in the 
di lu tion me dium prior to be ing plated. To make a ho mo ge neous sus
pen sion, the sam ple is added to a ster ile plas tic bag, dil u ent is added, 
and the sam ple is ho mog e nized by pro cess ing in a ho mog e nizer (a 
boxlike de vice that has two pad dles that move rap idly back and forth 
against the sam ple). A typ i calsize food sam ple of 25 g is added to the 
ster ile bag con tain ing 225 ml of ster ile dil u ent and mixed (placed in 
the ho mog e nizer), and a 1:10 di lu tion of the food and as so ci ated bac te
ria is ob tained.

ANALYSIS
The APC, dis cussed above, pro vi des a good es ti mate of the num ber of 
mi cro or gan isms as so ci ated with a sam ple. Drawbacks of sur face plat ing 
are the co a les cence of col o nies (two or more col o nies grow ing to gether) 
and the growth of spread ers. In the APC, the hard ened agar sur faces must 
be dried thor oughly to pre vent the spread of bac te ria by mois ture drop
lets. A 0.1ml al i quot of the se lected di lu tion of the sam ple is dis pensed 
onto the sur face of the agar and spread with the aid of “hockey sticks,” 
or bent glass rods. For the stan dard plate count (SPC; also called a pour 
plate), a mea sured al i quot (1 ml) of the ap pro pri ate di lu tion is dis pensed 
onto the sur face of a ster ile pe tri plate, and ster ile, melted, and tem pered 

Authors’ note
Bacteria read ily stick to fat 
mol e cules in food. Therefore, 
foods high in fat (for ex am ple, 
sau sage [80% lean and 20% 
fat]) must be prop erly pro
cessed or else the num ber of 
bac te ria will be un der es ti mat ed.
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Figure 4.1

Preparation of sam ple for de ter mi na tion of mi cro bial load. Lettuce, which ini tially 
may har bor mil li ons of mi crobes, is pro cessed, and sam ples are spreadplated so 
that in di vid ual col o nies can be counted. Appropriate cal cu la tions are then made to 
de ter mine the ac tual num ber of mi crobes in the lettuce. Step 1: Since a solid sam ple 
is be ing tested, the prod uct should be chopped into smaller pieces and then ho mo
genized with a dil u ent (typ i cally 25 g of sam ple to 225 ml of dil u ent). A 1ml al i quot 
can be re moved and added to 9 ml of bufer for di rect prep a ra tion of se rial 10fold 
di lu tions. Step 2: 100 µl of each di lu tion is trans ferred to rep li cate plates. Step 3: A 
glass “hockey stick” is flame ster il ized, al lowed to cool, and used to spread the sam ple 
on the sur face of the agar; the plate should be ro tated to en sure dis tri bu tion across the 
en tire sur face. Step 4: The plates are in cu bated un der spec i fied con di tions. Step 5: 
Dilutions yield ing 25 to 250 col o nies per plate are counted and ex pressed as num bers 
of CFU per milligram of lettuce.
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(45°C) agar is added to the plate. The agar and sam ple are mixed, and the 
agar is al lowed to so lid ify. The agar plate is then in cu bated, and iso lated 
col o nies known as col o nyforming units (CFU) are counted. This method 
has many dis ad van tages, in clud ing the time re quired for setup, ex pense, 
and lack of ac cu ra cy.

A CFU in the ory arises from a sin gle bac te rial cell; how ever, this may 
not al ways hold true. In all  like li hood, col o nies arise from clus ters or 
chains of bac te ria, re sult ing in an un der es ti ma tion of the num ber of bac
te ria in a sam ple. Therefore, sam ples may need to be pro cessed to sep a
rate the cells into in di vid ual re pro duc tive units. This is achieved through 
ho mog e ni za tion of a sam ple and by mak ing a se ries of 1:10 di lu tions 
(Fig. 4.1). A 1:10 di lu tion of a 1:10 di lu tion is a 1:100 di lu tion. For sam ples 
with un known mi cro bial pop u la tions, an ex ten sive (10−1 to 10−7) se ries of 
di lu tions may need to be made and plated. In gen eral, stan dard 100mm
diameter plates should con tain be tween 25 and 250 col o nies. Fewer or 
more col o nies per plate can af ect ac cu racy. The to tal num ber of bac te ria 
is de ter mined by mul ti ply ing the col ony count by the di lu tion fac tor to 
yield the num ber of bac te ria per gram of food.

The roll tube method is ba si cally the same as the pour plate method, 
but screwcap tubes are used in place of pe tri plates (Fig. 4.2). Test tubes 
con tain ing 2 to 4 ml of plate count agar or other ap pro pri ate me dium are 
ster il ized, and the melted agar is al lowed to cool to 45°C (tem pered). 
A 0.1ml al i quot of the ap pro pri ate di lu tion of the sam ple is added, and the 
tube is im mersed in cold wa ter in a hor i zon tal po si tion and rolled. The 
agar then so lid i fies, form ing a thin layer on the in ner wall of the tube. 
The tubes are then in cu bated up side down to pre vent the pos si bil ity that 
any con den sa tion that may form will cause smear ing of the col o nies. 
A de cided ad van tage of this method is the sav ings as so ci ated with the 
use of less plate count agar.

Mechanical de vices are avail  able to fa cil i tate the de ter mi na tion of 
bac te rial num bers in food sam ples. The spi ral plat er uses a ro botic 
arm to dis pense a sam ple in an Ar chi me des spi ral onto the sur face of 
a ro tat ing agar plate (Fig. 4.3). A con tin u ously de creas ing vol ume of 
the in oc u lum is de pos ited from near the cen ter of the plate to the out
 side of the plate so that a con cen tra tion range of up to 10,000:1 is 
achieved on a sin gle plate. The spi ral plater com pa res fa vor ably with 
the SPC. The Association of Official Analytical Chemists (AOAC) rec
og nizes the spi ral plate count method as an offi  cial method for de ter
mi na tion of mi cro or gan isms in milk and food. A spe cial ized count ing 
grid is used to count col o nies on a plate, al though the col o nies are 
tightly packed to gether and may be diffi  cult to count. The method is 
best suited for liq uid sam ples, such as milk, since food par ti cles may 
cause block ing of the dis penser. As with any method, there are ad van
tages and dis ad van tages. The ad van tages in clude the use of fewer 
plates, fewer di lu tion bot tles, and less agar and the abil ity to pro cess a 
greater num ber of sam ples. The dis ad van tages in clude the lim i ta tion 
of the types of sam ples that can be pro cessed and the diffi  culty in 
count ing col o nies.

Fluid sam ples (wa ter or dil u ent) can be passed through mem brane 
fil ters to col lect bac te ria. Membranes with a pore size of 0.45 µm are typ

Figure 4.2

A typ i cal roll tube. Notice that the 
col o nies ap pear in a spi ral pat tern, a 
func tion of the tube con tain ing in oc u
lated me dium be ing rolled while the 
me dium cools.
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i cally used. The fil ter can ei ther be placed onto a plate con tain ing a cul
ture me dium of choice or be used in the di rect mi cro scopic count (DMC) 
as say. This mem brane fil ter tech nique is use ful for ex am i na tion of wa ter 
or other di lute liq uid sam ples that can eas ily pass through the fil ter. 
Therefore, even low num bers of mi crobes can be de tected, since large 
vol umes (1 li ter or more) can be passed through a sin gle fil ter. The method 
can also be used to de ter mine mi cro bial num bers in air. Small amounts 
of vis cous liq uid sam ples, such as milk or juice, can be pro cessed with
out  clog ging the mem brane. The tech nique was in tro duced more than 
70 years ago.

A num ber of com mer cial meth ods based on the mem brane fil ter 
tech nique are avail  able. Some of these meth ods are dis cussed in chap ter 5. 
The di rect epifluorescent fil ter tech nique uses fluo res cent dyes to stain bac
te ria that are then counted us ing a fluo res cence mi cro scope. The num ber 
of cells per gram or per mil li li ter is cal cu lated by mul ti ply ing the av er
age num ber per field by the mi cro scope fac tor. This method has been 
used for es ti mat ing num bers of bac te ria in milk, meat, and poul try prod
ucts, and on food con tact sur faces. The hy dro pho bic grid mem brane 
fil ter method is also used to es ti mate mi cro bial num bers as so ci ated 
with a va ri ety of foods. For this method, spe cially de signed fil ters, con
tain ing 1,600 grids that re strict mi cro bial growth and col ony size, are 
used. Generally, 1 ml of a 1:10 sam ple ho mog e nate is passed through the 
fil ter. Grids that con tain col o nies are counted, and a most prob a ble num
ber is de ter mined.

The DMC is faster than most meth ods, since no in cu ba tion pe riod is 
re quired for cells to me tab o lize and grow (mul ti ply). With this method, 
a smear of a food sam ple or a liq uid sam ple (0.01 ml) is uni formly spread 
over a 1cm2 area on a mi cro scope slide. Generally, liq uid foods can be 
an a lyzed di rectly, but solid foods must be put into a sus pen sion (1:10 di
lu tion) be fore anal y sis. Once the sam ple is fixed, de fat ted, and stained, 
the cells are counted. A cal i brated mi cro scope must be used, since the 
di am e ter of the field to be ex am ined must be known in or der to cal cu
late the num ber of or gan isms per gram. A stage mi crom e ter can be used 
to mea sure the di am e ter of the cir cle (on the slide de scribed above) to the 
near est 0.001 mm. The av er age num ber of cells or clumps is cal cu lated 
on a perfield ba sis and di vided by the area of the field to de ter mine the 
num ber per square mil li me ter.

The DMC is per haps the sim plest and most rapid method for es ti mat
ing bac te rial num bers in a sam ple. Therefore, ad just ments or changes 
in pro cess ing can be im ple mented im me di ately to cor rect any prob lems. 
The test has other ad van tages, in clud ing lit tle pro cess ing of sam ples, 
lim ited equip ment re quired, a slide(s) that can be main tained as a re cord, 
and the need for only a small amount of sam ple. The dis ad van tages 
in clude fa tigue (eyes be com ing tired from peer ing through a mi cro scope) 
and de tec tion of live and dead cells with out  the abil ity to dis tin guish live 
cells from dead ones, and the method has lit tle or no value for foods with 
low mi cro bial num bers.

Fluorescent dyes are now avail  able that can be used for dif er en tial 
stain ing of live and dead bac te ria. Using such stains, the to tal bac te rial 
count and a livedead count can be ob tained. Since the stains are in tensely 

Figure 4.3

(Top) A typ i cal spi ral plater. These units 
are fully au to mated and have a small 
foot print. (Bottom) Colonies formed on 
a plate in which the test sam ple was 
plated with a spi ral plat er.
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fluo res cent, they can be used in sam ples that may con tain low num bers 
of bac te ria. The dis ad van tages are that the fluo res cent sig nal fades over 
time, and food con stit u ents may also stain or fluo resce, in ter fer ing with 
the abil ity to count the bac te rial cells.

Metabolism-Based Methods
In gen eral mi cro bi ol ogy, the me tab o lism of mi cro or gan isms is used 
to de ter mine starch hy dro ly sis, sugar fer men ta tion, pro duc tion of hy
dro gen sul fide and in dole, or ni trate re duc tion. Measurements of mi
cro bial me tab o lism or pro duc tion of met a bolic prod ucts in foods can 
be used to es ti mate the bac te rial pop u la tion. Today many of these 
tests have been min i a tur ized and are the ba ses of a num ber of rapid 
test meth ods.

Microorganisms ob tain en ergy through chem i cal re ac tions, i.e., 
ox i da tionreduction re ac tions, where the en ergy source be comes ox i dized, 
while an other com pound is re duced. Oxidationreduction re ac tions 
con sist of elec tron trans fers and can there fore be mea sured elec tri cally 
with a po ten ti om e ter. The mea sured ox i da tionreduction po ten tial is known 
as the re dox po ten tial. The re dox po ten tial can also be de ter mined with 
in di ca tors and dyes. The ad di tion of such com pounds to me tab o liz ing 
bac te ria re sults in the trans fer of elec trons to the in di ca tor and a sub
se quent change in color. Several ox i da tionreduction in di ca tors or 
dyes, in clud ing meth y lene blue, resazurin, and tet ra zo li ums, can be 
used. The rate at which the in di ca tor shows a change in color is re lated 
to the met a bolic rate of the mi cro bial cul ture (sam ple). Basically, the 
larger the num ber of bac te ria, the faster the color change oc curs. Tests 
us ing these com pounds are of ten re ferred to as dye re duc tion tests, but 
this is not strictly cor rect, since resazurin and tet ra zo li ums are not dyes, 
but in di ca tors.

Reductase tests can be used for a va ri ety of prod ucts, and the re sults 
com pare fa vor ably with those of the SPC. However, for some food sam
ples, in clud ing raw meat, the test may not be ap pro pri ate, since meat 
con tains in her ently high lev els of re duc tive sub stances. The test is com
monly used in the dairy in dus try for de ter min ing the mi cro bial qual ity 
of raw milk. The ad van tage of re duc tase tests over the SPC is that re duc
tase tests can be com pleted in a shorter time.

Surface Testing
This chap ter has con cen trated on meth ods de signed to de tect and 
enu mer ate mi cro or gan isms as so ci ated with food sam ples. However, 
to en sure that food con tact sur faces are be ing main tained in a hy
gienic state, they should be tested reg u larly for mi cro or gan isms. The 
in her ent prob lem with sur face test ing is the con sis tent re moval of mi
cro or gan isms from the test sur face. A num ber of meth ods are avail 
able; how ever, each may be ap pro pri ate only in spec i fied ar eas of a 
foodprocessing plant.

The swab test method is per haps the most widely used method for 
mi cro bi o log i cal ex am i na tion of sur faces in foodprocessing fa cil i ties. The 
ba sics of the method in clude swab bing a given area with a moist ened 
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1 ml of overnight enrichment for
preparation of PCR cocktail. Method
based on use of either SmartCycler II

or Light Cycler 2.0
Targets: stx1, stx2, uidA

Negative samples: No further analysis
Probable positive STEC or O157: Continue to

culture isolation and identification

Real-time PCR screening

Leafy produce: Weigh 125 g of produce rinsate into 125 ml of double-
strength (2×) modified buffered peptone water with pyruvate (mBPWp)

Sample preparation

Add 1 ml each of acriflavine-cefsulodin-vancomycin
supplements and incubate at 42°C static overnight (18–24 h)

Enrichment

1. Serially dilute the overnight sample enrichment in Butterfield’s phosphate buffer
and spread-plate appropriate dilutions in duplicate onto TC-SMAC and one
chromogenic agar (Rainbow Agar O157 or R&F E. coli O157:H7 agar).

2. Incubate plates at 37°C for 18–24 h.
3. Screen typical colonies, testing for O157 antigen by latex agglutination.
4. Streak onto TSAYE plates.
5. Place a ColiComplete disk in the heaviest streak area. Incubate the plates

for 18–24 h at 37°C.
6. Perform a spot indole test.
7. Typical colonies are shown to be X-Gal positive, MUG negative, and indole

positive. Confirm the presence of the O157 and H7 antigens with commercial
 antisera.
8. Test O157- and H7-positive strains with API20E or Vitek to identify as E. coli.

Isolates that have been confirmed to be O157:H7 as well as isolates that are
O157 positive but H7 negative: Do a 5P multiplex for PCR for confirmation
of O157:H7 isolates.

Cultural isolation and presumptive isolate screening

5 h, 37°C

Figure 4.4

The FDA Bacteriological Analytical Manual method for de tec tion and enu mer a tion 
of E. coli O157:H7 as so ci ated with leafy greens is out lined. The method in cor po
rates many steps us ing con ven tional and mo lec u lar meth ods. See http:// www. fda 
. gov / food / scienceresearch/ laboratorymethods/ bacteriologicalanalyticalmanualbam 
/ ucm070080 .htm. STEC, Shiga tox inproducing Escherichia coli; TCSMAC, tellurite 
cefiximesorbitolMacConkey agar; TSAYE, tryp tic soy agaryeast ex tract; XGal, 
5bromo4chloro3indolylβdgalactopyranoside; MUG, methylumbelliferyl
 βglucuronide.
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cot ton or cal cium al gi nate swab. The area to be ex am ined can be de fined 
through the use of tem plates that have pre de fined open ings (usu ally 1 
cm2). The tem plate should be ster il ized prior to use. After the de fined 
area is swabbed, the swab is placed in a test tube con tain ing a suit able 
dil u ent and ag i tated to dis lodge the bac te ria. To fa cil i tate the pro cess, 
cal cium al gi nate swabs can be used and dis solved with the ad di tion of 
so dium hexametaphosphate to the dil u ent. The in oc u lated dil u ent can 
be used in both con ven tional and rapid mi cro bi o log i cal as says. The 
SPC is gen er ally used to de ter mine the num ber of bac te ria in the in oc
u lated dil u ent. The swab test method is ideal for test ing rough, un even 
sur fac es.

Other meth ods for ex am in ing food con tact sur faces in clude di rect 
con tact of agar with a test sur face and the use of sticky film or tape. In 
the rep li cate or gan ism di rect area con tact method, spe cially de signed 
 pe tri plates are used so that the me dium, when poured, pro duces a 
raised agar sur face. The agar can then make di rect con tact with the test 
sur face. Once the plate has been used to test the de sired sur face area, 
the lid is re placed and the plate is in cu bated. Selective me dia can be 
used to re duce the growth of bac te ria that may spread across the sur
face of the plate. This method is not suit able for heavily con tam i nated 
or rough sur fac es.

Sterile sticky tape is com mer cially avail  able for sam pling of sur faces 
from equip ment to beef car casses. The tape and dis penser are sim i lar in 
ap pear ance to a stan dard roll of ad he sive tape used for seal ing pack ages. 
The tape is with drawn from the roll and held over a pre mea sured (in 
square cen ti me ters) area lo cated on the tape dis penser. The sticky sur
face of the tape is pressed against the area to be tested, and then the tape 
is pressed onto the sur face of an agar plate. The method is com pa ra ble 
to the swab test ex cept on wooden surfaces, which are irregular and 
porous, resulting in highly variable results.

A sponge sys tem has been em ployed for ex am i na tion of an i mal car
casses and food con tact sur faces. As with other con tact sys tems, a 
mois t ened sponge is wiped across the test area and then placed into a 
con tainer (test tube, ster ile plas tic bag, etc.) con tain ing an ap pro pri ate 
dil u ent. The con tainer is ag i tated to dis lodge the bac te ria from the 
sponge, and an al i quot of the in oc u lated dil u ent is used in the SPC or 
other mi cro bi o log i cal as say.

The meth ods out lined in this chap ter are all  com monly re ferred to as 
con ven tional meth ods. To fa cil i tate the de tec tion and enu mer a tion of 
mi cro or gan isms from food or foodprocessing fa cil i ties, se lec tive me
dium is com monly used and is com mer cially avail  able. Selective me dium 
may con tain an ti bi ot ics or other in hib i tors to per mit the growth of 
se lected mi cro or gan isms. Some se lec tive me dia con tain spe cific sub
strates that are used only by cer tain mi cro or gan isms. A few of these 
me dia are dis cussed in chap ter 5. Often, con ven tional meth ods are 
com bined with rapid meth ods to de crease the time re quired for iden
ti fi ca tion of mi cro or gan isms found in food (Fig. 4.4). Combining con
ven tional and mo lec u lar meth ods also fa cil i tates the iden ti fi ca tion of 
spe cific strains of a bac te ri um.



Detection and Enumeration of Microbes in Food  | 79

Summary

•  Aseptic tech niques must be used when col lect ing sam ples that are held in such a way as to pre vent the
growth of mi cro or gan isms.

•  Liquid and solid food sam ples should be blended or ho mog e nized prior to ex am i na tion.

•  The APC is the most com mon method used to pro vide an es ti mate of the num ber of mi cro or gan isms in
a sam ple.

•  Determining whether food con tact sur faces are be ing main tained in a hy gienic state can be achieved us ing
sur face test meth ods.

•  Conventional bio chem i cal meth ods are be ing in creas ingly re placed with rapid meth ods (min i a tur ized tests), 
re duc ing the time re quired to iden tify a mi cro or gan ism.

Suggested read ing
Corry JEL,Jar vis B, Passmore S, Hedges A. 2007. A crit i cal re view of mea sure ment 
un cer tainty in the enu mer a tion of food mi croorganisms. Food Microbiol 24:230–253.

Food and Drug Administration. 2001. Bacteriological Analytical Manual Online. http:// 
www. fda. gov/ food/ foodscienceresearch/ laboratorymethods/ ucm2006949. htm.

United States Department of Agriculture. 1998. Microbiology Laboratory Guidebook. http:// 
www. fsis. usda. gov/ wps/ portal/ fsis/ topics/ science/ laboratories and procedures /guidebooks 
 and methods/ microbiology laboratory guidebook/ microbiology laboratory  guidebook.

Questions for crit i cal thought
 1.  What could be added to a mul ti pur pose growth me dium, such as Trypticase soy agar,

to im prove se lec tion and/or dif er en ti a tion of mi cro or gan isms as so ci ated with a food 
sam ple?

 2.  The DMC method has lit tle or no value for foods with low mi cro bial num bers. Why?

 3.  What are the lim i ta tions as so ci ated with the aer o bic plate count method for de ter
min ing mi cro bial pop u la tion in a food sam ple?

 4.  Indicate why the like li hood of un der es ti mat ing the mi cro bial load of hot dogs 
would be greater than for wa ter.

 5.  How can the bufer used for di lu tion of a sam ple in flu ence the es ti ma tion of bac te
rial num bers as so ci ated with a sam ple?

 6.  Several types of sur face test ing meth ods were de scribed. If you were tasked with
test ing the sur face of a beef car cass, in te rior sur face of a pipe, and a con veyor belt,
what sur face test ing method would you use and why?

 7.  Outline a pro to col for the col lec tion of a sam ple of ground beef from a 25kg block.
Ultimately, you want to per form an APC.

 8.  The spi ral plater is a con ve nient method for mi cro bial anal y sis of a sam ple. Why?

 9.  Select a food and, us ing the Microbiology Laboratory Guidebook (or sim i lar man ual 
for coun try you re side), avail  able through the USDA web site, out  line the meth od ol
ogy for de ter min ing to tal bac te rial num bers or the tests re quired for de tec tion of a
food path o gen of con cern in the se lected food.

  10.  Microbes are a part of ev ery day life. Select sev eral ob jec tives or items to sam ple us
ing meth ods (APC, swab bing) dis cussed in this chap ter. For ex am ple, an a lyze a
25g sam ple of a salad mix or swab the sur face of a cell phone or com puter key
board. Determine which has the great est mi cro bial load.





81

INTRODUCTION
Foods are an in cred i bly rich source of di verse mi cro or gan isms. Initially, 
mi cro bi o log i cal anal y sis of foods ap pears mun dane; sim ply take a sam ple 
of the prod uct and run a test. Not so fast. Foods are com plex ma tri ces of 
fats, car bo hy drates, pro teins, pre ser va tives, and other chem i cals. Foods also 
vary with re spect to their phys i cal na tures: solid, dry, liq uid, or semi solid. 
Even if hur dles as so ci ated with the pro cess ing of a sam ple are over come, 
of ten foodborne path o gens are pres ent at ex tremely low lev els, fur ther 
com pli cat ing the de tec tion pro cess. To de crease the time re quired to 
de tect and iden tify tar get mi crobes in a food, an ar ray of rapid mi cro
bi o log i cal meth ods have been de vel oped.

Rapid meth ods have been de vel oped for test ing all  types of food and 
mi cro or gan isms that may be as so ci ated with food. The need for con tin
ued de vel op ment is driven by gov ern ment reg u la tions, such as the Food 
Safety Modernization Act, and in dus try’s de sire to ef  ciently and safely 
pro vide prod uct to their con sum ers. Testing of foods for spe cific tox ins, 
in clud ing Staphylococcus en tero tox ins, Shiga toxin, and bot u li num toxin, 
has in creased as food in gre di ents are sourced glob ally. Today a greater 
ar ray of foodborne path o gens—Salmonella, Clostridium bot u li num, Staph-
ylococcus au reus, Listeria monocytogenes, Escherichia coli O157:H7, other 
Shiga tox inproducing Escherichia coli or gan isms, Campylobacter jejuni, 
and Vibrio parahaemolyticus—are as so ci ated with food. With new tools, 
such as nextgeneration se quenc ing, food sam ples can be an a lyzed for a 
range of mi crobes by us ing a sin gle test. The change in the com plex ity 
of mi cro or gan isms as so ci ated with food is linked to many fac tors, in
clud ing changes in pro cess ing and con sumer pref er ence and a global 
mar ket place.

5 Rapid and Automated 
Microbial Methods

Introduction

Sample Processing

Requirements and 
Validation of Rapid 
Methods

Rapid Methods Based on 
Traditional Methods

Immunologically Based 
Methods

Molecular Methods

A Potpourri of Rapid 
Methods

Summary

Suggested read ing

Questions for crit i cal 
thought

Learning Objectives

The in for ma tion in this chap ter will en able the stu dent to:

• iden tify the var i ous cat e go ries of rapid iden ti fi ca tion 
meth ods

• ex plain the ba sis of im mu no log i cal, nu cleic acid, and 
 bio chem i cal meth ods

• rec og nize when rapid meth ods are suit able to use

• un der stand the ad van tages and dis ad van tages as so ci ated 
with the use of rapid meth ods

doi:10.1128/9781555819392.ch5
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The ba sis for en sur ing that safe and whole some foods are avail  able for 
the con sumer is the test ing of foods for path o gens and spoil age mi cro
 or gan isms. Conventional test meth ods (see chap ter 4), al though not lack ing 
in sen si tiv ity and costef ec tive ness, can be la bo ri ous and re quire sev eral 
days be fore re sults are known. Products that are min i mally pro cessed 
have an in her ently short shelf life, which pre vents the use of many con
ven tional meth ods that may re quire sev eral days to com plete, ul ti mately 
lim it ing prod uct time on the shelf. Indeed, a greater num ber of com pa
nies are in tro duc ing “test and hold” pro grams, where prod uct is not re
leased for ship ping un til mi cro bi o log i cal test re sults are com pleted. Rapid 
as says are based on im mu no log i cal, bio chem i cal, mi cro bi o log i cal, mo
lec u lar, and se ro log i cal meth ods for iso la tion, de tec tion, enu mer a tion, 
char ac ter iza tion, and iden ti fi ca tion.

The times re quired to com plete dif er ent as says vary greatly. In fact, 
the term “rap id” may im ply sec onds, min utes, hours, or even days. When 
con sid er ing whether an as say is rapid, all  steps in the as say must be in
cluded, not just the time re quired to com plete the test it self. For in stance, 
a rapid as say may re quire only 15 min to com plete, but the food sam ple 
may need to be mixed with a gen eral growth me dium (preenrichment) and 
in cu bated for sev eral hours, with an al i quot then trans ferred to a se lec
tive en rich ment me dium and in cu bated again be fore an other al i quot is 
fi nally used in the rapid 15min as say. Most rapid meth ods are adapt able 
to a wide range of foods, since they rely on cul ture meth ods to re cover 
in jured cells and in crease the num ber of tar get cells.

The fast pace at which rapid meth ods are be ing de vel oped pre cludes 
dis cus sion of all  avail  able meth ods. In this chap ter, we ex am ine the 
breadth of rapid meth ods avail  able and the sci en tific prin ci ples of the 
meth ods used for de tec tion of spe cific mi crobes in foods. Existing rapid 
meth ods, and those that show prom ise for the fu ture but that are not yet 
com mer cially avail  able, are dis cussed.

SAMPLE PROCESSING
As men tioned above, food sam ples gen er ally re quire some type of pro
cess ing be fore a rapid method can be em ployed. The meth ods men tioned 
in this chap ter are gen er ally ac cepted for a broad range of foods, in clud ing 
milk, yo gurt, or ange juice, ground beef, and leafy greens. The com po si tion 
of the food—the pres ence of fats, car bo hy drates, and pro tein—can have a 
dra matic im pact on suc cess fully de ter min ing whether a tar get or gan ism 
is pres ent. The way that the food is pro cessed, such as cool ing, dry ing, 
heat ing, and ad di tion of chem i cal ad di tives, can also in flu ence the abil ity 
to de tect the pres ence of a tar get mi cro or gan ism. In gen eral, foodborne 
path o gens are pres ent in low num bers in foods. Therefore, most rapid 
meth ods in clude en rich ment, preenrichment, and/or se lec tive en rich
ment to fa cil i tate de tec tion of the tar get path o gen.

Rapid tests have de tec tion lim its rang ing from 102 to 105 col o nyforming 
units (CFU)/g or 102 to 105 CFU/ml; there fore, en rich ment in creases the 
prob a bil ity of de tect ing low lev els of a tar get or gan ism. The du ra tion of 
the en rich ment in cu ba tion var ies con sid er ably and is based on the man
u fac tur er’s di rec tions. Often, the pe riod is rel a tively short, <12 h, but it 
can be as long as 24 h. The rap idtest man u fac turer may spec ify the me
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dium to be used for en rich ment, or a stan dard growth me dium may be 
ap pro pri ate. Prior to se lect ing a rapid method, the as say pro to col should 
be read care fully to de ter mine whether an en rich ment step is re quired 
since this may dra mat i cally in crease the time needed to com plete the 
as say. One of the most sig nifi  cant hur dles to rapid iden ti fi ca tion of mi
crobes is the lack of meth ods that re duce the length of en rich ment.

REQUIREMENTS AND VALIDATION OF RAPID METHODS
Considerable ef ort goes into the de vel op ment of rapid meth ods. Before 
rapid meth ods can be dis cussed, an un der stand ing of how the ac cu racy 
and va lid ity of a test is de ter mined is nec es sary. To de velop a re li able 
method, ba sic in for ma tion about the tar get mi crobe is re quired. This in
for ma tion fa cil i tates the iden ti fi ca tion of unique fea tures that can then 
be used for rapid de tec tion. The cor ner stone of any method is its ac cu ra cy, 
which con sists of the sen si tiv i ty, or the abil ity of the as say to de tect low 
num bers of the tar get mi cro or gan ism, and the spec i fic i ty, or its ca pa bil
ity to dif er en ti ate the mi crobe of in ter est from other mi cro or gan isms. A 
false-negative re sult oc curs when an as say fails to de tect a tar get path o
gen that is pres ent upon cul ture. Similarly, a false-positive re sult oc curs 
when the test sys tem gives a pos i tive re sult for a cul turenegative sam
ple. Here are the stan dard equa tions to cal cu late sen si tiv ity and spec i
fic ity rates: sen si tiv ity = (p × 100)/(p + num ber of false neg a tives) and 
spec i fic ity = (n × 100)/(n + num ber of false pos i tives), where p is the 
num ber of true pos i tives and n is the num ber of true neg a tives. Without 
ques tion, the as say must be as sen si tive as pos si ble, and the de tec tion 
limit must be as low as pos si ble. For mi cro or gan isms that cause dis ease, 
the cri te rion is <1 cell per 25 g of food.

The in tent in de vel op ing a rapid as say is to re duce the time re quired to 
ob tain an ac cu rate re sult. Conventional test ing may re quire sev eral days, 
whereas an ideal rapid test should pro vide re sults within an 8h time 
frame, or a typ i cal work day. In an ideal world, a rapid test would pro vide 
re sults nearly in stan ta neously, but this has yet to be re al ized. At the end 
of this chap ter, new tech nol o gies that may be ca pa ble of de liv er ing nearly 
in stan ta neous re sults are dis cussed, but for now, we must op er ate within 
the con straints of the cur rently avail  able sys tems. These have lim its of 
de tec tion of 102 to 105 CFU/g or ml and re quire en rich ment for 6 to 24 h. 
Another fac tor in the se lec tion of a rapid method is the num ber of sam
ples that can be pro cessed and an a lyzed at one time. Many tests have 
adopted the use of mi cro ti ter plates (small rect an gu lar plates hav ing 96 
wells) or sim i lar multiwell for mats that can per form many tests for a sin
gle sam ple or that can be used to screen mul ti ple sam ples si mul ta neous ly.

Although the method se lected may be rapid and  able to be com pleted 
within a time frame ac cept able for a given op er a tion, other fac tors, in
clud ing the speed of sam ple pro cess ing, ac cu racy, and cost, must be 
con sid ered. With re spect to speed, sin gle di ag nos tic tests may be ac cept
able if few tests are to be per formed. If large num bers of sam ples must 
be pro cessed, a highthroughput sys tem, even though more costly, would 
be the best choice. The cost of the sys tem se lected must also be ap pro
pri ate for the com pany us ing it. Many fac tors can in flu ence cost, in clud
ing the train ing of per son nel, the pur chase of spe cial ized equip ment to 
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con duct the as say, ser vice and main te nance con tracts, dis pos able sup plies, 
and re agents.

Assays that re quire lab o ra tory per son nel to have spe cial ized skills are 
less likely to be adopted. Ideally, the as say should be tech ni cally easy to 
per form, the equip ment should be easy to op er ate, and the re sults should 
be easy to in ter pret. If you have not guessed by now, all  as pects of the 
as say should be easy. Of course, the as say should be suit able for the food 
ma trix that is be ing tested. In many cases, food con stit u ents in ter fere 
with per for mance of the as say. The nat u ral mi cro flora of a sam ple and 
other de bris may also in ter fere with the ac cu racy of the test. Impor
tantly, the method should be deemed ac cept able by in dus try and/or gov
ern ment agen cies. This fac tor is par tic u larly im por tant given the global 
breadth of the food in dus try.

There are sev eral or ga ni za tions, in clud ing the International Organiza
tion for Standardization (ISO), the International Dairy Federation, and 
AOAC International, that val i date the ef ec tive ness of test ing meth ods for 
foods. The Food and Drug Administration (FDA) and U.S. Department 
of Agriculture, which do not val i date meth ods, have man u als that out  line 
stan dard meth ods used by each or ga ni za tion. In some in stances, rapid 
meth ods are in cor po rated into the pro to cols; how ever, this does not im ply 
an of  cial en dorse ment or ap proval of those tests. AOAC International 
pub lishes the FDA Bacteriological Analytical Manual, and the Food Safety 
Inspection Service of the U.S. Department of Agriculture pub lishes the 
Microbiology Laboratory Guidebook. Such man u als are not unique to the 
United States. China and South Ko rea have sim i lar man u als that pro vide 
pro to cols for the mi cro bi o log i cal anal y sis of food.

AOAC International is the most widely rec og nized and used ser vice 
that pro vi des thirdparty per for mance test ing for man u fac tur ers of test 
kits. AOAC International has a com plete set of guide lines that are em
ployed to val i date mi cro bi o log i cal test kits for foods and en vi ron men tal 
sur faces. Rapidtest kit man u fac tur ers gen er ally list on the prod uct or in 
prod uct in for ma tion whether the test has un der gone AOAC val i da tion.

RAPID METHODS BASED ON TRADITIONAL METHODS
Traditionally, bac te ria were dif er en ti ated and iden ti fied based on their 
bio chem i cal pro files. To ac com plish this, bac te ria needed to be sep a rated 
from a food ma trix. This sep a ra tion re quires a num ber of la borintensive 
steps to ob tain a cul ture that can then be plated onto, or in oc u lated into, 
var i ous dif er en tial me dia to de ter mine a spe cific bac te rial re sponse. To 
fa cil i tate the iso la tion of bac te ria from food sam ples, the sam ples are 
mixed with dil u ent in ster ile plas tic bags and mas saged us ing a sam ple 
ho mog e nizer or by hand. Previously, in di vid ual ster ile blender cups were 
used, which meant that each cup re quired clean ing and ster il i za tion af
ter use. Additional di lu tion of sam ples can now be done us ing au to mated 
di lut ers. To fur ther fa cil i tate the pro cess, au to mated plat ing sys tems, 
which elim i nate the need to make di lu tions and that use a ro botic arm to 
dis trib ute liq uid sam ple onto a ro tat ing plate, have been de vel oped. This 
pro cess al lows a >1,000fold di lu tion range to be counted on a sin gle 
plate. The pro cess of count ing col o nies on a plate is timecon sum ing 
and open to hu man er ror, par tic u larly if a large num ber of plates must 
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be counted. Colonycounting sys tems use scan ners and spe cial ized soft
ware. An added ad van tage of these sys tems is that im ages of plates can 
be stored for fu ture view ing and anal y sis.

A va ri ety of prod ucts that re place the stan dard agar plate are avail  able 
(Table 5.1). One of the most widely used is the Petrifilm sys tem (3M). This 
sys tem con sists of re hy drat able nu tri ents and a gel ling agent em bed ded 
in dis pos able card board. Petrifilms have been de vel oped for enu mer at ing 
yeasts, molds, to tal bac te ria, and spe cific bac te ria. To re hy drate the film 
to sup port mi cro bial growth, a 1ml al i quot of sam ple is dis pensed onto 
the cen ter of the film. The film is in cu bated un der the ap pro pri ate con
di tions, and col o nies are counted di rectly. The Petrifilm sys tem for de
ter min ing co li forms in foods is com pa ra ble to the widely used vi o let red 
bile agar pro cess and has greater sen si tiv ity. The API Listeria sys tem 
con sists of a strip of wells that pro vi des a bio chem i cal pro file of the iso
late (Fig. 5.1). Wells are in oc u lated with an al i quot of the tar get or gan ism 

Table 5.1  Representative man ual and au to mated min i a tur ized bio chem i cal tests

Organism(s) System Manufacturer

Gram-negative bac te ria Vitek MS

BacT/ALERT 3D

Microlog

GEN III Omnilog

bioMérieux

Biolog

Gram-positive bac te ria Vitek MS

BacT/ALERT 3D

Microlog

GEN III Omnilog

bioMérieux

Biolog

Anaerobes IDS RapID

BBL Crystal

Remel

Becton Dick in son

Enterobacteriaceae API
MICRO-ID
RapID
Microbact GNB
BBL Crystal

bioMérieux

Remel

Becton Dick in son

Coliforms Bactometer bioMérieux

Listeria MICRO-ID

O.B.I.S. Kits

Microbact Listeria

RapID

API

Remel

bioMérieux

Streptococci RapID STR Remel

Campylobacter API

O.B.I.S. Kits

SimPlate

bioMérieux

Remel

BioControl

Staphylococcus au re us RapID Remel

Salmonella O.B.I.S. Kits Remel

E. coli BactiCard Remel
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to re hy drate the com pound in each well; strips are then in cu bated un der 
ap pro pri ate con di tions. Change in color of the liq uid in the well, for ex
am ple, from yel low to red, in di cates a pos i tive re ac tion.

The hy dro pho bic grid mem brane fil ter (HGMF) (ISOGRID/NEOGRID 
sys tem; Neogen Corporation) is more com plex than the Petrifilm sys tem 
and re quires spe cial ized equip ment to com plete. The HGMF re quires 
fil tra tion of the sam ple through a fil ter that con tains a set of 1,600 grid 
cells. The HGMF is then placed onto an ap pro pri ate me dium and in cu ba
ted, and the col o nies are counted. Grids have been de signed for Sal-
monella, E. coli O157:H7, co li form E. coli, yeast, and mold counts, and 
aer o bic plate counts.

Similar to the Petrifilm sys tem and the HGMF sys tem, the SimPlate 
(Biocontrol) sys tem is based on the use of spe cial ized de hy drated me dium 
that is re con sti tuted with ster ile wa ter prior to use. The sys tem is a mod i
fi ca tion of the mostprobablenumber method. The pe tri dish de vice con
tains nu mer ous wells, and the pos i tive wells are counted and com pared 
to a mostprobablenumber chart. The sys tem pro vi des a to tal plate count 
for food and en vi ron men tal sam ples.

The meth ods dis cussed thus far are ba si cally kits and must be used as 
such. Concurrent with the de vel op ment of kit type sys tems is me dia for the 
de tec tion, enu mer a tion, and iden ti fi ca tion of spe cific bac te ria (Table 5.2), 
and me dia are now avail  able for the de tec tion and enu mer a tion of 
yeasts and molds. For in stance, me dia mar keted by CHROMagar (Paris, 
France) con tain spe cific chem i cals that per mit the dif er en ti a tion and 
count ing of spe cific bac te ria. On CHROMagar STEC (Shigatoxin pro duc
ing Escherichia coli), STEC col o nies ap pear mauve. For the de tec tion 

Figure 5.1

The API Listeria strip is an ex am ple of a rapid method based on tra di tional meth ods. 
The wells serve as test tubes in which bio chem i cal re ac tions oc cur. Based on the 
re ac tion, a code num ber is gen er ated that is then used to de ter mine the Listeria spe cies.
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Table 5.2  Representative spe cialty me dium rapid kits for de tec tion of bac te ria as so ci ated with food

Organism(s) Trade name Assay for mata Manufacturer

E. coli Peel Plate

Fast Phage PA

REBECCA Agar

Chromogenic Media

AquaCHROM ECC

CHROMagar

NeoFilm

Soleris

BioLumix

Medium

Medium

Medium

Medium

Medium

Medium

Dehydrated Medium film

Medium

Fluorescence

Charm Sciences

bioMérieux

Biolog

CHROMagar

Neogen

Coliforms Peel Plate

Fast Phage PA

AquaCHROM ECC

CHROMagar

Rambach

Soleris

NeoFilm

Colitag

Medium

Medium

Medium

Medium

Medium

Medium

Dehydrated Medium film

Medium

Charm Sciences

CHROMagar

Neogen

Salmonella CHROMagar

RambaQUICK

SM ID

ASAP Agar

Chromogenic Media

Petrifilm

BioLumix

Medium

Medium

Medium

Medium

Medium

Dehydrated Medium film

Fluorescence

CHROMagar

bioMérieux

Biolog

3M

Neogen

Enterobacteriaceae Petrifilm

Pathogel

REBECCA Agar

Dehydrated Medium film

MUG–X-Gal

Medium

3M

Charm Sciences

bioMérieux

Staphylococci Microdase Disk

Bactistaph kit

Novobiocin Disk

Soleris

Medium

Medium

Medium

Medium

Remel

Neogen

S. au re us Petrifilm

CHROMagar

BioLumix

Dehydrated Medium film

Medium

Fluorescence

3M

CHROMagar

Neogen

Bacillus ce re us BACARA agar Medium bioMérieux

Listeria ALOA Agar

Petrifilm

CHROMagar

BioLumix

Medium

Dehydrated Medium film

Medium

Fluorescence

bioMérieux

3M

CHROMagar

Neogen

aMUG, 4methylumbelliferylβdglucuronide; XGal, 5bromo4chloro3indolylβdgalactopyranoside.
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of E. coli O157:H7, the list of me dia just keeps grow ing. These me dia 
in clude MacConkey sor bi tol agar, phe nol red sor bi tol agar con tain ing 
4methylumbelliferylβdglucuronide, Le vine eo sinmethylene blue agar, 
Fluorcult E. coli O157:H7 agar (EM Sciences), BCM O157:H7(+) (Biosynth 
Biochemica and Synthetica), and MacConkey sor bi tol agar con tain ing 
ei ther 5bromo4chloro3indoxylβdglucuronic acid or 4methylumbel
liferyl βdglucuronide for the de tec tion of βdglucuronidase ac tiv ity. 
Since STECs are increasingly as so ci ated with cases of foodborne ill ness, 
it is likely the list of me dia for de tec tion of STECs will con tinue to grow.

IMMUNOLOGICALLY BASED METHODS
The most widely used rapid meth ods are based on im mu no as say tech
nol ogy. The sys tems are ac cept able for the screen ing and iden ti fi ca tion 
of spe cific bac te ria as so ci ated with a va ri ety of foods. The an ti bod ies 
used in these sys tems may de tect ei ther cel lu lar tar gets (po ly clonal an
ti bod ies) or spe cific tar gets (mono clo nal an ti bod ies). The use of mono
clo nal an ti bod ies should elim i nate some prob lems as so ci ated with 
crossre ac tion with bac te ria other than the tar get or gan ism. The sys tems 
range from sim ply mix ing an ti bodycoated beads with a test sam ple to a 
mul ti step pro ce dure that in cludes ad di tion of an en zymelabeled an ti
body to a well, fol lowed by in cu ba tion, wash ing, and ad di tion of a chro
mo gen that is acted on and that can be de tected ei ther vi su ally or by 
us ing a spec tro pho tom e ter. The typ i cal lim its of de tec tion for these sys
tems range from 103 to 105 CFU/ml. Table 5.3 con tains a list of some of 
the com mer cially avail  able meth ods.

Coating of la tex par ti cles (small beads) or mag netic beads per mits 
screen ing of sam ples for a spe cific bac te rium or sep a ra tion of a tar get 
bac te rium from a sam ple, re spec tively. For the la tex ag glu ti na tion test, 
la tex par ti cles are coated with spe cific an ti bod ies that, upon con tact with 
spe cific an ti gens of the tar get or gan ism, pro duce a vis i ble clump ing, or 
ag glu ti na tion, re ac tion (Fig. 5.2). The method is not that sen si tive, since 
>106 CFU are re quired for a vis i ble re ac tion. However, the method is rapid
and pro vi des a con ve nient means to screen for a tar get mi crobe.

Immunomagnetic sep a ra tion dif ers from la tex ag glu ti na tion in that 
the method is de signed to sep a rate the tar get or gan ism from a sam ple. 
Basically, an al i quot of mag netic beads, coated with a spe cific an ti body, 
is added to a sam ple (usu ally broth cul ture). The sam ple is in cu bated to 
fa cil i tate bind ing of the tar get cells to the an ti body, and then the com plex 
is iso lated from the sam ple by us ing a mag net. The beads can then be 
used to in oc u late broth, be plated onto se lec tive agar me dium, or be used 
di rectly in PCR as says or in en zymelinked im mu no sor bent as says 
(ELISAs). Immunomagnetic sep a ra tion sys tems are avail  able for sep a ra
tion of E. coli O157:H7, Listeria, and Salmonella from a range of sam ples, 
in clud ing fe ces, raw milk, and ice cream.

The Salmonella 1–2 Test (BioControl) is a pop u lar and widely ac cepted 
method based on im mu no dif u sion (the move ment of pro teins through 
agar) and the for ma tion of an an ti bodyantigen com plex that forms a 
vis i ble line of pre cip i ta tion in a cham ber. The an ti body is spe cific for 
Salmonella fla gel lar an ti gen; there fore, non mo tile Salmonella or gan isms 
are not de tected. Many im mu no as says are selfcon tained units that are 
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Table 5.3  Representative list of an ti body-based as says

Organism(s) Trade name Formata Manufacturer

Bacteria, spores, yeasts, 
molds

ScanRDI ELFA bioMérieux

E. coli O157b Reveal 2.0

Alert

E. coli O157

VIDAS/miniVIDAS

Assurance EIA

Premier O157

ImmunoCard STAT

VIP Glod

TRANSIA

TECRA VIA

Dryspot

Wellcolex

Ab-ppt

ELISA

LA

ELFA

S-ELISA

ELISA

Ab-ppt

Ab-ppt

ELISA

ELISA

LA

LA

Neogen

Neogen

Unipath

bioMérieux

BioControl

Meridian

BioControl

3M

Remel

E. coli O157:H7 DETEX ELISA Molecular Circuitry Inc.

Salmonella spp. Reveal 2.0

Alert

VIDAS/miniVIDAS

1–2 Test

Assurance Salmonella EIA

VIP Gold

Assurance Gold Salmonella EIA

TRANSIA

TECRA VIA

DETEX

Wellcolex

Ab-ppt

ELISA

ELFA

Diffusion

S-ELISA

Ab-ppt

ELISA

ELISA

ELISA

ELISA

LA

Neogen

bioMérieux

BioControl

BioControl

BioControl

BioControl

BioControl

3M

Molecular Circuitry Inc.

Remel

Listeria Reveal ELISA Neogen

L. monocytogenes VIP Gold Ab-ppt BioControl

Campylobacter Assurance EIA

TRANSIA

TECRA VIA

DETEX

VIDAS/miniVIDAS

DETEX

Assurance EIA

Alert

Uni-Lite XCEL

VIDAS

VIP Glod

Premier CAMPY

ImmunoCard STAT

DETEX

TECRA VIA

S-ELISA

ELISA

ELISA

ELISA

ELFA

ELISA

S-ELISA

ELISA

ELISA

ELFA

Ab-ppt

ELISA

Ab-ppt

ELISA

ELISA

3M

Molecular Circuitry Inc.

bioMérieux

Molecular Circuitry Inc.

BioControl

Neogen

bioMérieux

BioControl

Meridian

Molecular Circuitry Inc.

3M

(continued)
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based on the mi gra tion of a sam ple along a chro mato graphic strip. These 
sys tems are com monly known as lat eral flow as says. Systems us ing this 
or sim i lar tech nol ogy in clude the VIP Gold (BioControl), Reveal tests 
(Neogen Corp.), and SafePath (SafePath Laboratories LLC). Tests are 
avail  able for Salmonella, E. coli O157:H7, Listeria, Campylobacter, and a 
va ri ety of tox ins. The sys tems have been used to screen fe cal, beef, milk, 
and en vi ron men tal sam ples. The spec i fic ity and sen si tiv ity vary with 
the sam ple type and as say used.

There are sev eral ELISAbased meth ods, such as 3M TECRA VIA for 
de tec tion of Salmonella, Campylobacter, and E. coli O157:H7; Alert (Neo
gen); and the Assurance Gold Salmonella EIA (BioControl). ELISAbased 
sys tems are also avail  able for the de tec tion and iden ti fi ca tion of fungi to 
the ge nus or spe cies level. Mycotoxins can also be de tected by com mer
cially avail  able ELISA sys tems. The ba sis for de tec tion of a tar get mi
crobe or an ti gen is de picted in Fig. 5.3.

MOLECULAR METHODS
Nucleic acid (RNA and DNA)based as says for the dif er en ti a tion and 
iden ti fi ca tion of foodborne path o gens (Table 5.4) are be com ing more user 
friendly and cost ef ec tive. DNA meth ods in clude, but are not lim ited to, 
PCR, pulsedfield gel elec tro pho re sis, ribotyping, plas mid typ ing, ran domly 
am pli fied po ly mor phic DNA, quan ti ta tive PCR (qPCR), loopmediated 
iso ther mal am pli fi ca tion (LAMP), and re stric tion frag mentlength po ly
mor phism. Some of these meth ods have been au to mated, and kits are 
avail  able to fa cil i tate the re cov ery of pure DNA and RNA. Perhaps the most 
widely rec og nized and used method is PCR.

PCR is a threestep pro cess that is based on the am pli fi ca tion of a 
spe cific seg ment of cel lu lar DNA (Fig. 5.4). In the first step, dou ble
stranded DNA, also known as tem plate DNA, is de na tured into sin gle 
strands, fol lowed by an neal ing of prim ers (short seg ments of DNA com
ple men tary to a spe cific re gion on the tem plate DNA strand) to the tem
plate DNA. The an neal ing tem per a ture is crit i cal, since it de ter mines 
the strin gen cy of the re ac tion, or how spe cific the at tach ment will be. 
The fi nal step is ex ten sion of the prim ers, which is ac com plished us ing 
a ther mo sta ble DNA po ly mer ase. Within 2 h, PCR can am plify a sin gle 
copy of DNA a mil li onfold. The PCR prod ucts can be vi su al ized as a 
band on an aga rose gel stained with ethid ium bro mide.

Table 5.3 Representative list of an ti body-based as says (continued)

Organism(s) Trade name Formata Manufacturer

Bacillus thuringiensis Ag ri-Screen S-ELISA Neogen

Pseudomonas TECRA VIA ELISA 3M

S. au re us Staphyloslide

Staphlatex

TECRA VIA

Staphaurex

BactiStaph

LA

LA

ELISA

LA

LA

Becton Dick in son

Difco

3M

Remel

a EIA, en zyme im mu no as say; SELISA, sand wich ELISA; Abppt, an ti body pre cip i ta tion; ELFA, en zymelinked fluo res cent as say; LA, la tex 
ag glu ti na tion.

bEHEC, enterohemorrhagic E. coli.

O157 antigen

Control latex

H7 antigen

Figure 5.2

Agglutination tests are a con ve nient 
means to screen for a tar get mi crobe. 
Note the dark ag gre gates (ar rows) in the 
po si tions marked O157 and H7. The 
con trol po si tion is void of ag gre gates. In 
this in stance the iso late was pos i tive for 
both an ti gens.
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Currently, there are only a few com mer cially avail  able PCR kits for 
the iden ti fi ca tion of foodborne path o gens. Although the test is ex
tremely sen si tive, equip ment re quired to run the test is ex pen sive, 
tech ni cal ex per tise is re quired, and PCR as says are af ected by com plex 

Target pathogen

Primary antibody

Microscope
slide

Signal molecule

Figure 5.3

Detection of a tar get foodborne 
mi crobe by di rect im mu no as say.

Table 5.4  Representative nu cleic ac id-based rapid meth ods

Organism(s) System Format Manufacturer

Salmonella PCR-Light Cycler

foodproof

Gene-Trak

BAX X5

Molecular Detection System

NeoSeek

ANSR

GeneQuence

NEO-GRID

Assurance GDS

PCR-ELISA

PCR

Probe

PCR

Isothermal tech nol o gy

Probe

Isothermal tech nol o gy

Probe

HGMF

IMS & Probe

Biotecon Diagnostics

Gene-Trak

DuPont

3M

Neogen

BioControl

E. coli O157 BAX X5

Molecular Detection System

PCR

Isothermal tech nol o gy

DuPont

3M

E. coli Gene-Trak Probe Gene-Trak

L. monocytogenes GeneQuence

NEO-GRID

NeoSeek

Assurance GDS

foodproof

PCR-Light Cycler

Gene-Trak

Molecular Detection System

Probe

HGMF

Probe

IMS & Probe

PCR

PCR-ELISA

Probe

Isothermal tech nol o gy

Neogen

BioControl

Biotecon Diagnostics

Biotecon Diagnostics

Gene-Trak

3M

Listeria spp. BAX X5

Assurance GDS

ANSR

GeneQuence

NEO-GRID

PCR

IMS & Probe

Isothermal tech nol o gy

Probe

HGMF

DuPont

BioControl

Neogen

Campylobacter Gene-Trak

foodproof

Probe

PCR

Gene-Trak

Biotecon Diagnostics

S. au re us Gene-Trak

foodproof

Probe

PCR

Gene-Trak

Biotecon Diagnostics
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Double-stranded DNA +
primers + nucleotides +
DNA polymerase

Denaturation
95ºC

Primers anneal
55ºC

R primer F primer

Elongation
72ºC

5’

5’

Gene of
interest

5’
3’

3’

5’

3’

3’

3’

3’

3’

5’

3’

3’

3’

5’

5’

5’

5’

5’

Cycle 1

Cycle n
Exponential
amplification
of DNA
of interest

Figure 5.4

Representation of PCR cy cle. Initially, dou blestranded tem plate DNA (from a 
mi crobe) is de na tured to form two sin glestranded pieces of DNA. Primers de signed 
to am plify a spe cific re gion on the tem plate DNA are al lowed to an neal to the sin gle
stranded DNA. Elongation and ex ten sion of the primer make a com ple men tary copy 
of the DNA tem plate. These three steps make up a sin gle cy cle. The cy cle is re peated a 
spec i fied num ber of times.
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Molecular methods for the detection or characterization of foodborne pathogens

Xianming Shi and Chunlei Shi, 
Department of Food Science and 
Technology, Shanghai Jiao Tong 
University, Shanghai 200240, China

Rapid and ac cu rate de tec tion of 
foodborne path o gens con tin ues to 
be of con sid er able in ter est for both 
food safety sur veil lance and clin i cal 
di ag no sis. Surveillance of mi cro bial 
path o gens has shown the need  
for rapid, sen si tive, and spe cific 
meth ods. Conventional mi cro bi o log-
i cal quan ti fi ca tion tech niques, such 
as the plate count meth ods and 
bio chem i cal iden ti fi ca tion meth ods, 
are time-con sum ing, and they 
gen er ally re quire 5 to 7 days to fin ish 
the whole pro cess. In re cent years, 
var i ous nu cleic ac id-based mo lec u lar 
meth ods, such as PCR and the 
DNA-based mi cro ar ray method, 
have been de vel oped for the rapid 
de tec tion and iden ti fi ca tion of 
mi cro bial path o gens be cause of  
their sim plic ity in op er a tion, sta ble 
de tec tion re sults, and sav ings in 
time. Unfortunately, suit able 
mo lec u lar de tec tion mark ers are still 
not abun dant enough for the de vel-
op ment of such a high-throughput 
method. The power of nu cleic 
ac id-   based mo lec u lar meth ods is 
lim ited in the spec i fic ity and num ber 
of de tec tion mark ers.

For in stance, Salmonella enterica is 
a path o genic bac te rium that can 
lead to sal mo nel lo sis char ac ter ized 
by di ar rhea, mild fe ver, nau sea, and 
ab dom i nal pains. Development of 
im proved lab o ra tory di ag nos tic 
tech niques, in clud ing those tar get-
ing invA (Salmonella in va sion 
pro tein gene), fimA (ma jor fim brial 
sub unit en cod ing gene), spv 
(vir u lence gene), stn (en tero toxin 
gene), fliC (fla gel lin gene), hilA 
(in va sion gene tran scrip tional 
ac ti va tor), and other spe cific genes 
in Salmonella, has con trib uted  

to the de tec tion and con trol of this 
path o gen. However, some of these 
genes have been re ported to be 
ab sent in a few Salmonella serovars, 
whereas oth ers have led to false-
positive re sults when the de tec tion 
meth ods based upon them were 
used for test ing against non- 
Salmonella strains. Because most of 
the food in spec tion agen cies have a 
zero tol er ance pol icy for the 
pres ence of Salmonella, a lack of 
in clu siv ity and ex clu siv ity of de tec-
tion tar gets is a ma jor ob sta cle in 
the im ple men ta tion and stan dard i-
za tion of rapid mo lec u lar de tec tion 
meth ods. Therefore, it is nec es sary 
to iden tify and care fully eval u ate 
new tar gets for the de tec tion of 
Salmonella.

Most of the avail  able tar get genes 
for PCR de tec tion of foodborne 
path o gens, in clud ing Salmonella, 
were de vel oped as the re sult from 
many years of work in volv ing gene 
struc ture-function stud ies or 
im mu no log i cal anal y sis. Recent 
ad vances in se quenc ing tech nol ogy 
have en riched ge no mic se quence 
re sources, which make it much 
more con ve nient and ac cu rate to 
iden tify spe cific mark ers through 
com par a tive ge no mic meth ods. In 
re cent works, we have de vel oped a 
BLASTN-based vi su al i za tion tool of 
the SMM sys tem (http:// foodsafety. 
sjtu. edu. cn/ SMM- system .html) for 
min ing spe cific mark ers of mi cro bial 
path o gens, which yielded some new 
mo lec u lar mark ers for spe cific 
de tec tion of Salmonella spp., Listeria 
monocytogenes, Vibrio parahaemo-
lyticus, and Staphylococcus au re us by 
the ap pli ca tion of the SMM sys tem.

Recently re al-time PCR meth ods, in 
par tic u lar the 5′-nuclease as say, 
have gained pop u lar ity be cause the 
re sults can be mon i tored in real 
time and the data can be an a lyzed 

quan ti ta tively. Real-time PCR 
5′-nuclease as say meth ods em ploy 
a fluo res cently la beled ol i go nu cle o-
tide probe, such as the TaqMan or 
MGB probe, which al lows the use of 
shorter probes aff ord ing greater 
flex i bil ity in probe de sign as well as 
the po ten tial for in creased PCR 
spec i fic ity and sen si tiv i ty.

Real-time PCR is a widely ac cepted 
method for the de tec tion and 
quan ti fi ca tion of sev eral foodborne 
path o gens. Although this method is 
highly sen si tive, the risk of false-
negative re sults is still one lim i ta-
tion that can not be over looked and 
which may be due to the pres ence 
of in hib i tory fac tors, in clud ing food 
res i dues, or ganic sol vents from 
nu cleic acid ex trac tion, or other 
un known fac tors. To ad dress this 
chal lenge, an other nu cleic acid 
se quence was sug gested to serve as 
an in ter nal am pli fi ca tion con trol 
(IAC) and mon i tor am pli fi ca tion 
pro cesses dur ing PCR and dis tin-
guish false-negative from true-nega-
tive re sults.

The non com pet i tive IACs were 
ini tially used to avoid false-negative 
re sults in pre vi ous PCR de tec tion 
sys tems. The dis ad van tage of 
non com pet i tive IACs is that 
am pli fi ca tion may not re flect the 
pri mary tar get ac cu rately be cause of 
diff er ences in am pli fi ca tion ef -
ciency and rel a tive abun dance of 
tar gets and IACs. Moreover, there is 
an other dis ad van tage that fails to 
avoid the in ter fer ences be tween the 
tar get prim ers and IAC prim ers, 
which may of ten be less ef  cient for 
one or both re ac tions. Careful 
consideration of several factors 
such as length of the IAC, nucleo-
tide composition of the target, and 
amplification efciency of primers 
will aid in overcoming disadvan-
tages associated with this method. 

(continued)
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com po nents of food. High lev els of fats, pro tein, hu mic sub stances, and 
iron can in ter fere with the re ac tion. To over come these prob lems, an 
en rich ment step is of ten in cluded in the as say, ef ec tively di lut ing in
hib i tors and in creas ing cell num bers. The foodproof System (Biotecon 
Diagnostics, Hamilton Square, NJ) for S. au re us, Campylobacter, and 
Salmonella is based on re altime PCR. The sys tem can de liver re sults in 
<10 hours. The BAX X5 sys tem (Dupont) is a com mer cially avail  able 
PCR as say for the de tec tion of E. coli O157:H7, Salmonella, and Listeria. 
The kit is unique in that all  re agents re quired for the PCR (prim ers, en
zyme, and deoxyribonucleosides) are ly oph i lized (freezedried) and in
cluded in a re ac tion tube. This elim i na tes po ten tial prob lems caused by 
in tro duc tion of con tam i nants or the use of in cor rect amounts of a re
agent.

There are a num ber of al ter na tives to con ven tional PCR, in clud ing re
verse tran scrip tionPCR (RTPCR), re altime PCR, and the nu cleic acid 
se quencebased am pli fi ca tion sys tem. Commercial kits are avail  able for 
nu cleic acid se quencebased am pli fi ca tion (NucliSENS easyQ; bioMérieux) 
and for re altime PCR (Biotecon Diagnostics). For as says for which kits 
are not avail  able, the meth ods are well de fined. Reagent pack ages that 
have been op ti mized for the iso la tion of RNA and DNA are avail  able. 
RTPCR uses the en zyme re verse tran scrip tase to con vert RNA into 
DNA, which then serves as the tem plate in PCR. RTPCR is a use ful 
method, since it is based on RNA, which has a very short half life. When 
per formed prop erly, RTPCR de tects only live cells, whereas in PCR, 
DNA from live and dead cells can po ten tially be de tect ed.

Therefore, a com pet i tive IAC used 
for re al-time PCR de tec tion was 
de vel oped in our study, which could 
more eff ec tively in di cate false-nega-
tive re sults. The com pet i tive IAC 
con tained the same primer rec og ni-
tion se quences as the tar get DNA 
but with a diff er ent probe hy brid iza-
tion site. Two probes la beled with 
dis tinct re porter dyes (such as FAM 
and HEX) were used to diff er en ti ate 
tar get DNA and IAC am pli fi ca tion. 
The con cen tra tion of the IAC 
tem plates was op ti mized be cause 
high con cen tra tions of IAC in hibit 
the am pli fi ca tion sig nal of low 
con cen tra tion tar get DNA, whereas 
con cen tra tions of IAC that are too 
low are not suf  cient to pro duce 
de sired IAC am pli fi ca tion sig nal.

Although the IAC is  able to over-
come the in hib i tors in the PCR 
re ac tion sys tem, it is un able to 
ac count for the loss of mi cro or gan-
isms dur ing sam ple prep a ra tion or 
the in crease of bac te rial cells dur ing 
the en rich ment pro cess. Therefore, 
an ac cu rate quan ti ta tive method is 
needed, which would in di cate ei ther 
in hib i tors in PCR am pli fi ca tion  
or the loss of mi cro or gan isms  
dur ing the preenrichment or DNA 
 ex trac tion pro cess. To ad dress this 
pur pose, we de vel oped a quan ti ta-
tive PCR method for the de tec tion 
of Listeria monocytogenes us ing a 
live bac te rium as in ter nal con trol. In 
this Q-PCR as say, a com pu ta tional 
DNA ran dom shuf ing method was 
used to de sign an IAC se quence 

which was the same in length and 
GC con tent to the hly amplicon. An 
IAC frag ment was in serted into the 
ge nome of L. monocytogenes to 
cre ate a mu tant strain named 
LM-IAC. The LM-IAC was used as 
an in ter nal con trol dur ing the PCR 
as say and pro duced ac cu rate 
quan ti fi ca tion of L. mono cytogenes 
due to sim i lar DNA ex trac tion and 
am pli fi ca tion ef  cien cies be tween 
LM-IAC strain and wild-type L. 
monocytogenes. Quantification by 
this method, over a 5-log linear 
range of L. monocytogenes, had an 
R2 value of 0.9997. This PCR method 
will pro vide ac cu rate quan ti fi ca tion 
of L. monocytogenes and can be 
used in the clinic and in food as says 
for di ag nos tic pur pos es.

Molecular methods for the detection or characterization of foodborne pathogens (continued)
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The sim plic ity of LAMP anal y sis of food sam ples for spe cific food
borne path o gens has made the method ex tremely pop u lar. Loopamp kits 
for de tec tion of Salmonella, E. coli O157:H7, L. monocytogenes, and Campy-
lobacter are mar keted by Eiken Chemical Co. Unlike PCR, with the LAMP 
method, there is no need for heat de na tur ation of the dou blestranded 
DNA into a sin gle strand. A con stant re ac tion tem per a ture be tween 60 
and 65°C is suf  cient, whereas with PCR, tem per a ture cy cling is re quired.

A POTPOURRI OF RAPID METHODS
Only a few of the many rapid meth ods avail  able have been dis cussed. 
There are a few oth ers that de serve men tion, in clud ing lu mi nes cence
based as says, flow cy tom e try, and im ped ance. Of par tic u lar im por tance 
to the food in dus try are the bio lu mi nes cencebased meth ods, which can 
pro vide a rapid es ti mate of to tal mi cro bial num bers. The pres ence of 
spe cific types of bac te ria can not be de ter mined, but the pro duc tion of 
light can be cor re lated to the num ber of mi crobes. The method makes 
use of the ubiq ui tous pres ence of aden o sine tri phos phate (ATP) in all  
liv ing cells and the abil ity of ATP to re act with the lu cif er ase en zyme 
com plex found in fire flies. The 3M Clean Trace hy giene mon i tor ing sys
tem (3M Products, Flemington, NJ) makes use of this tech nol ogy. For 
ex am ple, the Unilite sys tem con sists of a trans port able luminometer 
read ing unit and swabs pre pack aged in tubes con tain ing re agents. The 
sur face to be tested is swabbed, the re ac tion is ac ti vated by plac ing the 
swab into an en zyme so lu tion, and the swab and tube are in serted into a 
cham ber in the luminometer to ob tain a read ing. Results are ob tained 
in < 1 min.

The di rect epifluorescence fil ter tech nique is an other tech nique that is 
de signed to il lu mi nate bac te ria. The method is sim ple and in volves 
mem brane fil tra tion of a food sam ple to col lect cells as so ci ated with 
the sam ple. The mem brane is then pro cessed by us ing fluo res cent an
ti bod ies to stain tar get bac te ria. Bacteria are vi su al ized us ing an epi
fluorescence mi cro scope. Problems can oc cur if food ma te rial trapped 
on the fil ter also fluo resces (i.e., it is dif  cult to dif er en ti ate bac te ria 
from food).

Other meth ods that are avail  able or in the de vel op men tal stages are 
based on nano tech nol ogy, im ped ance, flow cy tom e try, bac te rial ice nu cle
ation, and la ser op ti cal de tec tion. The BARDOT sys tem (Advanced Bioim
aging Systems) uses a la ser beam, which passes through the cen ter of a 
col ony and gen er ates a unique scat ter sig na ture (fin ger print) that can be 
used for de tec tion and iden ti fi ca tion by em ploy ing a scat ter sig na ture 
clas si fi ca tion li brary. The tech nique can dif er en ti ate Listeria, Salmonella, 
Staphylococcus, and other foodborne path o gens. The Bactometer (bio
Mérieux) and the Mal thus System V (Mal thus Diagnostics) are com mer
cially avail  able au to mated sys tems based on im ped ance. As mi crobes 
grow, they me tab o lize sub strates with low con duc tiv ity into prod ucts with 
high con duc tiv ity and there fore de crease im ped ance. Impedance sys tems 
are good for pro cess ing a large num ber of sam ples and can de tect low 
lev els of a given mi crobe.

The fu ture de vel op ment of rapid meth ods will likely ex ploit the use 
of nano tech nol ogy. Nanotechnology will per mit the de vel op ment of 

Authors’ note
DNA-based meth ods are 
ex tremely sen si tive. Caution 
must be ex er cised when  
us ing some of these tests, 
since the DNA de tected may 
be as so ci ated with dead 
bac te ria that would pres ent no 
health haz ard.
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Summary

• For all  ma jor foodborne path o gens, specialized media have been developed that tar get spe cific bio chem i cal
re ac tions of the tar get mi crobe.

• The most widely used for mat for rapid meth ods is the im mu no log i cally based as say.

• An en rich ment step is re quired for most as says to in crease the num ber of bac te ria to a de tect able lev el.

• Most as says re quire 102 to 105 CFU per g or ml.

• PCR-based as says are ex tremely sen si tive but are sub ject to in ter fer ence from the pres ence of in hib i tors in food.

• Future rapid as says will likely be based on nano tech nol o gy.

re altime sen sors ca pa ble of de tect ing sev eral dif er ent tar get mi crobes 
of con cern. Although many dif er ent for mats are avail  able, sil i con 
chips can be im printed with spe cific DNA se quences for the de tec tion 
and iden ti fi ca tion of tar get or gan isms. Chips could be im printed with 
an ti bod ies, RNA, or a host of other agents to tar get mi cro or gan isms. 
Microbial sen sors are par tic u larly ap pli ca ble in fluid sys tems with lim
ited or ganic sub stances. Presently, prob lems ex ist with sen sor ef  cacy 
in food sys tems con tain ing fats and pro teins that coat the sen sor and 
ren der it in op er a ble. These prob lems will be over come as tech nol ogy 
ad vances.

Concerns re lated to bioterrorism and the safety of the food sup ply 
have al ready in spired a mas sive ef ort for the de vel op ment of rapid 
meth ods ca pa ble of de tect ing not only typ i cal foodborne path o gens but 
also mi crobes of con cern for hu man health that may be in ten tion ally 
used to con tam i nate food. An in ex pen sive hand held por ta ble re altime 
qPCR sys tem, PikoReal (ThermoFisher), has been de vel oped for de tec
tion of Bacillus anthracis and Yersinia pestis. These units have po ten tial 
ap pli ca tions in the screen ing of food at ports of en try and bor der cross
ings and on farms.

Suggested read ing
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Questions for crit i cal thought
  1.  Why is it im por tant to pro cess a food sam ple prop erly be fore anal y sis?

  2.  The FDA now in cor po rates the use of rapid meth ods in the screen ing of food sam
ples for the pres ence of diarrheagenic E. coli. The agency states that “. . . use of 
other plat forms and pro to cols must first be val i dat ed.” Indicate, in brief, what you 
be lieve would be re quired to val i date a PCR pro to col you wish to use to en sure that 
it is equiv a lent to the plat forms/protocols rec om mended by the FDA.

  3.  The ratelimiting step in rapid iden ti fi ca tion of bac te ria from food is sam ple en
rich ment. Typically sam ples must be in cu bated for 12 h to achieve bac te rial pop u la
tions suf  cient for use in rapid tests. Be cre a tive in de vel op ing a new pro to col that 
would re duce or elim i nate the need for en rich ment.

  4.  Select a rapid as say listed in one of the ta bles. Gather lit er a ture from the com pany 
and find peerreviewed jour nal ar ti cles re lated to the as say’s ef  cacy. Based on your 
re view of the lit er a ture, write a onepage ab stract of the as say. Pretend that the ab
stract is for a rap idmethods news let ter.

  5.  LAMP is an at trac tive al ter na tive to other mo lec u lar meth ods, such as PCR, RT
PCR, and re altime PCR. Justify why LAMP would be best suited for use in low
resource en vi ron ments.

  6.  Food con stit u ents of ten in ter fere with the func tion of a rapid as say. For ex am ple, 
fat in a sam ple may coat a bio sen sor, in hib it ing the bind ing of bac te ria in the sam
ple to the sen sor. Using im mu no log i cally based as says as an ex am ple, in di cate 
from a sci en tific view point why a given food con stit u ent would in ter fere with the 
as say. Now, pro vide a pro to col that would elim i nate or pre vent such in ter fer ence.

  7.  You are work ing for a gov ern ment agency and have been tasked with de vel op ing a 
new pro to col for the de tec tion of STEC in seed sprouts. Incorporate an as say from 
each cat e go ry—se lec tive me dia, lat eral flow as say, nu cleic acid as say, etc.—when 
de vel op ing the pro to col. Construct a flow di a gram of the pro ce dure and pro vide an 
ac com pa ny ing nar ra tive.

  8.  Many of the rapid bio lu mi nes cence as says are based on the de tec tion of ATP. Since 
ATP is found in all  liv ing cells, what is a po ten tial prob lem(s) as so ci ated with this 
type of as say in de ter min ing whether a sur face is con tam i nated with bac te ria?
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INTRODUCTION
The Purpose of Microbiological Criteria
Microorganisms cause foodborne ill ness and spoil food. Trained food mi
cro bi ol o gists can prob a bly iso late mi crobes from most raw and fin ished 
food prod ucts. Does that mean that the prod uct is not safe to eat or will 
spoil rap idly? Not nec es sar ily. Indeed, it is okay to have cer tain bac te ria, 
even path o genic bac te ria, in food, de pend ing on the prod uct. Microbio
logical cri te ria en sure that a prod uct has been pro duced un der san i tary 
con di tions and is mi cro bi o log i cally safe to con sume.

Microbiological cri te ria are used to dis tin guish be tween an ac cept able 
and an un ac cept able prod uct or be tween ac cept able and un ac cept able 
foodprocessing prac tices. The num bers and types of mi cro or gan isms 
as so ci ated with a food may be used to judge its mi cro bi o log i cal safety 
and qual ity. Safety is de ter mined by the ab sence, pres ence, or level of 
path o genic mi cro or gan isms or their tox ins and their ex pected con trol or 
de struc tion. The level of spoil age mi cro or gan isms re flects the mi cro bi o
log i cal qual ity, or whole some ness, of a food, as well as the ef ec tive ness 
of mea sures used to con trol or de stroy such mi cro or gan isms. Indicator 
or gan isms may be used to as sess ei ther the mi cro bi o log i cal qual ity or 
safety. Specifically, mi cro bi o log i cal cri te ria are used to as sess (i) the safety 
of food, (ii) ad her ence to Good Manufacturing Practices (GMPs), (iii) the 
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The in for ma tion in this chap ter will en able the stu dent to:

• dif er en ti ate among the var i ous mi cro bi o log i cal cri te ria

• iden tify na tional and in ter na tional agen cies in volved in 
es tab lish ing mi cro bi o log i cal cri te ria

• rec og nize how in di ca tor or gan isms are used in mi cro 
bi o log i cal cri te ria

• un der stand why some sam pling plans are more strin gent
than oth ers

• iden tify or gan isms and types of foods for which zero
 tol er ance has been es tab lished

• iden tify and list steps re quired to man age mi cro bi o log i cal 
haz ards in foods
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keep ing qual ity (shelf life) of per ish able foods, and (iv) the suit abil ity of a 
food or in gre di ent for a par tic u lar pur pose. Appropriately ap plied mi cro 
bio log i cal cri te ria en sure the safety and qual ity of foods. This, in turn, in
creases con sumer con fi dence.

The Need To Establish Microbiological Criteria
A mi cro bi o log i cal cri te rion should be es tab lished only in re sponse to a 
need and only when it is both ef ec tive and prac ti cal. There are many con
sid er ations to be taken into ac count when es tab lish ing mi cro bi o log i cal cri
te ria. Listed be low are a few im por tant fac tors for as sess ing the need for 
mi cro bi o log i cal cri te ria.

•  Evidence of a health haz ard based on ep i de mi o log i cal data or  
a haz ard anal y sis

•  The na ture of the food’s nor mal mi cro bial makeup and the abil ity 
of the food to sup port mi cro bial growth

•  The ef ect of pro cess ing on the mi cro flora of the food

•  The po ten tial for mi cro bial con tam i na tion and/or growth dur ing 
pro cess ing, han dling, stor age, and dis tri bu tion

•  Spoilage po ten tial, util ity, and GMPs

Definitions
The National Research Council (NRC) of the U.S. National Academy of 
Sciences ad dressed the is sue of mi cro bi o log i cal cri te ria in its 1985 re port 
en ti tled An Evaluation of the Role of Microbiological Criteria for Foods and 
Food Ingredients. The re port in di cates that a mi cro bi o log i cal cri te rion 
should state what mi cro or gan ism, group of mi cro or gan isms, or toxin pro
duced by a mi cro or gan ism is cov ered. The cri te rion should also in di cate 
whether it can be pres ent or pres ent in only a lim ited num ber of sam ples 
or a given quan tity of a food or food in gre di ent. In ad di tion, a mi cro bi o log
i cal cri te rion should in clude the fol low ing in for ma tion:

•  Statement de scrib ing the iden tity of the food

•  Statement iden ti fy ing the con tam i nant

•  Analytical method to be used for the de tec tion, enu mer a tion, or 
quan ti fi ca tion of each con tam i nant

•  Sampling plan (dis cussed be low)

•  Microbiological lim its con sid ered ap pro pri ate to the food and 
com men su rate with the sam pling plan

Criteria may be ei ther man da tory or ad vi sory. A man da tory cri te ri on is 
a cri te rion that may not be ex ceeded. Food that does not meet the spec i
fied limit is re quired to be re jected, de stroyed, re pro cessed, or di verted. 
An ad vi sory cri te ri on per mits ac cept abil ity judg ments to be made. It serves 
as an alert to de fi cien cies in pro cess ing, dis tri bu tion, stor age, or mar ket
ing. For ap pli ca tion pur poses, there are three cat e go ries of cri te ria: stan
dards, guide lines, and spec i fi ca tions. The fol low ing defi  ni tions were 
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rec om mended by the NRC Subcommittee on Microbiological Criteria 
for Foods and Food Ingredients.

Standard: A mi cro bi o log i cal cri te rion that is part of a law, or di nance, 
or ad min is tra tive reg u la tion. A stan dard is a man da tory cri te rion. 
Failure to com ply con sti tutes a vi o la tion of the law, or di nance, or 
reg u la tion and is sub ject to the en force ment pol icy of the reg u la tory 
agency hav ing ju ris dic tion.

Guideline: A mi cro bi o log i cal cri te rion of ten used by the food in dus try 
or reg u la tory agency to mon i tor a manufactur ing pro cess. A guide
lines func tions as an alert mech a nism to sig nal whether mi cro bi o log
i cal con di tions pre vail ing at crit i cal con trol points (CCPs) or in the 
fin ished prod uct are within the nor mal range. Hence, it is used to as
sess pro cess ing ef  ciency at CCPs and con for mity with GMPs. A mi
cro bi o log i cal guide line is ad vi so ry.

Specification: Microbiological cri te rion that is used as a pur chase re
quire ment whereby con for mance be comes a con di tion of pur chase 
be tween the buyer and the ven dor of a food in gre di ent. A mi cro bi o
log i cal spec i fi ca tion may be ad vi sory or man da to ry.

Who Establishes Microbiological Criteria?
Diferent sci en tific or ga ni za tions are in volved in de vel op ing gen eral 
prin ci ples for the ap pli ca tion of mi cro bi o log i cal cri te ria. The sci en tific 
or ga ni za tions which have most influ enced the U.S. food in dus try in
clude the Joint Food and Agricultural Organization and World Health 
Organization Codex Alimentarius International Food Standards Pro
gram, the International Commission on Microbiological Specifications 
for Foods (ICMSF), the U.S. National Academy of Sciences, and the U.S. 
National Advisory Committee on Microbiological Criteria for Foods. 
The Codex Alimentarius Program first for mu lated Ge ne ral Principles for 
the Establishment and Application of Microbiological Criteria in 1981; it 
has since been re vi sed. In 1984, the NRC Subcommittee on Microbio
logical Criteria for Foods and Food Ingredients for mu lated gen eral prin
ci ples for the ap pli ca tion of mi cro bi o log i cal cri te ria to food and food 
in gre di ents as re quested by four U.S. reg u la tory agen cies. The Codex 
Alimentarius con tains stan dards for all  prin ci pal foods in the form (i.e., 
pro cessed, semiprocessed, or raw) in which they are de liv ered to the 
con sumer. Fresh per ish able com mod i ties not traded in ter na tion ally are 
ex cluded from these stan dards. The World Trade Organization pro vi des 
a frame work for en sur ing fair trade and har mo ni za tion stan dards and 
im port re quire ments for food traded through the Agreements on Sani
tary and Phytosanitary Measures and Technical Barriers to Trade. Coun
tries are re quired to base their stan dards on sci ence, to base pro grams 
on risk anal y sis meth od ol o gies, and to de velop ways of achiev ing equiv
a lence among the dif er ent meth ods of in spec tion, anal y sis, and cer ti fi
ca tion used by var i ous trad ing coun tries. The World Trade Organization 
rec om mends the use of stan dards, guide lines, and rec om men da tions 
de vel oped by the Codex Alimentarius Program to make all  stan dards 
sim i lar.

Authors’ note
The Codex Alimentarius is a set 
of food stan dards and guide
lines de vel oped to pro tect the 
health of con sum ers and to 
en sure fair trade prac tices in 
the food trade.
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SAMPLING PLANS
A sam pling plan in cludes both the sam pling pro ce dure and the de ci sion 
cri te ria. To ex am ine a food for the pres ence of mi cro or gan isms, a rep re
sen ta tive sam ple is ex am ined by de fined meth ods. A lot is a quan tity of 
prod uct pro duced, han dled, and stored within a lim ited time un der uni
form con di tions. Since it is im prac ti cal to ex am ine the en tire lot, sta tis ti
cal con cepts of pop u la tion prob a bil ity and sam pling are used to de ter mine 
the num ber and size of sam ple units re quired from the lot and to pro vide 
con clu sions drawn from the an a lyt i cal re sults. The sam pling plan is de
signed so that in fe rior lots will be re ject ed.

As a sim pli fied ex am ple of a sam pling plan, let us as sume that 10 sam
ples were taken and an a lyzed for the pres ence of a par tic u lar mi cro or gan
ism. Based on the de ci sion cri te rion, only a cer tain num ber of the sam ple 
units could be pos i tive for the pres ence of that mi cro or gan ism for the lot 
to be con sid ered ac cept able. If, in the cri te rion, the max i mum al low  able 
num ber of pos i tive units had been set at 2 (c = 2), then a pos i tive re sult for 
>2 of the 10 sam ple units (n = 10) would re sult in re jec tion of the lot. Ide
ally, the de ci sion cri te rion is set to ac cept lots that are of the de sired qual ity 
and to re ject lots that are not. However, since only part of the lot is ex am
ined, there is al ways the risk that an ac cept able lot will be re jected or that 
an un ac cept able lot will be ac cepted. The more sam ples ex am ined, or the 
larger the size of n, the lower the risk of mak ing an in cor rect de ci sion 
about the lot qual ity. However, as n in creases, sam pling be comes more 
timecon sum ing and costly. Generally, a com pro mise is made be tween 
the size of n and the level of risk that is ac cept able.

Types of Sampling Plans
Sampling plans are di vided into two main cat e go ries: var i ables and at tri
butes. A var i ables plan de pends on the fre quency dis tri bu tion of or gan
isms in the food. For cor rect ap pli ca tion of a var i ables plan, the or gan isms 
must have a log nor mal dis tri bu tion (i.e., counts trans formed to log a
rithms are nor mally dis trib uted). When the food is from a com mon 
source, and it is pro duced and/or pro cessed un der uni form con di tions, a 
log nor mal dis tri bu tion of the or gan isms pres ent is as sumed. Attributes 
sam pling is the pre ferred plan when mi cro or gan isms are not ho mo ge
neously dis trib uted through out  the food or when the tar get mi cro or
gan ism is pres ent at low lev els. This is of ten the case with path o genic 
mi cro or gan isms. Attributes plans are also widely used to de ter mine the 
ac cep tance or re jec tion of prod ucts at ports or other points of en try, since 
there is lit tle or no knowl edge of how the food was pro cessed, and past 
per for mance re cords are not avail  able. Attributes sam pling plans may 
also be used to mon i tor per for mance rel a tive to ac cepted GMPs. Attri
butes sam pling, how ever, is not ap pro pri ate when there is no de fined lot 
or when ran dom sam pling is not pos si ble, as might oc cur when mon i tor
ing clean ing prac tices. Because at tri butes sam pling plans are used more 
fre quently than var i ables sam pling plans, this text does not cover var i ables 
sam pling in de tail.

Attributes Sampling Plans
Choosing an ap pro pri ate sam pling plan does not need to be an oner ous 
task. Generally, twoclass plans are used al most ex clu sively for path o gens, 
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and threeclass plans are used for ex am in ing hy giene in di ca tors. Using 
a de ci sion tree can fa cil i tate the se lec tion pro cess (Fig. 6.1).

Two-class plans. A twoclass at tri butes sam pling plan as signs the con cen
tra tion of mi cro or gan isms of the sam ple units tested to a par tic u lar at tri
bute class, de pend ing on whether the mi cro bi o log i cal counts are above or 
be low some pre set con cen tra tion, rep re sented by the let ter m. The de ci
sion cri te rion is based on (i) the num ber of sam ple units tested, n, and (ii) 
the max i mum al low  able num ber of sam ple units yield ing un sat is fac tory 
test re sults, c. For ex am ple, when n is 5 and c is 2 in a twoclass sam pling 
plan de signed to make a pres enceabsence de ci sion about the lot (i.e., m = 0), 
the lot is re jected if more than two of the five sam ple units tested are pos
i tive. As n in creases for the set num ber (c), the strin gency of the sam pling 
plan also in creases. Conversely, for a set sam ple size n, as c in creases, the 
strin gency of the sam pling plan de creases, al low ing a higher prob a bil ity 
of ac ceptance, Pa, of food lots of a given qual ity. Twoclass plans are ap plied 
most of ten in qual i ta tive (semi quan ti ta tive) path o gen test ing in which the 
re sults are ex pressed as the pres ence or ab sence of the spe cific path o gen 
per sam ple weight an a lyzed.

Three-class plans. Threeclass sam pling plans use the con cen tra tions of 
mi cro or gan isms in the sam ple units to de ter mine lev els of qual ity and/or 
safety. Counts above a pre set con cen tra tion M for any of the n sam ple 
units tested are con sid ered un ac cept able, and the lot is re jected. The level 
of the test or gan ism ac cept able in the food is rep re sented by m. This con
cen tra tion in a threeclass at tri butes plan sep a rates ac cept able lots (i.e., 
those with counts less than m) from mar gin ally ac cept able lots (i.e., those 
with counts greater than m but not ex ceed ing M). Counts above m, and 
up to and in clud ing M, are not de sir able, but the lot can be ac cepted pro
vided the num ber (n) of sam ples that ex ceed m is no greater than the 

Presence-or-absence tests Count or concentration test

Two-class sampling
plan required

c = 0 c > 0

Choose the n
value to give
the desired
probability

Choose the n
and c values to
give the desired

probability

No Yes

Three-class sampling
plan required

Organism in question to be measured by:

Is it possible
to accept the target

microbe in
the food?

Choose the n
and c values to give

the desired
probability

Figure 6.1

Guide for choos ing an ap pro pri ate sam pling plan.
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pre set num ber, c. Thus, in a threeclass sam pling plan, the food lot will 
be re jected if any one of the sam ple units ex ceeds M or if the num ber of 
sam ple units with con tam i na tion lev els above m ex ceeds c. As with the 
twoclass sam pling plan, the strin gency of the threeclass sam pling 
plan is de pen dent on the two num bers rep re sented by n and c. The 
larger the value of n for a given value of c, the bet ter the food qual ity 
must be to have the same chance of pass ing, and vice versa. From n and 
c, it is then pos si ble to find the prob a bil ity of ac cep tance, Pa, for a food lot 
of a given mi cro bi o log i cal qual i ty.

ESTABLISHING LIMITS
Microbiological lim its, as de fined in a cri te rion, rep re sent the level above 
which ac tion is re quired. Levels should be re al is tic and should be de ter
mined based on knowl edge of the raw ma te ri als and the ef ects of pro
cess ing, prod uct han dling, and stor age, and the end use of the prod uct. 
Limits should also take into ac count the like li hood of un even dis tri bu
tion of mi cro or gan isms in the food, the in her ent var i abil ity of the an a lyt i
cal pro ce dure, the risk as so ci ated with the or gan isms, and the con di tions 
un der which the food is han dled and con sumed. Microbiological lim its 
should in clude the sam ple weight to be an a lyzed, the method ref er ence, 
and the con fi dence lim its of the ref er enced method where ap pli ca ble.

The shelf life of a per ish able prod uct is of ten de ter mined by the num
ber of mi cro or gan isms ini tially pres ent. As a gen eral rule, a food con tain
ing a large pop u la tion of spoil age or gan isms will have a shorter shelf life 
than the same food con tain ing fewer of the same spoil age or gan isms. 
However, the re la tion ship be tween to tal counts and shelf life is not carved 
in stone. Some types of mi cro or gan isms have a greater im pact on the 
sen sory char ac ter is tics of a food than oth ers.

Foods pro duced and stored un der GMPs may be ex pected to have a bet
ter mi cro bi o log i cal pro file than those foods pro duced and stored un der 
poor con di tions. The use of poorquality ma te ri als, im proper han dling, or 
un san i tary con di tions may re sult in higher bac te rial num bers in the fin
ished prod uct. However, low counts in the fin ished prod uct do not nec es
sar ily mean that GMPs were ad hered to. Processing steps, such as heat 
treat ment, fer men ta tion, freez ing, or fro zen stor age, can re duce the counts 
of bac te ria that have re sulted from non com pli ance with GMPs. In ad di
tion, some prod ucts, such as ground beef, may nor mally con tain high 
mi cro bial counts even un der the best con di tions of man u fac ture due to 
the growth of psychrotrophic bac te ria dur ing re frig er a tion.

The use of quan ti ta tive risk as sess ment tech niques to sci en tifi  cally de
ter mine the prob a bil ity of oc cur rence and the se ver ity of known hu man 
ex po sure to foodborne haz ards is rap idly gain ing ac cep tance. The pro
cess con sists of (i) haz ard iden ti fi ca tion, (ii) haz ard char ac ter iza tion, (iii) 
ex po sure as sess ment, and (iv) risk char ac ter iza tion. Though quan ti ta
tive risk as sess ment tech niques are well es tab lished for chem i cal agents, 
their ap pli ca tion to food safety mi cro bi ol ogy is rel a tively new.

INDICATORS OF MICROBIOLOGICAL QUALITY
Examination of a prod uct for in di ca tor or gan isms can pro vide sim ple, 
re li able, and rapid in for ma tion about pro cess fail ure, postprocess con
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tam i na tion, con tam i na tion from the en vi ron ment, and the gen eral level 
of hy giene un der which the food was pro cessed and stored.

Ideal in di ca tors of prod uct qual ity or shelf life should meet the fol
low ing cri te ria:

•  They should be pres ent and de tect able in all  foods whose qual ity
is to be as sessed.

•  Their growth and num bers should have a di rect neg a tive cor re la
tion with prod uct qual i ty.

•  They should be eas ily de tected and enu mer ated and be clearly
dis tin guish able from other or gan isms.

•  They should be enu mer a ble in a short pe riod, ide ally within a
work day.

Indicator Microorganisms
Indicator mi cro or gan isms can be used in mi cro bi o log i cal cri te ria. The 
pres ence of in di ca tor mi crobes may sug gest a mi cro bial haz ard. For ex
am ple, the pres ence of ge neric Escherichia coli in a sam ple in di cates pos
si ble fe cal con tam i na tion. These cri te ria might be used to ad dress ex ist ing 
prod uct qual ity or to pre dict the shelf life of the food. Some ex am ples of 
in di ca tors and the prod ucts in which they are used are shown in Table 6.1. 
The mi cro or gan isms listed in the ta ble are the pri mary spoil age or gan
isms of the spe cific prod ucts listed. Loss of qual ity in other prod ucts may 
not be lim ited to one or gan ism but may in volve a va ri ety of or gan isms. 
In those types of prod ucts, it is of ten more prac ti cal to de ter mine the 
counts of groups of mi cro or gan isms most likely to cause spoil age in 
each par tic u lar food.

The aer o bic plate count (APC) is com monly used to de ter mine the 
to tal num ber of mi cro or gan isms in a food prod uct. By mod i fy ing the en
vi ron ment of in cu ba tion or the me dium used, the APC can be used to 
pref er en tially screen for groups of mi cro or gan isms, such as those that are 
ther mo du ric, mesophilic, psy chro philic, ther mo philic, pro teo lytic, or li po
lytic. The APC may be a com po nent of mi cro bi o log i cal cri te ria as sess ing 
prod uct qual ity when those cri te ria are used to (i) mon i tor foods for com

Table 6.1  Microbial de fects of food

Product(s) Defect Organism

Fruit Juices Alcohol Yeasts

Bread, cake Mustiness Molds

Meat Nitrogenous (rot ten eggs) Clostridia

Eggs, milk Potato-like Pseudomonas

Fruit juice Slimy un pleas ant tex ture Leuconostoc mesenteroides

Apricots Softening Rhizopus stolonifer

Bacon Souring Lactobacillus

Shrimp Off-odor Pseudomonas

Milk (re frig er at ed) Sour Lactic acid bac te ria

Yogurt Yeasty taste Torulopsis
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pli ance with stan dards or guide lines set by var i ous reg u la tory agen cies, 
(ii) mon i tor foods for com pli ance with pur chase spec i fi ca tions, and (iii) 
mon i tor ad her ence to GMPs.

Microbiological cri te ria as spec i fi ca tions are used to de ter mine the 
use ful ness of a food or food in gre di ent for a par tic u lar pur pose. For ex
am ple, spec i fi ca tions are set for ther mo philic spores in sugar and spices 
in tended for use in the can ning in dus try. Lots of sugar that fail to meet 
spec i fi ca tions may not be suit able for use in lowacid can ning but could 
be di verted for other uses. The APCs of re frig er ated per ish able foods, 
such as milk, meat, poul try, and fish, may be used to in di cate the con di
tion of the equip ment and uten sils used, as well as the timetemperature 
pro file of stor age and dis tri bu tion of the food.

When eval u at ing the re sults of an APC for a par tic u lar food, it is im
por tant to re mem ber that (i) APCs mea sure only live cells, and there fore, 
a grossly spoiled prod uct may have a low APC if the spoil age or gan isms 
have died; (ii) APCs are of lit tle value in as sess ing sen sory qual ity, since 
high mi cro bial counts are gen er ally re quired for sen so ryquality loss; and 
(iii) since the bio chem i cal ac tiv i ties of dif er ent bac te ria vary, qual ity loss 
may also oc cur at low to tal counts. With any food, spe cific causes of un ex
pect edly high counts can be iden ti fied by ex am i na tion of sam ples at con
trol points and by in spec tion of pro cess ing plants. Interpretation of the 
APC of a food re quires knowl edge of the ex pected mi cro bial pop u la tion at 
the point where the sam ple is col lected. If counts are higher than ex pected, 
this in di cates the need to de ter mine why there has been a vi o la tion of 
the cri te ri on.

The di rect mi cro scopic count (DMC) is used to give an es ti mate of 
the num bers of both vi a ble and non vi a ble cells in sam ples con tain ing a 
large num ber of mi cro or gan isms (i.e., >105 col o nyforming units [CFU]/
ml). Considering that the DMC does not dif er en ti ate be tween live and 
dead cells (un less a fluo res cent dye, such as ac ri dine or ange, is em ployed) 
and that it re quires that the to tal cell count ex ceed 105, the DMC has lim
ited value as a part of the mi cro bi o log i cal cri te ria for qual ity is sues. The 
use of the DMC as part of mi cro bi o log i cal cri te ria for foods or in gre di ents 
is re stricted to a few prod ucts, such as raw nongrade A milk, dried milk, 
liq uid and fro zen eggs, and dried eggs.

Other meth ods com monly used to in di cate the qual ity of dif er ent food 
prod ucts in clude the How ard mold count, yeast and mold count, heat
resistantmold count, and ther mo phil icspore count. The How ard mold 
count (mi cro scopic anal y sis) is used to de tect the in clu sion of moldy ma
te rial in canned fruit and to mato prod ucts, as well as to eval u ate the 
san i tary con di tion of pro cess ing ma chin ery in veg e ta ble can ner ies. Yeasts 
and molds grow on foods when con di tions for bac te rial growth are less 
fa vor able. Therefore, they can be a prob lem in fer mented dairy prod ucts, 
fruits, fruit bev er ages, and soft drinks. Yeast and mold counts are used 
as parts of the mi cro bi o log i cal stan dards for var i ous dairy prod ucts, such 
as cot tage cheese and fro zen cream and sugar. Heatresistant molds 
(e.g., Byssochlamys fulva and Aspergillus fischerianus) that may sur vive 
the ther mal pro cesses used for fruit and fruit prod ucts may need lim its 
in pur chase spec i fi ca tions for in gre di ents, such as fruit con cen trates. The 
can ning in dus try is con cerned about ther mo philic spores in in gre di ents 
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be cause they cause de fects in foods held at el e vated tem per a tures (i.e., due 
to in ad e quate cool ing and/or stor age at toohigh tem per a tures). Purchase 
spec i fi ca tions and ver i fi ca tion cri te ria are of ten used for ther mo phil ic
spore counts in in gre di ents in tended for use in lowacid, heatprocessed 
canned foods.

Metabolic Products
Bacterial lev els in a food prod uct can some times be es ti mated by test ing 
for met a bolic prod ucts made by the mi cro or gan isms in the food. When 
a cor re la tion is es tab lished be tween the pres ence of a met a bolic prod uct 
and prod uct qual ity loss, tests for the me tab o lite may be part of a mi cro
bi o log i cal cri te ri on.

An ex am ple of the use of a test for met a bolic prod ucts, as part of a mi
cro bi o log i cal cri te rion, is the sen sory eval u a tion of im ported shrimp. 
Trained per son nel are  able to clas sify the de gree of de com po si tion (i.e., 
qual ity loss) into one of three clas ses through sen sory ex am i na tion. The 
shrimp are placed in one of the fol low ing qual ity clas ses: class 1, pass able; 
class 2, de com posed (slight but defi  nite); and class 3, de com posed (ad
vanced). The lim its of ac cept abil ity of a lot are based on the num ber of 
shrimp in a sam ple that are placed in each of the three clas ses. Other com
mod i ties in which or gan o lep tic ex am i na tion (ex am i na tion for changes in 
ap pear ance, color, tex ture, and odor) is used to de ter mine qual ity de te ri o ra
tion in clude raw milk, meat, poul try, and fish and other sea foods. The food 
in dus try also uses these ex am i na tions to clas sify cer tain foods into qual ity 
grades. Other ex am ples of met a bolic prod ucts used to as sess prod uct qual
ity are listed in Table 6.2.

INDICATORS OF FOODBORNE PATHOGENS AND TOXINS
Microbiological cri te ria for prod uct safety should be de vel oped only when 
the ap pli ca tion of a cri te rion can re duce or elim i nate a foodborne haz ard. 
Microbiological cri te ria ver ify that the pro cess is ad e quate to elim i nate 
the haz ard. Each food type should be care fully eval u ated through risk as
sess ment to de ter mine the po ten tial haz ards and their sig nifi  cance to con
sum ers. When a food is re peat edly im pli cated as a ve hi cle in foodborne 
dis ease out  breaks, the ap pli ca tion of mi cro bi o log i cal cri te ria can be use
ful. Public health of  cials and the dairy in dus try re sponded to wide
spread out  breaks of milkborne dis ease that oc curred around the turn of 
the 20th cen tury in the United States. By im po si tion of con trols on milk 

Table 6.2  Some mi cro bial met a bolic prod ucts that cor re late with food qual i ty

Metabolite(s) Applicable food prod uct(s)

Cadaverine Fermented sau sage

Diacetyl Frozen juice con cen trate

Ethanol Apple juice, fish ery prod ucts

Histamine Canned tuna and salm on

Putrescine Fermented veg e ta bles, sau er kraut juice

Trimethylamine Fish

Total vol a tile ba ses, to tal vol a tile ni tro gen Seafoods

Volatile fatty ac ids Butter, cream
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pro duc tion, de vel op ment of safe and ef ec tive pas teur i za tion pro ce dures, 
and set ting of mi cro bi o log i cal cri te ria, the safety of milk sup plies was greatly 
im proved.

Microbiological cri te ria may also be ap plied to food prod ucts, such as 
shell fish, which are fre quently sub ject to con tam i na tion by harm ful mi
cro or gan isms. The National Shellfish Sanitation Program uti lizes mi cro
bi o log i cal cri te ria in this man ner to pre vent the use of shell fish from 
pol luted wa ters, which may con tain var i ous in tes ti nal path o gens. Depend
ing on the type and level of con tam i na tion an tic i pated, the im po si tion of 
mi cro bi o log i cal cri te ria may or may not be jus ti fied. Contamination of 
food with path o gens that can not grow to harm ful lev els does not war
rant mi cro bi o log i cal cri te ria. However, mi cro bi o log i cal cri te ria would be 
war ranted for a path o gen that has a low in fec tious dose. Though fresh 
veg e ta bles are of ten con tam i nated with small num bers of Clostridium bot
u li num, Clostridium perfringens, and Bacillus ce re us or gan isms, ep i de mi
o log i cal ev i dence in di cates that this con tam i na tion pres ents no health 
haz ard. Thus, im pos ing mi cro bi o log i cal cri te ria for these mi cro or gan
isms would not be ben e fi cial. However, cri te ria may be ap pro pri ate for 
en teric path o gens on pro duce, since there have been sev eral out  breaks of 
foodborne ill ness re sult ing from fresh pro duce con tam i nated with en teric 
path o gens.

Often food pro ces sors al ter the in trin sic or ex trin sic pa ram e ters of a 
food (nu tri ents, pH, wa ter ac tiv ity, in hib i tory chem i cals, gas eous at mo
sphere, tem per a ture of stor age, and pres ence of com pet ing or gan isms) 
to pre vent the growth of un de sir able mi cro or gan isms. If con trol over one 
or more of these pa ram e ters is lost, then there may be risk of a health haz
ard. For ex am ple, in the man u fac ture of cheese or fer mented sau sage, a 
lac tic acid starter cul ture is used to pro duce acid quickly enough to in hibit 
the growth of Staphylococcus au re us to harm ful lev els. Process CCPs, such 
as the rate of acid for ma tion, are im ple mented to pre vent the growth of 
harm ful mi cro or gan isms or their con tam i na tion of the food and to en sure 
that pro cess con trol is main tained.

Depending on the path o gen, low lev els of the mi cro or gan ism in the 
food prod uct may or may not be of con cern. Some mi cro or gan isms have 
such a low in fec tious dose that their mere pres ence in a food pres ents a 
sig nifi  cant pub lic health risk. For such or gan isms, the con cern is not the 
abil ity of the path o gen to grow in the food but its abil ity to sur vive in the 
food. Foods hav ing in trin sic or ex trin sic fac tors that pre vent the sur vival 
of path o gens or toxi genic mi cro or gan isms may not be can di dates for mi
cro bi o log i cal cri te ria re lated to safety. For ex am ple, the acid ity of cer tain 
foods, such as fer mented meat prod ucts, might be as sumed to be suf 
cient for path o gen con trol. However, while the growth and toxin pro duc
tion of S. au re us might be pre vented, en teric path o gens, such as E. coli 
O157:H7, could sur vive and pro duce a prod uct that is un safe for con
sump tion.

An im por tant and of ten over looked var i able in mi cro bi o log i cal risk 
as sess ment is the con sumer. More rigid mi cro bi o log i cal re quire ments 
may be needed if a food is in tended for use by in fants, the el derly, or im
mu no com pro mised peo ple, since they are more sus cep ti ble to in fec tious 
agents than are healthy adults. The ICMSF pro posed a sys tem for clas si
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fi ca tion of foods ac cord ing to risk into 15 haz ard cat e go ries called cases, 
with sug gested ap pro pri ate sam pling plans, shown in Table 6.3.

The strin gency of sam pling plans is based ei ther on the haz ard to the 
con sumer from path o genic mi cro or gan isms and their tox ins or on toxic 
me tab o lites or the po ten tial for qual ity de te ri o ra tion. The types of mi cro or
gan isms pres ent and their num bers should be taken into ac count. Food
borne path o gens are grouped into one of three cat e go ries based on the 
se ver ity of the po ten tial haz ard (i.e., se vere haz ards, se ri ous haz ards, and 
mod er ate haz ards [Table 6.4]). Pathogens with the po ten tial for ex ten sive 
spread are of ten ini tially as so ci ated with spe cific foods. An ex am ple is 
fresh beef con tam i nated with Shiga toxinproducing Escherichia coli. 
One or a few con tam i nated pieces of meat can lead to wide spread con
tam i na tion of the prod uct dur ing pro cess ing, such as grind ing to pro duce 
ground beef. There can also be crosscontamination if the fresh beef is im
prop erly stored with readytoeat (RTE) foods. Microbial path o gens in the 
low estrisk group (mod er ate haz ards with lim ited spread) are found in 
many foods, usu ally in small num bers. Generally, ill ness is caused only 
when in gested foods con tain large num bers of a path o gen, e.g., C. perfrin
gens, or have at some point con tained large enough num bers of a path o
gen, e.g., S. au re us, to pro duce a suf  cient amount of toxin to cause ill ness. 
Outbreaks are usu ally re stricted to con sum ers of a par tic u lar meal or a 
par tic u lar kind of food.

The ef ects of con di tions to which the food will likely be ex posed in re
la tion to the growth or death of a rel e vant or gan ism(s) must be con sid ered 

Table 6.3  Plan strin gency (case) in re la tion to de gree of health haz ard and con di tions of usea

Degree of con cern rel a tive to util ity and health haz ard
Conditions in which food is ex pected to be han dled and 
con sumed af ter sam pling, in the usual course of eventsb

No di rect health haz ard Increased shelf life No chan ge Reduced shelf life

Utility (e.g., gen eral con tam i na tion, re duced shelf life, 
and in cip i ent spoil age)

Case 1 Case 2 Case 3

3-class 3-class 3-class

n = 5, c = 3 n = 5, c = 2 n = 5, c = 1

Health haz ard Reduced haz ard No chan ge Increased haz ard

Indicator: low in di rect haz ard Case 4 Case 5 Case 6

3-class 3-class 3-class

n = 5, c = 3 n = 5, c = 2 n = 5, c = 1

Moderate haz ard: di rect lim ited spread Case 7 Case 8 Case 9

3-class 3-class 3-class

n = 5, c = 2 n = 5, c = 1 n = 5, c = 0

Serious haz ard: in ca pac i tat ing, usu ally not life threat en ing Case 10 Case 11 Case 12

2-class 2-class 2-class

n = 5, c = 0 n = 10, c = 0 n = 20, c = 0

Severe haz ard: gen eral or re stricted pop u la tion Case 13 Case 14 Case 15

2-class 2-class 2-class

n = 15, c = 0 n = 30, c = 0 n = 60, c = 0

a Based on International Commission on Microbiological Specifications for Foods, Microorganisms in Foods 7: Microbiological Testing in Food Safety 
Management, Springer Science, New York, NY, 2002.

bn, num ber of sam ple units drawn from lot; c, max i mum al low  able num ber of pos i tive re sults.
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be fore the ap pro pri ate case (Table 6.3) can be de ter mined. In gen eral, if 
a food will be sub jected to treat ment that would per mit growth of the 
mi cro or gan ism (e.g., C. perfringens in cooked meats held at in ap pro pri
ate tem per a ture) and thereby in crease the haz ard, then case 3, 6, 9, 12, or 
15 would ap ply. Case 2, 5, 8, or 11 would ap ply if no change in the num
ber of or gan isms pres ent were ex pected, for ex am ple, in freez ing of the 
prod uct. Finally, case 1, 4, 7, or 10 would ap ply if the prod uct was in
tended to be fully cooked, thereby re duc ing the mi cro bial haz ard. Con
sider the case of foods de rived from dried whole eggs which are cooked 
and eaten im me di ately (scram bled) or made into prod ucts (pasta). This 
im me di ate use would di min ish the mi cro bi o log i cal haz ard. If the dried 
eggs were con sumed dry or re con sti tuted and con sumed im me di ately, 

Table 6.4  Hazard group ing of foodborne path o gens or tox insa

Severe haz ards: life threat en ing for gen eral pop u la tion

Enterohemorrhagic E. coli

Shigella dysenteriae I

Salmonella enterica serovars Typhi and Paratyphi

Vibrio cholerae O1

Brucella abortus, Brucella suis, Brucella melitensis

Botulinal neu ro tox in

Severe haz ards: for re stricted pop u la tions

Hepatitis A vi rus

Vibrio vulnificus

Listeria monocytogenes

Enterotoxigenic E. coli

Cryptosporidium parvum

Campylobacter jejuni serovar O:19

Enterobacter sakazakii (Cronobacter sp.)

Serious haz ards: in ca pac i tat ing, not life threat en ing

Yersinia enterocolitica

Cyclospora cayetanensis

Salmonella enterica serovar Enteritidis

Shigella flexneri

Cryptosporidium parvum

Ochratoxin A

Moderate haz ards: usu ally not life threat en ing

Bacillus ce re us

Clostridium perfringens

Staphylococcus en tero tox ins (Staphylococcus au re us)

Vibrio cholerae, non-O1

Vibrio parahaemolyticus

Biogenic amines (e.g., his ta mine)

a Based on International Commission on Microbiological Specifications for Foods, Microorganisms in 
Foods 7: Microbiological Testing in Food Safety Management, Springer Science, New York, NY, 2002.
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the mi cro bi o log i cal haz ard would not change (no op por tu nity was pro
vided for mi cro or gan isms pres ent to mul ti ply). A third sce nario in volves 
re con sti tut ing the dried eggs and wait ing for an ex tended pe riod be fore 
con sum ing them, in which case any mi cro or gan isms pres ent would have 
an op por tu nity to mul ti ply and po ten tially cause ill ness.

Indicator Organisms
Microbiological cri te ria for food safety may use tests for in di ca tor or gan
isms that sug gest the pos si bil ity of a mi cro bial haz ard. E. coli in drink ing 
wa ter, for ex am ple, in di cates pos si ble fe cal con tam i na tion and there fore 
the po ten tial pres ence of other en teric path o gens.

Microbial in di ca tors should have the fol low ing char ac ter is tics.

•  They should be eas ily and rap idly de tect able.

•  They should be read ily dis tin guish able from mi crobes com monly 
as so ci ated with the food.

•  They should have a his tory of con stant as so ci a tion with the
path o gen whose pres ence they are to in di cate.

•  They should be pres ent when the path o gen of con cern is pres ent.

•  They should have num bers that ide ally cor re late with those of
the path o gen of con cern.

•  Their growth re quire ments and growth rate should equal those
of the path o gen.

•  They should have a dieof rate that at least par al lels that of the
path o gen and, ide ally, should have a slightly lon ger per sis tence
than the path o gen of con cern.

•  They should be ab sent from foods that are free of the path o gen,
ex cept per haps at cer tain min i mum num bers.

Additional cri te ria for fe cal in di ca tors used in food safety have been
sug gested. Ideally, the bac te ria se lected should dem on strate spec i fic ity, 
oc cur ring only in in tes ti nal en vi ron ments. They should oc cur in very 
high num bers in fe ces so as to be en coun tered in high di lu tions. They 
should pos sess a high re sis tance to the ex ter nal en vi ron ment, the con
tam i na tion of which is to be as sessed. They should per mit rel a tively easy 
and fully re li able de tec tion even when pres ent in low num bers.

With the ex cep tion of tests for L. monocytogenes, E. coli O157:H7, Sal
monella, and S. au re us, most tests for en sur ing safety use in di ca tor or gan
isms rather than di rect tests for the spe cific haz ard. An over view of 
some of the more com mon in di ca tor mi cro or gan isms used for en sur ing 
food safety is given be low.

Fecal Coliforms and E. coli
Fecal co li forms, in clud ing E. coli, are eas ily de stroyed by heat and may die 
dur ing freez ing and stor age of fro zen foods. Microbiological cri te ria in
volv ing E. coli are use ful in those cases where it is de sir able to de ter mine 
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if fe cal con tam i na tion may have oc curred. Contamination of a food with 
E. coli im plies a risk that other en teric path o gens may also be pres ent. 
 Fecal co li form bac te ria are used as a com po nent of mi cro bi o log i cal stan
dards to mon i tor the whole some ness of shell fish and the qual ity of shell
fishgrowing wa ters. The pur pose is to re duce the risk of har vest ing 
shell fish from wa ters pol luted with fe cal ma te rial. The fe cal co li forms 
have a higher prob a bil ity of con tain ing or gan isms of fe cal or i gin than 
do co li forms which com prise or gan isms of both fe cal and nonfecal or i
gins. Fecal co li forms can be come es tab lished on equip ment and uten
sils in the foodprocessing en vi ron ment and can con tam i nate pro cessed 
foods. At pres ent, E. coli is the most widely used in di ca tor of fe cal 
 con tam i na tion.

The value of test ing for fe cal co li forms has re cently come un der scru
tiny. Fecal co li forms in clude Klebsiella, Enterobacter, and Citrobacter spe
cies, but these or gan isms may be con sid ered falsepositive in di ca tors of 
fe cal con tam i na tion since they can grow in nonfecal niches, in clud ing 
wa ter, food, and waste. The cur rent in ter pre ta tion is that E. coli is the only 
valid in di ca tor mi crobe for mon i tor ing for fe cal con tam i na tion in food 
con tain ing fresh veg e ta bles. Using only the E. coli as say should serve to 
elim i nate mis in ter pre ta tion of re sults of the fe cal co li form as say by some 
phy si cians and pub lic health of  cials.

The pres ence of E. coli in a heatprocessed food means ei ther pro cess 
fail ure or, more com monly, postprocess con tam i na tion. In the case of re
frig er ated RTE prod ucts, such as shrimp and crab meat, co li forms are in di
ca tors of pro cess in teg rity with re gard to the re in tro duc tion of path o gens 
from en vi ron men tal sources and main te nance of ad e quate re frig er a tion. 
The source of co li forms af ter ther mal pro cess ing ap pears to be the pro cess
ing en vi ron ment, in ad e quate san i ta tion pro ce dures, and/or poor tem per a
ture con trol. Coliforms are rec om mended over E. coli and APCs, be cause 
co li forms are of ten pres ent in higher num bers than E. coli and the lev els of 
co li forms do not in crease over time when the prod uct is stored prop er ly.

Metabolic Products
Certain mi cro bi o log i cal cri te ria re lated to safety rely on tests for me tab
o lites that in di cate a po ten tial haz ard. Examples of me tab o lites as a com
po nent of mi cro bi o log i cal cri te ria in clude (i) tests for thermonuclease or 

Table 6.5  Microbiological cri te ria for Listeria monocytogenes in RTE foodsa

Country
Limit (per g)

n c m M

United States 5 0 0 (neg a tive/25 g)

United Kingdom 5 100

Can a da

 Category 1, 2 5 0 0 (0/25 g)

 Category 3 5 0 100

Ger ma ny 10,000

a Based on International Commission on Microbiological Specifications for Foods, Microorganisms 
in Foods 7: Microbiological Testing in Food Safety Management, Springer Science, New York, NY, 
2002.
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ther mo sta ble DNase in foods con tain ing or sus pected of con tain ing ≥105 S. 
au re us or gan isms per ml or g; (ii) il lu mi nat ing grains un der ul tra vi o let 
(UV) light to de tect the pres ence of afl a toxin pro duced by Aspergillus spp.; 
and (iii) as say ing for the en zyme al ka line phos pha tase, a nat u ral con stit u
ent of milk that is in ac ti vated dur ing pas teur i za tion, to de ter mine whether 
milk has been pas teur ized or whether pas teur ized milk has been con tam
i nated with raw milk.

Table 6.6  Examples of var i ous food prod ucts for which ad vi sory mi cro bi o log i cal cri te ria have been es tab lished

Product cat e go ry Test pa ram e ter(s) Case
Plan 
class

Limit (per g)
n c m M

Raw chick en APC 1 3 5 3 5 × 105 107

Cooked poul try, fro zen, RTE S. au re us 8 3 5 1 103 104

Cooked poul try, fro zen, to 
be re heat ed

S. au re us 8 3 5 1 103 104

Salmonella 10 2 5 0 0

Chocolate or con fec tion ery Salmonella 11 2 10b 0 0

Dried milk APC 2 3 5 2 3 × 104 3 × 105

Coliforms 5 3 5 1 10 102

Salmonellac  
(nor mal rou tine)

10 2 5 0 0

11 2 10 0 0

12 2 20 0 0

Salmonellac  
(high-risk pop u la tions)

10 2 15 0 0

11 2 30 0 0

12 2 60 0 0

Soft cheesed S. au re us 5 2 102 103

Coliforms 5 2 102 103

Pasteurized liq uid; fro zen 
and dried egg prod ucts

APC 2 3 5 2 5 × 104 106

Coliforms 5 3 5 2 103 103

Salmonellab  
(nor mal rou tine)

10 2 5 0 0

11 2 10 0 0

12 2 15 0 0

Salmonellab  
(high-risk pop u la tions)

10 2 15 0 0

11 2 30 0 0

12 2 60 0 0

Fresh and fro zen fish, to be 
cooked be fore be ing eat en

APC 1 3 5 3 5 × 103 107

E. coli 4 3 11 500

Salmonellae 10 2 5 0 0

Vibrio 
parahaemolyticuse

7 3 5 2 102 103

S. au re use 7 3 5 2 103 104

Growth ex pect ed 12 2 20 0 0

aProduct is cooked, not a roast of beef.
b The 25g an a lyt i cal unit may be com pos it ed.
c The case is to be cho sen based on whether the haz ard is ex pected to be re duced, un changed, or in creased.
dRequirements only for fresh and soft cheese made from pas teur ized milk.
e For fish known to de rive from in shore or in land wa ters of doubt ful bac te ri o log i cal qual ity or where fish are to be eaten raw, ad di tional tests may 
be de sir able.
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APPLICATION AND SPECIFIC PROPOSALS FOR MICROBIOLOGICAL 
CRITERIA FOR FOOD AND FOOD INGREDIENTS
In this sec tion, ex am ples of the ap pli ca tion of mi cro bi o log i cal cri te ria to 
var i ous foods are pre sented. There are no gen eral cri te ria suit able for all  
foods. The rel e vant back ground lit er a ture that re lates to the qual ity and 
safety of a spe cific food prod uct should be con sulted be fore im ple men ta
tion of mi cro bi o log i cal cri te ria.

The uti li za tion of mi cro bi o log i cal cri te ria, as stated above, may be ei
ther man da tory (stan dards) or ad vi sory (guide lines or spec i fi ca tions). 
One ob vi ous ex am ple of a man da tory cri te rion (stan dard) is the zero tol
er ance set for Salmonella in all  RTE foods. The U.S. Department of Ag
riculture (USDA) Food Safety and Inspection Service has man dated 
zero tol er ance for E. coli O157:H7 in fresh ground beef. Since the emer
gence of L. monocytogenes as a foodborne path o gen, the Food and Drug 
Administration and USDA have also ap plied zero tol er ance for the or
gan ism in all  RTE foods. However, there is con sid er able de bate as to 
whether zero tol er ance is war ranted for L. monocytogenes. Table 6.5 pro
vi des ex am ples of mi cro bi o log i cal cri te ria for L. monocytogenes in RTE 
foods. The mi cro bi o log i cal cri te ria vary con sid er ably for dif er ent coun
tries. These rec om men da tions are ex am ples of ad vi sory cri te ria. Other 
ad vi sory cri te ria that have been es tab lished to ad dress the safety of foods 
are shown in Table 6.6. Examples of ad vi sory cri te ria for Hong Kong are 
shown in Table 6.7.

Mandatory cri te ria in the form of stan dards have also been em ployed 
for qual ity is sues. Presented in Table 6.8 are ex am ples of foods and food 
in gre di ents for which fed eral, state, and city, as well as in ter na tional, 
mi cro bi o log i cal stan dards have been de vel oped.

CURRENT STATUS
The ICMSF rec om mends that a se ries of steps be taken to man age mi
cro bi o log i cal haz ards for foods in tended for in ter na tional trade. These 
steps in clude con duct ing a risk as sess ment and an as sess ment of risk 
man age ment op tions, es tab lish ing a food safety ob jec tive (FSO), and 
con firm ing that the FSO is achiev able by ap pli ca tion of GMPs and hazard 
analysis and CCPs (HACCPs).

An FSO is a state ment of the fre quency or max i mum con cen tra tion 
of a mi cro bi o log i cal haz ard in a food that is con sid ered ac cept able for 
con sumer pro tec tion. Examples of FSOs in clude staph y lo coc cal en tero
toxin lev els in cheese that must not ex ceed 1 µg/100 g or an afl a toxin con

Table 6.7  Microbiological cri te ria for var i ous prod ucts in Hong Kong

Product cat e go ry Test pa ram e ter(s)
Limit

n c m M

Natural mineral waters E. coli Not de tect able in 250 ml

Powdered infant formula Cronobacter sakazakii 30 0 Not de tected in 10 g

Salmonella 60 0 Not de tected in 25 g

Spices (ready-to-eat) Salmonella 10 0 Not de tected in 25 g

Raw mol lusks E. coli 5 1 230 MPN/100 g 700 MPN/100 g
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cen tra tion in pea nuts that should not ex ceed 15 µg/kg. FSOs are broader 
in scope than mi cro bi o log i cal cri te ria and are in tended to com mu ni cate 
the ac cept able level of haz ard. Control mea sures are ac tions and ac tiv i ties 
that can be used to pre vent or elim i nate a food safety haz ard or to re duce 
it to an ac cept able level. The food in dus try is re spon si ble for ap ply ing 

Table 6.8  Examples of var i ous food prod ucts for which man da tory mi cro bi o log i cal cri te ria have been es tab lished

Product cat e go ry Test pa ram e ter(s) Comment

United States

Dairy prod ucts

Raw milk Aerobic bac te ria Recommendations of U.S. Public Health Service

Grade A pas teur ized milk Aerobic bac te ria
Coliforms

Recommendations of U.S. Public Health Service

 Grade A pas teur ized 
(cul tured) milk

Aerobic bac te ria
Coliforms

Recommendations of U.S. Public Health Service

Dry milk (whole) SPCa

Coliforms
Recommendations of U.S. Public Health Service

Dry milk (non fat) SPC
Coliforms

Standards of Agricultural Marketing Service 
(USDA)

Frozen des serts SPC
Coliforms

Recommendations of U.S. Public Health Service

Starch and sug ars Total ther mo phil ic-spore count
Flat-sour spores
Thermophilic an aer o bic spores
Sulfide spoil age spores

National Canners Association (National Food 
Processors Association)

Breaded shrimp APC
E. coli
S. au re us

Food and Drug Administration com pli ance 
pol icy guide

International

Caseins and ca sein ates Total bac te rial count
Thermophilic or gan isms
Coliforms

Eu rope

Natural min eral wa ters Aerobic mesophilic count
Coliforms
E. coli
Fecal strep to coc ci
Sporulating sul fite-reducing an aer obes
Pseudomonas aeruginosa, par a sites, and 
path o genic or gan isms

Codex Alimentarius

Hot meals served by air lines E. coli
S. au re us
B. ce re us
C. perfringens
Salmonella

Eu rope

Tomato juice Mold count Can a da

Fish pro tein Total plate count
E. coli

Can a da

Gelatin Total plate count
Coliforms
Salmonella

Can a da

aSPC, stan dard plate count.
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GMPs and es tab lish ing ap pro pri ate con trol mea sures, in clud ing CCPs, in 
their pro cesses and HACCP plans. For foods in in ter na tional com merce, 
quan ti ta tive FSOs pro vide an ob jec tive ba sis to iden tify what an im port
ing coun try is will ing to ac cept in re la tion to the mi cro bi o log i cal safety 
of its food sup ply. A more de tailed dis cus sion on FSOs can be found in 
chap ter 29.

Summary

•  Microbiological cri te ria are most eff ec tively ap plied as part of qual ity as sur ance pro grams in which HACCP and 
other pre req ui site pro grams are in place.

•  Microbiological cri te ria for foods con tinue to evolve as new in for ma tion be comes avail  able.

•  Quantitative risk as sess ment fa cil i tates the es tab lish ment of mi cro bi o log i cal cri te ria for foods in in ter na tional 
trade and of guide lines for na tional stan dards and pol i cies.

•  Microbiological cri te ria diff er based on the food and mi cro or gan ism of con cern.

•  Microbiological cri te ria may be based on the pres ence or ab sence of spe cific me tab o lites.

Suggested read ing
International Commission on Microbiological Specifications for Foods. 2002. Micro
organisms in Foods 7: Microbiological Testing in Food Safety Management. Springer 
Science, New York, NY.

International Commission on Microbiological Specifications for Foods. 2011. Micro
organisms in Foods 8. Use of Data for As sess ing Pro cess Con trol and Prod uct Ac cep tance. 
Springer Science, New York, NY.

Questions for crit i cal thought
  1.  Principles of mi cro bi o log i cal risk man age ment in clude FSO, per for mance ob jec

tive, and per for mance cri te rion. Only FSOs were dis cussed in this chap ter. Define 
each term (hint: ftp:// ftp. fao. org/ codex/ Publications/ ProcManuals/ Manual_ 20e 
. pdf) and then de scribe how they are used as tools in the risk man age ment of micro
 bi o log i cal haz ards in food stufs.

  2.  Explain why mi cro bi o log i cal spec i fi ca tions are im por tant for food man u fac tur ers, 
par tic u larly in a global mar ketplace. Review of chap ters 7 and 29 may aid in an swer
ing the ques tion.

  3.  Microbiological cri te ria for a given food can vary by coun try. Speculate about why 
and how this may im pact trade.

  4.  Using the path o gens L. monocytogenes and Salmonella as tar gets, se lect a food and, 
us ing the de ci sion tree in Fig. 6.1, out  line pa ram e ters for which the or gan isms are 
mea sured by pres ence or ab sence and enu mer a tion.

  5.  The fe cal co li form as say may not ac cu rately re flect whether a sam ple con tains fe cal 
ma te rial. Why? Aside from the in for ma tion pro vided in the chap ter, per form a lit
er a ture search to pro vide sup port for this state ment.

  6.  The mi cro bi o log i cal cri te ria for L. monocytogenes in shrimp are as fol lows: n = 5, 
c = 0, and m = M = 0. Indicate what each term rep re sents. Based on the in for ma tion 
pro vided, if one sam ple had 10 CFU, would the prod uct be ac cepted or re ject ed?
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 7.  Explain why it is ac cept able for some prod ucts to be pos i tive for S. au re us but not for
Salmonella.

 8.  Why would one food spoil more rap idly than an other food even though the spoil age 
or gan isms as so ci ated with the two foods are the same?

 9.  How can the APC be used to screen spe cifi  cally for a group of mi cro or gan isms?
Explain your an swer.

  10.  Explain why foods pro duced and stored un der GMPs may be ex pected to have
 mi cro bi o log i cal pro files dif er ent from those of foods pro duced and stored with out  
the ap pli ca tion of GMPs.

  11.  C. bot u li num is a dan ger ous path o gen. Why is it ac cept able for fresh veg e ta bles to
be con tam i nated with low num bers of this path o gen?

  12.  Why are mi cro bi o log i cal cri te ria needed for prod ucts, such as ice cream, that will 
held and con sumed fro zen?

  13.  Failure to com ply with which mi cro bi o log i cal cri te ri on—stan dard, guide line, or 
spec i fi ca tion—would re sult in le gal ac tion? Explain your an swer.

  14.  Zero tol er ance is set for sev eral path o gens. Explain zero tol er ance and dis cuss why
zero tol er ance was es tab lished for se lect path o gens and cer tain foods.

  15.  How do mi cro bi o log i cal cri te ria af ect a food pro ces sor? Select a food and de scribe 
the mi cro bi o log i cal cri te ria as so ci ated with the prod uct and ex plain how those cri
te ria could be met.
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INTRODUCTION
According to the CDC, about one in ev ery six peo ple in the United States 
gets sick each year from eat ing con tam i nated food. This is equiv a lent to 
48 mil lion in di vid u als who are af ected as part of the more than 1,000 out 
breaks that hap pen each year. These out  breaks of foodborne ill ness are 
caused by un in ten tional con tam i na tion mostly from vi ruses, var i ous bac
te ria, and some pro to zoa. (While bi o log i cal haz ards cause the ma jor ity of 
ill nesses, some may be due to chem i cal con tam i na tion as well, but as this 
is a food mi cro bi ol ogy text, the fo cus here is on bi o log i cal haz ards.) This 
text book is filled with in for ma tion about the lead ing foodborne path o gens. 
This chap ter ad dresses the role of reg u la tory au thor i ties in en hanc ing the 
safety of the U.S. food sup ply. Over the past 20 years, the United States has 
seen a re duc tion in some as pects of con tam i na tion and a re duc tion in the 
num bers of cases of foodborne ill ness. Collaborations among reg u la tory 
bod ies, in dus try, and ac a demic sci en tists have helped to make this pos si
ble. For ex am ple, over the past 10 years in fec tions caused by Escherichia coli 
O157:H7 have been re duced by half, in par tic u lar, those as so ci ated with 
con sump tion of ground beef. Unfortunately, Salmonella in fec tion num bers 
have not de clined. Salmonella causes more hos pi tal i za tions and deaths 
than any other type of mi cro or gan ism found in food and is re spon si ble for 
$365 mil lion in di rect med i cal costs an nu ally. These data were gen er ated by 
the CDC in 2011, based on sur veil lance in for ma tion and math e mat i cal mod
el ing. Surveillance is ex tremely im por tant in un der stand ing the bur den of 
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foodborne ill ness. Efective sur veil lance is es sen tial, yet it is re ally dif  cult 
to do within the United States due to lack of fund ing and the in her ent 
na ture of the un der re port ing of foodborne ill ness. You can prob a bly re late 
to the lat ter as pect. Have you ever felt nau se ated, with vom it ing and/or 
di ar rhea? Did you visit your fam ily phy si cian or the school health cen ter? 
No? You are not alone; many peo ple do not visit a phy si cian with these 
symp toms. Scientists and math e ma ti cians have de vel oped so phis ti cated 
cal cu la tions us ing data ob tained from spe cific test ing sites within the 
United States, pop u la tion sur veys, and es ti ma tions of ill ness.

U.S. AGENCIES INVOLVED IN FOOD REGULATION
Two fed eral agen cies work to gether in pre vent ing the oc cur rence of 
foodborne ill ness within the United States. These are the U.S. Food 
and Drug Administration (FDA) and the U.S. Department of Agricul
ture (USDA). Within each agency there are sev eral im por tant branches 
that all  con trib ute to this ef ort. Hazards in the food sup ply may be 
ef ec tively con trolled in a col lab o ra tive ef ort among reg u la tory agen
cies, with ef ec tive use of tools by in dus try (see chap ter 29), and with 
con sumer sup port in fol low ing food safety and good health di rec tives.

The em pha sis in this chap ter is on pre ven tion of foodborne ill ness, 
and the ma jor fo cus here con cerns bi o log i cal haz ards. It is im por tant, as 
well, to rec og nize that chem i cal and phys i cal haz ards ex ist and that these 
are also of con cern in food pro duc tion and dis tri bu tion. The FDA and 
USDA rank foodborne ill ness as the pri mary food safety con cern ac cord
ing to risk. Information gath ered through sci encebased risk as sess ment 
and re search is used to de velop guid ance and reg u la tions to re duce con
tam i na tion or crosscontamination of foods. A reg u la tion is de fined as “an 
au thor i ta tive rule deal ing with de tails or pro ce dures is sued by an ex ec u
tive au thor ity or reg u la tory agency of a gov ern ment and hav ing the force 
of law.” Regulations use words like “shall” and “must.” A guid ance prin ci
ple is de fined as “the ac tion pro vided by a guide pro vid ing lead er ship and 
di rec tion.” Guidance doc u ments use words like “should.” The cur rent 
food safety reg u la tory arena is in a state of flux as lead ers learn more and 
risks change. The fol low ing pro vi des an over view of the his tory of the 
FDA and the USDA and a frame work for un der stand ing the cur rent reg u
la tions and guide lines at work pro tect ing food safety in the 21st cen tury. 
Of course, these are not the only two agen cies with im por tant roles in pro
tect ing the U.S. food sup ply, but they play ma jor roles, which are de scribed 
here. This is a com plex sys tem and is of ten crit i cized for the many play ers. 
It can be frus trat ing and con fus ing for con sum ers to de ter mine the ap
pro pri ate reg u la tory agency for spe cific sit u a tions.

The USDA
The USDA is a cab i netlevel de part ment within the U.S. gov ern ment 
(Fig. 7.1). The mis sion state ment of the USDA is to pro vide lead er ship on 
food, ag ri cul ture, nat u ral re sources, and re lated is sues based on sound 
pub lic pol icy, the best avail  able sci ence, and ef  cient man age ment. The 
de part ment is com posed of 17 agen cies and 15 of ces which work in var
i ous ar eas re lated to ag ri cul ture. A list ing of the agen cies and their re
spon si bil i ties is shown in Table 7.1. There are seven mis sion ar eas: farm 
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and for eign ag ri cul tural ser vic es; food, nu tri tion, and con sumer ser vic es; 
food safe ty; mar ket ing and reg u la tory pro grams; nat u ral re sources and 
en vi ron ment; re search, ed u ca tion, and eco nom ics; and ru ral de vel op
ment. Concerning food, the USDA of ers sev eral pro grams and ser vices. 
These in clude meat and poul try safety, food safety in for ma tion, food 
pres er va tion and home can ning as sis tance, child nu tri tion pro grams, 
sup ple men tal nu tri tion as sis tance pro grams, eco nomic re search on food 
safety through the Economic Research Service, and ba sic and ap plied as
pects of food safety through the Agricultural Research Service.

The USDA’s Food Safety and Inspection Service (FSIS) is re spon si ble for 
the safety and la bel ing of tra di tional meats and poul try. The FDA reg u lates 
game meats, such as ven i son, os trich, and snake. The FSIS has worked to 
pro tect the U.S. food sup ply for more than 100 years un der the di rec tion of 
the Fe de ral Meat Inspection Act (FMIA). In 1862, President Abra ham Lin
coln signed leg is la tion cre at ing the USDA to stim u late food pro duc tion by 
pro vid ing seed and ag ri cul tural in for ma tion to farm ers and by help ing 
them re ceive a fair price for their crops. As the United States ex panded to
wards the west af ter the Civil War, the de vel op ment of the re frig er ated rail 
car helped spur the live stock in dus try. Meat pack ing and in ter na tional trade 
fol lowed. In 1884, President Ches ter Ar thur cre ated the Bureau of Animal 
Industry (BAI), the fore run ner of the FSIS. This agency was re spon si ble for 
pre vent ing dis eased an i mals from be ing used as food. The BAI en forced 
the Meat Inspection Act, which was cre ated in 1890 and amended 1 year 
later to cover in spec tion and cer ti fi ca tion of all  live cat tle for ex port, in clud
ing those that were to be slaugh tered and their meat ex ported. In 1905, with 
the pub li ca tion of Upton Sin clair’s ex posé, The Jungle, the BAI con fronted 
its first chal lenge. This book, which is still widely read to day, was meant to 
raise po lit i cal is sues to a new level and, in the end, did so, but in a dif er ent 
way than the au thor had first planned. The Jungle ex posed the un san i tary 
con di tions in the Chi cago meat pack ing in dus try. This ig nited pub lic out 
rage. President The o dore Roo se velt com mis sioned a gov ern men tal in spec
tion, which con firmed the hor rid tale de scribed by Sin clair. The FMIA was 
passed by Congress in June 1906 in re sponse. This act es tab lished the san i
tary re quire ments for the meat pack ing in dus try and is as im por tant to day 
as it was more than 100 years ago. These requirements in clude man da tory 
in spec tion of live stock be fore slaugh ter, man da tory post mor tem in spec tion 
of ev ery car cass, and ex plicit san i tary stan dards for ab at toirs. In ad di tion to 
these, the act granted the agency the right to con duct in spec tions at slaugh
ter and pro cess ing op er a tions and to en force food safety reg u la tory re quire
ments. The agency grew in size, hir ing more than 2,000 in spec tors to carry 
out  in spec tion ac tiv i ties at 700 es tab lish ments by 1907.

Prior to 1920, con sum ers typ i cally bought poul try di rect from a farm
house. This changed in 1920 when an out  break of avian in flu enza 

Figure 7.1

The USDA logo.
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Table 7.1  List of USDA agencies, in di cat ing the depth and breadth of the work of the USDA

Agency name
Agency 
ab bre vi a tiona Brief de scrip tion

Agricultural Marketing Service AMS Facilitates the mar ket ing of ag ri cul tural prod ucts in do mes tic and in ter na tional 
mar kets, while en sur ing fair trad ing prac tices and pro mot ing a com pet i tive 
and ef  cient mar ket place; works to de velop new mar ket ing ser vic es

Agricultural Research Service ARS USDA’s prin ci pal in-house re search agen cy; con ducts ag ri cul tural re search 
and pro vi des in for ma tion on ag ri cul ture

Animal and Plant Health 
Inspection Service

APHIS Works to en sure the health and care of an i mals and plants, to im prove 
ag ri cul tural pro duc tiv ity and com pet i tive ness, and to con trib ute to the 
na tional econ omy and pub lic health

Center for Nutrition Policy  
and Promotion

CNPP Works to im prove the health and well-be ing of Amer i cans by de vel op ing 
and pro mot ing di e tary guid ance that links sci en tific re search to the 
nu tri tional needs of con sum ers

Economic Research Service ERS USDA’s prin ci pal so cial sci ence re search agen cy; com mu ni cates re search 
re sults and so cio eco nomic in di ca tors via briefi ngs, an a ly ses for policymak-
ers and their staffs, mar ket anal y sis up dates, and ma jor re ports

Farm Service Agency FSA Implements ag ri cul tural pol icy, ad min is ters credit and loan pro grams, and 
man ages con ser va tion, com mod ity, di sas ter, and farm mar ket ing pro grams 
through a na tional net work of of c es

Food and Nutrition Service FNS Works with other or ga ni za tions to in crease food se cu rity and re duce hun ger 
by pro vid ing chil dren and low-income peo ple with ac cess to food, a healthy 
diet, and nu tri tion ed u ca tion, while sup port ing Amer i can ag ri cul ture

Food Safety and Inspection 
Service

FSIS Works to pro tect the pub lic from foodborne ill ness; in spects meat, poul try, 
and egg prod ucts for safety and proper pack ag ing

Foreign Agricultural Service FAS Works to im prove for eign mar ket ac cess for U.S. prod ucts; op er ates 
pro grams de signed to build new mar kets and im prove the com pet i tive ness 
of U.S. ag ri cul ture

Forest Service FS Works to sus tain the health, di ver sity, and pro duc tiv ity of the na tion’s 
for ests and grass lands to meet the needs of pres ent and fu ture gen er a tions

Grain Inspection, Packers and 
Stockyards Administration

GIPSA Facilitates the mar ket ing of, and en sures open and com pet i tive mar kets for, 
live stock, poul try, meat, ce re als, oil seeds, and re lated ag ri cul tural prod ucts, 
while pro mot ing fair and com pet i tive trad ing prac tices for the over all 
ben e fit of con sum ers and Amer i can ag ri cul ture

National Agricultural Library NAL Ensures and en hances ac cess to ag ri cul tural in for ma tion for a bet ter qual ity 
of life

National Agricultural Statistics 
Service

NASS Serves the ba sic ag ri cul tural and ru ral data needs of the coun try by 
pro vid ing ob jec tive, im por tant, and ac cu rate sta tis ti cal in for ma tion and 
ser vices to farm ers, ranch ers, ag ri busi nesses, and pub lic of  cials

National Institute of Food and 
Agriculture

NIFA In part ner ship with land-grant uni ver si ties and other pub lic and pri vate 
or ga ni za tions, pro vi des the fo cus to ad vance a global sys tem of ex tra mu ral 
re search, ex ten sion, and higher ed u ca tion in the food and ag ri cul tural 
sci ences

Natural Resources Conservation 
Service

NRCS Provides lead er ship in a part ner ship eff ort to help peo ple con serve, 
main tain, and im prove our nat u ral re sources and en vi ron ment

Risk Management Agency RMA Helps to en sure that farm ers have the fi nan cial tools nec es sary to man age 
their ag ri cul tural risks; pro vi des cov er age through the Fe de ral Crop 
Insurance Corporation, which pro motes na tional wel fare by im prov ing the 
eco nomic sta bil ity of ag ri cul ture

Rural Development RD Helps ru ral ar eas to de velop and grow by off er ing fed eral as sis tance that 
im proves qual ity of life. RD tar gets com mu ni ties in need and pro vi des 
fi nan cial and tech ni cal re sourc es.

aAbbreviations are used so of ten with fed eral agen cies and reg u la tions that they are of ten jok ingly re ferred to as “al pha bet soup.”
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 oc curred in New York City, the hub of poul try dis tri bu tion in the United 
States. This out  break led to poul try in spec tion pro grams.

Poultry con sump tion in creased, es pe cially af ter World War II. The 
Poultry Products Inspection Act was passed in 1957 and re quired the in
spec tion of poul try prod ucts be fore slaugh ter, af ter slaugh ter, be fore 
pro cess ing, and be fore be ing placed into in ter state com merce. The Poul
try Products Inspection Act mir rored the re quire ments of the FMIA. 
Facilities were san i tary, and pro cess ing op er a tions and prod uct la bels 
were ac cu rate and truth ful af ter these fed eral reg u la tions were in place.

The scope of the in spec tions was ex panded with the pas sage of the 
Agricultural Marketing Act in 1946, which granted in spec tion of ex otic 
and game an i mals on a feeforservice ba sis. Grading and qual ity iden ti
fi ca tion of prod ucts were added un der the Agricultural Marketing Ser
vice in 1981. In 1958 Congress passed the Food Additive Amendment 
and the Humane Methods of Slaughter Act in re sponse to pub lic con
cerns; how ever, this act was not amended un til 1978. This act amended the 
FMIA of 1906. Today this topic re mains an im por tant area for pub lic con
cern as well as en sur ing qual ity meat and safe foods. In 1967 and 1968 
Congress passed the Wholesome Meat Act and the Wholesome Poultry 
Products Act to en sure that state in spec tion pro grams would be equal in 
rigor to fed eral in spec tion pro grams. In 1970 the Egg Products Inspection 
Act man dated con tin u ous in spec tions of liq uid, dried, and fro zen egg 
prod ucts. These were car ried out  by the Agricultural Marketing Service, 
which may sound sur pris ing. In 1953 the BAI was abol ished, and parts of 
USDA were re or ga nized. Meat in spec tion was trans ferred to the Agricul
tural Research Service in 1965 and then to the Animal and Plant Health 
Inspection Service in 1972 af ter this agency was cre ated in 1971. In 1977 the 
newly cre ated Food Safety and Quality Service agency be gan per form ing 
meat and poul try grad ing and some in spec tion ac tiv i ties that were trans
ferred from the Animal and Plant Health Inspection Service. In 1981 the 
last change was made with the cre a tion of the FSIS, and this agency now is 
in charge of all  in spec tions. The FSIS has worked dil i gently in de fin ing 
new in spec tion pro grams. The frame work for the cur rent reg u la tions 
is the Pathogen Reduction/Hazard Analysis and Critical Control Points 
sys tem, dis cussed in de tail in chap ter 29. The FSIS con tin ues to work with 
riskbased in spec tion sys tems that rely on sci encebased pol i cies. The FSIS 
is flex i ble enough to meet chal lenges as they de velop and will con tinue to 
mod ern ize to meet the ev erchanging threats and food safety chal lenges.

The FDA
The FDA (Fig. 7.2) was born dur ing the de vel op ment of the USDA. The 
FDA grew from a sin gle chem ist in his own agency, the Bureau of Chem
istry, within the USDA in 1862, to a staf of more than 9,000 em ploy ees in 

Authors’ note
New York City is still a large 
hub for live-bird mar kets. Since 
2004 the USDA has been 
re work ing cur rent poul try 
bio se cu rity ef forts to re duce  
the move ment of po ten tially 
in fected birds back and forth 
be tween other birds and farms.

Figure 7.2

The FDA logo.
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2011. The mod ern FDA be gan with the pass ing of the Fe de ral Food and 
Drugs Act in 1906, and, in 1927, the Bureau of Chemistry changed its 
name to the Food, Drug, and Insecticide Administration. The name was 
shorted to the FDA 3 years later. Throughout the 19th cen tury, states had 
au thor ity over food dis tri bu tion and pro duc tion, but there were prob lems 
with mis brand ing and adul ter a tion. By the late 19th cen tury, sci ence had 
ad vanced, and frauds of this type were more eas ily iden ti fi able. In 1883, 
chief chem ist Har vey Wi ley took charge of de ter min ing adul ter a tion 
and mis brand ing of food and drugs with his “poi son squad,” a selfpro
claimed group of chem ists who con ducted ex per i ments to de ter mine 
the im pact of ques tion able food ad di tives on health (Fig. 7.3). Recall that 
Upton Sin clair’s The Jungle was the driv ing force for the 1906 Food and 
Drugs Act signed into law by President Roo se velt. Adulteration of drugs 
and false la bel claims were se ri ous prob lems in that era. In the 1930s 
nu mer ous women were blinded by the eye lash dye LashLure, and, in 
1937, more than 100 in di vid u als died from a new sulfa won der drug, Elixir 
Sulfanilamide, that was mar keted for pe di at ric pa tients in par tic u lar.

The pub lic out  cry against these and sim i lar is sues led to pas sage of the 
Food, Drug, and Cosmetic Act on 25 June 1938. This law brought bet ter 
con trol for cos met ics and med i cal de vices, as well as for food ad di tives. 
The first food stan dards to be is sued un der the new act were for canned 
to mato prod ucts. These stan dards were fol lowed by many oth ers, and, by 
the 1960s, nearly half of the U.S. food sup ply was sub ject to stan dards. As 
food tech nol ogy grew, along with the num bers of food in gre di ents, the 
need for stan dard rec i pes be came ev i dent. If a food var ied from its rec ipe, 
it would be la beled an im i ta tion. Tolerance for food ad di tives changed un
der the in flu ence of Representative James Delaney, with new laws com ing 
in place for pes ti cide res i dues in 1954, food ad di tives in 1958, and color 
ad di tives in 1960. The Delaney clause in 1958 banned any car ci no genic 
ad di tive from the food sup ply. In 1968 the Animal Drug Amendments 
com bined vet er i nary drugs and ad di tives un der one au thor ity, the Bureau 
of Animal Drugs within the FDA.

The FDA has myr iad re spon si bil i ties. The FDA is the fed eral agency 
re spon si ble for en sur ing that foods are safe, whole some, and san i tary; 

Figure 7.3

The Wi ley Poison Squad at work. They would be un con ven tional 
in to day’s terms but were very ef ec tive in their time.
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hu man and vet er i nary drugs, bi o log i cal prod ucts, and med i cal de vices 
are safe and ef ec tive; cos met ics are safe; and elec tronic prod ucts that 
emit ra di a tion are safe. The FDA also works to en sure that these prod
ucts are hon estly, ac cu rately, and in for ma tively rep re sented to the con
sum ing pub lic. An in ter est ing sta tis tic is that the FDA over sees items 
that ac count for 25 cents of ev ery dol lar spent in the United States. For all  
of these re spon si bil i ties, the FDA is a rel a tively small agency. The FDA is 
un der the di rec tive of the Department of Health and Human Services 
and has sev eral branches. For foods spe cifi  cally, the FDA is re spon si ble 
for reg u lat ing the la bel ing and the safety of all  food prod ucts (ex cept 
meat and poul try) and bot tled wa ter. The FDA and Environmental Pro
tection Agency share the reg u la tion of wa ter. The FDA also reg u lates live
stock and pet feeds.

Regulatory re form in the 1990s in cluded the FDA, with nu mer ous 
congressional in ves ti ga tions and re ports but no changes un til 2010. In 
De cem ber 2010, af ter much congressional de bate, President Barack Obama 
signed the Food Safety Modernization Act (FSMA) into law. While sev eral 
other reg u la tory changes within the FDA af ected over sight of drugs and 
cos met ics, the FSMA was a re sponse to the 48 mil lion Amer i cans who 
suf er from foodborne ill ness each year. The FSMA is touted as the great 
law of the fu ture that puts fo cus on pre ven tion. The FSMA will give the 
FDA more ef ec tive en force ment tools. Under the new law the FDA will 
es tab lish sci encebased stan dards for the safe pro duc tion and har vest ing 
of fruits and veg e ta bles and for the safe trans por ta tion of foods. At this 
time the FDA re lies on guid ance doc u ments, but, un der the FSMA, the 
stan dards them selves will be im ple mented over time. A new as pect of the 
FSMA is the riskbased in spec tion of foodprocessing fa cil i ties within 5 
years of law en act ment and no less than ev ery 3 years there af ter. The FSMA 
en hances the FDA’s abil ity to over see and in spect food im ports, which is 
an im por tant point since an es ti mated 15% of the U.S. food sup ply is im
ported, in clud ing 50% of all  fresh fruits, 20% of fresh veg e ta bles, and 80% 
of seafood. Both con sumer ad vo cacy groups and food com pany trade as so
ci a tions were in fa vor of the FSMA. Specific points of in ter est to you, the 
con sumer, from the FSMA are listed be low.

Issuing re calls. The FDA will have the au thor ity to or der a re call 
of food prod ucts if nec es sary. Before the FSMA, the FDA had to 
rely on food man u fac tur ers and dis trib u tors to re call food vol un
tar ily (with the ex cep tion of in fant for mu la).

Conducting in spec tions. The FSMA calls for more fre quent in
spec tions us ing sci encebased risk to de ter mine which foods 
and fa cil i ties pose a greater risk to food safe ty.

Importing food. The FSMA en hances the FDA’s abil ity to over
see food pro duced out  side the United States. The FDA also has 
the au thor ity to pre vent food from en ter ing the United States if 
the fa cil ity has re fused U.S. in spec tion.

Preventing prob lems. Food fa cil i ties must have a writ ten plan 
for how they will first avoid, and then con front, pos si ble prob
lems that af ect the safety of their prod ucts.
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Focusing on sci ence and risk. The FSMA es tab lishes sci ence
based stan dards for the safe pro duc tion and har vest ing of fruits 
and veg e ta bles. (Prior to the FSMA, only guid ance doc u ments 
ex isted for fresh pro duce.)

Respecting the role of small busi ness and farms. As is of ten the 
case with U.S. fed eral laws, small farms that sell di rectly to con
sum ers at road side stands or farm ers’ mar kets or through com
mu ni tysupported ag ri cul ture pro grams have ex emp tions.

Over the past de cade, the num ber of mul ti state out  breaks has in
creased; many of those out  breaks in volved mul tiingredient prod ucts. 
Some com pa nies ac quire in gre di ents or have pro cess ing plants out  side 
the United States. In re sponse to this, the FDA es tab lished an of ce in 
China and has be come ac tive out  side the United States in other re
gions, in clud ing Me xico, In dia, Eu rope, the Middle East, North Af rica, 
and South and Central Amer ica. A chain of in ci dents in creased the need 
for the FDA to have a greater pres ence in China. In 2007 pet foods were 
re called in the United States due to in gre di ents from China that were 
con tam i nated with the chem i cal mel a mine, which may be added to food 
in or der to in crease the ap par ent pro tein con tent of the prod uct and 
thereby in crease the eco nomic value of the prod uct. After this, an other 
in ci dent oc curred in volv ing mel a mine in in fant for mula and var i ous 
can dies sold in the United States and abroad. These in ci dents re flect the 
glob al iza tion of the food sup ply and de mand that reg u la tory or ga ni za
tions like the FDA act on a more global level. As stated above, the FSMA 
al lows the FDA greater au thor ity re gard ing im ported prod ucts. This is 
quite a daunt ing task and is sure to evolve over time.

The Preventive Controls for Human Food Rule (Box 7.1) and the Produce 
Safety Rule (Box 7.2) are two rules that drew great attention from pro
ducers and farmers during their developmental stages and open com
ment periods. These two rules work along side each other in many 
ways, in clud ing the defi  ni tion of a “farm” and other re lated terms. The 
Rule on Produce Safety sum ma rizes mi cro bi o log i cal met rics for wa ter 
qual ity and ad dresses con cerns on the use of bi o log i cal soil amend
ments; do mes ti cated and wild an i mals; worker train ing and health and 
hy giene; and equip ment, tools, and build ings. Generic E. coli has been 
used his tor i cally as an in di ca tor for qual ity and con tam i na tion of fe cal 
ma te rial. The Produce Safety Rule in cludes nu mer i cal cri te ria for ag ri
cul tural wa ter that is di rectly ap plied to grow ing pro duce. No de tect able 
ge neric E. coli is al lowed for wa ter used in wash ing hands dur ing and 
af ter har vest, wa ter used on foodcontact sur faces, wa ter used to di rectly 
con tact pro duce (in clud ing to make ice) dur ing or af ter har vest, and 
wa ter used for sprout ir ri ga tion. Irrigation  wa ter must be tested for ge neric 
E.  coli and meet the fol low ing spec i fi ca tions: a geo met ric mean of 
sam ples of 126 or fewer CFU of ge neric E. coli per 100 ml of wa ter and a 
sta tis ti cal thresh old of sam ples of 410 CFU of ge neric E. coli in 100 ml of 
wa ter. The fi nal rule out  lines a gen eral ap proach for the test ing of un
treated wa ter used for cer tain pur poses, with test ing fre quency out lined 
for dif er ent types of wa ter sources. Information is in cluded on how to 
cal cu late the geo met ric mean and sta tis ti cal thresh old.
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Box 7.1
The Preventive Controls for Human Food Rule

Donna F. Schaffner  
Associate Director: Food Safety, 
Quality Assurance and Training  
Rutgers Food Innovation Center, 
Bridge ton, NJ 08302

FDA Food Safety Modernization  
Act (FSMA)

The FDA Food Safety Modernization 
Act (FSMA), the most sweep ing 
re form of our food safety laws in 
more than 70 years, was signed into 
law by President Obama on Jan u ary 
4, 2011. FSMA aims to en sure that 
the U.S. food sup ply is safe by 
shift ing the fo cus from re spond ing 
to con tam i na tion to pre vent ing it.

Final rule on “Preventive Controls 
for Human Food” was re leased 
Sep tem ber 17, 2015.

All fa cil i ties that man u fac ture, 
pro cess, pack, or hold hu man food 
are sub ject to this reg u la tion un less 
they are al ready op er at ing un der 
reg u la to ry-required HACCP plans 
(meat, poultry, eggs, seafood and 
juice). In gen eral, all  fa cil i ties that 
are re quired to reg is ter with the FDA 
un der sec. 415 of the Food, Drug, 
and Cosmetics Act, in clud ing both 
do mes tic and im ported foods, are 
re quired to fol low this reg u la tion.

Exemptions from this reg u la tion 
in clude re tail food es tab lish ments 
and farms, with mod i fied re quire-
ments for “qual i fied” ex empt 
fa cil i ties. Among those re quire ments 
for be ing a qual i fied ex empt fa cil ity 
are at tes ta tion that the fa cil ity is 
qual i fied AND is in com pli ance with 
an ap pli ca ble non-Federal food 
safety law OR that a haz ard anal y sis 
has been con ducted and Preventive 
Controls are in eff ect.

All com pa nies sub ject to the 
Preventive Controls for Human Food 
(PCHF) reg u la tion are re quired to 

es tab lish and im ple ment a “Food 
Safety Plan” that in cludes a writ ten 
Hazard Analysis and Risk-Based 
Preventive Controls. The (writ ten) 
Hazard Analysis must iden tify 
bi o log i cal, *chemical, and phys i cal 
haz ards, which are known or are 
rea son ably fore see able. [*Chemical 
haz ards in clude “un la beled al ler-
gens” and “ra dio log i cal exposure.”] 
Hazards to be con sid ered in clude 
those nat u rally oc cur ring in in gre di-
ents or the prod uct, those haz ards 
un in ten tion ally in tro duced (dur ing 
grow ing, har vest, trans port, or 
pro cess ing), and haz ards that are 
in ten tion ally in tro duced for eco-
nomic gain (Economically-Motivated 
Adulteration).

For each food safety haz ard 
iden ti fied by the Hazard Analysis as 
need ing a Preventive Control, a 
con trol mea sure must be im ple-
mented to con trol or min i mize or 
re duce that haz ard to ac cept able 
lev els. Required Preventive Controls 
in clude: Recall plan, Supply chain 
con trols, Sanitation con trols, Food 
Allergen con trols, and Process 
con trols (of ten these are CCPs in a 
HACCP plan).

Oversight and man age ment of 
Preventive Controls re quires: 
Monitoring, Corrections, Correc-
tive Actions, and Verification. 
*Monitoring—re cords to prove that
the pre ven tive con trol was within the
pa ram e ters that were VALIDATED
(proven to con trol the iden ti fied
prob lem.) [*Monitoring re cords 
must be ver i fied.] Corrections—
steps taken in a timely man ner to
cor rect a mi nor, iso lated pro duc tion 
prob lem. *Corrective Actions
re quir ing use of a pre ven tive con trol 
must iden tify and cor rect the food
safety prob lem, re duce the like li hood 
of re oc cur rence of the prob lem, 

eval u ate for safety any po ten tially 
aff ected food, and pre vent aff ected 
food from en ter ing com merce. 
[*Corrective Actions re quire 
doc u men ta tion with re cords.] 
Verification—Validation with 
sci en tific ev i dence is re quired to 
show that pre ven tive con trols are 
ca pa ble of eff ec tively con trol ling 
the iden ti fied haz ards. Verification 
is re quired for all  mon i tor ing and 
cor rec tive ac tions. Required 
ver i fi ca tion ac tiv i ties also must 
in clude cal i bra tion of mon i tor ing 
equip ment and re cords re view. 
Product test ing and *en vi ron men-
tal mon i tor ing might be ver i fi ca tion 
ac tions but are only re quired as 
ap pro pri ate to the food, fa cil ity, 
na ture of that pre ven tive con trol 
and role of that con trol in the 
fa cil i ty’s food safety sys tem. 
[*Environmental mon i tor ing is 
re quired for Ready-To-Eat foods if 
there is any en vi ron men tal ex po-
sure dur ing the pro cess, han dling, 
or pack ag ing steps.]

Reanalysis of the Food Safety 
Plan is re quired at least ev ery 3 
years, or when ever a change oc curs 
that cre ates the po ten tial for a 
food safety haz ard or when there 
is new in for ma tion about po ten tial 
haz ards as so ci ated with your food 
or one of its in gre di ents or when a 
Preventive Control is found to be 
in ad e quate.

All com pa nies pro duc ing food are 
re quired to have a Qualified Indi-
vidual writ ing and main tain ing the 
com pa ny’s Food Safety Plan. The 
FDA de fi nes a Qualified Individual 
as some one who has suc cess fully 
com pleted train ing un der a stan-
dard ized cur ric u lum rec og nized by 
the FDA (such as the FSPCA-devel-
oped 2.5-day course on “Preventive 
Controls for Human Food”*) . . . or 

(continued)
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can dem on strate equiv a lent 
com pe tency through other train ing/
education and work ex pe ri ence. 
[*PCHF course will be avail  able to 
the pub lic in early 2016.]

Updates and clar i fi ca tion on 
“Cur rent Good Manufacturing 
Practices” were also re leased in 
Sep tem ber of 2015. Management 
of com pa nies pro duc ing food are 
now re quired to en sure that all  
em ploy ees who man u fac ture, 
pro cess, pack, or hold food are 

qual i fied to per form their as signed 
du ties in a man ner to pro duce 
clean and safe food. Eligible 
em ploy ees must re ceive train ing 
on food hy giene and food safety, 
in clud ing em ployee hy giene and 
health re quire ments (ad verse 
health con di tions). Allergen 
cross-contact is now re quired to 
be ad dressed in the com pa ny’s 
Food Safety Plan through use of 
pre ven tive con trols and/or san i ta-
tion pro grams.

Implementation dead line for the 
Preventive Controls reg u la tion is 
ONE YEAR for large com pa nies, 2 
years for me di um-size com pa nies, 
and 3 years for very small com pa nies.

Additional in for ma tion: http:// www 
.fda. gov/ fsma (Subscription fea ture 
avail  able).

To con tact FDA about FSMA and 
find the new on line form for 
sub mit ting ques tions: http:// www 
.fda. gov/ Food/ GuidanceRegulation 
/FSMA/ ucm459719. htm

ALT24

Box 7.1
The Preventive Controls for Human Food Rule (continued)

The CDC
While the CDC is not a reg u la tory agency, it is an im por tant fed eral 
agency in deal ing with food safety. Around the world the CDC is syn on
y mous with pub lic health. The CDC was or ga nized in At lanta, Geor gia, 
in 1946 as part of the Public Health Service, which like the FDA is un der 
the Department of Health and Human Services. The CDC quickly grew 
into a mecca for dis tin guished sci en tists. In 1949 the med i cal ep i de mi  ol
ogy branch was started, and, shortly there af ter, the CDC’s Epidemiologi
cal Intelligence Service was cre ated. This is the agency that is in volved in 
the in ves ti ga tions of foodborne ill ness out  breaks. The CDC es tab lished 
sev eral fa mous pub lic health pro grams, in clud ing the ve ne real dis ease 
pro gram in 1957 and the tu ber cu lo sis pro gram in 1960, and it was an 
in te gral part of the erad i ca tion of small pox in 1977. The CDC has been 
suc cess ful in en hanc ing the de tec tion and track ing of un known dis
eases. The CDC works closely with the FDA, USDA, and state pub lic 
health lab o ra to ries in con duct ing foodborneillness sur veil lance.

SURVEILLANCE
The CDC has main tained sur veil lance pro grams mon i tor ing foodborne 
ill ness within the United States since 1973. A foodborne dis ease out 
break is de fined as two or more cases of a sim i lar ill ness re sult ing from 
the in ges tion of a com mon food. There are two ex cep tions to this defi  ni
tion: one case of in tox i ca tion from a chem i cal or ma rine toxin and one 
case of bot u lism caused by Clostridium bot u li num.

Surveillance in for ma tion for spe cific or gan isms is given through out  
this book. Surveillance in for ma tion is es sen tial to de ter mine when an 
out  break oc curs; that is, when the sur veil lance de tec tion num bers ex ceed 
the base line data. For ex am ple, if rou tine sur veil lance in di cates that 
within 1 week in Sep tem ber at a uni ver sity 50 peo ple visit health ser
vices for di ar rhea, then 50 is the base line num ber. The fol low ing year, 

Authors’ note
Foodborne ill ness can re sult 
from in fec tion or in tox i ca tion. 
An in fec tion re sults from 
in gest ing liv ing path o genic 
bac te ria. An in tox i ca tion re sults 
from in gest ing a pre formed 
tox in.
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Box 7.2
FSMA Final Rule on Produce Safety: Standards for Growing, Harvesting, Packing, and Holding of Produce for 
Human Consumption

The FSMA Final Rule on Produce 
Safety (re leased No vem ber 2015) 
was first pro posed in Jan u ary 2013. 
In re sponse to in put re ceived dur ing 
the com ment pe riod, the FDA 
is sued a sup ple men tal no tice of 
pro posed re vi sions in Sep tem ber 
2014. These pro posed re vi sions took 
many of those com ments into 
con sid er ation, and the fi nal rule is 
more prac ti cal, flex i ble, and 
eff ec tive. Growing fruits and 
veg e ta bles across the United States 
in volves a great deal of eff ort. This 
rule in par tic u lar needed to be more 
flex i ble to al low for diff er ences in 
grow ing pro ce dures in diff er ent 
re gions of the United States; for 
ex am ple, grow ing spin ach in 
Cal i for nia will be very diff er ent from 
grow ing wa ter mel ons in Del a ware.

The key re quire ments of the Final 
Rule are listed briefly be low. More 
de tails can be found on the www 
.fda. gov web site.
•  Agricultural wa ter The fi nal rule

es tab lishes two sets of cri te ria for
mi cro bial wa ter qual ity, both of 
which are based on the pres ence
of ge neric E. coli, which is
com monly used as an in di ca tor of
fe cal con tam i na tion. Growers of 
raw ag ri cul tural com mod i ties 
(let tuce and ap ples, for ex am ple; 
not po ta toes, which are con-
sumed cooked) are ex pected to
adopt test ing pro ce dures and 
main tain re cords on the mi cro bial 
qual ity of the ag ri cul tural wa ter.

•  Biological soil amend ments The
pres ence of path o genic mi cro-
organ isms in ma nure is a risk
as so ci ated with the use of
bi o log i cal soil amend ments, 
which are added to the soil to
im prove its chem i cal and phys i cal 
con di tion for grow ing plants and

to im prove the soil’s ca pac ity for 
hold ing wa ter. For this rea son, the 
FDA is con duct ing an ex ten sive 
risk as sess ment and re search on 
the num ber of days needed 
be tween ap pli ca tions of raw 
ma nure as a soil amend ment and 
har vest ing. This re search will best 
in form the FDA on how to 
min i mize the risk of con tam i na-
tion. Farmers may com ply with 
the 120-day in ter val fol low ing the 

ap pli ca tion of raw ma nure for 
crops in con tact with the soil and 
90 days for crops not in con tact 
with the soil. The rule con tains 
in for ma tion on proper com post-
ing and use of sta bi lized com post 
as a soil amend ment.

•  Sprouts Between 1996 and
2014 there were 43 out  breaks
of foodborne ill ness as so ci ated 
with sprouts. These out  breaks
re sulted in 2,405 ill nesses, 171

(continued)
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dur ing a week in Sep tem ber, 300 peo ple visit health ser vices for di ar rhea. 
This in crease in sur veil lance de tec tion num bers above the base line data 
may in di cate an out  break of gas tro en ter i tis re lated to foodborne ill ness. 
It is im por tant that ep i de mi  ol o gists and pub lic health of  cials be aware 
of re al in creases in sur veil lance data and what might be an ar ti fi cial in
crease. Artificial in creases in sur veil lance data could be a re sult of in
creased test ing, an in crease in the stu dent pop u la tion, or a new test ing 
strat egy by health ser vic es.

The main sur veil lance sites within the United States are con nected 
through a net work known as FoodNet, short for Foodborne Diseases Active 
Surveillance Network. FoodNet con ducts sur veil lance for Campylobacter, 
Cryptosporidium, Cyclospora, Listeria, Salmonella, Shiga tox in producing 
Escherichia coli O157 and nonO157, Shigella, Vibrio, and Yersinia in fec
tions di ag nosed by lab o ra tory test ing of sam ples from pa tients. The net
work was es tab lished in 1995 as a col lab o ra tive pro gram among the CDC, 
the FDA, the USDAFSIS, and state health de part ments from 10 states 
(Cal i for nia, Col o rado, Con nect i cut, Geor gia, Mary land, Min ne sota, New 
Me xico, New York, Or e gon, and Ten nes see) (Fig. 7.4). FoodNet data are 
con stantly be ing col lected and up dated and are avail  able at www. cdc. gov. 
FoodNet ac com plishes its work through ac tive sur veil lance (FoodNet 
in ves ti ga tors col lect in for ma tion on labconfirmed cases of di ar rheal ill
ness); sur veys of lab o ra to ries, phy si cians, and the gen eral pop u la tion; and 
pop u la tionbased ep i de mi o log i cal stud ies. Information gath ered from 
FoodNet (Box 7.3) is used to as sess the im pact of food safety guide lines, 
ini tia tives, and reg u la tory changes on the bur den of foodborne ill ness. 
The four main ob jec tives of FoodNet are as fol lows:

1.  Determine the bur den of foodborne ill ness in the United States
2.  Monitor trends in the bur den of spe cific foodborne ill nesses over 

time
3.  Attribute the bur den of foodborne ill ness to spe cific food and 

set tings
4.  Develop and as sess in ter ven tions to re duce the bur den of 

 foodborne ill ness

hos pi tal i za tions, and 3 deaths. The 
rule in cludes new re quire ments to 
help pre vent the con tam i na tion of 
sprouts, which are vul ner a ble to 
con tam i na tion due to the warm, 
moist, and nu tri ent-rich con di-
tions needed for their growth.

•  Domesticated and wild an i mals  
The fi nal rule de scribes the need 

for vi sual ex am i na tion of grow ing 
ar eas and ad di tional as sess ments 
dur ing the grow ing sea son to 
re duce the risk of con tam i na tion 
as so ci ated with an i mal in tru sion.

•  Worker train ing and health and 
hy giene Several re quire ments 
are in cluded in the rule to pre vent 
con tam i na tion of pro duce by 

ill per sons. Taking mea sures to 
en sure best prac tices for per sonal 
hy giene can re duce the risk of 
trans mis sion of path o gens to raw 
ag ri cul tural com mod i ties.

•  Equipment, tools, and build ings  
The rule es tab lishes stan dards to 
pre vent con tam i na tion oc cur ring 
from these sourc es.

Box 7.2
FSMA Final Rule on Produce Safety: Standards for Growing, Harvesting, Packing, and Holding of Produce for 
Human Consumption (continued)
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Figure 7.4

The FoodNet sites are high lighted in this map. These sites in clude state health 
de part ments listed in the text.

Box 7.3
FoodNet update

The fol low ing in for ma tion comes 
from the CDC re port on Infection with 
Pathogens Transmitted Commonly 
Through Food, and the Effect of 
Increasing Use of Culture-Independent 
Diagnostic Tests on Surveillance—
Foodborne Diseases Active Surveil-
lance Network, 10 U.S. Sites, 
2012–2015. Perhaps the fol low ing 
state ments will give you a fla vor of 
the type of in for ma tion col lected 
through FoodNet. In 2015, FoodNet 
re ceived re ports of 20,107 con firmed 
cases, 4,531 hos pi tal i za tions, and 77 
deaths. FoodNet also re ceived 
re ports of 3,112 pos i tive cul ture-
independent di ag nos tic tests (CIDTs) 
with out  cul ture confirmation—a rate 

more than dou ble that of 2012–2014. 
A cou ple of in ter est ing notes in clude 
that, com pared with 2012–2014, the 
in ci dence of Cryptosporidium and 
non-O157 Shiga toxin-producing 
E. coli in fec tions was higher in 2015.
These in creases were likely driven
by in creases in di ag nos tic test ing. 
Recent changes in di ag nos tic 
prac tices chal lenge the CDC’s abil ity
to iden tify out  breaks and mon i tor 
dis ease trends. The most fre quent
causes of in fec tion were Salmonella
and Campylobacter, a find ing that
is con sis tent with pre vi ous years. 
Although Salmonella in fec tions 
over all have shown lit tle change
since 2012–2014, in fec tion with

Salmonella enterica se ro type 
Typhimurium has de creased 15%.
Some in for ma tion about the bac te ria 
caus ing in fec tions, such as sub type 
and an ti mi cro bial sus cep ti bil ity, can 
be ob tained only if a CIDT-pos i tive 
spec i men is also cul tured. Increasing 
use of CIDTs aff ects the in ter pre ta-
tion of pub lic health sur veil lance data 
and our abil ity to mon i tor prog ress 
to ward achiev ing pre ven tion goals. 
This cer tainly shows the need for a 
bal ance be tween mo lec u lar di ag nos-
tics, whole-ge nome se quenc ing, and 
tra di tional bac te rial cul tur ing 
tech niques.
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Both ac tive and pas sive sur veil lance helped iden tify changes in out 
break sce nar ios within the United States. Passive sur veil lance oc curs when 
health agen cies are con tacted by phy si cians or lab o ra to ries, which re port 
ill nesses or lab o ra tory re sults. In ac tive sur veil lance, the health agen cies 
reg u larly con tact phy si cians and lab o ra to ries to make sure that re port able 
dis eases have been re ported and that re quired clin i cal spec i mens or 
iso lates have been for warded to state lab o ra to ries for fur ther anal y sis.

The clas sic “church sup per” or Sun day pic nic out  breaks still oc cur once 
in a while, but they have been re placed more of ten by large mul ti state out 
breaks as so ci ated with mul tiingredient food prod ucts. There are two gen
eral types of foodborneoutbreak sce nar ios. The first is the tra di tional 
out  break sce nario that fol lows a church sup per, fam ily pic nic, wed ding re
cep tion, or other event af ect ing a dis crete pop u la tion. This rep re sents an 
acute and highly lo cal ized out  break, of ten with a high in oc u lum dose 
(Box 7.4) (that is, the im pli cated prod uct tends to be highly con tam i nated) 
and with a high at tack rate (that is, most peo ple who ate the im pli cated 
prod uct be come ill). More re cently, we have faced the “newer” out  break sce
nario that has been re ported with in creas ing fre quency. This oc curs as 
a re sult of lowlevel or in ter mit tent con tam i na tion of a widely dis trib uted 
com mer cial food prod uct. This type of out  break tends to be much more 
dif  cult to de tect and in ves ti ga te.

Foodborne out  breaks may be de tected at the lo cal, state, or na tional level. 
Most are ini tially picked up at the lo cal lev el—a per son who be came ill af ter 
eat ing at a party or res tau rant may call the lo cal health de part ment, for ex
am ple. In ad di tion, the lo cal clin i cal lab o ra to ries and, at least, in the ory, the 
health care work ers fill out  re ports on each re port able ill ness and sub mit 
them to the lo cal health de part ment. The lo cal health de part ment may de

Box 7.4
Infective dose in for ma tion

Most chap ters in clude a state ment 
on in fec tious dose. These num bers 
should be viewed cau tiously 
be cause (i) they are ex trap o lated 
from out  breaks, (ii) they may have 
been done by hu man feed ing 
stud ies on healthy young adult 
vol un teers (such stud ies are rarely 
done these days), and (iii) they are 
worst-case es ti ma tes. Because of 
the fol low ing var i ables, they can not 
be di rectly used to as sess risk.

Variables of the par a site or 
 mi cro or gan ism:
•  Variability of gene ex pres sion
•  Injured, stressed, or vi a ble but 

nonculturable mi cro or gan isms

•  Interaction of or gan ism with  
food

•  Immunologic “unique ness” of  
the or gan ism

•  Interactions with other  
or gan isms

Variables of the host:
•  Age
•  Ge ne ral health
•  Pregnancy
•  Medications (over the counter  

or pre scrip tion)
•  Metabolic dis or ders
•  Alcoholism, cir rho sis, and 

he mo chro ma to sis
•  Malignancy

•  Amount of food con sumed  
(dose)

•  Gastric acid ity var i a tion: ant ac ids, 
nat u ral var i a tion

•  Nutritional sta tus
•  Immunocompetence

Because of the com plex ity of 
fac tors in volved in mak ing risk 
de ci sions, the mul ti dis ci plin ary 
Health Hazard Evaluation Board 
judges each sit u a tion on all  
avail  able facts.

This in for ma tion is adapted from the 
FDA’s Health Hazard Evaluation 
Board.
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tect an in crease in a par tic u lar en teric or gan ism, or an un usual clus ter ing 
of cases, in that man ner. The state health de part ment col lects foodborne
outbreak re ports. In ad di tion, the lo cal health de part ments are usu ally very 
con sci en tious about re port ing larger or un usual out  breaks to the state. For 
ex am ple, the state pub lic health lab o ra to ries have the ca pa bil ity to se ro type 
Salmonella iso lates and can thereby tell if there is an in crease in the num
ber of a par tic u lar Salmonella se ro type and can then alert ep i de mi  ol o gists. 
Using a tech nique called pulsedfield gel elec tro pho re sis (PFGE), a method 
of fin ger print ing foodborne dis easecausing mi cro or gan isms (Fig. 7.5), 
strains can be dis tin guished at the DNA level. DNA “fin ger prints,” or pat
terns, are sub mit ted elec tron i cally to a dy namic da ta base at the CDC. These 
da ta bases are avail  able on de mand to par tic i pants, which al lows for rapid 
com par i son of the pat terns of po ten tial out  break strains, and in for ma tion 
can be shared through a da ta base with lab o ra to ries across the United States 
and even around the world via PulseNet International to en cour age rapid 
de tec tion of out  breaks. Finally, there is PulseNet, which is the CDCcoordi
nated mo lec u lar subtyping net work for sur veil lance of foodborne bac te rial 
dis eases. PulseNet is a na tional net work of pub lic health and reg u la tory 
agency lab o ra to ries that are in stru men tal in com mu ni ca tion of the PFGE 
types and shar ing these re sources with other lab o ra to ries.

While PFGE looks at fragments of the genetic material, another way to 
track pathogens associated with illness is through analysis of the whole 
genome. The technique of wholegenome sequencing is becoming more 
common. Around the world, large databases are being formed which hold 
sequences of pathogens that have been isolated from the environment or 
from clinical specimens. It is likely that PFGE will be phased out and whole
genome sequencing will become more common during outbreak investiga
tions and for surveillance.

WHEN AN OUTBREAK OCCURS
An out  break in ves ti ga tion is quite com plex and oc curs in var i ous stages. 
There are three main as pects to the in ves ti ga tion pro cess. The first is 
the ep i de mi o log i cal in ves ti ga tion. The sec ond is the lab o ra tory in ves ti
ga tion. The third is the en vi ron men tal in ves ti ga tion, which in cludes 
traceback to where the prod uct was grown, har vested, pro duced, or dis
trib uted. It is im por tant to un der stand that the out  break in ves ti ga tion 
may con tain these three parts, but the in ves ti ga tion pro cess is of ten not 
lin ear and may jump back and forth among these three as pects. Unlike 
a fic tional in ves ti ga tion that oc curs in a 1hour tele vi sion show, a re allife 
in ves ti ga tion may take months. See Box 7.5 to complete a puzzle about 
an outbreak investigation.

An out  break may first be de tected by a no tice able in crease in lab o ra
tory test ing or re port ing of an ill ness or by other means of sur veil lance. 
Increasingly, out  breaks are be ing de tected by syndromic sur veil lance; 
for ex am ple, when many in di vid u als search Google for in for ma tion re
lated to spe cific symp toms. Another ex am ple is the wide spread pur chas
ing of an ti di ar rheal med i ca tion. When these ac tions oc cur more of ten 
than usual, they may be signs of an out  break. The state ep i de mi  ol o gist 
re sponds to a no tice able in crease in lab o ra tory re port ing or to one of the 
ex am ples men tioned above. Epidemiology is the study of the in ci dence, 

Figure 7.5

This pulsedfield gel im age com pa res 
clin i cal, food, and en vi ron men tal 
iso lates. Can you find match ing 
sam ples? Samples should be con sid ered 
in dis tin guish able from one an other to 
be con sid ered part of the out  break. If 
there are three or fewer dif er ent bands, 
then the sam ples may be re lat ed; if more 
than three bands are dif er ent, then the 
sam ples are not likely to be re lat ed.
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Box 7.5
Salmonella outbreak puzzle

A mul ti drug-resistant Salmonella 
was found in pork at lo ca tions in 
Wash ing ton State dur ing the 
months of April to Oc to ber in 2015. 
The bac te rial strain as so ci ated with 
this out  break was iden ti fied as 
Salmonella enterica serovar Infan-
tis. A class I re call of pork prod ucts 
was is sued, in clud ing re call of 
whole pigs for bar be cue and 
fab ri cated pork prod ucts, pork off al 
prod ucts, pork blood, and pork 
trim. While there were no deaths, 

30 peo ple were hos pi tal ized, and 
a to tal of 192 peo ple were in fected. 
About 94% of peo ple re ported 
eat ing pork dur ing the week 
be fore fall ing ill. Symptoms 
re ported were di ar rhea, ab dom i nal 
cramps, and fe ver. A traceback 
con firmed the com pany as so ci ated 
with the ill ness, and PulseNet 
iden ti fied four peo ple with the 
same DNA fin ger print of S. Infan-
tis. The National Antimicrobial 
Resistance Monitoring System 

(NARMS) also col lected 
10  mul ti drug-resistant iso lates, 
con firm ing that S. Infantis was 
as so ci ated with the de tected 
ill nesses. After an en vi ron men tal 
in ves ti ga tion was com pleted, it was 
still un clear where the con tam i na-
tion oc curred; how ever, most 
clus ters of ill nesses were traced 
back to a pig roast. It is im por tant 
to cook all  pork prod ucts to at least 
145°F, as man dated by the USDA, in 
or der to pre vent foodborne ill ness.
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dis tri bu tion, and con trol of dis ease in a pop u la tion. The first part of an 
out  break in ves ti ga tion is the ep i de mi o log i cal in ves ti ga tion. As noted 
pre vi ously, sur veil lance of foodborne ill ness has lim i ta tions due to the 
un der re port ing of ill ness in the gen eral pop u la tion. For this rea son, es
ti ma tions are im por tant. It is gen er ally be lieved that for ev ery case of 
ill ness due to Salmonella that is di ag nosed, 38 cases are un di ag nosed. It 
is im por tant that dur ing an out  break in ves ti ga tors think “out  side the 
box,” since not all  cases of ill ness are di rectly re lated to con sump tion of 
con tam i nated food or wa ter. Some pri mary or sec ond ary cases may be 
due to per sontoperson trans mis sion or to con tact with an i mals. The 
state ep i de mi  ol o gist and his or her team will ac tively search for cases. 
They will col lect in for ma tion on de mo graph ics, clin i cal symp toms, and 
iden ti fy ing risk fac tors. They will or ga nize all  of this in for ma tion in a 
line list ing that can quickly be re viewed and up dated as the in ves ti ga
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tion pro gresses (Table 7.2). The line list ing will pro vide in for ma tion on 
the fre quency dis tri bu tions of de mo graph ics, which may pro vide in for
ma tion about ex po sure and/or risk of dis ease. The list ing will also pro
vide fre quency dis tri bu tions of po ten tial ex po sures that may yield 
in for ma tion about source or route of trans mis sion. A case defi  ni tion will 
be de vel oped from this in for ma tion and used to in clude or ex clude cases 
as they arise. The case defi  ni tion may be re vi sed dur ing the out  break 
in ves ti ga tion. Most im por tantly, the line list ing will be used to gen er ate 
an ep i demic curve, which is a graph i cal de pic tion of the num ber of cases 
of ill ness by the date of ill ness on set (Fig. 7.6).

The lab o ra tory in ves ti ga tion is on go ing through all  parts of the out 
break. Microbiologists are work ing to iden tify the cause of the ill ness by 
ex am in ing lab o ra tory sam ples that may in clude clin i cal sam ples like 
di ar rhea and vom i tus, en vi ron men tal swabs, and food sam ples. It is im
por tant to iden tify the caus a tive agent in a clin i cal sam ple and match 

Box 7.5
(continued)

Complete this cross word puz zle, cre ated by stu dents at the University of  
Del a ware, based on this re al-life out  break.

4

1 2 3

5

6

8 9

7

10

12

11

Across
4. FSIS intensified sampling of pigs as part of

the investigation
6. Abbreviation of surveillance system tracking

antibiotic resistance
8. Diarrhea, fever, adominal cramps

 10. USDA mandated temperature to properly
  cook pork products
 12. Contaminated pork that caused an
  outbreak is the ____________

Down
1. Proper cooking temperatures and handling

  are considered a type of ____________
2. Salmonella strain in Washington State outbreak
3. People who ate pork between April and October

  2015 in Washington State and experienced
  gastrointestinal symptoms

5. Manufacturer responsible for distribution of 
  contaminated meat

7. System through the CDC to identify illnesses that 
  may be part of an outbreak
 9. Many illness clusters were traced back to this event
 11. Voluntary action by a manufacturer or distributor to
  remove food products from stores and restaurants 
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Figure 7.6

An ep i de mi o log i cal curve can pro vide in for ma tion on the fol low ing char ac ter is tics of an 
out  break: pat tern of spread, mag ni tude of the out  break, case out  li ers, and the time trend.

Table 7.2  Example of a line list ing for acute hep a ti tis A vi rusa

Case no.
Report date 
(mo/day/yr)

Onset date 
(mo/day/yr)

Physician 
di ag no sis

Signs and symp toms

Lab test 
re sult  

(HAV IgM)

Demographics

N
au

se
a

Vo
m

iti
ng

El
ev

at
ed

 
am

i n
o t

ra
ns

 fe
r a

se

Fe
ve

r

D
is

cr
et

e 
on

 se
t

Ja
un

di
ce

Sex Age (yr)

1 10/12/11 10/05/11 Hepatitis A Y Y Y Y Y Y Y M 21

2 10/12/11 10/04/11 Hepatitis A Y N Y Y Y Y Y M 63

3 10/13/11 10/04/11 Hepatitis A Y N Y Y Y Y Y F 41

4 10/13/11 10/09/11 ND N N Y N ? N ND F 18

5 10/15/11 Unsure Hepatitis A Y Y Y Y Y N Y F 37

6 10/16/11 10/06/11 Hepatitis A N N Y Y Y Y Y M 29

a A line list ing in cludes com po nents of the case defi  ni tion: case name or iden ti fy ing num ber, date of symp tom on set (or spec i men col lec tion date), and 
de mo graphic in for ma tion like age, gen der, race, oc cu pa tion, and risk fac tors. Abbreviations: Y, yes; N, no; ND, not de ter mined; F, fe male; M, male; 
HAV IgM, hep a ti tis A virus im mu no glob u lin M an ti body test.

it, us ing PFGE, to a sam ple found in an un opened food prod uct. The 
un opened food prod uct will en sure that the cause of the out  break was 
not in ten tional or due to crosscontamination.

The en vi ron men tal in ves ti ga tion is usu ally ini ti ated by the lo cal 
board of health. The ob jec tives of this part of the out  break in ves ti ga
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tion are 2fold: (i) identify the rea son for, or sources of, con tam i na tion, 
and (ii) ini ti ate cor rec tive ac tions, if nec es sary, to elim i nate con tam i
nated foods or poor foodhandling prac tices, which may re sult in con
tam i nated foods. You may have al ready guessed that the most im por tant 
parts of any out  break in ves ti ga tion are the steps in volved in con trol and 
pre ven tion. These are not easy tasks. A re al is tic goal may be to doc u ment 
op por tu ni ties for con tam i na tion and for the growth and sur vival of path o
gens for the pur pose of de vel op ing in ter ven tions and steps to pre vent re
cur rences. Ideally, an en vi ron men tal in ves ti ga tion is ini ti ated within 24 to 
48 h of the re ceipt of a foodborneillness com plaint, but this may not hap
pen. Environmental in ves ti ga tors use lab o ra tory re sults and the ep i de mi
o log i cal find ings as their guides. They in ves ti gate the places where foods 
are pro duced, dis trib uted, or cooked; the peo ple in volved in all  pro cess es; 
and the equip ment used. Often when an en vi ron men tal in ves ti ga tion be
gins, the fields have been plowed un der or the food prod ucts are no lon ger 
avail  able. The de lay in be gin ning the in ves ti ga tion is due in part to the 
in cu ba tion pe ri ods of mi cro bial path o gens be fore they cause dis ease (as 
you will read about in the fol low ing chap ters) and is com pounded by the 
wide dis tri bu tion of our global food sup ply.

The lat est in out  break in ves ti ga tion in volves more than PFGE. Whole
genome se quenc ing (WGS) has be come more com mon, and tech nol ogy 
al lows for fast se quenc ing, cou pled with data shar ing. WGS is be ing used 
with PFGE and will re place PFGE as pub lic health lab o ra to ries build new 
in fra struc ture and ac quire new tools. WGS can pro vide more de tailed in for
ma tion re gard ing the cause of an out  break. By look ing at the whole ge nome 
in stead of com par ing only par tial ge nome in for ma tion avail  able in a PFGE 
pat tern, or gan isms can be com pared more fully. The barcoded DNA 
from mul ti ple bac te ria are com bined and put into the wholege nome 
se quencer. The se quencer iden ti fies all  the nu cle o tides that com pose 
the bac te rial se quence. The se quencer uses the bar code to keep track 
of which ba ses be long to which bac te ria. This high erlevel in for ma tion 
is be ing used by PulseNet to track strains of L. monocytogenes and Sal-
monella among other bac te ria.

AGROTERRORISM
Food se cu rity in cludes food safety and en sur ing food growth and de vel
op ment for the global pop u la tion (Fig. 7.7). Concerns about food se cu rity 
have in creased over the past de cade. In pre par ing for un in ten tional con
tam i na tion, we can also pre pare for in ten tional con tam i na tion. The events 
of 11 Sep tem ber 2001 re in forced the need to en hance the se cu rity of the 
United States. Congress re sponded by pass ing the Public Health Security 
and Bioterrorism Preparedness and Response Act of 2002 (the Bioterror
ism Act), which President George W. Bush signed into law 12 June 2002. 
This reg u la tion re quired that all  food busi nesses that sup ply the United 
States be reg is tered with the FDA. The act fo cuses on bio se cu rity to re duce 
the risk of bioterrorism in the food sup ply. The act also en hances con trols 
on dan ger ous bi o log i cal agents and tox ins. There is no sub sti tute for a 
strong pub lic health in fra struc ture, which must be  able to pre vent bioter
rorist at tacks (Box 7.6), de tect an at tack as early as pos si ble, re spond rap idly, 
and have strong re search and train ing pro grams. There are three lay ers of 

Food security

Food   safety

Figure 7.7

Food safety is covered under the overall 
“umbrella” of food security.



|  Chapter 7140

pub lic health in fra struc ture within the United States that all  work to gether 
in pro mot ing food safety and se cu ri ty.

 1.  The pub lic health ser vi ce: fed eral, state, and lo cal, in clud ing the 
FDA, USDA, and CDC.

 2.  A net work of health care pro vid ers: phy si cians, den tists, nurses, 
phar ma cists, and oth ers.

 3.  The gen eral pub lic: an in formed pub lic is cru cial to suc cess of the 
pub lic health in fra struc ture.

The chal lenges that these groups face con tinue to in crease. These in
clude a global food sup ply, in creas ing num bers of bi o log i cal and chem i cal 
agents that can af ect foods in dif er ent ways, and an in ad e quate num ber 
of ep i de mi  ol o gists to mon i tor and re spond to food out  breaks. The FSMA, 
men tioned above, may help ad dress these ar eas. The Bioterrorism Act also 
pro vi des the FDA with coun ter ter ror ism pro grams through a fourpronged 
ap proach: (i) threat as sess ment, (ii) sur veil lance, (iii) de ter rence and pre ven
tion, and (iv) con tain ment through rapid re sponse. Various agents may be 
con sid ered bioterrorism agents. Many of them are dis cussed in this book. 
In or der to com bat these threats, it is es sen tial that in dus try ap pre ci ate the 
risks these bi o log i cal and chem i cal agents pres ent. Biosecurity is im por tant 
in all  food pro duc tion en vi ron ments. Communication is equally im por tant 
in ad dress ing strat e gies to re duce the ca pa bil ity of at tack and to ad dress vul
ner a bil i ties. Combating po ten tial agroterrorism threats is cer tainly a col lab
o ra tive ef ort among in dus tries, fed eral and state au thor i ties, and con sum ers.

WHAT’S NEXT?
No one knows for sure what the fu ture holds. We can say with some cer
tainty that there will likely con tinue to be new reg u la tions and mod i fi ca
tions to our cur rent ones. There will likely be more com mod i tyspecific 
guid ance doc u ments. Perhaps over the next few years the U.S. reg u la
tory agen cies will at tempt to tackle some of the is sues that cross food safety 
and so cial bound aries, in clud ing food waste, and lo cal food pro duc tion 
and dis tri bu tion, as the world pop u la tion con tin ues to grow and nat u ral 
re sources, like wa ter, be come in short sup ply. Issues of food safety are of

Box 7.6
Historical bioterrorist acts

In the United States, sev eral in ci-
dents of in ten tional con tam i na tion 
have oc curred. These have many 
sim i lar i ties to in ci dents caused by 
ac ci den tal con tam i na tion. Thorough 
in ves ti ga tions iden ti fied them as 
in ten tional acts. Through mon i tor ing 
and ba sic sur veil lance for ac ci den tal 
out  breaks, in ten tional con tam i na tion 
can also be iden ti fied.

•  In 1970 four uni ver sity stu dents 
be came se ri ously ill af ter eat ing a 
meal con tam i nated with the pig 
round worm iden ti fied as Ascaris 
suis. The meal was con tam i nated 
by a col league.

•  In 1984 an out  break of Salmonella 
enterica serovar Typhimurium was 
traced to a salad bar in Or e gon. 
There were 751 cases of ill ness. 

The group that con tam i nated 
the salad bar did so to try to sway 
an elec tion. This plan did not 
work.

•  In 1996, in a Texas med i cal 
cen ter, a worker baked muf-
fins laced with Shigella dysen-
teriae and served them to a 
num ber of co work ers. Everyone 
re cov ered.
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ten in con flict with is sues of lo cal dis tri bu tion and ways to re duce food 
waste, but con tinu ing to think about these top ics to gether will pave the 
way to bet ter use of re sources within a pro tected food sup ply.

GLOBAL PERSPECTIVE
The global com mit ment to food se cu rity is doc u mented in sev eral pro
grams. Foodprocessing com pa nies and global reg u la tory au thor i ties are 
work ing to ward a global reg u la tion sys tem that en sures the safety and 
qual ity of food re gard less of the coun try of or i gin. The Codex Alimenta-
rius, which is Latin for “food code,” is a col lec tion of in ter na tion ally rec
og nized stan dards tar get ing the en tire food chain and in cludes codes of 
prac tice, guide lines, and other rec om men da tions re lat ing to foods, food 
pro duc tion, and food safety. The Codex Alimentarius is pro vided by the 
Food and Agriculture Organization of the United Nations (FAO) and the 
World Health Organization (WHO).

The Global Harmonization Initiative (GHI) was launched in 2005 by 
the International Division of the Institute of Food Technologists and the 
Eu ro pean Federation of Food Science and Technology. The GHI is a net
work of sci en tific or ga ni za tions and in di vid ual sci en tists work ing to
gether to pro mote har mo ni za tion of global food safety reg u la tions and 
leg is la tion. The three ob jec tives of the GHI are to (i) pro vide the foun da
tion for sound, sen si ble, sci encebased reg u la tions; (ii) cre ate a fo rum 
for sci en tists and tech nol o gists to in ter act glob ally with reg u la tory au
thor i ties; and (iii) pro vide in dus try, reg u la tors, and con sum ers with an 
in de pen dent au thor i ta tive in for ma tion re source. Only the fu ture will 
tell how ef ec tive these pro grams are at en hanc ing global food se cu ri ty.

“IT TAKES A VILLAGE” AND MAYBE MORE
Reducing foodborne ill ness takes a great deal of work and col lab o ra tion. It 
is hoped that you see your role in this cause. Everyone plays an im por tant 
role in re duc ing the in ci dence of ill ness. Be sure to fol low guide lines for 
food prep a ra tion and al ways dem on strate good per sonal hy giene. Specifi
cally, your role in cludes fol low ing these guide lines (ac cord ing to http:// 
www. foodsafety. gov).

•  Clean. Wash hands, cut ting boards, uten sils, and coun ter tops.

•  Separate. Keep raw meat, poul try, and seafood sep a rate from ready
toeat foods.

•  Cook. Use a food ther mom e ter to en sure that foods are cooked to
a safe in ter nal tem per a ture: 145°F for whole meats (al low ing the
meat to rest for 3 min be fore carv ing or con sum ing), 160°F for
ground meats, and 165°F for all  poul try.

•  Chill. Keep your re frig er a tor be low 40°F, and re frig er ate food that 
can spoil.

•  Report sus pected ill ness from food to your lo cal health de part ment.

•  Do not pre pare food for oth ers if you have di ar rhea or are vom it ing.

•  Be es pe cially care ful when pre par ing food for chil dren, preg nant
women, those in poor health, and older adults.
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As you have learned, gov ern ment and in dus try will work with you in 
this cause. The gov ern ment can im ple ment pol i cies and reg u la tions to 
en sure that food pro duc tion and food ser vice fa cil i ties have the tools and 
best prac tices re quired for eggs, meat, poul try, fruits and veg e ta bles, and 
pro cessed and im ported foods. Investigations of out  breaks have helped to 
iden tify sources and im prove con trol strat e gies through track ing trends, 
re port ing prog ress, and mak ing sure pol i cies are re flec tive of these. Re
searchers in ac a de mia and pri vate in dus try work to gether to pro vide the 
best in for ma tion for reg u la tory au thor i ties to re duce con tam i na tion when 
deal ing with live stock, food an i mals, and all  food crops. Health care pro
vid ers di ag nose and treat in fec tions us ing best prac tices to help iden tify 
the start of an out  break. It is im por tant that we make this our cru sade to 
strengthen food safety, re duce ill ness, and save lives.

Summary

•  Each year, 48 mil lion Amer i cans suff er from foodborne ill ness due to ac ci den tal con tam i na tion. Outbreak 
in ves ti ga tions can help iden tify ac ci den tal and in ten tional con tam i na tion. Mechanisms in place to pro tect 
the food sup ply from ac ci den tal con tam i na tion can help pro tect against in ten tional con tam i na tion as well.

•  The lead reg u la tory agen cies are the FDA and the USDA. These two agen cies are quite com plex and ful fill many 
re spon si bil i ties.

•  Upton Sin clair’s The Jungle spurred the pre de ces sors to our cur rent reg u la tions, in clud ing the FMIA (1906) and 
the FDA’s Fe de ral Food, Drug, and Cosmetic Act (1938).

•  The FSMA is the newest reg u la tion and an amend ment to the Fe de ral Food, Drug, and Cosmetic Act. The FSMA 
in creases the FDA’s abil ity to is sue re calls, con duct in spec tions on im ported prod ucts, and add sci ence-based 
pol i cies for fresh fruits and veg e ta bles.

•  The CDC is a fed eral nonregulatory agency that ac tively conducts sur veil lance of foodborne ill ness. Surveillance 
is es sen tial to de tect when an out  break oc curs, which is when there is an in crease in ill ness over base line 
in for ma tion. FoodNet is an ac tive-surveillance sys tem run by the CDC along with other reg u la tory agen cies and 
pub lic health lab o ra to ries. PFGE is used by the CDC in PulseNet to com pare mi crobes found in foods and those 
found in re lated clin i cal sam ples.

•  Food safety “takes a vil lage.” The Codex Alimentarius and the GHI are ex am ples of how food safety reg u la tions 
are be ing de vel oped on a global scale. You also play an im por tant role in en sur ing food safe ty.
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Questions for crit i cal thought
1.  The or i gin and de vel op ment of the USDA and FDA were quite mon u men tal, es pe

cially for this time in his tory. Explain why each agency was de vel oped.

2.  Why did Upton Sin clair’s The Jungle play such a piv otal role in the de vel op ment of
new reg u la tions in the USDA? In your opin ion, is there a work of con tem po rary lit
er a ture that plays a sim i lar role?

3.  There has been crit i cism that the United States is lim ited by not hav ing one
solid pub lic health and reg u la tory agency con trol ling food safety. Read about
these crit i cisms in cur rent lit er a ture and dis cuss whether or not you agree with
to day’s sys tem.

4.  What is the cur rent state of the FSMA? How is it af ect ing food pro duc tion com pa
nies, in clud ing those that pro cess fruits and veg e ta bles?

5.  Describe the roles of ac tive and pas sive sur veil lance in the United States. Who is
in volved in these ac tiv i ties? Why are both forms of sur veil lance im por tant?

6.  Using the four ob jec tives of FoodNet as your guide, de scribe re allife ex am ples that
dem on strate how these ob jec tives are be ing met and how the four play of each
other. Hint: Think about cur rent out  breaks; what you read in the fol low ing chap ters 
may help you.

7.  Assume you work for a com pany that pro duces choc o late milk. How can you help
pro tect your com pany and your prod ucts from po ten tial agroterrorism?

8.  Describe the roles of pro grams like the Codex Alimentarius and the GHI in food
se cu ri ty.

9.  Have you ever thought about your own be hav iors when cook ing din ner at home or
when eat ing out  at a res tau rant? What be hav iors can you change? Can you iden tify
ways in which you can help your friends and fam ily with their be hav iors?

  10.  What role do you play in en hanc ing food se cu rity around the globe?
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Outbreak
The Morbidity and Mortality Weekly Report (the Centers for Disease Con-
trol and Prevention’s weekly list ing of how many peo ple are get ting sick or 
dy ing of var i ous dis eases) sum ma rized a B. ce re us food poi son ing out  break 
at two day care cen ters in Vir ginia. Sixty-seven chil dren ate a “spe cial” 
ca tered in ter na tional lunch. Fourteen of the peo ple who ate the lunch 
be came ill with nau sea, ab dom i nal cramps, and di ar rhea. The me dian 
time of on set for the ill ness was 2 h af ter eat ing. The me dian time for re-
cov ery was 4 h af ter on set. None of the 13 chil dren who did not eat the 
lunch got sick.

Chicken fried rice was as so ci ated with the out  break. One-third of the 
peo ple who ate the rice be came ill. None of the peo ple who did not eat 
the rice be came ill. B. ce re us at >105 or gan isms per g was iso lated from 
one child’s vomit. Levels in the left over chicken were >106 or gan isms per g. 
The in ves ti ga tion un cov ered a clas sic pat tern of food mis han dl ing. The 
rice was cooked the night be fore the lunch, cooled at room tem per a ture, 
and re frig er ated over night. The next morn ing, the rice and chicken were 
fried with oil, de liv ered to the day care cen ter, held with out  re frig er a tion, 
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The in for ma tion in this chap ter will en able the stu dent to:

• use ba sic bio chem i cal char ac ter is tics to iden tify Bacillus 
ce re us

• be gin to ap pre ci ate the flu id ity of bac te rial no men cla ture 
and eti  ol o gy

• un der stand what con di tions in foods fa vor the growth of 
B. ce re us

• rec og nize, from symp toms and time of on set, a case of 
foodborne ill ness caused by B. ce re us

• choose ap pro pri ate in ter ven tions (heat, pre ser va tives, and 
for mu la tion) to pre vent B. ce re us from caus ing foodborne 
ill ness

• iden tify en vi ron men tal sources of B. ce re us

• un der stand the role of spores and tox ins in caus ing 
 foodborne ill ness
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and served with out  heat ing. Neither the res tau rant staff nor the day care 
cen ter staff knew that these were dan ger ous food-handling prac tices.

INTRODUCTION
With ∼63,400 cases per year in the United States, B. ce re us may be a lesser 
known foodborne path o gen, but one that re mains im por tant. Incidence 
of B. ce re us-associated ill nesses is re ported to the CDC through the Food-
borne Disease Outbreak Surveillance System (FDOSS). All do mes ti cally 
ac quired cases are foodborne, and B. ce re us has an as so ci ated hos pi tal i za-
tion rate of only 0.4% and no deaths. Across the Eu ro pean Union in diff er-
ent coun tries, between 2 and 33% of re ported out  breaks were caused by 
B. ce reus. This range is likely not due to a real diff er ence in ill ness but
rather to diff er ences in re port ing. In Eu rope, B. ce reus has also been noted
to cause clin i cal hu man in fec tions in clud ing sep ti ce mia, men in gi tis, and 
gin gi val and oc u lar in fec tions.

B. ce re us pro duces two tox ins. An emetic (vom it ing) toxin is pro duced 
by cells grow ing in the food and acts rap idly (0.5 to 6 h). This is due to the 
re lease of an ex tra cel lu lar toxin that is made by amino acid syn the tases, 
i.e., by en zy matic link age of amino ac ids rather than by pro tein syn the-
sis. In con trast, the di ar rheal ill ness is caused by a pro tein en tero tox in(s) 
pro duced dur ing veg e ta tive growth of B. ce re us in the small in tes tine. The 
di ar rheal toxin that causes di ar rhea, cramps, and rec tal te nes mus takes 
longer to act than the emetic toxin (6 to 14 h). Both types of ill ness are mild, 
brief, and self-lim it ing, which con trib utes to the like li hood of ill nesses 
be ing un der re ported. B. ce re us does not com pete well with other veg e ta-
tive cells. But when the other cells are killed by cook ing, B. ce re us spores 
sur vive, grow, and cause ill ness. Furthermore, if that food is heated again 
prior to serv ing, those cells are killed, and the emetic toxin re mains ac tive. 
Outbreaks are com monly as so ci ated with meats, gra vies, fried rice, pasta, 
sauces, pud dings, and dairy prod ucts. Fish is also be ing rec og nized as an 
im pli cated food. A re cent study iso lated B. ce re us from 17% of fish sam pled, 
with half of these sam ples pro duc ing both the di ar rheal and emetic tox ins. 
Around the world, stud ies have shown in ci dence of B. ce re us con tam i na-
tion in mar kets and in street-vended foods across the con ti nents of Af rica, 
Asia, and Eu rope.

CHARACTERISTICS OF THE ORGANISM
Genus and spe cies des ig na tions were orig i nally based on bio chem i cal 
tests and what the or gan ism looked like (on agar plates and un der the 
mi cro scope). Thus, any spore-forming, aer o bic rod-shaped bac te rium 
was clas si fied as a Bacillus spe cies. Molecular bi  ol ogy and ge netic char-
ac ter iza tion have now re vealed that many of these spe cies iden ti fi ca-
tions by phe no typic char ac ter is tics are in ac cu rate. According to 16S 
ri bo somal RNA (rRNA) se quences, the ge nus Bacillus, as de scribed in 
Bergey’s Manual of Systematic Bacteriology (the dic tio nary of mi cro bial 
clas si fi ca tion), is di verse, and se quenc ing sug gests that the ge nus Bacil
lus com prises ad di tional spe cies of more than one “nat u ral ge nus.” The 
ecology of Bacillus species is quite diverse as well, with species living 
in and originating from soil and aquatic ecosystems. See Box 8.1 for an 
interesting example.
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Box 8.1
A pro tag o nist or ag o nist? B. ce re us!

Studies are under way to in ves ti gate 
sit u a tions where B. ce re us strains are 
the pro bi otic and the path o gen 
af ected by other pro bi ot ics. How 
can that be, you may ask? Well, given 
that the study of pro bi ot ics is still a 
young sci ence, there re mains much 
to learn. It is pos si ble that B. ce re us 
is a bit of a schizo phrenic or gan ism 
and that there are many strains with 
var i ous at tri butes.

Probiotic use in hu mans and 
ag ri cul tural an i mals is grow ing, 
and the range of com mer cially 
avail  able food and feed prod ucts 
con tain ing pro bi otic strains is 
grow ing. As a re minder, pro bi ot ics 
are live mi cro or gan isms that can 
con fer health ben e fits on the host 
when pro vided in ad e quate 
amounts.

A wide va ri ety of bac te rial gen era 
are con sid ered pro bi ot ics, in clud
ing Lactobacillus spe cies, Bifido-
bacterium spe cies, a va ri ety of 
lac tic acid bac te ria (like Enterococ-
cus, Lactococcus, Leuconostoc, 
Pediococcus, Sporolactobacillus, 
and Streptococcus), and a va ri ety of 

nonlactic acid bac te ria (Bacillus, 
Escherichia, Propionibacterium, and 
Saccharomyces).

In or der for a bac te rial strain to be 
ac cepted as a pro bi otic, it should be 
 able to ex ert ben e fi cial ef ects, 
in clud ing the fol low ing:
• Acid and bile tol er ance for oral 

ad min is tra tion
• Adhesion to mu co sal and ep i the

lial sur faces in or der to be 
suc cess ful at com pet i tive ex clu
sion of path o gens

• Antimicrobial ac tiv ity against 
path o genic bac te ria

• Bile salt hy dro lase ac tiv i ty

There is a grow ing in ter est in 
in ves ti gat ing the use of Bacillus 
spe cies as pro bi ot ics. Specific 
var i ants of B. ce re us have been 
iden ti fied as a pro bi otic mi cro or gan
ism of nonlactic acid bac te ria. 
Bacillus coagulans is a fairly com mon 
pro bi otic avail  able com mer cially and 
pro duced by sev eral man u fac tur ers 
for cat tle, hu mans, pigs, poul try, 
and shrimp. Interestingly, B. 
coagulans is a soil bac te rium that 
causes to mato rot.

In China, sea cu cum bers (Aposticho-
pus japonicus) are an im por tant 
com mer cially farmed spe cies. In fact, 
in 2013, sea cu cum ber pro duc tion 
ex ceeded 193,705 met ric tons. Some 
is sues arose with the ex pan sion of 
sea cu cum ber pro duc tion, sim i lar to 
what has hap pened in in dus trial 
ag ri cul ture. While an ti bi ot ics are 
strictly reg u lated, the search for 
po ten tial feed ad di tives led to 
in clu sion of pro bi ot ics.

A B. ce re us strain, EN25, that was 
iso lated from the mud around 
grow ing seacucumber wa ter bod ies 
was de ter mined to en hance 
im mu nity and dis ease re sis tance. 
EN25 was in hib i tory to the skin
diseasecausing bac te rium Vibro 
splendidus. More stud ies are under 
way to in ves ti gate the use of this 
strain of B. ce re us. No time to 
waste; rush out  and try some sea 
cu cum ber.

Review Article
Kechagia M, Basoulis D, Konstantopoulou S, 
Dimitriadi D, Gyftopoulou K, Skarmoutsou 
N, Fakiri EM. 2013. Health benefits of 
probiotics: a review. International Scholarly 
Research Notices Nutrition. Article ID 481651.

Sea cucumbers for sale at a Japanese seafood market (iStock).
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Bacillus anthracis, B. ce re us, B. mycoides, B. thuringiensis, B. pseudo
mycoides, and B. weihenstephanensis be long to the B. ce re us “group” (an in for-
mal but use ful des ig na tion). These spe cies are diff er en ti ated by the tox ins 
they make. B. anthracis makes a plas mid-mediated (i.e., the gene is car-
ried on a plas mid rather than on the chro mo some) toxin that causes 
pneu mo nia. B. ce re us makes three plas mid-mediated tox ins that 
cause foodborne ill ness. B. thuringiensis makes a plas mid-mediated in-
sec ti cide. That spe cies de ter mi na tion is based on plas mid-mediated 
fac tors mud dies the wa ter. Plasmids are un sta ble and can be lost or 
trans ferred. A B. ce re us strain that loses its plas mid has no de fin ing char-
ac ter is tic. Or worse, a B. ce re us iso late that gains a B. anthracis plas mid 
be comes more dan ger ous and dif  cult to treat in a clin i cal set ting. These 
bac te ria have very sim i lar 16S and 23S rRNA se quences, in di cat ing that 
they have di verged from a com mon evo lu tion ary line. Extensive stud ies 
of DNA from B. ce re us and B. thuringiensis sug gest that there is no sci-
en tific rea son for them to be in sep a rate spe cies. Indeed, B. thuringiensis 
strains, used as a nat u ral bioinsecticide, have caused cases of “B. ce re us” 
food poi son ing, and some “B. ce re us” strains pro duce an thrax tox ins. 
There have been pro pos als to group B. anthracis, B. ce re us, and B. 
thuringiensis into a sin gle spe cies. However, psychrotrophic B. ce re us 
(which grows at 7°C but not at 43°C) has been given a spe cies name of its 
own, B. weihenstephanensis.

Most B. ce re us strains are un able to grow be low 10°C or in milk 
stored be tween 4 and 8°C. Some strains are mo tile via pe rit ri chous 
 fla gella, while oth ers are not mo tile at all . B. ce re us strains can pro duce 
the emetic and/or di ar rheal tox ins. Generally, strains that pro duce the 
emetic toxin are as so ci ated with starchy foods like rice. Strains that 
pro duce the di ar rheal toxin are as so ci ated with pro tein a ceous foods like 
fish.

ENVIRONMENTAL SOURCES
B. ce re us is wide spread in na ture, as so ci ated with de cay ing mat ter, and
fre quently iso lated from soil and grow ing plants. B. ce re us has a life of
its own in soil, where the veg e ta tive cells spor u late. With the on set of
fa vor able con di tions, the spores be come veg e ta tive cells. In the soil, these
plank tonic (free-liv ing sin gle cells) bac te ria con verge to fil a men tous mul-
ti cel lu lar forms that swarm in a co or di nated di rec tion. Interestingly, 
path o ge nic ity of B. ce re us is de pen dent on its abil ity to col o nize and
per sist in its host, in clud ing the abil ity to in vade tis sues. The move ment
in the soil de scribed here is sim i lar to these phe no typic traits es sen tial
for path o ge nic i ty.

B. ce re us is eas ily spread from the en vi ron ment to foods. B. ce re us is
es pe cially prob lem atic in dairy foods. The spores can be pres ent in soil at 
105/g and spread to the cows’ ud ders and then into raw milk. Because 
B. ce re us spores are es pe cially hy dro pho bic, they at tach to pipe lines and
other solid sur faces in the dairy, mak ing the spores dif  cult to re move.
The spores sur vive milk pas teur i za tion. After ger mi na tion, free from com-
pe ti tion from other veg e ta tive cells, the spores grow, caus ing prob lems in
many milk prod ucts. Psychrotrophic B. ce re us strains make the sit u a tion
worse be cause they can grow while the milk is re frig er at ed.

Authors’ note
Microbiologists study bac te ria 
in the lab o ra tory as pop u la tions 
of bac te ria of a sin gle type and 
spe cies. However, in na ture, 
bac te ria usu ally ex ist as 
mul ti spe cies pop u la tions in 
bio films or other or ga nized 
struc tures.
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FOODBORNE OUTBREAKS
B. ce re us out  breaks of foodborne ill ness are highly un der es ti mated. This 
can be due to the rel a tively short du ra tion of ill ness (usu ally <24 h), the 
sim i lar ity of symp toms to those caused by other foodborne path o gens, and 
the like li hood that ill ness in volv ing B. ce re us-contaminated milk is lim ited 
to one or two cases (due to a few in ci dences of tem per a ture abuse), which 
are not iden ti fied as an out  break. The dose re quired to cause ill ness is 103 
to 104 or gan isms. B. ce re us spores can sur vive pas teur i za tion. Near the 
end of milk’s shelf life, there fre quently are enough B. ce re us cells to cause 
ill ness. Fortunately, B. ce re us pro te ases cause off-flavors. One would hope 
that this spoil age would keep con sum ers from drink ing highly con tam i-
nated milk.

It is not pos si ble to com pare the in ci dences of out  breaks in diff er ent 
coun tries be cause meth ods of track ing foodborne ill nesses diff er greatly. 
The per cent ages of out  breaks and cases at trib uted to B. ce re us in Japan, 
North Amer ica, and Eu rope vary from 1 to 47% for out  breaks and from 
∼0.7 to 33% for cases. The larg est num bers of re ported B. ce re us out  breaks 
and cases are from Ice land, The Neth er lands, and Nor way. In The Neth er-
lands, B. ce re us caused 27% of out  breaks in which a caus a tive agent was 
iden ti fied. However, the ac tual in ci dence of B. ce re us in fec tions was only 
2.8% of the to tal num ber of cases be cause most cases of foodborne ill-
ness were of un known eti  ol ogy. No mat ter the lo ca tion, of ten foodborne 
out  breaks are as so ci ated with poor tem per a ture man age ment.

CHARACTERISTICS OF DISEASE
There are two types of B. ce re us foodborne ill ness. The first type, caused by 
an emetic toxin, re sults in vom it ing. The sec ond type, caused by an en tero-
tox in(s), re sults in di ar rhea. A few B. ce re us strains make both tox ins and 
cause both symp toms. The in cu ba tion time (>6 h; av er age, 12 h) for di ar-
rheal ill ness is too long for the ill ness to be caused by a toxin pre made in 
the food. (Preformed tox ins act rap idly when in gested.) However, the 
emetic toxin can be formed in food when the B. ce re us pop u la tion is at 
least 100-fold higher than that nec es sary for caus ing the di ar rheal ill ness. 
Products with such large pop u la tions of B. ce re us are no lon ger ac cept able 
for consumption, al though food con tain ing >107 B. ce re us or gan isms/ml 
may not al ways ap pear spoiled. The two types of B. ce re us foodborne 
ill ness are char ac ter ized in Table 8.1.

DOSE
After the first di ar rheal out  break of B. ce re us foodborne ill ness in Oslo, 
Nor way (from va nilla sauce), S. Hauge iso lated the caus a tive agent, grew it 
to 4 × 106 cells/ml, and drank the cul ture. (Although the use of one self as a 
hu man sub ject was ac cepted and even con sid ered cou ra geous in the early 
days of mi cro bi ol ogy, this prac tice would be un eth i cal by cur rent stan-
dards. Do not try this at home.) About 13 h later, he de vel oped ab dom i nal 
pain and wa tery di ar rhea that lasted for ap prox i ma tely 8 h. Counts of B. 
ce re us rang ing from 200 to 109 or gan isms per g (or per ml) have been re-
ported for foods in crim i nated in out  breaks, in di cat ing that the to tal dose 
(cells/ml times mil li li ters con sumed) ranges from ap prox i ma tely 5 × 104 
to 1 × 1011 cells. The to tal num ber of B. ce re us cells re quired to pro duce 

Authors’ note
The ar gu ment that “the food 
would spoil be fore it could 
make some one sick” is in val i
dated by ac tual ex pe ri ence. 
Investigators are of ten led to 
the cause of the out  break by 
vic tims who tell them to test a 
par tic u lar food be cause “it 
tasted re ally bad.”
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enough toxin to pro duce ill ness is prob a bly 105 to 108 cells. Food con tain-
ing >103 B. ce re us or gan isms/g is not safe to eat.

VIRULENCE FACTORS AND MECHANISMS OF PATHOGENICITY
Very diff er ent types of tox ins cause the two types of B. ce re us foodborne 
ill ness. The emetic toxin, caus ing vom it ing, has been iso lated and char ac-
ter ized, whereas the di ar rheal dis ease is caused by one or more en tero tox-
ins. Research into the mo lec u lar bi  ol ogy of B. ce re us has re vealed var i ous 
phe no typic traits that can en hance path o ge nic ity, in clud ing ad he sion, 
mo til ity, biofilm de vel op ment, and an ti mi cro bial pep tide re sis tance.

The Emetic Toxin
The emetic toxin cereulide (Table 8.2) causes eme sis (vom it ing). Cereulide 
is not a con ven tional pro tein. Cereulide has a ring struc ture of three re-
peats of four amino ac ids and/or oxy ac ids: [d-O-Leu–d-Ala–l-O-Val–l-
Val]3. The struc ture sug gests that cereulide is an en zy mat i cally syn the sized 
pep tide and not a gene prod uct. The emetic toxin it self is re sis tant to auto-
clav ing, a wide range of pH val ues (2 to 11), and di ges tion by pro te ases. It 
is not an ti genic, so im mu nol o gy-based meth ods can not be used for its 
de tec tion.

The emetic tox in’s bio syn thetic path way is un known, but the re quired 
genes are plas mid me di ated. The mech a nism of ac tion for cereulide is 
com pli cated and not well un der stood.

The con di tions that per mit cereulide syn the sis are com pli cated as 
well. The tem per a ture range over which cereulide pro duc tion is pos-
si ble is more lim ited com pared to the tem per a ture range that al lows 
B. ce re us growth. The ways a cell me di ates ex ter nal cues re gard ing

Table 8.1 Characteristics of the two types of ill ness caused by B. ce re usa

Characteristic Diarrheal syn drome Emetic syn drome

Dose caus ing ill ness 105–107 cells (to tal) 105–108 cells per g

Toxin pro duced In the small in tes tine of 
the host

Preformed in foods

Type of tox in Protein; en tero tox in(s) Cyclic pep tide; 
emetic tox in

Incubation pe ri od 8–16 h (oc ca sion ally >24 h) 0.5–5 h

Duration of ill ness 12–24 h (oc ca sion ally 
sev eral days)

6–24 h

Symptoms Abdominal pain, wa tery 
di ar rhea, and oc ca sion ally 
nau sea

Nausea, vom it ing, and 
mal aise (some times 
fol lowed by di ar rhea,  
due to pro duc tion of 
en tero tox in)

Foods most fre quently 
im pli cat ed

Meat prod ucts, soups, 
veg e ta bles, pud dings, 
sauces, milk, milk prod ucts

Fried and cooked rice, 
pasta, pas try, and  
noo dles

a Reprinted from Granum PE, p 373–381, in Doyle MP, Beuchat LR, Montville TJ, ed, Food 
Microbiology: Fundamentals and Frontiers, 2nd ed, ASM Press, Wash ing ton, DC, 2001.
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cereuilde syn the sis at the food-bacteria in ter face are com plex. The risk of 
foodborne in fec tions may be influ enced by the food ma trix with the com-
plex in ter play of fatty ac ids, car bon and ni tro gen sources, pH, and wa ter 
avail abil ity (Fig. 8.1).

It is hy poth e sized that cereulide-producing or gan isms find their niche 
in cer tain foods, and el e vated tem per a tures rou tinely used in food pro cess-
ing may se lect for the emetic strains. This is a grow ing area of re search 
and sci en tific in ter est. Is there an en vi ron men tal niche for emetic strains 
of B. ce re us? Scientists have proposed just that, as de scribed in Fig. 8.2. 
Certain strains may live in the guts of small ro dents, who feed on plant 
roots, or in ver te brates that also feed on plant roots. When the crop is har-
vested, the root mi cro flora, which is con tam i nated with B. ce reus, con tam i-
na tes the crop. This is cer tainly a plau si ble sit u a tion for the har vest ing of 
rice or grains used to make pasta. Interestingly, a sur vey of B. ce re us from 
rice pad dies found that 44% of iso lates were ca pa ble of pro duc ing the 
emetic tox ins. Scientists hy poth e size that these emetic strains have an en-
do phytic life style with cer tain starch-rich plants, de spite the fact that these 
bac te ria are un able to hy dro lyze starch.

aw
pH
Oxygen
Temperature
Nutrients
Salts

Growth
Respiration

Redox
Cereulide

production

Cereulide

Figure 8.1

Cereulide pro duc tion may be mod u lated by the ex ter nal sig nals on the B. ce re us cell. 
(Adapted from Ehling-Schulz M, Frenzel E, Gohar M, Food-bacteria in ter play: 
pathometabolism of emetic Bacillus cereus, Front Microbiol 6:704, 2014.)

Table 8.2 Properties of the emetic toxin cereulidea

Trait Property, ac tiv ity, or val ue

Molecular mass 1.2 kDa

Structure Ringshaped pep tide

Isoelectric point Uncharged

Antigenic No

Biological ac tiv ity in liv ing pri ma tes Vomiting

Cytotoxic No

Heat sta bil i ty 90 min at 121°C

pH sta bil i ty Stable at pH 2–11

Efect of pro te  ol y sis (tryp sin, pep sin) None

Conditions un der which toxin is pro duced In food (rice and milk) at 25–32°C

a Adapted from Granum PE, p 373–381, in Doyle MP, Beuchat LR, Montville TJ, ed, Food 
Microbiology: Fundamentals and Frontiers, 2nd ed, ASM Press, Wash ing ton, DC, 2001.

Authors’ note
The study of plantmicrobe host 
in ter ac tions is a hot topic of 
grow ing im por tance! As the 
sci ence of the microbiome 
pro gresses, we learn more about 
how mi cro bial com mu ni ties 
in ter act with one an other. Be on 
the look out  for con tinu ing 
de vel op ments!
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Enterotoxins
Cloning and se quenc ing stud ies show that B. ce re us pro duces at least 
five diff er ent pro teins (or pro tein com plexes) known as en tero tox ins. 
The ex tent to which the diff er ent pro teins are in volved in foodborne ill-
ness might be de ter mined through microslide diff u sion tests (Fig. 8.3).

Three en tero tox ins are prob a bly in volved in B. ce re us foodborne ill-
ness. Two of the en tero tox ins are mul ti com po nent and re lated. A third 
en tero toxin is a sin gle 34-kDa pro tein. A three-component he mo ly sin 
(Hbl) has en tero toxin, dermonecrotic, and vas cu lar per me abil ity ac tiv i-
ties. Hbl1 causes fluid ac cu mu la tion in li gated rab bit il eal loops. It may 
be the vir u lence fac tor in B. ce re us di ar rhea. All three pro teins of the 
Hbl are tran scribed from one op eron (hbl). The sec ond im por tant agent 
is a non he mo lytic en tero toxin, Nhe. It is also a com plex of three pro-
teins. These tox ins and cereulide are tightly reg u lated at the ge netic 
level through an autoinduction mech a nism sim i lar to that of nisin (see 
chap ter 26).

B. ce re us as a Medical Pathogen
As food mi cro bi ol o gists, we view mi crobes from the per spec tive of their
life in food. However, many “foodborne” path o gens cause a va ri ety of
other ill nesses. B. ce re us pro duces four he mo ly sins, three phos pho li-
pases, three pore-forming en tero tox ins, the emetic toxin, he mo ly sin B,

Small rodents

Raw foodContamination

Harvest

Harvest

High
temperature

Cooked food

Enrichment in
emetic B. cereus

Deregulation of
cereulide production

Invertebrates

Roots and tubers
(high prevalence of
emetic B. cereus)

Figure 8.2

Depiction of a po ten tial eco log i cal niche for emetic B. ce re us strains. Specific strains may 
con tam i nate roots and tops of crops and en ter the hu man or an i mal food sup ply. Spores 
from emetic strains are more re sis tant to heat and may be en riched for in cooked or heat- 
processed foods. (Adapted from Ehling-Schulz M, Frenzel E. Gohar M, Food-bacteria 
in ter play: pathometabolism of emetic Bacillus cereus, Front Microbiol 6:704, 2014.)

Authors’ note
In the rab bit il eal loop as say, a 
rab bit is anes the tized, its 
sur gi cally ex posed in tes tine is 
tied off (i.e., li gated) into loops, 
and the sam ple is in jected. If 
the sam ple causes fluid 
ac cu mu la tion in the li gated 
loop, it is pos i tive for tox in.
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non he mo lytic en tero toxin, cy to toxin B, and, as men tioned above, cereulide. 
Because B. ce re us is ubiq ui tous in na ture and has a rep u ta tion as a food
borne path o gen, its iso la tion from clin i cal spec i mens is of ten dis missed as 
con tam i na tion. Only re cently has its ka lei do scopic na ture been ap pre ci-
ated. Some B. ce re us-mediated dis eases are listed in Table 8.3.

The Spore
The B. ce re us spore is im por tant in foodborne ill ness. It is, in most re-
spects, sim i lar to the spores of other foodborne path o gens (see chap ter 3). 
However, B. ce re us spores are more hy dro pho bic than any other Bacil
lus spe cies’ spores. This en ables them to ad here to sur faces. The spores 

Enterotoxin
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preparation
Test
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Figure 8.3

Microslide diff u sion tests are used to de tect B. ce re us diarrheagenic and staph y lo coc cal 
en tero tox ins. Antiserum to the toxin is put into well 1, and ref er ence toxin (a pos i tive 
con trol) is put into well 3. Test sam ples are put into wells 2, 4, and 5. When the an ti se rum 
and toxin diff use from their re spec tive wells and meet, a pre cip i ta tion line is formed.  
(A) Test where the food sam ples are neg a tive but a line is formed with the known 
en tero tox in; (B) test where the sam ple in well 4 con tains en tero tox in; (C) photo of ac tual 
re sults, where sam ples in wells 2 and 4 (but not 5) are pos i tive for toxin. (Photo cour tesy 
of R. Ben nett, U.S. Food and Drug Administration; di a grams re drawn from those 
sup plied by R. Ben nett.)

Table 8.3 Clinical ill nesses caused by B. ce re us

Illness Characteristic

Respiratory in fec tion Due to the le thal toxin gene nor mally car ried 
by B. anthracis on the pXO1 plas mid

Nosocomial in fec tions The or gan ism is ubiq ui tous in hos pi tals and 
is trans ferred on lin ens, gloves, ven ti la tors, 
and cath e ters and even in al co hol

Endophthalmitis Visionthreatening eye in fec tions af ter 
cat a ract sur gery or trau matic eye in ju ry

Central ner vous sys tem in fec tions Hemorrhagic ne cro sis, me nin go en ceph a li tis, 
brain ab scess

Gas gan grene Sepsis, ex u date, tis sue de struc tion
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Summary

•  B. ce re us is a sporeformer that is es pe cially prob lem atic in dairy foods.

•  It is a nor mal in hab i tant of soil and is iso lated from a va ri ety of foods.

•  Two dif er ent tox ins cause an emetic or a di ar rheal type of foodborne ill ness.

•  Desserts, meat dishes, and dairy prod ucts are fre quently as so ci ated with di ar rheal ill ness.

•  Rice and pasta are the most com mon ve hi cles of emetic ill ness.

•  Some strains of the B. ce re us group grow at re frig er a tion tem per a tures.

•  B. ce re us foodborne ill ness is prob a bly highly un der re port ed.

3
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Across
3. Italian food that can be a source of spores
4. Type of food especially problematic for

  outbreaks of Bacillus cereus
8. Rectal equivalent of “dry heaves” 

 9. Structure of both Bacillus cereus toxins
 10. Bacillus cereus spores are ____________,
  which makes them difficult to remove
  from equipment
 11. Genus of most aerobic spore-forming rods

Down
1. Resistant, dormant life form found in

  the genera Bacillus and Clostridium
2. A pathogen that makes emetic and

  diarrheal toxins (2 words)
5. Type of toxin that causes vomiting
6. Pathogenic species in the genus Bacillus

  that is not normally found in food
7. Food mocrobiologist call pathogens that

  produce emetic and ___________ toxins
  “double-bucket” bacteria

are dif  cult to re move dur ing clean ing and are a dif  cult tar get for dis-
in fec tants. B. ce re us spores also con tain ap pend ages and/or pili that are 
in volved in ad he sion. These spore prop er ties en able them to with stand 
san i ta tion pro cesses and re main on sur faces to con tam i nate foods. 
The spores also aid in ad her ence to ep i the lial cells dur ing clin i cal 
 ill ness es.



Bacillus ce re us  | 155

Suggested read ing
Ceuppens S, Boon N, Uyttendaele M. 2013. Diversity of Bacillus ce reus group strains is 
re flected in their broad range of path o ge nic ity and di verse eco log i cal life styles. FEMS 
Microbiol Ecol 84:433–450.

Ehling-Schulz M, Frenzel E, Gohar M. 2015. Food-bacteria in ter play: pathometabo-
lism of emetic Bacillus ce re us. Front Microbiol 6:704.

Delbrassinne L, Botteldoorn N, Andjelkovic M, Dierick K, Denayer S. 2015. An emetic 
Bacillus ce re us out  break in a kin der gar ten: de tec tion and quan ti fi ca tion of crit i cal 
lev els of cereulide toxin. Foodborne Pathog Dis 12:84–87.

Messelhausser U, Frenzel E, Blochinger C, Zucker R, Kampf P, Ehling-Schulz M. 
2014. Emetic Bacillus ce re us are more vol a tile than thought: re cent foodborne out -
breaks and prev a lence stud ies in Ba varia (2007–2013). BioMed Res Int 465603. 
Published on line 2014 May 8.

Questions for crit i cal thought
 1.  Speculate as to why B. ce re us is con sid ered a larger prob lem in Eu rope than in the 

United States.

 2.  What is “rec tal te nes mus”?

 3.  Create a case study of a B. ce re us foodborne out  break. Then look up re cent out  breaks to 
com pare to yours. What al lowed for the growth of the path o gen or toxin pro duc tion in 
your spe cific sit u a tion com pared to those that you found on line? What ge netic and 
phe no typic char ac ter is tics did the B. ce re us pos sess that caused your out  break?

 4.  Some peo ple have sug gested that B. ce re us be used as a sur ro gate to re search the 
deadly biothreat agent B. anthracis. What are the pros and cons of this pro pos al?

 5.  Why are B. ce re us foodborne ill nesses more likely to be un der re ported than other 
foodborne ill ness es?

 6.  Describe the ge net ics of en tero toxin pro duc tion by B. ce re us.

 7.  What fac tors al low a bac te rium to be used as a pro bi otic and a path o gen? Is there any-
thing in par tic u lar about B. ce re us that al lows it to be part of this strange sit u a tion?
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Outbreak
In 2011, on a beau ti ful day in En gland, mu sic floated through the air as a 
beau ti ful bride and groom stepped onto the dance floor cel e brat ing their 
wed ding. The pleas ant songs and love story of the new ly weds made ev ery
one smile. It was the ul ti mate ro man tic fairytale. BAM! A few days later 49 
per sons who at tended the wed ding party be came ill with gas tro en ter i tis. 
They suf ered from campylobacteriosis, ex pe ri enc ing ab dom i nal pain, di
ar rhea, and vom it ing. Campylobacter jejuni and Campylobacter coli were 
iso lated from stool sam ples of the pa tients. The or gan isms are of ten 
car ried in the gas tro in tes ti nal tract of poul try. The cause, undercooked 
chicken liver pâté. Chicken liver pâté is of ten pre pared undercooked as a 
means to main tain a spread able tex ture. This out  break dem on strates the 
im por tance of suf  cient and ap pro pri ate cook ing of poul try liver dishes 
to en sure mi cro bial food safe ty.

Visiting a farm can be a fun learn ing ex pe ri ence. Aside from walk
ing through the barns and pet ting the cows, peo ple are given the op por
tu nity to drink raw milk. The sale of raw milk is not al lowed in many 
states. Between May and July of 2011, in Alaska, 18 in di vid u als who con
sumed raw (un pas teur ized) milk at the same cow share farm be came 
in fected with C. jejuni. Although C. jejuni was not iso lated from milk 
sam ples, the C. jejuni found in stool sam ples of the pa tients was iden ti cal, 
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Learning Objectives

The in for ma tion in this chap ter will en able the stu dent to:

• use ba sic bio chem i cal char ac ter is tics to iden tify 
 Campylobacter spp.

• un der stand what con di tions in foods fa vor Campylobacter
sp. growth

• rec og nize, from symp toms and time of on set, a case of
foodborne ill ness caused by a Campylobacter sp.

• choose ap pro pri ate in ter ven tions (heat, pre ser va tives, and 
for mu la tion) to pre vent the growth of Campylobacter spp.

• iden tify en vi ron men tal sources of the or gan ism

• un der stand the roles of Campylobacter sp. tox ins and
 vir u lence fac tors in caus ing foodborne ill ness
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based on ge netic fin ger print ing, to the path o gen iso lated from ma nure 
col lected from the calf barn and graz ing field. Finding Campylobacter in 
a farm en vi ron ment is not un usual, and there are many routes by which 
the path o gen could con tam i nate milk on the farm.

In Oc to ber 2012, a longdistance ob sta cle ad ven ture race was held on 
a cat tle ranch in Ne vada. During the com pe ti tion, par tic i pants of the 
tough race waded through muddy pits and fields, which led to in ad ver tent 
swal low ing of muddy wa ter. Yuck! Twentytwo par tic i pants be came ill 
with C. coli in fec tion. The wa ter was found to be con tam i nated with an
i mal fe ces. Livestock, such as cat tle and swine, are im por tant res er voirs 
for Campylobacter spe cies that in fect hu mans.

INTRODUCTION
Campylobacter jejuni subsp. jejuni (here af ter re ferred to as C. jejuni) is 
one of many spe cies and sub spe cies within the ge nus Campylobacter, 
fam ily Campylobacteraceae. Since the 1980s, an ex plo sion of in for ma tion 
on these bac te ria has been pub lished. Presently, 34 spe cies and 14 sub
spe cies have been iden ti fied, greatly ex pand ing the ini tial list ing of only 
eight spe cies and sub spe cies within the ge nus Campylobacter. The num
ber of spe cies typ i cally as so ci ated with food is ex tremely low, al though 
they are linked to mil li ons of cases of foodborne ill ness year ly.

CHARACTERISTICS OF THE ORGANISM
The gen era Campylobacter and Arcobacter are in cluded in the fam ily 
Campylobacteraceae. This fam ily con tin ues to ex pand as re search ers 
iden tify new spe cies and sub spe cies in the gen era Campylobacter (the 
type ge nus of the fam ily) and Arcobacter. The or gan isms are curved, 
Sshaped, or spi ral rods that are 0.2 to 0.9 µm wide and 0.5 to 5 µm long. 
They are Gramnegative, nonsporeforming rods that may form spher i
cal or coc coid bod ies in old cul tures or cul tures ex posed to air for pro
longed pe ri ods. The or gan isms are mo tile by means of a sin gle po lar 
un sheathed fla gel lum at one or both ends. The var i ous spe cies are micro
aerobic (5% ox y gen and 10% car bon di ox ide), with a re spi ra tory type of 
me tab o lism. Some strains grow aer o bi cally or an aer o bi cally. An at mo
sphere con tain ing in creased hy dro gen may be re quired by some spe cies 
for microaerobic growth. As de ter mined by pulsedfield gel elec tro pho re
sis (PFGE), C. jejuni and Campylobacter coli have ge nomes ∼1.7 megabases 
in size, which is about onethird the size of the Escherichia coli ge nome.

ENVIRONMENTAL SUSCEPTIBILITY
C. jejuni is sus cep ti ble to a va ri ety of en vi ron men tal con di tions that 
make it un likely to sur vive for long pe ri ods out  side the host. The or gan
ism does not grow at tem per a tures be low 30°C, is microaerobic, and is 
sen si tive to dry ing, highoxygen con di tions, and low pH. The dec i mal 
re duc tion time for cam pylo bac ters var ies and de pends on the food 
source and tem per a ture. Thus, the or gan ism should not sur vive in food 
prod ucts brought to ad e quate cook ing tem per a tures. The or gan isms are 
sus cep ti ble to gamma ir ra di a tion (1 kilogray), but the rate of kill ing de
pends on the type of prod uct be ing pro cessed. Irradiation is less ef ec
tive for fro zen ma te ri als than for re frig er ated or room tem per a ture 

Authors’ note
Campylobacter is a frag ile 
or gan ism. It can not tol er ate 
dry ing and can be killed by 
ox y gen. It grows only if there is 
less than the at mo spheric 
amount of ox y gen pres ent. 
Freezing re duces the num ber  
of Campylobacter bac te ria 
pres ent on raw meat. In spite  
of these char ac ter is tics, it is a 
pre dom i nant foodborne 
path o gen.
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meats. Earlylogphase cells are more sus cep ti ble than cells grown to log 
or sta tion ary phase. Campylobacter spp. are more ra di a tion sen si tive 
than other foodborne path o gens, such as sal mo nel lae and Listeria mono
cytogenes. Irradiation treat ment that is ef ec tive against sal mo nel lae and 
L. monocytogenes should be suf  cient to kill Campylobacter spp. The
abil ity of C. jejuni to sur vive highpressure pro cess ing is linked to the
food ma trix that it is as so ci ated with. Research sug gests that treat ment
at 400 MPa (megapascal) can ef ec tively in ac ti vate the path o gen.

Campylobacter spp. are sus cep ti ble to low pH and are killed at pH 2.3. 
Campylobacters re main vi a ble and grow in bile at 37°C and sur vive bet
ter in fe ces, milk, wa ter, and urine held at 4°C than in ma te rial held at 
25°C. The max i mum pe ri ods of vi a bil ity of Campylobacter spp. at 4°C are 
in the range of 3 weeks in fe ces, 4 weeks in wa ter, and 5 weeks in urine. 
Freezing re duces the num ber of Campylobacter or gan isms in con tam i
nated poul try, but even af ter be ing fro zen to −20°C, small num bers of 
Campylobacter or gan isms can be re cov ered. In spite of its fra gil ity, Cam
pylo bacter still ranks close to Salmonella in the num ber of lab o ra to ry
confirmed cases of foodborne ill ness.

RESERVOIRS AND FOODBORNE OUTBREAKS
Many an i mals serve as res er voirs of C. jejuni for hu man dis ease. Reser
voirs for in fec tion in clude rab bits, ro dents, wild birds, sheep, horses, 
cows, pigs, poul try, and do mes tic pets (Table 9.1). Contaminated veg e ta
bles and shell fish may also be ve hi cles of in fec tion. Campylobacter is 
fre quently iso lated from wa ter and wa ter sup plies, and wa ter has been 
the source of in fec tion in some out  breaks. C. jejuni can re main dor mant 
in wa ter in a state that has been called vi a ble but nonculturable (VBNC). 
Under un fa vor able con di tions, the or gan ism es sen tially re mains dor
mant and can not be eas ily re cov ered on growth me dia. The role of these 
forms as a source of in fec tion for hu mans is not clear.

Campylobacteriosis is not con fined to the United States; more than 
57,221 cases were as so ci ated with 504 out  breaks world wide from 1978 to 

Table 9.1 Reservoirs of Campylobacteraceae

Organism Reservoir(s)
Disease, se quelae, or com ments

Humans Animals

C. jejuni subsp. jejuni Humans, other 
mam mals, birds

Diarrhea, sys temic ill ness, GBS Diarrhea in pri ma tes

C. fe tus subsp. fe tus Cattle, sheep Systemic ill ness, di ar rhea Abortion

C. fe tus subsp. venerealis Cattle Infertility

C. coli Pigs, birds Diarrhea

C. lari Birds, dogs Diarrhea

C. upsaliensis Domestic pets Diarrhea Diarrhea

C. hyointestinalis subsp.
hyointestinalis

Cattle, pigs, ham sters, 
deer

Rare; proctitis, di ar rhea Proliferative en ter i tis

C. mucosalis Pigs Rare; di ar rhea Proliferative en ter i tis

C. sputorum biovar paraureolyticus Cattle Diarrhea

C. sputorum biovar faecalis Cattle, sheep Enteritis

Authors’ note
Drinking a large glass of cold 
milk can be re fresh ing. How
ever, if the milk has not been 
pas teur ized, it may con tain a 
num ber of mi crobes, in clud ing 
Campylobacter jejuni, that, 
when in gested, re sult in ill ness 
(di ar rhea, ab dom i nal cramps, 
and fe ver). The risks of drink ing 
un pas teur ized milk far out 
weigh any ben e fits that may be 
at trib uted to con sump tion of 
such milk.
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2014. The ve hi cles of Campylobacter out  breaks have changed over the past 
few de cades. Dairy prod ucts were re spon si ble for more than onehalf of 
the out  breaks be tween 1998 and 2012, whereas other poul try ac counted 
for an other 19% of out  breaks. Changes in con sumer pref er ences have also 
influ enced types of foods im pli cated in out  breaks. Chicken liver pâté has 
been as so ci ated with a num ber of re cent out  breaks; this will likely change 
as the trends in foods change. Regardless, out  breaks in volv ing chil dren 
who had gone on field trips to dairy farms and come into con tact with 
an i mals or con sumed raw milk remain a con cern.

Milk and wa ter borne out  breaks tend to oc cur in the spring and fall but 
do not oc cur fre quently in the sum mer. Sporadic cases are usu ally most 
fre quent dur ing the sum mer. In con trast to the rel a tively low oc cur rence of 
out  breaks caused by cam pylo bac ters, the bac te ria have been iden ti fied in 
many stud ies as be ing among the most com mon causes of foodborne ill
ness in the United States. In 1995, the Centers for Disease Control and 
Prevention, the U.S. Department of Agriculture, and the Food and Drug 
Administration de vel oped an ac tive sur veil lance sys tem for foodborne dis
eases, in clud ing Campylobacter in fec tions, called the Foodborne Diseases 
Active Surveillance Network, also known as FoodNet. On the ba sis of a va
ri ety of data, in clud ing FoodNet in ci dence data, U.S. Census Bureau data, 
and data from other sources, it is es ti mated that there are 845,000 Campy
lobacter in fec tions in the United States each year. Since campylobacteriosis 
is selflim it ing, the true num ber of cases that oc cur each year can only be 
es ti mated. This in fec tion in ci dence is sim i lar to that in the United King
dom and other de vel oped na tions. Cases oc cur more of ten dur ing the sum
mer months and usu ally fol low the in ges tion of im prop erly han dled or 
cooked food, pri mar ily poul try prod ucts. Other ex po sures in clude drink
ing raw milk or con tam i nated sur face wa ter, over seas travel, and con tact 
with do mes tic pets (Table 9.2). FoodNet data show that the in ci dence of 
Campylobacter in fec tions was sig nifi  cantly higher in 2013 com pared with 
2006–2008 in the United States. The in crease is likely re lated to sev eral fac
tors, in clud ing changes in food han dling prac tices and a global food sup ply.

CHARACTERISTICS OF DISEASE
C. jejuni and C. coli
Most Campylobacter spe cies are as so ci ated with in tes ti nal tract in fec tion. 
Infections in other ar eas of the body are com mon with some spe cies, 
such as Campylobacter fe tus subsp. fe tus (here af ter re ferred to as C. fe tus). 
C. jejuni and C. coli have been rec og nized since the 1970s as agents of 
gas tro in tes ti nal tract in fec tion.

Table 9.2 U.S. outbreaks and re lated food vehicles, 1997 to 2008

Product No. of out  breaks

Dairy 63

Poultry 22

Produce 12

Seafood 4

Complex foods 35

Drinking wa ter 10
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C. jejuni and C. coli are the most com mon Campylobacter spe cies 
as so ci ated with di ar rheal ill ness, and they are dif  cult to dis tin guish. 
With the ad vances in mo lec u lar meth ods and new pro ce dures for cul tur
ing fas tid i ous strains of Campylobacter, ill nesses are now more read ily 
at trib uted to ei ther C. jejuni or C. coli. In the United States, an es ti mated 
5 to 10% of cases at trib uted to C. jejuni are ac tu ally due to C. coli; this 
fig ure may be higher in other parts of the world.

A spec trum of ill ness can oc cur dur ing C. jejuni or C. coli in fec tion, 
and pa tients may be asymp tom at ic (show no sign of ill ness) to se verely ill. 
Symptoms and signs usu ally in clude fe ver, ab dom i nal cramp ing, and di
ar rhea (with or with out  blood) that lasts sev eral days to >1 week. Symp
tomatic in fec tions are usu ally selflim it ing, but re lapses may oc cur in 5 
to 10% of un treated pa tients. Recurrence of ab dom i nal pain is com mon. 
Other in fec tions and dis eases in clude bac ter emia, bur si tis, uri nary tract 
in fec tion, men in gi tis, en do car di tis, peri to ni tis, er y thema nodosum, pan
cre a ti tis, abor tion and neo na tal sep sis, re ac tive ar thri tis, and Guil lain
Barré syn drome (GBS). Deaths di rectly at trib ut  able to C. jejuni in fec tion 
are rarely re port ed.

C. jejuni and C. coli are sus cep ti ble to many an ti bi ot ics, in clud ing 
macrolides, flu o ro quin o lones, aminoglycosides, chlor am phen i col, and 
tet ra cy cline. Erythromycin is the drug of choice for treat ing C. jejuni 
gas tro in tes ti nal tract in fec tions, but cip ro flox a cin is a good al ter na tive 
drug. Early ther apy of Campylobacter in fec tion with eryth ro my cin or cip ro
 flox a cin is ef ec tive in elim i nat ing the cam pylo bac ters from stool and 
may also re duce the du ra tion of symp toms as so ci ated with in fec tion.

C. jejuni is gen er ally sus cep ti ble to eryth ro my cin, with re sis tance rates 
of <5%. Rates of eryth ro my cin re sis tance in C. coli vary, with up to 80% 
of strains hav ing re sis tance in some stud ies. Although cip ro flox a cin is 
ef ec tive in treat ing Campylobacter in fec tions, re sis tant strains have 
emerged. The re sis tance may be linked to the use of sim i lar an ti bi ot ics 
(flu o ro quin o lones) in poul try. In 2005, the Food and Drug Administra
tion Center for Veterinary Medicine banned the use of flu o ro quin o lones, 
such as enrofloxacin, in poul try.

Other Campylobacter Species
In con trast to C. jejuni, C. fe tus is pri mar ily as so ci ated with bac ter emia 
and nonintestinaltract in fec tions. C. fe tus is also as so ci ated with abor
tions, sep tic ar thri tis, ab scesses, men in gi tis, en do car di tis, my cotic an eu
rysm, throm bo phle bi tis, peri to ni tis, and sal pin gi tis. Although in tes ti nal 
tract in fec tions oc cur with this spe cies, the num ber of cases is low be cause 
the or gan ism does not grow well at 42°C. C. fe tus is sus cep ti ble to the 
an ti bi otic ceph a lo thin. Campylobacter fe tus subsp. venerealis is not as so
ci ated with hu man in fec tion.

EPIDEMIOLOGICAL SUBTYPING SYSTEMS USEFUL 
FOR INVESTIGATING FOODBORNE ILLNESSES
Many typ ing sys tems have been de vi sed to study the ep i de mi  ol ogy of 
Campylobacter in fec tions. These meth ods in clude biotyping, serotyping, 
bac te rio cin sen si tiv ity, de tec tion of pre formed en zymes, lec tin bind ing, 
phage typ ing, multilocus en zyme elec tro pho re sis, and mo lec u larly based 
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meth ods, such as PFGE, ribotyping, and re stric tion frag ment length po
ly mor phism com bined with po ly mer ase chain re ac tion (PCR) meth ods 
(see chap ter 5).

The most fre quently used phe no typic sys tems are biotyping and 
serotyping. The two ma jor serotyping schemes used world wide de tect 
heatlabile and O an ti gens. Serotyping sys tems are sim ple to per form 
and have good abil ity to dis crim i nate among strains.

Molecular typ ing meth ods are rou tinely used for study ing the ep i de
mi  ol ogy of Campylobacter in fec tions. PFGE is one of the most pow er ful 
meth ods for mo lec u lar anal y sis of Campylobacter spe cies. It has ex cel
lent dis crim i na tory power. A va ri ety of PCRbased meth ods, in clud ing 
ribotyping, ran dom am pli fied po ly mor phic DNA, am pli fied frag ment 
length po ly mor phism, mul ti plex PCRrestriction frag ment length po ly
mor phism, and re altime PCR, have all  been used in var i ous ap pli ca
tions to study Campylobacter spp. Since the se quenc ing of the ge nome, 
the use of mi cro ar ray tech nol ogy has been de vel oped as a typ ing sys tem 
(see chap ter 5 for ex pla na tions of these meth ods).

INFECTIVE DOSE AND SUSCEPTIBLE POPULATIONS
C. jejuni is sus cep ti ble to low pH; there fore, stom ach acid ity kills most 
cam pylo bac ters. The in fec tive dose of C. jejuni is not high, with ≤500 or
gan isms caus ing ill ness. The abil ity to cause in fec tion may vary greatly 
among strains. Human vol un teers (18%) be came ill when in fected with 
108 col o nyforming units (CFU) of a strain des ig nated A3249, but 46% of 
the vol un teers be came ill when in fected with an other strain, 81176. In an 
out  break of Campylobacter in fec tion af ter the in ges tion of raw milk, the 
num ber of in di vid u als who be came ill and the se ver ity of ill ness seemed 
to be linked to the amount of milk in gested (the more milk con sumed, 
the greater the num ber of Campylobacter or gan isms con sumed).

The great est num bers of in fec tions in the United States oc cur in 
young chil dren and in young adults 20 to 40 years of age. The in ci dence 
of Campylobacter in fec tion in de vel op ing coun tries, such as Me xico and 
Thai land, may be 10 to 100 times higher than in the United States, Eu
rope, and Can ada. In de vel op ing coun tries, in con trast to de vel oped 
coun tries, cam pylo bac ters are fre quently iso lated from in di vid u als who 
may or may not have di ar rheal dis ease. Most in fec tions oc cur in in fancy 
and early child hood, and the in ci dence de creases with age. As a child 
ma tures, his or her im mune sys tem can fight of Campylobacter in fec
tions, thereby de creas ing the num ber of ill nesses. Travelers to de vel op
ing coun tries may be come in fected with Campylobacter.

The el derly are more likely to get bac ter emia (pres ence of bac te ria in the 
blood) than any other group (in fants, young adults, etc.). Continual di ar
rheal ill ness and bac ter emia may oc cur in im mu no com pro mised in di vid
u als, such as pa tients with hu man im mu no de fi ciency vi rus in fec tion.

VIRULENCE FACTORS AND MECHANISMS OF PATHOGENICITY
Little is known about the mech a nism by which C. jejuni causes hu man 
dis ease. C. jejuni can cause an en tero toxi gen iclike ill ness with loose or 
wa tery di ar rhea or an in flam ma tory in tes ti nal dis ease with fe ver. The 
mech a nism of dis ease may be in va sive (en ter ing into in tes ti nal cells), 



Campylobacter Species  | 163

since some in di vid u als have blood in their fe ces and may de velop bac ter
emia. A ma jor prob lem in un der stand ing the path o gen e sis of Campylo
bacter in fec tion is the lack of suit able an i mal mod els.

Cell Association and Invasion
The up take of C. jejuni by host cells oc curs by in ti mate bind ing of the 
bac te rium with the host cell sur face by us ing many types of adhesins. 
Following con tact, C. jejuni pro duces at least 14 new pro teins. Produc
tion cor re sponds to a rapid in crease in up take and changes in the host 
cell mem brane. At a later point, ad di tional pro teins are made and se creted 
into the cy to plasm of host tar get cells. Following at tach ment and in ter
nal i za tion, Campylobacterinfected cells re lease mol e cules that pro mote 
the re cruit ment of white blood cells to the site of the in fec tion. Induction 
of host cell death by C. jejuni may en hance the sur vival and spread of the 
path o gen.

Flagella and Motility
Campylobacter spe cies are mo tile and have a sin gle po lar, un sheathed 
fla gel lum at one or both ends. Motility and fla gella are im por tant de ter
mi nants for the en try pro cess. Campylobacter col o ni za tion and/or in fec
tion in a va ri ety of an i mal mod els are de pen dent on in tact mo til ity and 
fulllength fla gel la; how ever, other fac tors may be in volved. Two genes 
are in volved in the ex pres sion of the fla gel lar fil a ment, and mo til ity is 
es sen tial for col o ni za tion. Components of in tes ti nal mu cin, par tic u larly 
lfucose, at tract C. jejuni. Movement of C. jejuni to ward such com pounds
may be im por tant in the path o gen e sis of in fec tion.

Toxins
C. jejuni may pro duce an en tero toxin sim i lar to chol era toxin. No ge netic
ev i dence is avail  able to sup port the pres ence of this toxin. The role of
cytolethal dis tend ing toxin in path o gen e sis is not com pletely known,
al though it is the best char ac ter ized of the tox ins pro duced by Campylo
bacter. Most strains of C. jejuni have cdt genes, but the amounts of toxin
pro duced by the strains vary. The toxin may have sev eral roles in path o gen
e sis. The in for ma tion on tox ins is be ing slow ing amassed for C. jejuni,
C. coli, and C. fe tus.

Other Factors
The reg u la tion of genes in re sponse to en vi ron men tal changes is be
com ing an im por tant area of Campylobacter re search. Campylobacters 
are microaerobic, and C. jejuni has a higher tem per a ture for op ti mal 
growth, 42°C, than other in tes ti nal bac te rial path o gens. Understanding 
the ef ects of en vi ron men tal sig nals on the growth, me tab o lism, and 
path o ge nic ity of Campylobacter strains will have a ma jor im pact on the 
abil ity to con trol cam pylo bac ters in the en vi ron ment and food chain. Such 
path ways in clude re sponse to iron; ox i da tive stress; tem per a ture reg u la
tion, in clud ing cold and heat shock re sponses; and star va tion.

Autoimmune Diseases
Campylobacter in fec tion is a ma jor trig ger of GBS, an acute im mune
mediated par a lytic dis or der af ect ing the pe riph eral ner vous sys tem. 
The path o gen e sis of GBS in duced by C. jejuni is not clear. The bac te rial 
li po po ly sac cha ride causes an im mune re sponse. The an ti bod ies pro duced 
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rec og nize not only the li po po ly sac cha ride but also pe riph eral nerve tis
sue. This is likely a ma jor mech a nism of Campylobacterinduced GBS. 
Infections have also been linked to longterm se quelae in clud ing re ac tive 
ar thri tis and ir ri ta ble bowel syn drome.

IMMUNITY
Infection with Campylobacter spe cies re sults in pro tec tive im mu nity 
and is likely an ti body me di ated. Rechallenge with the same strains 28 
days af ter the ini tial chal lenge re sulted in pro tec tion against ill ness but 
not nec es sar ily against col o ni za tion by C. jejuni. People who are reg u
larly ex posed to the path o gen through drink ing raw milk are less likely 
to be come ill. In de vel op ing coun tries, where Campylobacter in fec tions 
are en demic, im mu nity to Campylobacter in fec tion ap pears to be age de
pen dent. As a child ma tures, he or she is less likely to be come ill.

Flagellin is an im por tant im mu no gen dur ing Campylobacter in fec tion. 
Antibodies against this pro tein cor re late to some de gree with pro tec tive 
im mu nity. Breastfeeding pro vi des pro tec tion against Campylobacter in fec
tion in de vel op ing coun tries. Antibodies against fla gel lin pres ent in breast 
milk ap pear to be as so ci ated with pro tec tion of in fants against in fec tion.

Other strat e gies to pre vent the spread of in fec tion to hu mans in clude 
im proved hy giene prac tices dur ing broiler chicken pro duc tion, such as 
de con tam i na tion of wa ter sup plies; use of com pet i tive ex clu sion flo ras, 
which may pre vent C. jejuni col o ni za tion of chicks; and im mu no log i cal 
ap proaches through the use of an i mal vac cines.

Summary

• Campylobacteriosis linked to con sump tion of con tam i nated food is one of the most prev a lent forms of 
foodborne ill ness in the United States and Eu rope.

• C. jejuni is com monly iso lated from poul try.

• Thermoprocessing eas ily in ac ti vates cam pylo bac ters.

• Campylobacter in fec tion is a ma jor trig ger of GBS and other au to im mune dis eas es.

• Motility is es sen tial for col o ni za tion.

• The in fec tive dose of C. jejuni may be <1,000 or gan isms.
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Questions for crit i cal thought
 1.  Campylobacters are microaerobic, and C. jejuni has a higher tem per a ture for op ti mal

growth, 42°C, than other in tes ti nal bac te rial path o gens. Given this in for ma tion, how 
do they sur vive/grow on poul try car casses or other foods?

 2.  Both Campylobacter and Salmonella are as so ci ated with poul try. Compare and con
trast C. jejuni to Salmonella enterica serovar Enteritidis. How does ox y gen con cen
tra tion in flu ence the growth of C. jejuni?

 3.  Why are C. jejuni in fec tions linked to au to im mune dis eas es?

 4.  What is the im pact of an ti bi ot icresistant C. jejuni on hu man health? How might
the use of an ti bi ot ics in poul try pro duc tion prac tices in flu ence re sis tance?

 5.  Campylobacters can ex ist in a VBNC state. In what en vi ron ments do they en ter this
state? Can the or gan ism re cover from this state? Why is en try into the VBNC state
im por tant for sur vival of the or gan ism?

 6.  In the United States and other de vel oped coun tries, Campylobacter in fec tions are 
typ i cally as so ci ated with young and older adults. In de vel op ing coun tries, campylo
bacteriosis is as so ci ated with chil dren and, as a child ma tures, he or she is less likely
to be come ill. Explain why these dif er ences ex ist be tween de vel op ing and de vel
oped coun tries.

 7.  What prac tices can be im ple mented to con trol cam pylo bac ters on the farm?

 8.  Describe how you would dif er en ti ate C. jejuni from Salmonella mi cro bi o log i cally 
and based on signs and symp toms of ill ness.

 9.  With re spect to food safety and foodhandling prac tices, why would a per son that is
asymp tom atic pres ent a risk?

  10.  Select a de vel oped coun try and de vel op ing coun try and find the in ci dence of Campylo
bacter in fec tion in each coun try. If the in ci dences are sim i lar, does this mean that
con trol mea sures im ple mented in the de vel op ing coun try are not ef ec tive? If dif
fer ent, in di cate fac tors in ad di tion to reg u la tory con trol mea sures that may ac count 
for the dif er ence in the in fec tion rates.

  11.  C. jejuni is zoo notic. What does this state ment mean?

  12.  Poultry prod ucts of ten carry Campylobacter and Salmonella, which, if not prop erly
han dled and pre pared, can re sult in hu man ill ness. Defend why you agree or dis
agree with the as sess ment that mea sures de signed to con trol and in ac ti vate Salmo
nella as so ci ated with poul try will be ef ec tive in con trol ling Campylobacter.

  13.  Based on your knowl edge of mi crobes, why do you be lieve C. jejuni sur vives bet ter 
in fe ces, milk, wa ter, and urine held at 4°C than in ma te rial held at 25°C?

  14.  Explain how Campylobacter iso lated from fe cal sam ples and meat from live stock
pro duced us ing or ganic prac tices, which ban the use of an ti bi ot ics, test pos i tive for
re sis tance to an ti bi ot ics.
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INTRODUCTION
Botulism is a rare but some times deadly dis ease with an in ter est ing 
early his to ry.

The first recognized out  breaks of bot u lism oc curred in Ger many, where 
the dis ease was first described by a Ger man phy si cian and lo cal health of 
cer, Justinius Kerner, in 1793. He called the sub stance “Wurstgift” because 
he found it in spoiled sau sages. At that time, sau sage was made by fill ing a 
pig’s stom ach with meat and blood, boil ing it in wa ter, and then stor ing it 
at room tem per a ture. Sounds de li cious, doesn’t it? Maybe not, since these 
were ideal con di tions for clos trid ial spores to sur vive. Botulism gets it 
name from “botulus,” which is Latin for sau sage. In 1817–1821, Dr. Kerner 
at tempted to iso late the caus a tive or gan ism from what he called sau sage 
poi son ing, and he pub lished the clin i cal find ings of the dis ease. Kerner 
re al ized from ex per i ments with an i mals that the dis ease was af ect ing the 
ner vous sys tem, an amaz ing find ing in its time! In 1895, Emile von Ermen
gem, a pro fes sor of bac te ri  ol ogy at the University of Ghent, iden ti fied Clos-
tridium bot u li num as the ac tual source of a bot u lism out  break in Bel gium, 
as so ci ated with salted ham that had been sub merged in brine (pro vid ing 
an an aer o bic en vi ron ment). Professor Ermengem was the first to iden tify 
that the clin i cal ill ness was caused by in tox i ca tion rather than in fec tion. 

10 Clostridium bot u li num
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Learning Objectives

The in for ma tion in this chap ter en ables the stu dent to:

•  use ba sic bio chem i cal char ac ter is tics to iden tify 
 Clostridium bot u li num

•  un der stand what con di tions in foods fa vor the growth
of C. bot u li num

•  rec og nize, from symp toms and time of on set, a case of
bot u lism

•  choose ap pro pri ate in ter ven tions (heat, pre ser va tives, 
and for mu la tion) to pre vent the growth of C. bot u li num

•  iden tify en vi ron men tal sources of C. bot u li num

•  un der stand the roles of spores, an aer o bic con di tions, 
and heat sen si tiv ity of the toxin in caus ing or pre vent ing
bot u lism
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In brief, botulinum toxin results in nerve paralysis by binding to nerve 
cells in the body and blocking the release of acetylcholine, the principal 
neurotransmitter at the neuromuscular junction, causing muscle paraly
sis. The blockage of this neurotransmitter release is irreversible. Botuli
num toxin can act on nerves that are required to breathe and to move. 

Several out  breaks in the United States, worth men tion ing here, led to 
fed eral reg u la tions for food pres er va tion. In 1919, a large out  break from 
canned ol ives (15 deaths) led to the use of high tem per a tures as in dus try 
stan dards for pre serv ing foods. In 1973, an out  break from canned soup 
led to fur ther con sid er ation of reg u la tions for the safe pro cess ing of 
canned foods.

There are three main ways in which bot u lism can be trans mit ted; 
one is foodborne, an other is called in fant bot u lism, and the third type is 
known as wound bot u lism. An av er age of 110 cases of bot u lism oc cur 
each year in the United States (re ported an nu ally to the CDC), of which 
15 to 25% are foodborne (Fig. 10.1), 60 to 72% are in fant bot u lism, and 
the re main der are wound bot u lism. Although im proper home can ning 
of veg e ta bles causes ∼40% of bot u lism cases in the United States (Box 
10.1), many coun tries re port rel a tively fre quent out  breaks from other 
sources, in clud ing im prop erly fer mented or pro cessed foods (Box 10.2). 
A fourth way is much less doc u mented and can oc cur in adults when 
the nor mal mi cro flora is de pleted by se vere an ti bi otic use. This de ple
tion al lows in tes tines to be come col o nized by C. bot u li num, and toxin 
can be pro duced. This form is in cred i bly rare and there fore not usu ally 
men tioned.
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Figure 10.1

Foodborne bot u lism in the United States, 1992–2012. The num ber of foodborne 
bot u lism cases has re mained fairly steady, with peaks cor re spond ing to larger 
out  breaks. In 2012, four out  breaks oc curred, two as so ci ated with con sump tion of 
pruno, an il licit al co holic brew, in an Ar i zona prison (4 cases and 8 cases), one 
as so ci ated with homecanned spa ghetti and meat sauce (2 cases), and one as so ci ated 
with homecanned beets (3 cases). (Courtesy of the CDC.)
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Box 10.1
Self-inflicted un in tended bot u lism

People in ur ban ar eas may con sider 
home can ning an an ti quated form 
of food pres er va tion. But one in five 
U.S. house holds uses it to stretch 
its food bud get, main tain con nec
tion with “the land,” or pre serve the 
large har vests from gar dens. In New 
Jersey, for ex am ple, the pleth ora of 
home gar den ers makes it im pos si
ble to give away to ma toes in Au gust.

Health of  cials re cently de scribed 
three bot u lism case stud ies be
tween 2008 and 2009 and com
pared them with the 116 out  breaks 
of bot u lism that oc curred be tween 
1999 and 2008. The out  breaks 
be low are from that study, al beit 
with some lit er ary li cense.

In the first out  break, a fam ily ate a 
blend of homecanned car rots and 
green beans. That very day, two of 
the mem bers de vel oped symp toms 
of bot u lism, were hos pi tal ized, 
and were put on ven ti la tors (i.e., 
in tu bated with breath ing ma chines). 
Four more fam ily mem bers went to 
the hos pi tal the next day. One was 
in tu bated, an other had milder 
symp toms, and two were okay. 
Toxin was iso lated from the pa tients 
and the food. The blend was 
ob vi ously spoiled. One vic tim ate 
it even though it tasted bad, the 
sec ond ate just a fork ful (still 
enough to cause bot u lism), and 
an other ate it be cause he did not 
want to waste food.

The sec ond out  break was from a 
meal with homecanned green 
beans, to ma toes, and pears. One 

vic tim noted that the green beans 
“smelled like cat lit ter,” but the 
sec ond per son thought that they 
were okay, ate a lot of them, and 
be came the sick est.

The third case in volved two men 
who ate homecanned as par a gus, 
which had no signs of spoil age but 
had lids that had popped.

The vic tims in all  three cases had 
a range of symp toms typ i cal of 
bot u lism. These in cluded nau sea, 
vom it ing, dry mouth, and neu ro log
i cal in volve ment, such as blurred or 
dou ble vi sion, bi lat eral pa ral y sis, 
slurred speech, fa tigue, dif  culty 
swal low ing, dif  culty breath ing, 
diz zi ness, and change in the sound 
of the voice.

Unfortunately, some times er rors in 
home can ning ex tend past the 
fam ily. In April 2015, more than 
20 peo ple were con firmed with 
bot u lism af ter in gest ing home
canned po ta toes at a church 
pot luck. The Ohio Department of 
Health worked quickly along side the 
Fair field Department of Health and 
the Fair field Medical Center to 
di ag nose the con tam i nated food 
prod uct at the pot luck. From the 77 
peo ple who had con sumed food at 
the pot luck, 25 met the con firmed 
case defi  ni tion of hav ing two or 
more clin i cal symp toms of bot u
lism. Twentyseven pa tients ini tially 
went to the med i cal cen ter, where 
25 pa tients re ceived bot u li num 
an ti toxin. One woman died from 
bot u lism as so ci ated with this 

out  break. The pot luck at tendee 
who pre pared the homecanned 
po ta toes from which a po tato 
salad was made re ported us ing a 
boilingwater can ner rather than a 
pres sure can ner. Additionally, the 
po ta toes were not heated af ter 
re moval from the can, which is a step 
that could inactivate bot u li num tox in.

The root cause of these bot u lism 
out  breaks was the fail ure to use 
proper pres sure cooker pro cesses. 
The home can ners fol lowed pro ce
dures that were 50 years old, re lied 
on the ad vice of neigh bors, ig nored 
cor rect in struc tions, did not have 
pres sure cook ers, cut pro cesses 
short be cause the kitchen was so 
hot, and were ig no rant of the 
bot u lism risk as so ci ated with home 
can ning. It did not help that the 
vic tims ig nored signs of spoil age 
(would you eat some thing that 
smelled like cat lit ter?) and failed to 
fully heat the food, which might 
have in ac ti vated some of the 
heatsensitive bot u li num tox in.
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McCarty CL, An gelo K, Beer KD, Cibulskas-
White K, Quinn K, de Fijter S, Bokanyi R, St. 
Ger main E, Baransi K, Barlow K, Shafer G, 
Hanna L, Spindler K, Walz E, DiOrio M, 
Jack son BR, Luquez C, Ma hon BE, Basler C, 
Curran K, Matanock A, Walsh, K, Slifka KJ, 
Rao AK. 2015. Large out  break of bot u lism 
as so ci ated with a church pot luck meal—
Ohio 2015. MMWR 64:802–803.

Botulism
Botulism is tra di tion ally as so ci ated with canned foods, usu ally home 
canned, with many of the same safeguards in place as for com mer cially 
pro cessed foods. Commercial cases are very rare (9% of out  breaks) and 
usu ally in volve small com pa nies that just don’t know any bet ter. A fa mous 
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Box 10.2
Outbreaks around the world

Botulism can oc cur when im proper 
in gre di ents are used in fer men ta-
tion or when foods are im prop erly 
stored, as ev i dent from this trip 
around the world.

Have you ever heard of pruno? 
Probably not. Sometimes pruno is 
re ferred to as “prison hooch” and is 
a kind of homebrew made from 
what ever pris on ers can find in the 
way of left over food. To be clear, 
pruno is an il licit al co hol brew made 
by pris on ers, who usu ally use some 
fruit, a lit tle wa ter, and sugar to 
make al co holproducing yeast 
happy. Pruno in gre di ents are 
de pen dent on what is avail  able. In 
a prison in Utah in 2011, a hoarded 
baked po tato served at a meal 
weeks ear lier was added to the 
batch of pruno, and this in gre di ent 
is be lieved to have con tained 
C.  bot u li num spores, which are not
un com mon on root veg e ta bles. It is 
re ported that the po tato was
re moved from a meal tray. Accord
ing to the CDC, sev eral batches of
pruno were re port edly in cir cu la tion 
among in mates at the time of the
out  break.

The po tato men tioned above was 
stored at room tem per a ture for an 
un de ter mined num ber of weeks in 
ei ther a sealed plas tic bag or jar 
ob tained from the com mis sary, 
peeled by the in mate us ing 
fin ger nails, and added to a plas tic 
bag con tain ing other in gre di ents a 
few days be fore con sump tion of 
the pruno. The in gre di ents were 
fer mented in this bag for sev eral 
days be fore be ing dis trib uted to 
other in mates in re seal able plas tic 
bags. Toxin likely was pro duced 
when the po tato was added to a 
bag con tain ing lowacidity pruno 
in gre di ents un der warm, an aer o bic 
con di tions dur ing the pruno fer men

ta tion. Warm con di tions com monly 
are ob tained by plac ing the bagged 
mix ture in warm wa ter and in su lat
ing the bag with cloth ing, tow els, 
or bed ding. Plastic bags and jars 
used in pruno fer men ta tion are 
eas ily ac ces si ble to in mates. 
Laundry and items pur chased from 
the com mis sary are de liv ered in 
plas tic bags, and foods pack aged 
in jars and re seal able bags can be 
pur chased from the com mis sary. 
During the in ves ti ga tion, many 
types of plas tic bags and jars were 
ob served in cells. Pruno batch A 
was made with or anges, grape fruit, 
canned fruit, wa ter, pow dered 
drink mix (a source of sugar), and a 
baked po tato. Among these 
in gre di ents, the baked po tato was 
the only in gre di ent used in brew A 
that was not used in si mul ta
neously cir cu lat ing pruno batches. 
Eight in di vid u als were sick ened in 
this out  break.

In 2012, two out  breaks of food
borne bot u lism oc curred in an 
Ar i zona prison as so ci ated with 
con tam i nated pruno, in fect ing four 
and eight in di vid u als, re spec tively,. 
Again, po ta toes were tied to both 
batches of con tam i nated pruno. 
An in ves ti ga tor in Ar i zona said the 
in mates put a baked po tato in 
sealed, warm bot tles and fer
mented it for sev eral days, re sult
ing in a foulsmell ing pruno. 
After the sec ond set of cases, the 
prison banned po ta toes from the 
kitchen, and there is talk of 
re mov ing sugar and other sweets 
from the prison menu to stop 
pruno pro duc tion.

Two fam i lies in the Si chuan Prov
ince of China were af ected in a 
bot u lism out  break in volv ing 
smoked ribs. In Sep tem ber 2013, 12 
peo ple be came ill af ter in gest ing 

smoked ribs that were pre pared at 
one lo cal res tau rant. The in di vid u
als all  re ported symp toms of dry 
mouth, feel ing of a “thick tongue,” 
tired ness, pto sis, and mus cle 
weak ness. The phy si cians did not 
im me di ately rec og nize the symp
toms of bot u lism at the first county 
hos pi tal where the pa tients were 
tak en; how ever, bot u lism antitoxin 
A was ad min is tered at the West 
China Hospital of Sichuan University 
when the pa tients were trans ferred 
there for fur ther treat ment. The 
in cu ba tion pe riod for the first fam ily 
was 32 hours af ter eat ing, and the 
in cu ba tion pe riod for the sec ond 
fam ily was 2 days. The smoked ribs 
were pre pared us ing a cur ing 
mix ture of salts (1 g of salt for 0.4 kg 
of ribs), sugar, and spices. The 
saltrubbed ribs were trans ferred to 
a large bag and placed in a re frig er
a tor for 5 days, af ter which the rub 
was washed from the ribs. After 
1 ad di tional day of re frig er ated 
stor age, the ribs were cold smoked 
over a smol der ing fire (<185°F or 
85°C) for 12–24 hours. Then the 
ribs were placed back in the 
re frig er a tor over night be fore 
serv ing. Ribs were usu ally stored at 
room tem per a ture. While there are 
many op por tu ni ties for growth of 
C. bot u li num here, the in ves ti ga tors 
did not have a firm in di ca tion of
how con tam i na tion oc curred. The 
U.S. FDA does not rec om mend
coldsmoking due to the risks of
rapid mi cro bial growth in the
tem per a ture dan ger zone. Cold
smoked foods should be cooked to
an in ter nal tem per a ture of 160°F 
(71°C) be fore con sump tion.

In Iran in August, 2013, an out  break 
of bot u lism was as so ci ated with a 
pop u lar re fresh ing bev er age called 
doogh, which is made from yo gurt, 

(continued)
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out  break in volv ing canned food oc curred in New York State in the early 
1970s. An el derly cou ple ate some vi chys soise on a hot sum mer night. By 
the next morn ing, they had started to see dou ble, had dif  culty swal low
ing, and ex pe ri enced pa ral y sis in their arms and legs. If they had not 
been treated, toxin would have par a lyzed their di a phragms and suf o
cated them. Fortunately, they were quickly di ag nosed with bot u lism, 
were put on ven ti la tors, and lived, though they never fully re cov ered. 
The in ves ti ga tion re vealed that the work ers re spon si ble for op er at ing the 
re torts (can ning ma chines) had mis in ter preted a new pro cess sched ule. 
They underprocessed the soup, al low ing C. bot u li num to grow and make 
toxin. In re sponse to this in ci dent, the Food and Drug Administration 
(FDA) in sti tuted Good Manufacturing Practices (GMPs) for lowacid 
foods (i.e., those with a pH of >4.6 and a wa ter ac tiv ity [aw] of >0.86). The 
GMPs re quire all  re tort op er a tors to at tend a bet terprocessing con trol 
school and be cer ti fied. Processing sched ules and changes to them can 
be made only by rec og nized pro cess ing au thor i ties.

In 2006, im prop erly pro cessed car rot juice caused four peo ple to de
velop the clas sic symp toms of bot u lism. The ad min is tra tion of an ti toxin 
stopped the pro gres sion of re spi ra tory fail ure caused by de scend ing flac
cid pa ral y sis. Botulinum toxin type A was found in the pa tients’ stools 
and in left over juice. The juice had a pH of 6.0 and was not pro cessed 
to a 12D bot u li num cook. (Lowacid canned foods must be pro cessed to 
achieve a 12log re duc tion in the vi a bil ity of bot u li nal spores.) Although 
the prod uct re lied on re frig er a tion for its safety, none of the vic tims had 
re frig er ated their juice. Commercially bot tled gar lic in oil has also 
caused many out  breaks. As a re sult, gar lic in oil be ing sold in North 

wa ter, and salt. Doogh is usu ally 
served chilled and over ice. Ten 
in di vid u als were di ag nosed with 
symp toms of re spi ra tory dis com fort 
and re spi ra tory dis tress. Unfortu
nately, here bot u lism was not 
con sid ered un til af ter the death of 
the first pa tient, who was the 
grand fa ther of the fam ily. The 
re main ing nine in di vid u als re ceived 
a tri va lent bot u lism an ti toxin and 
re cov ered dur ing 5 to 15 days of 
hos pi tal i za tion. The doogh had been 
pre pared in the home us ing tra di
tional meth ods of prep a ra tion with 
homecanned yo gurt and room 
tem per a ture stor age over sev eral 
days. This out  break as so ci ated with 
doogh is unusual; no spe cific 
prep a ra tion steps were noted other 

than lack of proper heat ing and 
stor age at room tem per a ture.
Centers for Disease Control and Prevention. 
2012. Botulism from drinking prisonmade 
illicit alcohol—Utah 2011. MMWR 61:782–784.

Centers for Disease Control and Prevention. 
2013. Notes from the field: botulism from 
drinking prisonmade illicit alcohol—Arizona, 
2012. MMWR 62:88.

Box 10.2
(continued)



|  Chapter 10172

Amer ica must have a sec ond bar rier, such as acid i fi ca tion, and must be 
re frig er ated. Acidification and re frig er a tion are es sen tial bar ri ers to the 
growth of C. bot u li num and pro duc tion of toxin in highrisk foods.

Foodborne bot u lism is of ten as so ci ated with tem per a ture abuse. An 
un usu ally large out  break caused by tem per a ture abuse oc curred in Clo
vis, New Me xico. More than 40 peo ple who ate at a lo cal salad bar started 
see ing dou ble, be came short of breath and weak, had slurred speech, and 
showed var i ous signs of pa ral y sis. The lo cal doc tor, to his credit, quickly 
di ag nosed bot u lism. Remembering its as so ci a tion with canned foods, he 
(pre ma turely) pro claimed the threebean salad to be the cul prit. Public 
health au thor i ties from the CDC and the FDA did an ex haus tive in ves ti ga
tion that cleared the beans and im pli cated the po tato salad. They dis cov
ered that it is a com mon prac tice in res tau rants to put left over po ta toes in 
a box and store them at room tem per a ture. When enough po ta toes ac cu
mu late, they are used for po tato salad with no fur ther heat ing. This turns 
out  to be a per fect sce nario for the de vel op ment of bot u lism poi son ing. 
Botulinal spores are nor mally found on po ta toes. Baking kills any com
pet ing bac te ria and drives of ox y gen, cre at ing the an aer o bic con di tions 
un der which C. bot u li num thrives. The sur viv ing spores turn into cells 
that grow in the po ta toes and make bot u li nal toxin. Since the po tato salad 
is not cooked, the toxin is not de stroyed. It can be le thal. Victims of this 
out  break re quired years to re cov er.

In north ern Can ada, Alaska, Scan di na via, and north ern Japan, most 
bot u lism out  breaks in volve fish. C. bot u li num type E is im pli cated in 
most out  breaks in volv ing north ern na tive foods. Many of these foods are 
fer mented prod ucts. However, the level of fer ment able car bo hy drates is 
too low to en sure the rapid acid i fi ca tion re quired to in hibit bot u li nal 
growth.

Scientists in the Cal i for nia Department of Public Health dis cov ered the 
sec ond form of bot u lism, in fant bot u lism. They no ticed in fants who 
were not thriv ing, could not lift them selves up, and had poor mus cle tone 
(Fig. 10.2). Their deaths re sem bled sud den in fant death syn drome. Early 

Figure 10.2

An infant with flaccid paralysis that is characteristic of human botulism. 
(Courtesy of the CDC.)
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in ves ti ga tion of hos pi tal ized in fants re vealed an as so ci a tion with breast
feeding. It was soon re al ized, how ever, that breastfeeding was pro tec
tive and kept the in fants alive long enough to be di ag nosed and 
hos pi tal ized. Infants who were not breastfed were much sicker and usu
ally died be fore be ing di ag nosed. Eventually, an as so ci a tion with eat ing 
honey and other raw ag ri cul tural prod ucts led to a new sce nario for bot
u lism. We all  con sume bot u li nal spores, but we are pro tected by the 
bac te ria col o niz ing our gut. When in fants, who have no pro tec tive in tes
ti nal microbiota, con sume spores, these spores can ger mi nate, be come 
cells, col o nize the gut, and pro duce toxin in place. Adults who are im
mu no com pro mised or who have un der gone an ti bi otic ther apy that kills 
their in tes ti nal bac te ria can also get in fant bot u lism, so it has been re
named “in tes ti nal bot u lism.” To pre vent in fant bot u lism, the Amer i can 
Academy of Pediatrics rec om mends that chil dren un der the age of 2 
years not be fed any raw ag ri cul tural prod ucts. As shown in Fig. 10.3, 
cases of in fant bot u lism oc cur more fre quently in the first 6 months of 
life than in the sec ond 6 months.

The third form of bot u lism, wound bot u lism, is not foodborne but 
can still be fa tal. It is caused when spores are in tro duced to body tis sue 
be low the skin (Fig. 10.4). In one re cent year, the num ber of bot u lism 
cases caused by drug us ers in ject ing con tam i nated her oin was larger 
than the num ber caused by food. Scientists continue to be concerned 
about the intentional use of C. botulinum as an agent of bioterrorism 
(Box 10.3).

CHARACTERISTICS OF THE DISEASE
Foodborne bot u lism can range from a mild ill ness, which may be dis re
garded or mis di ag nosed, to a se ri ous dis ease that can kill within a day. 
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Figure 10.3

Age dis tri bu tion of in fant bot u lism. The data are for 1,428 cases in the United States 
from 1976 to 1995. (Courtesy of the CDC.)
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Box 10.3
Biosecurity and bio safety in the age of ter ror ism

Clostridium bot u li num pro duces the 
most po tent toxin known. Yet there 
was a time when food mi cro bi ol o
gists traded C. bot u li num cul tures 
like base ball cards. If they had 
noth ing to trade, they could buy 
cul tures at min i mal cost with 
min i mal red tape. That time ended 
in Oc to ber 2003, when a ter ror ist 
sent sporeladen let ters to pol i ti
cians and ce leb ri ties. Bacillus 
anthracis be came a house hold 
word: a word as so ci ated with ter ror. 
Microbiology was sud denly not 
such a no ble field. Microbiologists 
who worked with spores were 
“vis it ed” by FBI agents.

By the end of Jan u ary 2002, Con
gress passed, and President George 
W. Bush signed, the Providing
Appropriate Tools Required To
Intercept and Obstruct Terrorism
Act (i.e., the “Patriot Act”) and the
Public Health Security and Bioter
rorism Preparedness and Response
Act. Together, these laws give the
fed eral gov ern ment strong over
sight of mi cro bi ol o gists who work 
with mi crobes that could be used
for bioterrorism, now known as
Select Agents. Select Agents that
food mi cro bi ol o gists might nor
mally work with in clude C. bot u li
num, bot u li num toxin, Clostridium
perfringens ep si lon toxin, staph y lo

coc cal en tero toxin, and T2 toxin. It 
is now a fed eral of ense to pos sess 
any of these un less the lab o ra tory 
has been reg is tered, in spected, and 
ap proved by the CDC. The Ofce of 
the Attorney Ge ne ral of the United 
States must run back ground checks 
and ap prove sci en tists who work 
with se lect agents. “Restricted 
per sons,” i.e., any one con victed of a 
fel ony or an other crime that could 
carry a pen alty of more than 1 year 
in jail, cit i zens of coun tries hos tile 

to the United States, and peo ple 
who are “men tally de fec tive” or 
were com mit ted (vol un tar ily or 
in vol un tarily) to a men tal in sti tu
tion, are pro hib ited from hav ing 
ac cess to se lect agents.

The Select Agent Act re quires that 
the agents be in ven to ried, kept 
locked in a room ac ces si ble only to 
peo ple cleared by the Department 
of Justice, and han dled un der a 
bio safety cab i net us ing bio safety 
level 3 (BSL3) work prac tices. In 

A mi cro bi ol o gist wear ing a per sonal air-purifying ap pa ra tus 
and work ing in a class IIa bio safety cab i net.

Figure 10.4

Wound bot u lism. (Courtesy of the CDC.)

(continued)
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Box 10.3
(continued)

Symptoms typ i cally ap pear 12 to 36 h af ter in ges tion of the neu ro toxin 
but may ap pear within a few hours or not un til as many as 14 days later. 
The ear lier the symp toms ap pear, the more se ri ous the ill ness. The first 
symp toms are gen er ally nau sea and vom it ing. These are fol lowed by neu
ro log i cal signs and symp toms, in clud ing vi sual im pair ments (blurred or 
dou ble vi sion, droop ing eye lids, and fixed and di lated pu pils), loss of nor
mal mouth and throat func tions (dif  culty in speak ing and swal low ing; 
dry mouth, throat, and tongue; and sore throat), gen eral fa tigue and lack 
of mus cle co or di na tion, and re spi ra tory im pair ment. Other symp toms 
may in clude ab dom i nal pain, di ar rhea, or con sti pa tion, which is usu ally 
the ini tial symp tom of in fant bot u lism. Respiratory fail ure and air way ob
struc tion are the main causes of death. Fatality rates in the early 1900s 
were ≥50%. The avail abil ity of antisera and mod ern re spi ra tory sup port 
sys tems has de creased the fa tal ity rate to about 10%. However, it may take 
3 or 4 months on a ven ti la tor and then years of ther apy to fully re cover. If 
bot u li nal toxin were used as an agent of bio war fare, there would not be 
enough ven ti la tors or an ti toxin avail  able to save many peo ple. While an 

ad di tion to ad her ing to the nor mal 
BSL guide lines, the lab o ra tory must 
con duct a risk as sess ment, have a 
se cu rity plan in place, and main tain 
de tailed re cords of lab o ra tory en try, 
cul ture main te nance, and ex per i
men tal pro ce dures.

BSLs are des ig nated on the basis of 
how dan ger ous an or gan ism is and 
how easy it is to treat the ill ness it 
may cause. Microbes that do not 
con sis tently cause sick ness in 
healthy adults can be used in a 
BSL1 lab o ra tory. BSL1 labs must 
use stan dard mi cro bi o log i cal 
prac tices, such as re frain ing from 
smok ing, eat ing, or drink ing in the 
lab and re frain ing from mouth 
pi pett ing. No other spe cial equip
ment is re quired. Most foodborne 
path o gens need a BSL2 lab o ra tory. 
These or gan isms can make peo ple 
sick if in gested or if in tro duced 
through cuts or through mem
branes. These sick nesses are 
rel a tively easy to cure. In ad di tion to 
the BSL1 re quire ments, ac cess to 

BSL2 labs is re stricted to lab 
per son nel, there is a bio haz ard 
warn ing sign, pro ce dures that 
pro duce aero sols are done un der a 
bio safety cab i net, and lab o ra tory 
per son nel must wear lab o ra tory 
coats and gloves. In some cases, 
a per sonal breath ing ap pa ra tus may 
pro vide an ad di tional level of 
protection. BSL3 labs are much 
more spe cial ized and are re quired 
for mi crobes that can be trans mit
ted through aero sols. Organisms 
caus ing se ri ous le thal ill nesses 
re quire BSL3. In ad di tion to BSL2 
re quire ments, BSL3 re quires 
con trolled ac cess, de con tam i na tion 
of lab waste and lab cloth ing, and 
en gi neer ing safe guards. The 
lab o ra tory can not be lo cated of a 
com mon hall way and must have 
neg a tive air flow that is ex hausted 
with out  re cir cu la tion to other 
parts of the build ing. Biosafety 
cab i nets are used for all  cul ture 
ma nip u la tions. There are also 
BSL4 lab o ra to ries for or gan isms, 

like Ebola vi rus, that are highly 
in fec tious and have no cure. There 
are only a few BSL4 lab o ra to ries in 
the United States. Fortunately, no 
foodborne or gan isms re quire 
BSL4 pre cau tions.

These se cu rity and safety pre cau
tions will un doubt edly tighten over 
the next de cade. They will make it 
more dif  cult, costly, and re stric tive 
to con duct re search on Select 
Agents that are also con tam i nants 
of food. The long time re quired for 
Department of Justice clear ance 
and im mu ni za tions will prob a bly 
pre vent grad u ate stu dents and 
post doc toral as so ci ates from 
work ing with these or gan isms. This 
will re duce the num ber of sci en tists 
trained to re spond to bioterrorist 
at tacks or to the much more 
prob a ble out  breaks of foodborne 
bot u lism. Hopefully, fu ture leg is la
tion will make it eas ier to con duct 
le git i mate re search, while still 
pro tect ing us from the mis use of 
mi crobes.
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at tack might in volve 40,000 peo ple, there are per haps ∼4,000 un used 
ven ti la tors avail  able na tion wide at any given time.

Botulism is of ten in cor rectly di ag nosed as an other ill ness, in clud ing 
other forms of food poi son ing, stroke, po lio my eli tis, or gan o phos phate 
poi son ing, tick pa ral y sis, my as the nia gra vis, car bon mon ox ide poi son ing, 
and, most com monly, Guil lainBarré syn drome.

Initial treat ment of bot u lism in volves re mov ing or in ac ti vat ing the neu
ro toxin by (i) neu tral iz ing the cir cu lat ing neu ro toxin with an ti se rum, (ii) 
us ing en e mas to re move re sid ual neu ro toxin from the bowel, and (iii) gas
tric la vage (stom ach pump ing) or treat ing with emet ics if the food might 
still be in the stom ach. Antiserum is most ef ec tive in the early stages of 
ill ness. Subsequent treat ment is mainly me chan i cal ven ti la tion to coun ter
act pa ral y sis of the re spi ra tory mus cles. Optimal treat ment for in fant bot u
lism con sists pri mar ily of highquality sup port ive care.

TOXIC DOSES
Since tox ic ity ex per i ments us ing hu mans are frowned on, lit tle is known 
about the min i mum toxic dose of bot u li nal neu ro tox ins or the ef  cacy 
of im mu ni za tions. From a food safety per spec tive, the pres ence of any 
neu ro toxin or con di tions per mit ting C. bot u li num growth can not be tol
er ated. Botulinal toxin is the most toxic nat u ral sub stance known. The 
LD50 (amount re quired to kill 50% of the sub jects) for bot u li nal toxin 
in jected un der the skin in mon keys is ∼0.4 ng/kg of body weight. This 
sug gests that the LD50 for a 150pound hu man would be 0.000000001 (1 
× 10−9) ounce! This tox ic ity, and the rel a tive ease with which C. bot u li
num can be grown, makes it a po ten tial agent for bi o log i cal war fare. In
deed, in 2003, the U.N. Special Commission re ported that Iraq had 
pro duced about 50 gal lons of con cen trated bot u li nal toxin. This was al
leg edly weap on ized in 16 mis siles and 100 bombs, but no such weap ons 
were ever con firmed by forces on the ground. Immunization of high
risk pop u la tions has been con sid ered, but it is not costef ec tive. Cur
rently, only bot u li num re search ers and cer tain mem bers of the U.S. 
mil i tary are im mu nized.

CHARACTERISTICS OF C. BOTULINUM
Classification
C. bot u li num is a Grampositive, rodshaped, ob li gate an aer o bic (ox y gen 
kills it) bac te rium. Anaerobic cham bers (Fig. 10.5) or other meth ods of
ox y gen ex clu sion must be used when C. bot u li num is stud ied in the lab
o ra tory. The or gan ism forms oval en do spores in sta tion aryphase cul
tures (Fig. 10.6). There are seven types (A through G) of an ti gen i cally
dis tinct C. bot u li num tox ins. Human bot u lism is caused by toxin types
A, B, E, and, very rarely, F. Types C and D cause bot u lism in an i mals. To
date, there is no di rect ev i dence link ing type G to dis ease.

The spe cies is also di vided into four groups based on phys i o log i cal 
dif er ences (Table 10.1). Group I con tains all  type A strains and pro teo
lytic strains (i.e., those that pro duce en zymes that break down pro teins) 
of types B and F. Group II en com passes all  type E strains and nonpro
teolytic strains of types B and F. Group III con tains type C and D strains. 

Authors’ note
During the en vi ron men tal 
in ves ti ga tion of the car rot juice 
out  break in 2008, the high est 
con cen tra tion of bot u li num 
toxin ever tested by the CDC, at 
46,000 hu man le thal doses, was 
pro duced by the or gan isms in 
the car rot juice sam ples.
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Group IV com prises C. bot u li num type G. These group ings agree with 
re sults of DNA ho mol ogy stud ies. Sequence stud ies us ing 16S and 23S 
ri bo somal RNA (rRNA) show a high de gree of re lat ed ness among strains 
within each group but lit tle re lat ed ness among groups.

Group I strains are pro teo lytic and are typ i fied by strains that pro duce 
neu ro toxin type A. Their op ti mal growth tem per a ture is 37°C, with 
growth oc cur ring be tween 10 and 48°C. These cul tures typ i cally pro duce 
high lev els of neu ro toxin (106 mouse LD50/ml [1 mouse LD50 is the 
amount of neu ro toxin re quired to kill 50% of in jected mice within 4 
days]). Spores in this group have a high heat re sis tance, with D100°C val ues 
of ap prox i ma tely 25 min (the D value is the time re quired to in ac ti vate 

Figure 10.6

Scanning elec tron mi cro graph of C. bot u li num veg e ta tive cells (rods) and 
spores (ir reg u lar ovals). (Originally taken by B. Maleef and kindly pro vided 
by P. Cooke, both of the U.S. Department of Agriculture [USDA] Eastern 
Regional Research Center.)

Figure 10.5

Anaerobic cham bers con tain at mo spheres de void of 
ox y gen, which is le thal to C. bot u li num.
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90% of the pop u la tion at a given tem per a ture). To in hibit growth, the pH 
must be be low 4.6, the salt con cen tra tion above 10%, or the aw be low 0.94.

Group II strains are nonproteolytic, have a lower op ti mum growth 
tem per a ture (30°C), and grow at tem per a tures as low as 3°C. The spores 
have a much lower heat re sis tance, with D100°C val ues of less than 0.1 
min. Group II strains are in hib ited at a pH of <5.0, a salt con cen tra tion 
of >5%, or an aw of <0.97. The fo cus in this chap ter is on groups I and II
be cause these strains cause hu man ill ness.

Tolerance to Preservation Methods
Temperature, pH, aw, ox i da tionreduction (re dox) po ten tial (Eh), added 
pre ser va tives, and the pres ence of com pet ing mi cro or gan isms are the 
main fac tors con trol ling C. bot u li num growth (Table 10.1). These fac tors, 
used alone, are rarely ef ec tive. Usually these fac tors are used in com bi
na tion with other in hib i tors. These of ten have syn er gis tic rather than 
ad di tive ef ects. (In syn er gis tic com bi na tions, if two treat ments, which 
each give a 1log re duc tion, are used to gether, a 4log, rather than a 2log, 
re duc tion may re sult.) This syn er gis tic ef ect is the con cep tual ba sis of 
the mul ti plehurdle the ory for food pres er va tion (see chap ter 2).

Low Temperature
Refrigerated stor age pre vents C. bot u li num growth. The lower lim its are 
10°C for group I and 3°C for group II. However, these lim its de pend on 
oth er wise op ti mal growth con di tions. Irrespective of the ac tual min i
mum growth tem per a ture, pro duc tion of neu ro toxin gen er ally re quires 
weeks at the lower tem per a ture lim its. The op ti mum growth tem per a
tures are 35 to 40°C for group I and <25°C for group II.

Thermal Inactivation
Thermal pro cess ing in ac ti vates C. bot u li num spores and is the most 
com mon way to pro duce shelfstable foods. C. bot u li num spores of group 
I are very heat re sis tant, hav ing D121°C val ues be tween 0.1 and 0.2 min. A 
ref er ence tem per a ture of 121°C may seem ar bi trary; how ever, it is the 
tem per a ture of in dus trial steam at a pres sure of 15 psi. Thus, it has great 
rel e vance in can ning fac to ries. Group I spores are the main tar get for 
the com mer cial ster il i za tion of canned lowacid foods. The can ning in

Authors’ note
How do you think the clean 
la bel move ment to ward 
re mov ing pre ser va tives in 
foods could af fect risk of  
C. bot u li num in foods?

Table 10.1 Grouping and char ac ter is tics of strains of C. bot u li numa

Characteristic
Toxin group

I II III IV

Neurotoxin type(s) A, B, F B, E, F C, D G

Minimum temp (°C) for growth 10 3 15 NDb

Optimum temp (°C) for growth 35–40 18–25 40 37

Minimum pH for growth 4.6 ca. 5 ND ND

Inhibitory NaCl concn (%) 10 5 ND ND

Minimum aw for growth 0.94 0.97 ND ND

D100°C of spores (min) 25 <0.1 0.1–0.9 0.8–1.12

D121°C of spores (min) 0.1–0.2 <0.001 ND ND

a Reprinted from Austin JW, p 329–349, in Doyle MP, Beuchat LR, Montville TJ, ed, Food Microbiology: Fundamentals and Frontiers, 2nd ed, ASM 
Press, Wash ing ton, DC, 2001.

bND, not de ter mined.
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dus try has adopted a D value of 0.2 min at 121°C as a stan dard for cal cu
lat ing ther mal pro cesses. The z value (the tem per a ture change nec es sary 
to cause a 10fold change in the D value) for the most re sis tant strains is 
ap prox i ma tely 10°C. Despite var i a tions in D and z val ues, the adop tion 
of a 12D pro cess as the min i mum ther mal pro cess for lowacid foods 
pro vi des a re mark able re cord of safe ty.

Strains of group II are con sid er ably less heat re sis tant (D100°C < 0.1 
min). Spores of C. bot u li num group II can be in ac ti vated at mod er ate 
tem per a tures (40 to 50°C) when heat ing is com bined with high pres
sures, up to 827 MPa (megapascals). The FDA has re cently ap proved the 
use of high pres sure, aug mented with heat, for com mer cial ster il i za tion 
of lowacid foods. The sur vival of spores of C. bot u li num group II in pas
teur ized, re frig er ated prod ucts could be dan ger ous be cause they can 
grow at re frig er a tion tem per a tures. These prod ucts re quire spe cial at
ten tion. D82°C val ues of C. bot u li num type E in neu tral phos phate bufer 
are in the range of 0.2 to 1.0 min. Values rang ing from 0.15 to >4.90 min 
have been re ported for type E strains, de pend ing on the heat ing men
struum, strain, plat ing agar, and pres ence of ly so zyme (an en zyme that 
aids the growth of spores that are in jured but not killed).

pH
The min i mum pH for growth of C. bot u li num group I is 4.6. For group 
II, it is about pH 5. Many fruits and veg e ta bles are suf  ciently acidic to 
in hibit C. bot u li num, whereas acidulants are used to pre serve other prod
ucts. The sub strate, tem per a ture, na ture of the acidulant, pres ence of 
pre ser va tives, aw, and Eh all  in flu ence the acid tol er ance of C. bot u li num. 
Acidtolerant mi cro or gan isms, such as yeasts and molds, may grow in 
acidic prod ucts and raise the pH in their im me di ate vi cin ity to a level 
that al lows C. bot u li num growth.

Salt and aw

Sodium chlo ride is one of the most im por tant fac tors used to con trol C. 
bot u li num in foods. It acts pri mar ily by de creas ing the aw. Consequently, 
the con cen tra tion of salt in the wa ter phase, called the brine con cen tra
tion, is crit i cal.

The growthlimiting brine con cen tra tions are about 10% for group I and 
5% for group II. These con cen tra tions cor re spond to the lim it ing aws of 0.94 
for group I and 0.97 for group II in foods in which NaCl is the main aw de
pres sant. The sol ute used to con trol aw may in flu ence these lim its. Gener
ally, NaCl, KCl, glu cose, and su crose show sim i lar ef ects, whereas growth 
oc curs in glyc erol at lower aws. The lim it ing aw may be in creased sub stan
tially by other fac tors, such as in creased acid ity or the use of pre ser va tives.

Oxygen and Redox Potential
While one might think that C. bot u li num can not grow in foods ex posed 
to O2, the Eh of most foods is low enough to per mit growth. C. bot u li num 
grows op ti mally at an Eh of −350 mV, but growth ini ti a tion may oc cur in 

%brine = 
%NACl

%NACl+%H2O
× 100
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the Eh range of 30 to 250 mV. Once growth is ini ti ated, the Eh de clines 
rap idly. Unfortunately, Eh is ex tremely dif  cult to mea sure, so there are 
few data on this fac tor. There have been many out  breaks of bot u lism 
caused by foods ex posed to ox y gen when the foods are heated enough to 
drive out  the dis solved ox y gen. Oxygen dif u sion back into these foods is 
so slow that they can re main an aer o bic for hours.

CO2 is used in mod i fiedatmosphere pack ag ing (MAP) to in hibit spoil
age and path o genic mi cro or gan isms, but it can stim u late C. bot u li num 
growth. Pressurized CO2 is le thal to C. bot u li num, with le thal ity in creas
ing with the pres sure of CO2. The safety of spe cific at mo spheres with re
spect to C. bot u li num in foods should be care fully in ves ti gated be fore use.

Preservatives
Nitrite in cured meats, such as ba con, ham, and hot dogs, in hib its C. bot
u li num. It also con trib utes to color and fla vor. Nitrite’s ef ec tive ness 
de pends upon com plex in ter ac tions among pH, so dium chlo ride, heat 
treat ment, time and tem per a ture of stor age, and the com po si tion of food. 
Nitrite re acts with many cel lu lar con stit u ents and ap pears to in hibit C. 
bot u li num by more than one mech a nism, in clud ing re ac tion with es sen
tial ironsulfur pro teins to in hibit en er gyyielding sys tems in the cell. The 
re ac tion of ni trite, or ni tric ox ide, with sec ond ary amines in meats pro
duces ni tro sa mines, some of which are car ci no genic. This has led to fed
eral reg u la tions that limit the amount of ni trite used in the man u fac ture 
of cured meats. In re al ity, the lev els of ni trites con sumed from eat ing 
green veg e ta bles are much greater than from eat ing cured meats.

Sorbates, parabens, nisin, phe no lic an ti ox i dants, polyphosphates, ascor
bates, eth yl ene di amine tet ra ac e tate (EDTA), metabisulfite, nmonoalkyl ma
le ates and fu ma rates, and lac tate salts are also ac tive against C. bot u li num.

Competitive and Growth-Enhancing Microorganisms
The growth of com pet i tive and growthpromoting mi cro or gan isms in 
foods in flu ences the fate of C. bot u li num. Acidtolerant molds, such as 
Cladosporium spp. or Penicillium spp., can el e vate the pH of acidic 
foods, al low ing C. bot u li num growth. Other mi cro or gan isms may in hibit 
C. bot u li num by acid i fy ing the en vi ron ment, by pro duc ing spe cific in hib i
tory sub stances, or both. Lactic acid bac te ria, in clud ing Lactobacillus,
Pediococcus, and Streptococcus, can in hibit C. bot u li num growth in foods
largely by re duc ing the pH but also by pro duc ing bac te rio cins. The use of
lac tic acid bac te ria and a fer ment able car bo hy drate, the “Wis con sin pro
cess,” is per mit ted in the United States for pro duc ing ba con with less ni
trite. If the ba con is tem per a ture abused, the lac tic acid bac te ria fer ment
the sugar and drop the pH to be low 4.5 be fore toxin can be pro duced. The
lack of com pet i tive mi cro flora is a crit i cal as pect of in fant bot u lism. In
fants youn ger than 1 year lack com pet i tive mi cro flora that can af ect the
growth of C. bot u li num spores.

Inactivation by Irradiation
C. bot u li num spores are prob a bly the most ra di a tionresistant spores of
pub lic health con cern. D val ues (ir ra di a tion dose re quired to in ac ti vate 
90% of the pop u la tion) of group I strains at −50 to −10°C are be tween 2.0
and 4.5 kilograys (KGy) in neu tral buf ers and in foods. Spores of type E
are more sen si tive, hav ing D val ues be tween 1 and 2 KGy. Radappertiza
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tion (“can ning” us ing ra di a tion as the en ergy source) is de signed to re
duce the num ber of vi a ble C. bot u li num spores by 12 log cy cles. Diferent 
en vi ron men tal con di tions, such as the pres ence of O2, change in ir ra di a
tion tem per a ture, and ir ra di a tion and re cov ery en vi ron ments, can af ect 
the D val ues of spores. Spores in the pres ence of O2 or pre ser va tives and 
at tem per a tures above 20°C gen er ally have greater ir ra di a tion sen si tiv i ty.

SOURCES OF C. BOTULINUM
Occurrence of C. bot u li num in the Environment
The con tam i na tion of food de pends on the in ci dence of C. bot u li num in 
the en vi ron ment. C. bot u li num spores are com mon in soils and sed i ments, 
but their num bers and types vary de pend ing on the lo ca tion (Table 10.2). 
Type A spores pre dom i nate in soils in the west ern United States, China, 
Bra zil, and Ar gen tina. Type B spores pre dom i nate in soils in the east ern 
United States, the United Kingdom, and much of con ti nen tal Eu rope. 
Most Amer i can type B strains are pro teo lytic, whereas most Eu ro pean 
type B strains are nonproteolytic. Type E pre dom i na tes in north ern re
gions and in most tem per ate aquatic re gions. Types C and D are pres ent 
more fre quently in warmer en vi ron ments.

Occurrence of C. bot u li num in Foods
Many sur veys have de ter mined the in ci dence of C. bot u li num spores in 
foods (Table 10.3). Food sur veys have fo cused largely on fish, meats, and 
in fant foods, es pe cially honey (due to its as so ci a tion with in fant bot u lism). 

Table 10.2 Incidence of C. bot u li num in soils and sed i mentsa

Location and sam ple type
% Positive 
sam ples MPN/kg

% Typeb

A B C/D E G

Eastern United States, soil 19 21 12 64 12 12 0

Western United States, soil 29 33 62 16 14 8 0

Green Bay, Wis con sin, sed i ment 77 1,280 0 0 0 100 0

Alaska, soil 41 660 0 0 0 100 0

Brit ain, soil 6 2 0 100 0 0 0

Scan di na vian coast, sed i ment 100 >780 0 0 0 100 0

Bal tic Sea, Fin land, of shore 88 1,020 0 0 0 100 0

The Neth er lands, soil 94 2,500 0 22 46 32 0

Swit zer land, soilc 44 48 28 83 6 0 27

Rome, It aly, soil 1 2 86 14 0 0 0

Cas pian Sea, Iran, sed i ment 17 93 0 8 0 92 0

Sin kiang, China, soil 70 25,000 47 32 19 2 0

Ishikawa, Japan, soil 56 16 0 0 100 0 0

Bra zil, soil 35 86 57 7 29 0 7

South Af rica, soil 3 1 0 100 0 0 0

a Adapted from Aus tin JW, p 329–349, in Doyle MP, Beuchat LR, Montville TJ, ed, Food Microbiology: Fundamentals and Frontiers, 2nd ed, ASM 
Press, Wash ing ton, DC, 2001.

bPercentage for each type rep re sents per cent age out  of all  types iden ti fied.
cThe to tal ex ceeds 100% be cause some sam ples con tained mul ti ple se ro types.
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Table 10.3 Prevalence of C. bot u li num spores in fooda

Product Origin
% Positive 
sam ples MPN/kg

Type(s) 
iden ti fied

Eviscerated white fish chubs Great Lakes 12 14 E, C

Vacuumpacked fro zen floun der At lan tic Ocean 10 70 E

Dressed rock fish Cal i for nia 100 2,400 A, E

Salmon Alas ka 100 190 A

Vacuumpacked fish Vi king Bank, North Sea 42 63 E

Smoked salm on Den mark 2 <1 B

Salted carp Cas pian Sea 63 490 E

Fish and seafood Osaka, Japan 8 3 C, D

Raw meat North Amer i ca <1 0.1 C

Cured meat Can a da 2 0.2 A

Raw pork United Kingdom 0–14 <0.1–5 A, B, C

Random honey sam ples United States 1 0.4 A, B

Honey sam ples as so ci ated with in fant 
bot u lism

United States 100 8 × 104 A, B

a Reprinted from Aus tin JW, p 329–349, in Doyle MP, Beuchat LR, Montville TJ, ed, Food Microbiology: Fundamentals and Frontiers, 2nd ed, ASM 
Press, Wash ing ton, DC, 2001.

C. bot u li num type E spores are com mon in fish and aquatic an i mals. Meat
prod ucts gen er ally have low lev els of con tam i na tion. They are less likely
than fish to be con tam i nated with spores be cause there is con sid er ably
less con tam i na tion of the farm en vi ron ment than the aquatic en vi ron
ment. In North Amer ica, the av er age most prob a ble num ber (MPN) is
∼0.1 spore per kg of meat prod ucts, whereas in Eu rope, the av er age MPN
is ∼2.5 spores per kg. The spore types most of ten as so ci ated with meats
are A and B.

C. bot u li num spores, usu ally types A and B, can con tam i nate fruits
and veg e ta bles, par tic u larly those in close con tact with the soil. Products 
of ten con tam i nated in clude as par a gus, beans, cab bage, car rots, cel ery, 
corn, on ions, po ta toes, tur nips, ol ives, apri cots, cher ries, peaches, and 
to ma toes. The over all in ci dence of C. bot u li num spores in com mer cially 
avail  able pre cut MAP veg e ta bles is low, ap prox i ma tely 0.36%. Cultivated 
mush rooms are of spe cial con cern be cause they are grown in com post, a 
con di tion es pe cially fa vor able to bot u li nal growth. Cultivated mush
rooms con tain up to 2.1 × 103 type B spores per kg. Have you ever won dered 
why there are holes in the pack ages of some fresh mush rooms? Anaero
bic con di tions are cre ated if ox y gen dif u sion through the pack age can not 
keep up with the ox y gen con sumed by the re spir ing mush rooms. These 
an aer o bic con di tions, com bined with the high in ci dence of bot u li nal spores 
in mush rooms, cre ate a gen u ine safety haz ard. (There are some pack ing 
films with high ox y gen dif u sion rates. Don’t panic if your mush room 
pack ages don’t have holes in them.)

VIRULENCE FACTORS AND MECHANISMS OF PATHOGENICITY
Botulinal toxin has been called the most poi son ous poi son known. C. bot
u li num pro duces eight an ti gen i cally dis tinct tox ins, des ig nated types A, B, 
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Box 10.4
A closer look at type E bot u lism

In many places around the world, 
cases of bot u lism type E oc cur more 
fre quently than types A or B, but it 
wasn’t un til around 1932 fol low ing 
an out  break in Cooperstown, NY, 
as so ci ated with canned salmon 
im ported from Lab ra dor that type E 
C. bot u li num was ac cepted as a new 
strain. Spores of bot u lism type E 
can sur vive freez ing down to 3.5°C. 
Changes in traditional fer men ta tion 
prac tices may also lead to changes in 
sur vival of bot u li num spores. Type E 
bot u lism may oc cur when food 
fermentation tech niques al low 
an aer o bic con di tions that fos ter 
ger mi na tion of spores that orig i nate 
from ma rine and aquatic an i mal food 
sources. The chance of botulism is 
compounded by the fact that 
these foods often have low acid ity 
(pH > 4.5) and low sa lin ity (NaCl 
<5%). Type E is nonproteolytic, so 
no change in odor or taste oc curs in 
the fer mented foods. Incidence of 
bot u lism with traditional home
prepared foods oc curs around the 
world. Outbreaks in Alaska and the 
Ca na dian Arctic have been as so ci ated 
with whale meat “mutuk,” and in the 
Nor we gian Arctic re gions out  breaks 
have oc curred with “rakfish,” us ing a 
sim i lar fer men ta tion pro cess. Other 
out  breaks have oc curred in Egypt 
from salted gray mullet, “faseikh”; in 
Is rael and New York with salted 
uneviserated whitefish, “kapchunka”; 
in Iran from “ashbal,” an un cooked 
salmon; and in Japan with “izushi,” 
fer mented fish pre served in rice.

The mean an nual in ci dence of 
foodborne bot u lism among Native 
Alaskans dur ing the pe riod of 
2000–2007 was slightly less than 800 
times the over all U.S. rate. Type E 
bot u lism ac counts for more than 
84% of the out  breaks in Alaska. The 
CDC has kept bot u lism sta tis tics 

from cases in Alaska since the early 
1900s. Recall that a sin gle case of 
bot u lism is a pub lic health emer
gency be cause it can sig nal an 
out  break. These re cords show an 
in crease in bot u lism cases af ter 1966. 
This in crease may, in part, be due to 
in creased aware ness and pub lic 
health re sponse, but it is also due to 
changes in food stor age prac tices 
and use of sealed plas tic con tain ers 
in tra di tional fer men ta tion. A unique 
prep a ra tion method for “stink” foods 
has been part of the Alas kan cul ture 
for cen tu ries. “Stinky heads” are 
made from salmon heads and 
“stinky eggs” are made from salmon 
eggs placed in an i malskin lined pits 
cov ered with moss and al lowed to 
fer ment for sev eral weeks. The 
salmon heads may also be called 
“tipmuk” salmon and may be 
pu tre fied in a wil low leaflined pit 
for a month or more. Since salmon 
fish ing peaks in June through 
Au gust, bot u lism from salmon 
prod ucts oc curs more of ten in the 
sum mer months as well. Problems 
have been as so ci ated with the 
transition to plas tic con tain ers and 
sealed bags that allow for the 
an aer o bic con di tions needed for 
bot u lism to thrive. Native Alaskans 
who move with fam ily to larger 
pop u la tion cen ters con tinue their 
vil lage tra di tions and prep a ra tions of 
na tive foods. Similar prob lems have 
oc curred with bea ver tail, also known 
as “stinky tail,” which, af ter be ing 
fer mented, may be stored in plas tic 
and fro zen for months. Several cases 
of fa tal bot u lism have been as so ci
ated with con sump tion of bea ver tail 
in Bris tol Bay, Alaska. In the same 
area, seal flip pers, which were left in 
a bucket cov ered with moss for 5 
days in side a warm en vi ron ment 
be fore be ing con sumed, re sulted in a 
non fa tal case of bot u lism. Natto is a 

Jap a nese dish pre pared sim i larly to 
“stinky heads,” where dried soy beans 
are boiled and left in a hole in the 
ground to fer ment. Improper 
prep a ra tions of natto have lead 
to fa tal cases of bot u lism.

Alaska has worked dil i gently on 
ed u ca tion as so ci ated with bot u lism, 
in clud ing cre a tion and dis tri bu tion of 
in for ma tional bro chures and a video 
shown in many vil lages where 
sub sis tence hunt ing and fish ing are 
prac ticed. Guidance for prep a ra tion 
of na tive foods by fer men ta tion 
in cludes re duc ing the use of plas tic 
bags or sealed plas tic con tain ers and 
ad di tion of acid or heat when 
pos si ble. Recognition of symp toms is 
also an es sen tial com po nent of this 
ed u ca tional cam paign, along with 
pro vid ing health care pro vid ers easy 
ac cess to treat ment and dis tri bu tion 
of an ti tox ins to hos pi tal phar ma cies.

Table Botulism in Alaska 
 (de rived from State Department 
of Epidemiology)a

Year Total cases in 
Alas ka

1997 19

1998 8

1999 4

2000 0

2001 10

2002 15

2003 3

2004 2

2005 9

2006 6

2007 10

2008 7

Total 93
a Annual reports; adapted from Horowitz BZ, 
Clin Toxicol (Phila)48:880–895, 2010.
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C1, C2, D, E, F, and G. All of the tox ins ex cept C2 are neu ro tox ins. C2 and 
exo en zyme C3 are aden o sine 5′diphosphate (ADP)ribosylating en zymes.

All seven of the neu ro tox ins are sim i lar in struc ture and mode of ac
tion. C. bot u li num neu ro tox ins are large (150kDa) twochain pro teins. 
The neu ro tox ins block neu ro trans mis sion at nerve end ings by pre vent ing 
ace tyl cho line re lease through their ac tion as zinc metalloproteases. For
tunately, bot u li nal tox ins are very heat sen si tive. Heating a sam ple to 
80°C for 10 min or bring ing it to a boil com pletely in ac ti vates the tox in.

Structure of the Neurotoxins
Botulinal tox ins (Fig. 10.7) are wa tersoluble pro teins pro duced as a sin
gle po ly pep tide with an ap prox i mate mo lec u lar weight (Mr) of 150,000. 
They are cleaved by a pro te ase ap prox i ma tely onethird of the dis tance 
from the N ter mi nus to pro duce an ac tive neu ro toxin com posed of one 
heavychain (Mr = 100,000) and one lightchain (Mr = 50,000) pro tein
linked by a sin gle disulfide bond. The heavy chain con tains the zinc 
bind ing site.

Bacterial pro te ases, or pro te ases such as tryp sin, can cause the pro
teo lytic cleav age. When cleaved by a pro te ase, the light chain re mains 
bound to the Nterminal half of the heavy chain by noncovalent bonds 
and a disulfide bond be tween Cys429 and Cys453. The re sul tant mol e
cule has in creased tox ic ity rel a tive to the untrypsinized mol e cule. When 
the two chains are sep a rated (by break ing of the disulfide bonds), they 
be come non tox ic.

Heavy chain

Light chain

Cleavage site
A B

S S

Zinc
binding

Figure 10.7

Botulinum toxin con sists of a sin gle pro tein that can be ac ti vated by proteolyic 
cleav age into its heavy (car boxy ter mi nus) and light (amino ter mi nus) chains. The 
disulfide (SS) bonds that hold it to gether are not very strong and ac count for its heat 
sen si tiv ity. (A) Simplified de pic tion; (B) crys tal line struc ture. (Reprinted from 
Lacy DB, Tepp W, Co hen AC, DasGupta BR, Ste vens RC. Nat Struct Biol 5:898–902, 
1998, with per mis sion.)
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Genetic Regulation of the Neurotoxins
Complete gene se quences have been de ter mined for the neu ro tox ins 
pro duced by C. bot u li num types A, B (pro teo lytic and nonproteolytic), C, 
D, E, F, and G; Clostridium baratii type F; and Clostridium butyricum 
type E. (Note that “bot u li nal” tox ins can be pro duced by other clos trid ial 
spe cies, al though this is rare.) The de gree of re lat ed ness of the var i ous 
neu ro tox ins is de ter mined by the sim i lar ity of the amino acid se quence 
(i.e., their ho mol ogy). The lo ca tions of the genes cod ing for bot u li nal 
toxin and the as so ci ated non toxic pro teins vary de pend ing upon the se ro
 type. The genes cod ing for bot u li nal tox ins A, B, E, and F and the as so
ci ated non toxic pro teins are lo cated on the chro mo some.

Mode of Action of the Neurotoxins
Botulinal tox in’s pro teo lytic ac tion blocks ace tyl cho line re lease from nerve 
ter mi nals. It has re cently been dis cov ered that the toxin is a zinc metallo
protease. It en ters the neu ron and cleaves synaptobrevin (a pro tein em bed
ded in the mem brane), thereby pre vent ing the re lease of neu ro trans mit ters. 
This causes the flac cid pa ral y sis of bot u lism poi son ing. The pa ral y sis can 
be used to treat sev eral neu ro log i cal dis or ders. Under the trade name Bo
tox, bot u li nal toxin is also used as an al ter na tive to cos metic sur gery to 
“erase” fa cial wrin kle lines. When Botox is in jected un der the skin near 
the wrin kles, flac cid pa ral y sis of the un der ly ing mus cles causes the wrin
kles to dis ap pear. What is the dif er ence be tween the deadly agent of bio
terrorism and the be nign cos metic of the rich and fa mous? As tox i col o gists 
like to say, “The dose makes the poi son.”

Suggested read ing
Hauschild AHW, Dodds KL. 1993. Clostridium bot u li num—Ecology and Control in 
Foods. Marcel Dek ker, Inc., New York, NY.

John son EA. 2007. Clostridium bot u li num, p. 401–421. In Doyle MP and Beuchat LR (ed), 
Food Microbiology: Fundamentals and Frontiers, 3rd ed. ASM Press, Wash ing ton, DC.

Summary

•  Clostridium bot u li num is an an aer o bic sporeformer.

•  Botulism is a rare but very se ri ous dis ease. It can be caused by im proper can ning, tem per a ture abuse, deep 
punc ture wounds, or, in the case of in fants, col o ni za tion of the di ges tive tract.

•  Symptoms of bot u lism poi son ing are neu ro log i cal and mus cu lar, such as dou ble vi sion, slurred speech, and 
pa ral y sis.

•  C. bot u li num spores are the tar get of reg u la tions for the can ning of lowacid foods.

•  Canned foods hav ing a pH of >4.6 and an aw of >0.86 must re ceive a “12D bot u li num cook.”

•  C. bot u li num strains pro duce seven an ti gen i cally dif er ent neu ro tox ins.

•  Botulinal toxin is a pro tein that is the most toxic sub stance known but is eas ily in ac ti vated by heat.
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Rich mond JY, Mc Kin ney RB (ed). 1999. Biosafety in Microbiological and Biomedical 
Laboratories, 4th ed. U.S. Government Printing Ofce, Wash ing ton DC.

Questions for crit i cal thought
 1.  Why did the soup in the out  break have to be vi chys soise? (If you know the in gre di

ents of vi chys soise and how it is served, the an swer will be ob vi ous. If you do not
know what vi chys soise is, look it up.) If creamy Cheddar cheese soup were sim i larly
underprocessed, would you ex pect peo ple to get sick from it?

 2.  Create a sce nario for a bot u lism out  break caused by tem per a ture abuse.

 3.  Why do most rec i pes for homecanned foods end with in struc tions to boil for 10
min be fore serv ing?

 4.  Does it mat ter that highacid foods, such as to mato sauce, may con tain vi a ble bot u
li nal spores af ter pro cess ing?

 5.  Imagine that it is 2030 and you are a col lege pro fes sor re search ing bot u lism. Hun
dreds of wild geese have died on the col lege pond. The stench of their float ing car
casses is hin der ing stu dent re cruit ment ef orts. The state Wildlife and Game
Commission has bagged some of the dead geese and taken them to their lab o ra tory
for test ing. They have just called the dean with the re sults: type C bot u lism. The
dean (your class mate who got a C in food mi cro bi ol ogy) re mem bers that bot u li nal
toxin is the most poi son ous sub stance known. She calls you in a pan ic: should she
evac u ate the cam pus? What do you tell her?

 6.  While it’s not dis cussed in this chap ter, why do you think in fant bot u lism ac counts
for more than half of all  cases of bot u lism in the United States? From what foods
can it be trans mit ted, and why is in fant bot u lism oc cur ring with such fre quen cy?

 7.  Estimate how many peo ple might be killed if 1 ounce of bot u li nal toxin were placed
in a war head that dis persed it over a large area. State all  your as sump tions. Show all  
your work. Be sure to in clude an ap pro pri ate unit next to each nu mer i cal val ue.

 8.  You are the Secretary of Defense. How might you neu tral ize the threat de scribed in 
ques tion 7?

 9.  Write a de tailed hy po thet i cal sce nario about what fac tors may have caused the car rot 
juice out  break de scribed in the text. Consider manufactur ing prac tices, ex trin sic
and in trin sic fac tors, and con sumer be hav ior. Given the large quan tity of car rot juice 
pro duced, why did the out  break af ect fewer than a dozen peo ple?

 10.  What questions do you have after reading this chapter? Exchange a question with a
classmate and then research that question.

 11.  Why should BSL3 labs have neg a tive pres sure? What (if any) is the con se quence of
vent ing these lab o ra to ries di rectly to the out  side?

 12.  You are an ex ten sion spe cial ist at Little State University. Your job is to help small
food pro ces sors. A few years back, Chef Charles called you about pro cess ing his to
mato sauce, and you told him about highacid foods and how to pro cess them in a
boil ing wa ter bath. Now he has been so suc cess ful that he wants to start pro cess ing
beef gravy in a sim i lar fash ion. Charles calls you to see if there is any thing else he
should know or do. What do you tell him?

 13.  Read the fol low ing and re spond.

who: Two cou ples, Harry and Hilda; Thelma and Lou ise

what: Shortness of breath, dou ble vi sion, slurred speech re quir ing hos pi tal i za tion 
on a res pi ra tor and treat ment with bot u li nal an ti tox in

when: About 8 h af ter a party at Harry and Hilda’s house

where: At home

FaCtS on InVeStIGatIon: Both couples had consumed a homemade bean dip which
contained garlic as a main ingredient. The garlic was originally packaged in 100%
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virgin olive oil, with instructions to “keep refrigerated,” and was purchased from a local 
farmers’ market. Botulinal toxin was isolated from the remaining garlic in the jar.

Harry did not refrigerate the product, but claims that it was not refrigerated at 
the market when he purchased it. A visit to this farmers’ market reveals that the 
product is being sold without refrigeration. The producer at the farmers’ market 
claims that she is not responsible since the product was actually packed by her 
cousin, another vendor at the market, and all the producer did was supply the olive 
oil. When asked if the product was refrigerated at any time, the second vendor re
plies that the packaged garlic is refrigerated at the place of manufacture, placed in 
a cooler, and delivered cold to other individuals (middlemen), but she has no con
trol of what people do with it after that.

The cousin is certain that she is not responsible because the product was not 
refrigerated in the correct manner. She also points out that she and her team were 
packing the garlic according to the specifications provided by a local chef. But as it 
turns out, neither the vendors nor the chef knew the reason for refrigerating the 
garlic, but kept the notice on the label because that was what was being done when 
they started producing the product.

At the beginning of the trial, the judge calls all parties into her chambers and 
tells them, “Someone is responsible for the sufering of these good people. We are 
going to find out who and make them pay.”

You are called on to be the expert witness. What do you tell the judge?
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INTRODUCTION
A Spore’s-Eye View of Clostridium perfringens Toxicoinfections
We spores are part of “the great cir cle of life.” Most of the time, we just 
wait. Dormant. Patient. Then there is a change. Heat kills our com pet i
tors, the veg e ta tive cells. The tem per a ture changes to that of a warm in
cu ba tor, and we morph into veg e ta tive cells and mul ti ply at an in cred i bly 
rapid rate. There are mil li ons of us. A poor hu man eats us, and we are in 
perfringens heaven. We have warm tem per a tures, lots of nu tri ents, and 
an aer o bic con di tions. Our growth pro duces so much car bon di ox ide that 
the poor hu man thinks she’s hav ing a “gas at tack.” Oh, the cramps. Then, 
as nu tri ents run out , we spor u late back into our dor mant form. During 
spor u la tion, as we cells break apart, we re lease a pro tein toxin that causes 
di ar rhea in our vic tims. Expelled from our host, we re turn to the great 
cir cle of life. We wait. Dormant. Patient.

THE FOODBORNE ILLNESS

Cruel and Unusual Punishment
On the day af ter Thanksgiving, al most half of the staff and res i dents of 
a ju ve nile de ten tion cen ter be came ill with di ar rhea (100%), ab dom i nal 
cramps (90%), nau sea (63%), and vom it ing (30%). C. perfringens at 106 
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The in for ma tion in this chap ter will en able the stu dent to:

• use ba sic bio chem i cal char ac ter is tics to iden tify 
C. perfringens

• un der stand which con di tions and foods fa vor
C. perfringens growth

• rec og nize, from symp toms, time of on set, and en vi ron
men tal con di tions, a case of foodborne ill ness caused by
C. perfringens

• choose ap pro pri ate in ter ven tions (heat, pre ser va tives, and 
for mu la tion) to pre vent C. perfringens growth

• iden tify en vi ron men tal sources of the or gan ism

• un der stand the role of spores and the spor u la tion cy cle
in C. perfringens foodborne ill ness

Clostridium perfringens11
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col o nyforming units (CFU)/g was iso lated from five of the nine stool 
spec i mens tested. Fortunately, the vic tims re cov ered in 24 to 48 h. Most 
of the peo ple who ate the Thanksgiving feast were stricken. None of those 
who ate at a sep a rate offcampus event be came ill. The con sump tion of 
tur key, bread, po ta toes, and gravy was im pli cated sta tis ti cally. However, 
be cause the lunch la dies had served all  of the im pli cated foods to ev ery
body, the out  break could not be at trib uted to a sin gle food.

The in ves ti ga tion found that in mates had thawed fro zen tur key breasts 
the day be fore the meal and then cooked them un til they “looked” done. 
The cooked tur keys were stacked in large pots and placed in a walkin cooler. 
Large pots of the gravy were also placed in the cooler. The next day the tur
key and gravy were heated and served. Some of the kitchen help re mem
bered that the tur key was still warm when it was re moved from the cool er.

This out  break il lus trates the clas sic at tri butes of a C. perfringens out 
break. Large pieces of meat were in ad e quately cooked. Their cool ing was 
slow, and re heat ing was prob a bly in ad e quate. This out  break could have 
been pre vented if the tur key had been ad e quately cooked and cooled to 
be low 40°C in less than 2 h. Slicing it into smaller por tions fa cil i tates 
rapid heat ing and cool ing.

Incidence
C. perfringens type A toxicoinfection is the third most com mon foodborne 
dis ease in the United States. The CDC es ti ma tes nearly 1 mil lion cases 
of foodborne ill ness each year are as so ci ated with C. perfringens, and fa
tal i ties are very rare, oc cur ring in <0.03% of cases. Death from C. perfrin-
gens is of ten as so ci ated with se vere de hy dra tion and oc curs among the 
very young, the very old, and per sons de bil i tated by ill ness.

For the time pe riod from 1998 to 2010, 289 con firmed out  breaks of C. 
perfringens ill ness were re ported with 15,208 ill nesses, 83 hos pi tal i za
tions, and eight deaths. In the United States, C. perfringens is as so ci ated 
with about 10% of cases of do mes ti cally ac quired foodborne ill ness. Other 
coun tries re port a higher pro por tion of to tal ill ness; in Nor way 30% of 
foodborne ill ness cases are at trib uted to C. perfringens. However, like 
all  foodborne ill nesses, most cases of C. perfringens type A toxicoinfec
tion are not rec og nized or re ported. The eco nomic costs as so ci ated with 
C. perfringens type A toxicoinfections prob a bly ex ceed $240 mil lion. 
There are also huge eco nomic losses from C. perfringens fa tal in fec tions 
of cat tle, sheep, and pigs.

Outbreaks of C. perfringens type A toxicoinfections are usu ally large 
(∼50 to 100 cases) and of ten oc cur in in sti tu tional set tings. Two such 
outbreaks are detailed in Box 11.1. The large size of out  breaks is due to 
two fac tors. First, large in sti tu tions of ten pre pare food in ad vance and 
hold it for later serv ing. This lets C. perfringens grow if the food is tem
per a ture abused. Second, given the rel a tively mild and rou tine symp
toms of most C. perfringens cases, pub lic health of  cials usu ally be come 
in volved only when many peo ple get sick. C. perfringens foodborne ill
ness oc curs through out  the year but, like most foodborne ill ness, is 
more com mon dur ing sum mer months. The warmer weather con trib
utes to tem per a ture abuse dur ing cool ing and hold ing. Summer also 
pro vi des more oc ca sions (like pic nics, fairs, and car ni vals) where food is 

Authors’ note
The word toxicoinfection re fers 
to the es tab lish ment of in fec
tion by the tox ins pro duced by 
veg e ta tive or gan isms, es pe
cially Clos trid ium spe cies.
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Box 11.1
At risk: food conference attendees 
and wedding guests

Everyone loves a Top 10 List. Do you 
re call Da vid Letterman’s nightly Top 
10 Reasons. . .? Here is a Top 10 list 
you may not want to be a part of; 
Food Safety News’ “The 10 Worst 
U.S. Foodborne Illness Outbreaks of 
2014.” Food Safety News states that 
this list in cludes only out  breaks in 
which in ves ti ga tors de ter mined 
both the path o gen in volved and 
the food source. Two out  breaks 
on this list oc curred as a re sult of 
C. perfringens con tam i na tion!

The #8 worst out  break was 
as so ci ated with a chicken dish 
contaminated with C. perfringens 
served at the Food Safety Summit, 
where 216 peo ple were sick ened. 
As the news me dia re ported, 
“Hundreds of peo ple sick ened with 
a foodborne ill ness at none other 
than one of the na tion’s big gest 
food-safety con fer ences.” The 
Mary land Department of Health 
and Mental Hygiene led the 
in ves ti ga tion of the out  break since 
the con fer ence was held in Bal ti-
more, MD. Interestingly, this was 
only one of four out  breaks in the 
past 10 years that sick ened 100 
peo ple or more in the state of 
Mary land. It is re ported that a 
chicken Marsala dish was served at 
lunch on the sec ond-to-last day of 
the con fer ence. The tim ing of ex po-
sure helped in ves ti ga tors de ter-
mine that the ill nesses were not a 
re sult of nor o vi rus. It was a 
chal lenge get ting enough at tend-
ees to vol un teer stool sam ples, 
since by the time the in ves ti ga tion 
was re ally in full swing, at tend ees 
were feel ing bet ter or may have left 
the con fer ence. Reportedly some 

at tend ees thought that the hot 
food was not hot enough and the 
cold food not cold enough. But no 
spe cifi cs on tem per a ture abuse 
were noted. The Marsala sauce was 
pre pared the morn ing that the 
chicken dish was served at lunch, 
which was pre pared from pre-
cooked fro zen chicken breasts that 
were thawed in a walk-in cooler; 
pre vi ously fro zen demi-glace that 
had been placed in a walk-in cooler 
24 hours earlier to thaw; pre sliced 
fresh mush rooms; and peeled 
fresh gar lic from jars that was 
chopped in the kitch en.

The #6 worst out  break was as so ci-
ated with a wed ding dish con tam i-
nated with C. perfringens. This was a 
clas sic C. perfringens con tam i na tion 
event with gravy noted as the 
ve hi cle ru in ing the day for at least 
300 of the 750 at tend ees at a 
wed ding in Mis souri. Certainly this 
was a mem o ra ble event for many 

more than just the bride and 
groom. The ep i de mi  ol ogy spe cial ist 
with the Franklin County Health 
Department in Mis souri re ported 
that mi cro bi o log i cal tests of food 
and stool sam ples were pos i tive for 
C. perfringens.

Why are gra vies and sauces con du-
cive to trans mis sion of C. perfrin-
gens? Well, sauces may be held at 
im proper tem per a tures or cooled 
im prop erly. The lat ter oc curs 
es pe cially when work ing with large 
batches of foods. C. perfringens 
spores can ger mi nate into cells, 
which then can mul ti ply to high 
enough lev els to cause ill ness if food 
is held in the tem per a ture dan ger 
zone (>40°F and <140°F) for more 
than 4 hours. The best thing is to be 
ed u cated on proper heat ing and 
cool ing prac tices, es pe cially if 
mak ing large batches of foods.

What could be lurk ing in your sauce? Be sure when you pre pare foods to keep them 
out  of the dan ger zone.
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pre pared by peo ple who are hav ing too much fun to worry about safe 
food han dling.

Vehicles for C. perfringens Foodborne Illness
C. perfringens can not make 13 of the 20 amino ac ids re quired for its growth. 
Thus, highprotein foods rich in amino ac ids are the most com mon ve hi
cles for C. perfringens. C. perfringens foodborne ill ness in the United States 
is most com monly as so ci ated with meats and poul try. There are re cent re
ports of C. perfringens be ing iso lated from fresh and pro cessed seafood. 
Other prod ucts that are high in pro tein and sub ject to tem per a ture abuse 
(e.g., gra vies and stews) are also sig nifi  cant sources of the or gan ism.

In a re cent study of the ep i de mi  ol ogy of C. perfringens in fec tions con
ducted by Dr. Grass of the CDC, sev eral in ter est ing points be came ap par
ent. While out  breaks of C. perfringens oc curred through out  all  12 months 
of the year, the larg est num ber oc curred in No vem ber and De cem ber. 
As you might have guessed, res tau rants were the most com mon set ting 
for food prep a ra tion, as so ci ated with 43% of out  breaks in the period from 
1998 to 2008. In terms of con tam i nated food ve hi cles, beef was the most 
com mon com mod ity (66 out  breaks, 46%), fol lowed by poul try (43 out 
breaks, 30%) and pork (23 out  breaks, 16%).

Factors Contributing to C. perfringens Type A Foodborne Illness
C. perfringens foodborne ill ness usu ally re sults from tem per a ture abuse 
dur ing the cook ing, cool ing, or hold ing of foods. Its op ti mum growth 
tem per a ture of 43°C gives it an edge over other mesophilic path o gens in 
tem per a tureabused foods. The CDC re ports that im proper stor age or 
hold ing tem per a tures con trib uted to 100% of re cent C. perfringens out 
breaks. Improper cook ing was a fac tor in ∼30% of these out  breaks. Con
taminated equip ment con trib uted to ∼15% of the out  breaks.

The im por tance of tem per a ture abuse in C. perfringens foodborne ill
ness is not sur pris ing. C. perfringens veg e ta tive cells are rel a tively heat 
tol er ant. However, C. perfringens spores are much more heat re sis tant 
than veg e ta tive cells. Incomplete cook ing can in duce the ger mi na tion 
of the C. perfringens spores, which sur vive the heat ing. If the food is 
im prop erly cooled or stored, the ger mi nated spores can pro duce the 
veg e ta tive cells that can mul ti ply rap idly. Under op ti mum con di tions 
C. perfringens veg e ta tive cells can dou ble in num ber ev ery 10 min.

Can you fig ure out  what hap pened in the fol low ing sce nario? In 2010, 
C. perfringens ill ness oc curred at a psy chi at ric hos pi tal. Common ex po
sure was de ter mined to be food from the kitchen. Food his to ries from the 
pa tients and nurs ing staff were not read ily avail  able, but chicken ap peared 
to be the com mon ve hi cle. The sus pect chicken was de liv ered fro zen to 
the hos pi tal the day be fore serv ing. Con trary to hos pi tal guide lines, the 
chicken was placed in 6inchdeep pans af ter cook ing and cov ered with 
alu mi num foil, which slowed cool ing, and the first tem per a ture check 
was not un til 16 hours later. During the 24 hours be tween cook ing and 
serv ing, the chicken also was re moved from cool ing three times for prep
a ra tion steps be fore be ing served as cold chicken sand wiches or chicken 
salad. You can imag ine the time avail  able for growth of C. perfringens veg
e ta tive cells. This out  break, as re ported by the CDC, was only the sec ond 
re ported out  break of foodborne ill ness caused by C. perfringens type A, 
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with fa tal i ties in volved at trib uted to nec ro tiz ing co li tis from im paired gas
tro in tes ti nal move ment. Several clin i cal is sues were in volved in this out 
break, in clud ing the po ten tially dan ger ous com bi na tion of an ti psy chotic 
drugs that cause con sti pa tion and a C. perfringens in fec tion. While the 
com bi na tion is not well un der stood, this is an other rea son the CDC rec
om mends that in sti tu tions en sure that pre cau tions are in place to pre vent 
C. perfringens and other causes of foodborne ill ness.

Preventing C. perfringens Type A Foodborne Illness
Thorough cook ing is the best in ter ven tion against C. perfringens food
borne ill ness and is par tic u larly im por tant for large roasts and tur keys. 
Because of the size of roasts, it is hard to reach the high in ter nal tem per
a tures needed to kill C. perfringens spores. The dif  culty of cook ing large 
pieces of meat to such high in ter nal tem per a tures helps ex plain why these 
foods are such com mon ve hi cles for C. perfringens out  breaks. A sec ond, 
and per haps even more im por tant, in ter ven tion is to rap idly cool and store 
cooked foods to tem per a tures at which C. perfringens veg e ta tive cells 
can not grow (e.g., be low 40°F or above 140°F).

Identification of C. perfringens Type A Foodborne Illness Outbreaks
Public health agen cies use cri te ria such as in cu ba tion time and ill ness 
symp toms or type and his tory of food ve hi cles (e.g., is tem per a tureabused 
meat or poul try in volved?) for iden ti fy ing C. perfringens out  breaks. 
However, the sim i lar i ties be tween the on set times and symp toms of 
C. perfringens foodborne ill ness and other ill nesses, such as Bacillus ce re us
toxicoinfection, make it un wise to com pletely rely on clin i cal and ep i de
mi o log i cal fea tures for iden ti fy ing out  breaks. The pres ence of large num
bers of spores in the fe ces or the de tec tion of spe cific tox ins is more
re li able in iden ti fy ing out  breaks. The bac te ri o log i cal cri te ria used by the 
CDC to iden tify an out  break are the pres ence of ei ther 105 C. perfringens
or gan isms/g of stool from two or more ill per sons or 105 C. perfringens
or gan isms/g of the sus pect food. Because C. perfringens is widely dis
trib uted in the en vi ron ment, and <5% of en vi ron men tal sam ples make 
toxin, sim ply find ing the or gan ism in the food or fe ces is not proof of an
out  break. Most strains of C. perfringens in food or fe ces do not carry the
gene for toxin pro duc tion and are un able to cause ill ness. The CDC and
FDA now use the de tec tion of C. perfringens en tero toxin in fe ces of mul
ti ple peo ple who are sick to iden tify C. perfringens out  breaks.

Since C. perfringens en tero toxin can be pres ent in fe ces of peo ple suff er
ing from nonfoodborne gas tro in tes ti nal (GI) dis eases (such as an ti bi ot ic
associated di ar rhea), the pres ence of C. perfringens en tero toxin in fe ces 
from a sin gle in di vid ual is not suf  cient to iden tify an out  break. How
ever, de tec tion of C. perfringens en tero toxin in fe ces from sev eral peo ple 
pro vi des strong ev i dence for an out  break. This is par tic u larly true when 
they con sumed a com mon food, de vel oped ill ness within typ i cal in cu ba
tion times, and had the symp toms char ac ter is tic of C. perfringens toxi
coinfection. The use of fe cal C. perfringens toxin de tec tion for iden ti fy ing 
C. perfringens out  breaks is lim ited be cause fe cal sam ples must be col
lected soon af ter the on set of symp toms. It is of ten dif  cult to re cruit
do nors un der these con di tions. However, sev eral com mer cially avail  able 
se ro logic kits are avail  able to de tect C. perfringens en tero toxin in fe ces.

Authors’ note
The U.S. Food Code sug gests 
that food be held at be low 40°F 
or above 140°F to pre vent 
mi cro bial growth. U.S. Depart
ment of Agriculture reg u la tions 
dic tate that meats should 
pass through this range within 
2 hours.
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CHARACTERISTICS OF C. PERFRINGENS TYPE A FOODBORNE ILLNESS
Symptoms of C. perfringens type A toxicoinfection de velop 8 to 16 h af ter 
con sump tion of con tam i nated food and last about 12 to 24 h. Victims 
of C. perfringens toxicoinfection usu ally suff er only di ar rhea and se vere 
ab dom i nal cramps. There is usu ally no fe ver. While death rates from 
C. perfringens type A toxicoinfection are low, there are fa tal i ties in de bil
i tated or el derly pop u la tions.

A typ i cal C. perfringens type A toxicoinfection is il lus trated in Fig. 
11.1. Initially, tem per a ture abuse stim u lates C. perfringens cells to rap idly 
mul ti ply in food. Large num bers of the bac te ria are con sumed. Some 
veg e ta tive cells sur vive pas sage through the stom ach and re main vi a ble 
when they en ter the small in tes tine. In the small in tes tine they mul ti ply, 
spor u late, and re lease en tero toxin. C. perfringens en tero toxin is made 
dur ing the spor u la tion of C. perfringens cells in the small in tes tines. 
After be ing re leased in the in tes tine, C. perfringens en tero toxin quickly 
binds to and dam ages in tes ti nal ep i the lial cells. This in tes ti nal dam age 
ini ti ates fluid loss, i.e., di ar rhea.

Two fac tors help ex plain why C. perfringens toxicoinfection is usu ally 
rel a tively mild and selflim ited. First, di ar rhea prob a bly flushes (this 
word is not cho sen lightly) un bound C. perfringens toxin cells from the 
small in tes tine. Second, C. perfringens toxin pref er en tially aff ects vil lus 
tip cells. These are the oldest in tes ti nal cells and are rap idly re placed in 
young, healthy in di vid u als by nor mal cell turn over.

INFECTIOUS DOSE FOR C. PERFRINGENS TYPE A FOODBORNE ILLNESS
Most C. perfringens cells are killed by stom ach acid ity. Hence, cases of 
C. perfringens toxicoinfection usu ally de velop only when a heavily con
tam i nated food (i.e., a food con tain ing >106 to 107 C. perfringens veg e ta
tive cells/g) is eaten. The C. perfringens toxin is pro duced in the vic tim, 
and then C. perfringens or gan isms spor u late in the in tes tines. There
fore, this ill ness is con sid ered a toxicoinfection.

Everyone is sus cep ti ble to C. perfringens toxicoinfection, but the ill ness 
is most se ri ous in el derly or de bil i tated in di vid u als. Many peo ple de velop 
a tran sient se rum an ti body re sponse to C. perfringens toxin fol low ing ill
ness. However, pre vi ous ex po sure pro vi des no fu ture pro tec tion.

THE ORGANISM
Overview
C. perfringens, for merly called Clostridium welchii, be came rec og nized as 
a foodborne path o gen in the 1940s and 1950s, fol low ing the pi o neer ing 
work of K. Knox, K. MacDonald, L. S. McClung, and E. Hobbs. C. perfrin-
gens is a Grampositive, rodshaped, en cap su lated, non mo tile bac te rium 
that causes a broad spec trum of hu man and vet er i nary dis eases. C. per-
fringens is con sid ered a “fac ul ta tive an aer obe,” since it can be plated on 
an open bench if it is then in cu bated an aer o bi cally. C. perfringens vir u
lence re sults from its pro lific tox inproducing abil ity, in clud ing pro duc
tion of at least two tox ins, i.e., C. perfringens en tero toxin and βtoxin, that 
are ac tive on the hu man GI tract. These cause C. perfringens toxicoinfec
tion and ne crotic en ter i tis. Foodborne ne crotic en ter i tis has a 15 to 25% 

Bacteria grow, make spores, and
release toxin, causing cramps 

and diarrhea

Bacteria contaminate meatballs

Bacteria and meatballs are eaten

Temperature abuse promotes growth

Figure 11.1

Schematic rep re sen ta tion of C. perfrin-
gens food poi son ing. Vegetative cells or 
spores con tam i nate a meat prod uct 
and mul ti ply rap idly when food is 
“in cu bat ed.” A per son con sumes the 
veg e ta tive cells, which then mul ti ply 
rap idly in the small in tes tine (pro duc ing 
lots of gas) and spor u late, re leas ing the 
toxin at the same time as the spores. 
The vic tim is very sick with gas, cramps, 
and di ar rhea but re cov ers in 24 to 48 h.
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fa tal ity rate but is ex tremely rare in in dus tri al ized so ci e ties. We do not 
dis cuss it fur ther here.

In ad di tion to pro duc ing GI tractactive tox ins, C. perfringens has other 
traits that help it cause foodborne dis ease. C. perfringens grows rap idly, 
dou bling in num ber in <10 min. This al lows C. perfringens to quickly 
mul ti ply in food. C. perfringens forms spores (Fig. 11.2) that are re sis tant 
to stresses, such as ra di a tion, des ic ca tion, and heat. More spe cifi  cally, the 
spores sur vive in in com pletely cooked or in ad e quately re heated food.

Classification: Toxin Typing of C. perfringens
There are at least 14 diff er ent C. perfringens tox ins. Fortunately, no in di
vid ual C. perfringens cell car ries the gene(s) en cod ing all  of these tox ins. 
This lim i ta tion pro vi des the ba sis for a toxin typ ing sys tem. This sys tem 
clas si fies C. perfringens iso lates into five types (A through E), de pend ing 
upon an iso late’s abil ity to make 4 (al pha, beta, ep si lon, and iota) of the 
14 tox ins (Table 11.1). Table 11.1 iden ti fies the tox ins’ bi o log i cal ac tiv i ties 
and their genes. The ep si lon toxin is on the U.S. Department of Home
land Security’s list of biothreat agents. It can be aero sol ized, dam ages 
cell walls, and causes po tas sium leak age. There is no vac cine to pro tect 
against it.

The two foodborne dis eases caused by C. perfringens are as so ci ated 
with diff er ent C. perfringens types. Necrotic en ter i tis is caused by type C 

Figure 11.2

Transmission elec tron mi cro graph of a spor u lat
ing C. perfringens cell. Note the ter mi nal fully 
de vel oped spore and the paracrystalline in clu
sion body (ar row heads). (Courtesy of Ron Labbe, 
University of Mas sa chu setts.)

Table 11.1  Toxin typ ing and char ac ter is tics of C. perfringens tox insa

C. perfringens
type clas si fi ca tion

Biological ac tiv ity of toxin pro duced by each typeb

Alpha  
(phos pho li pase C)

Beta 
(nec ro tiz ing)

Epsilon 
(per me ase)

Iota (ADP 
ribosylating) Enterotoxin

A + − − − +
B + + + − +
C + + − − +
D + − + − +
E + − − + +
Gene plc cpb1, cpb2 ext iap, iba cpe

Gene lo ca tion Chromosome Plasmid Plasmid Plasmid Chromosome, plas mid

a Compiled from Brynestad S, Granum PE, Int J Food Microbiol 74:195–200, 2002; Hatheway CL, Clin Microbiol Rev 3:66–98, 1990; and McClane 
BA, p 423–444, in Doyle MP. Beuchat LR, ed, Food Microbiology: Fundamentals and Frontiers, 3rd ed, ASM Press, Wash ing ton, DC, 2007.

b+, pos i tive for this phe no type; −, neg a tive for this phe no type.
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iso lates, which pro duce βtoxin. As im plied by its name, C. perfringens type 
A toxicoinfection is as so ci ated with type A iso lates of C. perfringens, even 
though other C. perfringens types some times make a toxin with sim i lar 
prop er ties. C. perfringens en tero tox inproducing type A iso lates are more 
widely dis trib uted than other types of C. perfringens and are thus re spon
si ble for most of the ill ness.

Box 11.2
A re lated and crit i cal Clostridium rel a tive . . . meet Clostridium dif  cile

Have you ever heard of the path o-
gen “C. diff”? You might have heard 
this nick name in a clin i cal con text 
or on the nightly news or your 
fa vor ite morn ing news pro gram.  
“C. diff,” as it may be aff ec tion ately 
called, is Clostridium dif  cile, a 
bac te rium of grow ing clin i cal 
im por tance. Do you re call read ing 
about the fourth type of bot u lism 
that oc curs in adults who are 
treated with high lev els of an ti bi ot-
ics, where the an ti bi ot ics wipe out  
all  nor mal gut mi cro flora? This is 
also how C. dif  cile acts to make 
adults REALLY sick.

Like C. perfringens, C. dif  cile can 
be trans mit ted by spores that are 
re sis tant to heat. The gut, or 
di ges tive tract, of a healthy adult 
has >1,000 mi cro or gan isms that are 
mostly harm less and of ten live in a 
help ful re la tion ship with your body. 
The study of these mi cro or gan isms, 
known as the microbiome, is 
grow ing in im por tance. C. dif  cile 
is usu ally a harm less bac te rium, 
which can grow out  of con trol in 
a gut and then re lease tox ins 
that at tack the lin ing of the intes-
tines, causing a se vere co li tis. 
This hap pens most of ten now in 
in di vid u als who are tak ing strong 
an ti bi ot ics that wipe out  the 
harm less bac te ria. The Association 
for Professionals in Infection 
Control and Epidemiology looked at 
2.2 mil lion C. dif  cile in fec tions and 
found that the com mon fac tor was 
an ex tended hos pi tal stay. Accord-

ing to the CDC, C. dif  cile is the 
most com mon bacterium re spon si-
ble for health care-associated 
in fec tions in U.S. hos pi tals and may 
ac count for 14,000 deaths each year. 
The CDC rec om mends re duc ing the 
use of high-risk, broad-spectrum 
an ti bi ot ics to re duce cases of 
C. dif  cile.

Okay, so why is C. dif  cile in a food 
microbiology text book? Well, C. 
dif  cile can oc cur in the same places 
as C. perfringens, like meats, 
veg e ta bles, and shell fish. C. dif  cile 
has been found in the in tes ti nal 
tracts of food an i mals and in some 
re tail meat sam ples in North 
Amer ica and in Eu rope. A 2008 
study of ready-to-eat sal ads in 
Glas gow, Scot land, found C. dif  cile 
in 3 (7.5%) of 40 salad sam ples. 
Samples were col lected from 
pack aged, ready-to-eat sal ads 
pur chased from seven Glas gow 
su per mar kets from May 1 through 
June 30, 2008. The ma jor ity (87.5%) 
of the sal ads were im ported from 
Eu ro pean Union coun tries, and it 
was among those sal ads that the 
or gan ism was found. The trans mis-
sion of C. dif  cile re mains a BIG 
ques tion for mi cro bi ol o gists and 
health care work ers. Could the 
con sump tion of foods con tain ing 
C. dif  cile by vul ner a ble pop u la-
tions (e.g., im mu no com pro mised 
in di vid u als or pop u la tions at risk 
for foodborne ill ness) pos si bly lead 
to C. dif  cile col o ni za tion and more 
ill ness in these in di vid u als? The 

ques tion re mains whether mor tal ity 
from C. dif  cile is in creas ing due to 
in creased prev a lence and trans mis-
sion of C. dif  cile through food.

 

C. dif  cile is a spore-forming, an aer o bic 
ba cil lus that pro duces two exo tox ins: 
toxin A and toxin B. It is a com mon 
cause of an ti bi ot ic-associated di ar rhea 
(AAD) and ac counts for 15–25% of all  
ep i sodes of AAD. Over the past sev eral 
years na tion wide, states have re ported 
in creased rates of C. dif  cile in fec tion, 
not ing more se vere dis ease and an 
as so ci ated in crease in mor tal ity. C. 
dif  cile in fec tion re mains a dis ease 
mostly as so ci ated with health care (at 
least 80%). The elderly remain the 
patients most at risk, especially those 
using antibiotics. (Image by CDC/James 
Archer, 2014; Public Health Image 
Library.)
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Control of C. perfringens
The growth of path o gens in food is aff ected by fac tors such as tem per a
ture, ox i da tionreduction po ten tial (Eh), pH, and wa ter ac tiv ity (aw) lev els. 
The eff ects of these fac tors on C. perfringens growth are briefly dis cussed 
be low.

Temperature
Due to their heat re sis tance, C. perfringens spores sur vive in undercooked 
foods. Spore heat re sis tance is influ enced by en vi ron men tal and ge netic 
fac tors. The en vi ron ment in which a C. perfringens spore is heated aff ects 
its heat re sis tance. Spores of some C. perfringens strains sur vive boil ing 
for an hour or lon ger. There are also ge netic var i a tions in heat re sis tance. 
Perhaps, due to se lec tive pres sure, spores of toxicoinfectious iso lates gen
er ally have much greater heat re sis tance than spores of other C. perfrin-
gens iso lates. Finally, in com plete cook ing of foods not only may fail to kill 
C. perfringens spores but also can ac tu ally fa vor C. perfringens type A toxi
coinfection by in duc ing spore ger mi na tion.

Vegetative cells of C. perfringens are some what heat tol er ant. Although 
not truly ther mo philic, they have a rel a tively high op ti mal growth tem per
a ture (43 to 45°C) and can of ten grow at 50°C. Vegetative cells of toxicoin
fectious iso lates are about 2fold more heat re sis tant than are veg e ta tive 
cells of other C. perfringens iso lates.

Growth rates of C. perfringens cells de crease rap idly at tem per a tures be
low ∼15°C. No growth oc curs at 6°C. In con trast, spores of C. perfringens are 
cold re sis tant. Toxicoinfection can re sult if vi a ble spores, pres ent in re frig
er ated or fro zen foods, ger mi nate when that food is warmed for serv ing.

Other Factors
Growth of C. perfringens in food is also influ enced by aw, Eh, pH, and (prob
a bly) the pres ence of cur ing agents, such as ni trites. C. perfringens is less 
tol er ant of lowaw en vi ron ments than is Staphylococcus au re us. The 
low est aw sup port ing veg e ta tive growth of C. perfringens is 0.93 to 0.97, 
de pend ing upon the sol ute used to con trol the aw.

C. perfringens does not re quire an ex tremely re duced en vi ron ment for
growth. If the en vi ron men tal Eh is suit ably low for ini ti at ing growth, 
C. perfringens can then de crease the Eh of its en vi ron ment (by pro duc ing 
re duc ing mol e cules, such as fer re doxin) to pro duce more op ti mal growth 
con di tions. The Eh of many com mon foods (e.g., raw meats and gra vies) 
is low enough to sup port C. perfringens growth.

C. perfringens growth is also pH sen si tive. Optimal growth oc curs
at pH 6 to 7, whereas C. perfringens grows poorly, if at all , at pH val ues ≤5 
and ≥8.3.

Preservation fac tors, such as pH, aw, and, per haps, cur ing agents, 
con trol C. perfringens by in hib it ing the out  growth of C. perfringens 
spores. However, un ger mi nated spores may re main vi a ble in foods even 
when cell growth is pre vented. Those spores may ger mi nate later if the 
growthlimiting fac tor(s) is re moved dur ing food prep a ra tion.

RESERVOIRS FOR C. PERFRINGENS TYPE A
C. perfringens is pres ent in nat u ral en vi ron ments, in clud ing soil (at lev els 
of 103 to 104 CFU/g), foods (e.g., ap prox i ma tely 50% of raw or fro zen meat
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con tains C. perfringens), dust, and the in tes ti nal tracts of hu mans and 
do mes tic an i mals (e.g., hu man fe ces usu ally con tain 104 to 106 C. perfrin-
gens or gan isms/g). The wide spread dis tri bu tion of C. perfringens is linked 
to its fre quent oc cur rence in foodborne ill ness. However, re cent stud ies 
re vealed that the ubiq ui tous dis tri bu tion of C. perfringens in na ture is 
not es pe cially rel e vant for un der stand ing the res er voir(s) for this path o
gen be cause <5% of all  C. perfringens iso lates har bor the cpe (C. perfrin-
gens en tero toxin) gene, re quired for toxin pro duc tion. Only C. perfringens 
tox inpositive iso lates (i.e., with the cpe gene) cause foodborne ill ness.

The cpe gene is lo cated on the chro mo some or on a plas mid. How
ever, the cpe gene of most toxicoinfectious iso lates is lo cated on the 
chro mo some. This strong as so ci a tion be tween foodborne ill ness and 
the chro mo somal cpe gene pro vi des an other cri te rion for iden ti fy ing toxi
coinfectious iso lates in na ture. By learn ing the lo ca tion of the cpe gene 
in en vi ron men tal iso lates, mi cro bi ol o gists will be  able to an swer crit i cal 
ques tions about the ecol ogy of C. perfringens toxicoinfectious iso lates. 
Questions to be an swered in clude the fol low ing: Are those iso lates pres
ent, in low num bers, in some healthy hu man car ri ers? Are they pres ent 
in some food an i mals? Do they en ter foods dur ing pro cess ing? Do they 
en ter foods dur ing fi nal han dling, cook ing, or hold ing?

VIRULENCE FACTORS CONTRIBUTING TO C. PERFRINGENS  
TYPE A FOODBORNE ILLNESS
Heat Resistance
As men tioned above, most cases of C. perfringens toxicoinfections are 
caused by iso lates car ry ing a chro mo somal cpe gene. The as so ci a tion be
tween iso lates with chro mo somal cpe and toxicoinfections is odd; C. per-
fringens iso lates car ry ing chro mo somal or plas mid cpe genes make sim i lar 
lev els of the same toxin. However, cells with chro mo somal cpe have greater 
heat re sis tance than cells with plas mid cpe. Because cooked meats cause 
most out  breaks, the greater heat re sis tance of iso lates with chro mo somal 
cpe fa vors their sur vival dur ing in com plete cook ing.

C. perfringens Enterotoxin
Evidence that C. perfringens Enterotoxin Is Involved in Foodborne Illness
C. perfringens toxin is clas si fied as an en tero toxin be cause it in duces the 
loss of fluid from the in tes ti nal tract. There is strong ep i de mi o log i cal ev i
dence that C. perfringens en tero toxin causes C. perfringens type A food
borne ill ness. This ev i dence in cludes the fol low ing:

 1.  The pres ence of C. perfringens toxin in a vic tim’s fe ces is strongly 
cor re lated to ill ness.

 2.  The toxin causes se ri ous in tes ti nal eff ects in ex per i men tal an i mals.
 3.  Human vol un teers fed pu ri fied C. perfringens toxin (yum. . .) get 

sick with the symp toms of C. perfringens foodborne ill ness.
 4.  The in tes ti nal in flam ma tion caused by C. perfringens tox in

positive iso lates in ex per i men tal an i mals can be neu tral ized with 
C. perfringens tox inspecific antisera.

More re cently, ex per i ments that ful filled Koch’s pos tu lates on a mo
lec u lar ba sis con firmed the im por tance of en tero toxin for C. perfringens 
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path o gen e sis. Sporulating (but not veg e ta tive) cul ture ly sates of a C. per-
fringens cpepositive strain in duced fluid ac cu mu la tion in an i mals. This 
finding is con sis tent with C. perfringens toxin (whose ex pres sion is spor
u la tionassociated) be ing nec es sary for tox ic ity. However, cpenegative 
mu tants did not make an i mals sick. Finally, when the cpe gene was re in
tro duced into the mu tant, vir u lence was re stored.

C. perfringens type A toxicoinfection is not the only dis ease in volv ing
C. perfringens toxin. C. perfringens tox inproducing iso lates also cause
nonfoodborne hu man GI ill nesses. These in clude an ti bi ot icassociated 
di ar rhea, spo radic di ar rhea, and some vet er i nary di ar rheas. The cpepos
itive C. perfringens iso lates caus ing nonfoodborne GI dis eases are ge net
i cally dis tinct from those caus ing toxicoinfections. That is, cpe is lo cated
on the chro mo some of toxicoinfectious iso lates but on a plas mid in non
foodborne dis ease iso lates.

Expression and Release of C. perfringens Enterotoxin
C. perfringens en tero toxin ex pres sion and re lease have three in ter est
ing fea tures. (i) The toxin is made only by spor u lat ing veg e ta tive cells.
(ii) The toxin is not se cret ed by the spor u lat ing cells but is re leased when
the mother cell ly ses. (iii) Many C. perfringens tox inproducing iso lates 
make ex tremely large amounts of tox in.

Synthesis of C. perfringens En tero tox in
Synthesis of C. perfringens toxin be gins when cells spor u late and in creases 
for the next 6 to 8 h. After 6 to 8 h of spor u la tion, C. perfringens toxin can 
rep re sent up to 30% of the to tal cell pro tein. Why do some C. perfringens 
strains pro duce so much toxin dur ing spor u la tion? The amount of C. per-
fringens toxin made by an iso late is not influ enced by the lo ca tion of the cpe 
gene. Nor is the amount of toxin made re lated to a gene dos age eff ect; all  
cpepositive iso lates carry only a sin gle copy of the cpe gene. There is a 
gen eral re la tion ship be tween an iso late’s spor u la tion abil ity and its toxin 
pro duc tion; i.e., the bet ter a C. perfringens iso late spor u lates, the more 
C. perfringens toxin is pro duced. However, this cor re la tion is not ab so lute.

Release of C. perfringens En tero toxin from C. perfringens
C. perfringens toxin ac cu mu lates in cells dur ing its syn the sis, of ten
reach ing con cen tra tions high enough to form paracrystalline in clu sion
bod ies (see Fig. 11.2). Intracellular C. perfringens toxin is re leased into the
in tes tines at the end of spor u la tion, when the mother cell ly ses to free
its ma ture spore. The need for the mother cell to lyse and re lease the
C. perfringens toxin ex plains, at least in part, why (de spite C. perfringens
tox in’s quick in tes ti nal ac tion) symp toms de velop only 8 to 24 h af ter
in ges tion. C. perfringens cells must grow in the in tes tine and com
plete spor u la tion be fore toxin is re leased. This takes 8 to 12 h.

Biochemistry of C. perfringens Enterotoxin
C. perfringens toxin is heat sen si tive. Its bi o log i cal ac tiv ity can be in ac ti
vated by heat ing for 5 min at 60°C. The toxin is also quite sen si tive to pH
ex tremes but is re sis tant to some pro te ases. In fact, lim ited treat ment with
ei ther of the pro teo lytic en zymes tryp sin and chy mo tryp sin in creases 
C. perfringens toxin ac tiv ity 2 to 3 fold. This sug gests that hu man in tes
ti nal pro te ases may ac ti vate C. perfringens tox in.

Authors’ note
Cells can have mul ti ple cop ies 
of a given gene. One would 
ex pect that a higher gene copy 
num ber would re sult in a larger 
amount of the gene prod uct 
(i.e., toxin). This is not al ways 
true.
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The en tero toxin is a sin gle 3.5kDa pro tein with spe cific re gions con
fer ring tryp sin ac ti va tion, bind ing, in ser tion, and cy to tox ic ity (Fig. 11.3).
The en tero toxin acts through a mul ti step pro cess. First, it binds to a spe
cific re cep tor on the in tes ti nal ep i the lial cells. Then the en tire en tero toxin 
mol e cule is in serted into the ep i the lial cell’s mem brane. This re leases ions 
and large amounts of wa ter.

C. perfringens Enterotoxin Action on the Gastrointestinal Tract
The prin ci pal tar get for C. perfringens en tero toxin is the small in tes tine. 
Several fea tures diff er en ti ate the bi o log i cal ac tiv ity of C. perfringens toxin 
from those of chol era and Escherichia coli heatlabile tox ins. C. perfrin-
gens toxin in duces di rect cel lu lar dam age to the small in tes tine. The 
vil lus tips are par tic u larly sen si tive. Whereas other bac te rial tox ins 
(e.g., Shiga toxin and C. dif  cile tox ins) are also cy to toxic and cause in
tes ti nal tis sue dam age, C. perfringens toxin is unique with re spect to how 
quickly it dam ages in tes ti nal tis sue. C. perfringens tox ininduced in tes ti
nal dam age can de velop in 15 to 30 min.

Trypsin
activated Insertion and cytotoxicity Unknown Binding

Amino  
terminus

Carboxy
terminus

26 171
290 319

Figure 11.3

Stylized rep re sen ta tion of C. perfringens en tero toxin show ing the re gion that is cleaved 
by tryp sin, the re gion re spon si ble for in ser tion and cy to tox ic ity, and the bind ing site. 
The amino acid se quence num bers are given at the top. (Modified from Brynestad S, 
Granum PE, Int J Food Microbiol 74:195–200, 2002.)

Summary

• C. perfringens is an an aer o bic spore-forming bac te rium com monly found on pro tein a ceous foods.

• The toxin is re leased as a paracrystalline pro tein when veg e ta tive cells re lease their spores in the gut.

• Improper heat ing or cool ing is the ma jor cause of C. perfringens type A toxicoinfection.

• The cpe gene en codes the en tero tox in; it is lo cated chro mo som ally in toxicoinfectious iso lates but on the 
plas mids of iso lates not as so ci ated with foods.

• Victims of C. perfringens type A toxicoinfections usu ally suff er only di ar rhea and se vere ab dom i nal cramps.

Suggested read ing
Food and Drug Administration. 2011. The Bad Bug Book: Foodborne Pathogenic 
Microorganisms and Natural Toxins. http:// www. fda. gov/ food/ foodborneillnesscon
taminants/ causesofillnessbadbugbook/ default. htm (ac cessed 1 Jan u ary 2016).
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Lund BM, Peck MW. 2015. A pos si ble route for foodborne trans mis sion of Clostridium 
dif  cile? Foodborne Pathog Dis 12:177–182.

McClane BA, Roberston SL, Li J. 2013. Clostridium perfringens. In Doyle MP, Bu chanan 
RL (ed), Food Microbiology: Fundamentals and Frontiers, 3rd ed. ASM Press, Wash ing
ton, DC.

Questions for crit i cal thought
 1.  Create an imag i nary C. perfringens out  break. Describe how the food was pre pared

and han dled and the steps that led to the out  break. Also in clude the vic tims’
symp toms.

 2.  Would you rather be a spore or a veg e ta tive cell? Why? Think about the ben e fits of
both stag es.

 3.  You are an em i nent pro fes sor of food mi cro bi ol ogy, await ing de liv ery of food for 
your son’s grad u a tion party. The ca terer ar rives with 10 trays of Swed ish meat balls,
la sa gna, and chicken parmesan. She as sures you that “they are good and cold, just
heat them up for a cou ple of hours on the steam ta bles.” What do you do?

 4.  What is the big gest sin gle caus a tive fac tor in the oc cur rence of C. perfringens type A 
toxicoinfections?

 5.  Look on line to see what re cent foodborne out  breaks have been linked to C. perfringens.

 6.  What char ac ter is tics of Clostridium perfringens con trib ute to its abil ity as a food
borne path o gen?

 7.  Both C. perfringens and Clostridium bot u li num foodborne dis eases are linked to
spores. How are these dis eases diff er ent? How are they sim i lar? Why are their fre
quen cies so diff er ent? How does C. dif  cile re late to these other two path o gens?

 8.  When foods are heated from 40 to 140°F or cooled from 140 to 40°F, it is im por tant
to get through this in ter val as rap idly as pos si ble to pre vent mi cro bial growth.
Rapid heat ing is eas ily achieved by ob vi ous means. However, im proper cool ing
causes as many out  breaks as im proper heat ing and is much harder to con trol.
Think of three ways to cool foods through the dan ger zone rap idly. How does the
amount of food and the size of the con tainer fac tor into the rate of cool ing or rate of
heat ing?

 9.  What is a paracrystalline in clu sion body?

  10.  Here are sev eral facts. Multiple cop ies of the cpe gene do not cause in creased path
o ge nic ity. Isolates from foodborne dis ease usu ally have cpe on the chro mo some
rather than on the plas mid. Spores from iso lates with a chro mo somal cpe gene are
more heat re sis tant than those from iso lates that have cpe on the plas mid. How do
you re late these to the role of cpe in C. perfringens foodborne ill ness? What ex per i
ments could you do to re fine this un der stand ing?
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Learning Objectives

The in for ma tion in this chap ter will en able the stu dent to:

• use ba sic bio chem i cal char ac ter is tics to iden tify E. coli 
O157:H7

• un der stand what con di tions in foods fa vor E. coli 
O157:H7 growth

• rec og nize, from symp toms and time of on set, a case of 
foodborne ill ness caused by E. coli O157:H7

• choose ap pro pri ate in ter ven tions (heat, pre ser va tives, and 
for mu la tion) to pre vent the growth of E. coli O157:H7

• iden tify en vi ron men tal sources of E. coli O157:H7

• un der stand the role of E. coli O157:H7 tox ins and 
 vir u lence fac tors in caus ing foodborne ill ness

• be come fa mil iar with newly emerg ing Shiga tox in-
producing E. coli strains

Outbreak
The con ve nience of fro zen food entrées is es pe cially ap peal ing when 
time is lim ited and you may not feel like pre par ing a meal from scratch. 
Well, la bor-saving “ready-to-cook” fro zen prod ucts are a good op tion 
pro vid ing you ad here to the cook ing in struc tions. Otherwise, that con ve-
nient meal could re sult in di ar rhea or worse. During a 5-month pe riod 
(De cem ber 2012 to April 2013), 35 per sons in 19 states be came in fected 
with Shiga tox in-producing Escherichia coli (STEC) O121 af ter eat ing im-
prop erly pre pared fro zen food prod ucts. Nine peo ple (31%) were hos pi-
tal ized, two de vel oped he mo lyt ic-uremic syn drome (HUS), but no deaths 
were re ported. Eighty-two per cent of the ill peo ple were <21 years of age. 
The out  break strain STEC O121 was iso lated from the same brand of fro-
zen prod ucts (chicken que sa dilla and mini pizza slices) ob tained from 
house holds of pa tients in New York and Texas. Food safety con cerns 
linked to non-O157 STEC strains in clud ing O26, O45, O103, O111, O121, 
and O145 have height ened fol low ing an in creas ing num ber of re ported 
out  breaks. Most con sum ers pre fer the ease of heat ing fro zen meals in a 
mi cro wave oven. Heating such meals in a mi cro wave oven may not cook 
the food thor oughly since mi cro wave ov ens vary in strength (watt age) 
and tend to cook foods un even ly.

doi:10.1128/9781555819392.ch12
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INTRODUCTION
Large out  breaks of E. coli O157:H7 in fec tion in volv ing hun dreds of cases 
have oc curred in the United States, Can ada, Japan, and the United King-
dom. The larg est out  break world wide oc curred from May to De cem ber 
1996 in Japan, in volv ing >11,000 re ported cases. Although E. coli O157:H7 
is still the pre dom i nant se ro type of enterohemorrhagic E. coli (EHEC) in 
the United States, Can ada, the United Kingdom, and Japan, an in creas ing 
num ber of out  breaks and spo radic cases re lated to other EHEC se ro types 
have oc curred. In con ti nen tal Eu rope, Aus tra lia, and Latin Amer ica, 
non-O157 EHEC in fec tions are more com mon than E. coli O157:H7 in fec-
tions. Details of many re ported foodborne and wa ter borne out  breaks of 
EHEC in fec tion are pro vided in Table 12.1. There are no dis tin guish ing 
bio chem i cal phe no types for non-O157 EHEC se ro types, mak ing screen-
ing for these bac te ria dif  cult and la bor-intensive. The prev a lence of 
non-O157 EHEC in fec tions may be greatly un der es ti mat ed.

Categories of E. coli
Diarrheagenic E. coli is cat e go rized into spe cific groups based on vir u-
lence prop er ties, mech a nisms of path o ge nic ity, clin i cal syn dromes, and 
dis tinct O:H se ro types (Fig. 12.1). E. coli iso lates are se ro log i cally dif er-
en ti ated based on three ma jor sur face an ti gens that al low serotyping: 
the O (so matic), H (fla gel lar), and K (cap sule) an ti gens. The cat e go ries of 
diarrheagenic E. coli are en tero toxi genic E. coli (ETEC), enteroinvasive 
E. coli (EIEC), en tero patho genic E. coli (EPEC), enteroaggregative E. coli
(EAEC), dif usely ad her ing E. coli (DAEC), and EHEC (Table 12.2). All
cat e go ries of E. coli de scribed may be shed in the fe ces of in fected hu-
mans, cre at ing the po ten tial for spread to other hu mans, an i mals, and
the en vi ron ment (Box 12.1). This chap ter fo cuses pri mar ily on EHEC,
which causes the most se vere ill ness.

Watching deer qui etly graze in an open field is a beau ti ful sight and 
very re lax ing. In the sum mer of 2011, how ever, deer were blamed for an 
out  break of E. coli O157:H7 in fec tion linked to con sump tion of fresh 
straw ber ries lo cally pro duced. The out  break, which oc curred in Or e gon 
dur ing July and Au gust, af ected 15 in di vid u als; 6 (40%) were hos pi tal-
ized, in clud ing 4 with HUS. Most pa tients ex pe ri enced bloody di ar rhea, 
and two cases that de vel oped HUS (>65 years of age) died. A traceback 
in ves ti ga tion iden ti fied a sin gle farm as the source of the con tam i nated 
straw ber ries. Laboratory test ing (pulsed-field gel elec tro pho re sis, PFGE) 
showed that E. coli O157:H7, iso lated from deer fe cal pel lets found in the 
straw berry fields, matched iso lates ob tained from pa tient sam ples. This 
out  break un der scores the po ten tial for fe cal con tam i na tion of pro duce by 
wild an i mals and the need to im ple ment reg u la tions in ag ri cul tural pro-
duc tion, such as Good Agricultural Practices (GAPs). Twenty years ago, 
out  breaks of E. coli O157:H7 ill nesses were pre dom i nantly as so ci ated with 
con sump tion of con tam i nated undercooked ground beef. However, food 
mi cro bi ol o gists must now be aware that any type of food can carry this 
di ar rheal path o gen. This E. coli O157:H7 out  break is the first case linked 
to straw ber ries in the United States.

Box 12.1
Conditions that can lead to the 
spread of path o gen ic E. coli

This his toric il lus tra tion of an 
old farm out  house (toi let) 
un der scores what sci ence has 
dem on strat ed: path o gens 
pres ent in hu man fe ces, such as 
E. coli (EPEC, ETEC, and EHEC),
can read ily be spread to farm
an i mals, hu mans, and wa ter 
through im proper con trols. In
this case, the place ment of a
di lap i dated out  house near the 
main res i dence al lows easy 
ac cess to live stock that may
even tu ally be come din ner.
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Table 12.1 Representative foodborne out  breaks of E. coli O157:H7a and non-O157 Shiga toxin-producing E. coli b

Yr Mo Location(s)
No. of cases 
(deaths) Setting Vehicle(s)

1982 Feb ru ary Or e gon 26 Community Ground beef

1982 May Mich i gan 21 Community Ground beef

1985 Can a da 73 (17) Nursing home Sandwiches

1993 Jan u ary Cal i for nia, Idaho, 
Ne vada, Wash ing ton

732 (4) Restaurant Ground beef

1993 March Or e gon 47 Restaurant Mayonnaise?

1993 Au gust Or e gon 27 Restaurant Cantaloupe

1994 No vem ber Wash ing ton, Cal i for nia 19 Home Salami

1995 Ju ly Mon tana 74 Community Leaf let tuce

1995 Sep tem ber Maine 37 Camp Lettuce

1996 May, June Con nect i cut, Il li nois 47 Community Mesclun let tuce

1996 Ju ly Osaka, Japan 7,966 (3) Community White rad ishes, 
sprouts

1996 Oc to ber Cal i for nia, Wash ing ton, 
Col o ra do

71 (1) Community Apple juice

1996 No vem ber Central Scot land 501 (21) Community Cooked meat

2005 Sep tem ber, Oc to ber Min ne so ta 23 Community Prepackaged let tuce

2006 Au gust–Oc to ber US, 26 states; Can a da 206 (3) Community Prepackaged fresh 
spin ach

2007 April US, 8 states 40 Community Ground beef pat ties

2008 March US, 7 states 49 Community Ground beef

2009 March–June US, 30 states 72 Community Prepackaged cookie 
dough

2010 Oc to ber US, 5 states 38 Community Gouda cheese

2011b May, June Ger many, France >4,236 (50) Community Prepackaged sprouts

2011b April Japan 60 (4) Restaurant Yukhoe (Ko rean raw 
beef dish)

2011 Oc to ber Can a da 29 Family 
gath er ing

Pork from “pig 
roast”

2012 Oc to ber–No vem ber US, multistate 33 Community Organic spinach and 
spring mix blend

2013 Sep tem ber En gland 22 Community Watercress

2014 May, June Wash ing ton, Ida ho 17 Community Red clover sprouts

2015 Au gust–Oc to ber New Hamp shire, 
Ver mont

11 Restaurant Ground beef pat ties

2015 Oc to ber–No vem ber US, multistate 19 Community Celery

aE. coli O157:H7 un less oth er wise not ed.
bE. coli se ro type.

ETEC
ETEC is a ma jor cause of in fan tile di ar rhea in de vel op ing coun tries. It is 
also the bac te rium most fre quently re spon si ble for trav el er’s di ar rhea. ETEC 
col o nizes the small in tes tine via fim brial col o ni za tion fac tors and pro-
duces a heat-labile or heat-stable en tero toxin that causes fluid ac cu mu la tion 
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and di ar rhea. The most fre quent ETEC serogroups in clude O6, O8, O15, 
O20, O25, O27, O63, O78, O85, O115, O128ac, O148, O159, and O167. 
Humans are the prin ci pal res er voir of ETEC strains that cause hu man 
ill ness.

EIEC
EIEC causes nonbloody di ar rhea and dys en tery sim i lar to those caused 
by Shigella spp. by in vad ing and mul ti ply ing within in tes ti nal ep i the lial 

Enteroaggregative
E. coli (EAEC)

Enteropathogenic
E. coli (EPEC)

Diffusely 
adherent
E. coli (DAEC)

Diffuse 
adherence to
epithelial cells

Enteroinvasive
E. coli (EIEC)

Non-O157 serotype
is less likely to cause severe illness than E. coli O157;

however, some non-O157 STEC serogroups can cause
the most severe manifestations of STEC illness

Large bowel adherence
(frequently mediated via intimin);

Shiga toxin 1, Shiga toxin 2 production

Heat-stable/heat-labile
enterotoxin production

Acute watery diarrhea,
afebrile, occasionally severe

O157 serotype
was first identified as a pathogen in 1982; most

of what we know about STEC comes from outbreak
investigations and studies of E. coli O157 infection

Shiga toxin-producing
E. coli (STEC)

Enterotoxigenic
E. coli (ETEC)

Watery diarrhea,
bloody diarrhea;
can cause
prolonged or
persistent 
diarrhea in
children

Watery
diarrhea but
pathogenicity
not conclusively
demonstrated

Small bowel
adherence
and epithelial
cell effacement
mediated by
intimin

Small and large
bowel adherence;
enterotoxin and 
cytotoxin
production

Adherence,
mucosal
invasion, and
inflammation
of large bowel

Watery diarrhea,
dysentery-like
diarrhea, fever

Severe acute
watery diarrhea;
bloody diarrhea;
may be persistent;
   common cause
     of infant diarrhea
        in developing
          countries

a
b c

d

Typical Clinical Syndrome

Mechanism of Pathogenesis

Watery diarrhea that may progress to bloody diarrhea in 1-3 days;
pain with defecation; abdominal tenderness; patients may report

a history of fever but are often afebrile on presentation;
often >5 stools in 24 hours

Figure 12.1

Mechanism of path o gen e sis and typ i cal clin i cal syn drome of E. coli pathotypes. 
Serotypes: (a) fim brial (F), (b) so matic (O), (c) cap su lar (K), and (d) fla gella (H) an ti gens.
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cells. Like that of Shigella, the in va sive ca pac ity of EIEC is as so ci ated 
with the pres ence of a large plas mid (ca. 140 megadaltons [MDa]) that 
en codes sev eral outer mem brane pro teins in volved in in va sive ness. The 
an ti ge nic i ties of these outer mem brane pro teins and the O an ti gens of 
EIEC are closely re lated. The prin ci pal site of bac te rial lo cal i za tion is the 
co lon, where EIEC or gan isms in vade and grow within ep i the lial cells, 
caus ing cell death. Humans are a ma jor res er voir, and the serogroups 
most fre quently as so ci ated with ill ness in clude O28ac, O29, O112, O124, 
O136, O143, O144, O152, O164, and O167. Among these serogroups, O124 
is the most com monly en coun tered.

EPEC
EPEC can cause se vere di ar rhea in in fants, es pe cially in de vel op ing 
coun tries. EPEC was pre vi ously as so ci ated with out  breaks of di ar rhea in 
nurs er ies in de vel oped coun tries. The ma jor O serogroups as so ci ated 
with ill ness in clude O55, O86, O111ab, O119, O125ac, O126, O127, O128ab, 
and O142. Humans are an im por tant res er voir. EPEC or gan isms have 
been shown to in duce le sions in cells to which they ad here, and they can 
in vade ep i the lial cells.

EAEC
EAEC is as so ci ated with per sis tent di ar rhea in in fants and chil dren in 
sev eral coun tries world wide. These E. coli strains are dif er ent from the 
other types of path o genic E. coli be cause of their abil ity to pro duce a 
char ac ter is tic pat tern of ag gre ga tive ad her ence on HEp-2 cells. EAEC 
ad heres with the ap pear ance of stacked bricks to the sur faces of HEp-2 
cells. Serogroups as so ci ated with EAEC in clude O3, O15, O44, O77, O86, 
O92, O111, and O127. A gene probe de rived from a plas mid as so ci ated 
with EAEC strains has been de vel oped to iden tify E. coli strains of this 
type. More ep i de mi o log i cal in for ma tion is needed to de ter mine the sig-
nifi  cance of EAEC as a cause of di ar rheal dis ease. E. coli can rap idly 
evolve into a highly dan ger ous path o gen through ge netic ex change. 
This was the case with the enteroaggregative E. coli O104:H4 strain that 
had be come trans duced with the Stx type 2a-encoding phage.

Table 12.2 Some prop er ties and symp toms as so ci ated with path o genic E. coli sub groupsa

Property or symp tom ETEC EPEC EHEC EIEC

Toxin LT/STb − Stx or Vero tox in −
Invasive − − − +
Intimin − + + −
Enterohemolysin − − + −
Stool Watery Watery, bloody Watery, very bloody Mucoid, bloody

Fever Low + − +
Fecal leu ko cytes − − − +
Intestine in volved Small Small Colon Colon, lower small

Serology Various O26, O111, oth ers O157:H7, O26, O111, oth ers Various

ID
c High High Low High

aDerived from http:// www. fda. gov/ food/ scienceresearch/ laboratorymethods/ bacteriologicalanalyticalmanualbam/ ucm070080. htm.
bLT, la bile tox in; ST, sta ble tox in.
cID, in fec tive dose.
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DAEC
DAEC has been as so ci ated with di ar rhea pri mar ily in young chil dren 
who are older than in fants. The rel a tive risk of DAEC-associated di ar-
rhea in creases with age from 1 to 5 years. The rea son for this age-related 
in fec tion is un known. DAEC strains are most com monly of serogroup 
O1, O2, O21, or O75. Typical symp toms of DAEC in fec tion are mild di ar-
rhea with out  blood. DAEC strains ad here in a ran dom fash ion to HEp-2 
or HeLa cell lines. DAEC does not usu ally pro duce heat-labile or heat-
stable en tero toxin or el e vated lev els of Stx.

EHEC
EHEC was first rec og nized as a hu man path o gen in 1982 when E. coli 
O157:H7 was iden ti fied as the cause of two out  breaks of bloody di ar rhea. 
Since then, other se ro types of E. coli, such as O26, O111, and sor bi tol-
fermenting O157:NM, also have been as so ci ated with cases of bloody 
di ar rhea and are clas si fied as EHEC. Serotype O157:H7 is the main 
cause of EHEC-associated dis ease in the United States and many other 
coun tries. All EHEC strains pro duce fac tors cy to tox ic (deadly) to Af ri can 
green mon key kid ney (Vero) cells. Thus, they are named verotoxins or 
Stxs be cause of their sim i lar ity to the Stx pro duced by Shigella dysente-
riae. STEC in fec tions are linked to a se vere and some times fa tal con di-
tion, HUS. E. coli or gan isms of many dif er ent se ro types pro duce Stxs; 
hence, they have been named STEC (or EHEC). More than 200 se ro types 
of EHEC have been iso lated from hu mans, but only those strains that 
cause bloody di ar rhea are con sid ered to be EHEC. Major non-O157:H7 
EHEC se ro types in clude O26:H11, O111:H8, and O157:NM. Several out -
breaks of in fec tion with the EHEC serogroup O111 have oc curred world-
wide. In June 2014, an out  break of E. coli O111 infection in volv ing 14 
cases was linked to din ing at an in ter na tional res tau rant chain. Contam-
inated green whole cab bage was the im pli cated ve hi cle. In Japan, April 
2011, 60 cases of foodborne ill ness were as so ci ated with con sump tion of 
E. coli O111-contaminated yukhoe, a Ko rean raw beef dish. Four deaths,
two chil dren and two adults, were linked to the out  break. Since O157:H7
is the most com mon se ro type of EHEC and more is known about this
se ro type than about other se ro types of EHEC, this chap ter fo cuses on E.
coli O157:H7 (Box 12.2).

CHARACTERISTICS OF E. COLI O157:H7 AND NON-O157 EHEC
E. coli is a com mon part of the nor mal mi cro bial pop u la tion in the in tes-
ti nal tracts of hu mans and other warm-blooded an i mals. Most E. coli
strains are harm less; how ever, some strains are path o genic and cause
di ar rheal dis ease. At pres ent, a to tal of 167 O an ti gens, 53 H an ti gens,
and 74 K an ti gens have been iden ti fied. It is con sid ered nec es sary to de-
ter mine only the O and H an ti gens in or der to se ro type strains of E. coli
as so ci ated with di ar rheal dis ease. The O an ti gen iden ti fies the serogroup 
of a strain, and the H an ti gen iden ti fies its se ro type. The ap pli ca tion of
serotyping to iso lates as so ci ated with di ar rheal dis ease has shown that 
par tic u lar serogroups of ten fall into one cat e gory of diarrheagenic E. coli.
However, some serogroups, such as O55, O111, O126, and O128, ap pear in
more than one cat e go ry.

Box 12.2
E. coli O157:H7

E. coli O157:H7 emerged as a
path o gen in 1982. The ini tial
cases of ill ness were pre dom i-
nantly linked to the con sump-
tion of beef prod ucts. Since
then, ill nesses have been linked
to con tam i nated fruits and 
veg e ta bles, rec re a tional wa ter 
(lakes, swim ming pools, and
wa ter parks), and per son-to-
person spread. The or gan ism
has ac quired many tools (e.g.,
pro duc tion of Stx and the
abil ity to pro duce AE le sions)
that fa cil i tate its sur vival in 
a host but that can cause
 de bil i tat ing ill ness. As with 
Shigella, ill ness may be caused
by <100 cells. In the United
States, E. coli O157:H7 is the
pre dom i nant EHEC strain. In 
other parts of the world, this
is not nec es sar ily the case.
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E. coli O157:H7 was first iden ti fied as a foodborne path o gen in 1982, 
al though there had been prior iso la tion of the or gan ism, which was iden-
ti fied later among iso lates at the CDC. The ear lier iso late was from a 
Cal i for nia woman who had bloody di ar rhea in 1975. In ad di tion to pro-
duc tion of Stx(s), most strains of E. coli O157:H7 also have sev eral char-
ac ter is tics un com mon in most other E. coli strains, i.e., the in abil ity to 
grow well, if at all , at tem per a tures of ≥44.5°C in E. coli broth; in abil ity 
to fer ment sor bi tol within 24 h; in abil ity to pro duce β-glucuronidase (i.e., 
in abil ity to hy dro lyze 4-methylumbelliferyl-d-glucuronide); pos ses sion of 
an at tach ing-and-efacing (AE) gene (eae); and car riage of a 60-MDa plas-
mid. Non-O157 EHEC strains do not share these growth and met a bolic 
char ac ter is tics, al though they all  pro duce Stx(s) and most carry the eae 
gene and large plas mid.

Acid Tolerance
Unlike most foodborne path o gens, many strains of E. coli O157:H7 
are un usu ally tol er ant of acidic en vi ron ments. The min i mum pH for 
E. coli O157:H7 growth is 4.0 to 4.5, but this is de pen dent upon the in-
ter ac tion of pH with other fac tors. For in stance, or ganic acid sprays 
con tain ing ace tic, cit ric, or lac tic acid do not af ect the level of E. coli 
O157:H7 on beef. E. coli O157:H7, when in oc u lated at high lev els, has 
sur vived fer men ta tion, dry ing, and stor age of fer mented sau sage (pH 
4.5) for as long as 2 months at 4°C and has sur vived in may on naise 
(pH 3.6 to 3.9) for 5 to 7 weeks at 5°C and for 1 to 3 weeks at 20°C and in 
ap ple ci der (pH 3.6 to 4.0) for 10 to 31 days or for 2 to 3 days at 8 or 25°C, 
re spec tive ly.

Three sys tems in E. coli O157:H7 are in volved in acid tol er ance: an 
ac id-induced ox i da tive sys tem, an ac id-induced ar gi nine-dependent sys-
tem, and a glu ta mate-dependent sys tem. The ox i da tive sys tem is less 
ef ec tive in pro tect ing the or gan ism from acid stress than the ar gi nine-
dependent and glu ta mate-dependent sys tems. The al ter nate sigma fac tor 
RpoS is re quired for ox i da tive acid tol er ance but is only par tially in volved 
with the other two sys tems. Once in duced, the ac id-tolerant state can per-
sist for a pro longed pe riod (≥28 days) at re frig er a tion tem per a tures. More 
im por tantly, in duc tion of acid tol er ance in E. coli O157:H7 can also in crease 
tol er ance of other en vi ron men tal stresses, such as heat ing, ra di a tion, and 
an ti mi cro bi als.

Antibiotic Resistance
When E. coli O157:H7 was first as so ci ated with hu man ill ness, the path-
o gen was sus cep ti ble to most an ti bi ot ics af ect ing Gram-negative bac te-
ria. However, it is be com ing in creas ingly re sis tant to an ti bi ot ics. E. coli 
O157:H7 strains iso lated from hu mans, an i mals, and food have de vel-
oped re sis tance to mul ti ple an ti bi ot ics, with strep to my cin-sulfisoxazole-
tetracycline be ing the most com mon re sis tance pro file. Non-O157 EHEC 
strains iso lated from hu mans and an i mals also have ac quired an ti bi otic 
re sis tance, and some are re sis tant to mul ti ple an ti mi cro bi als com monly 
used in hu man and an i mal med i cine. Antibiotic-resistant EHEC strains 
pos sess a se lec tive ad van tage over other bac te ria col o niz ing the in tes tines 
of an i mals that are treated with an ti bi ot ics (ther a peu ti cally or subthera-
peutically). Therefore, an ti bi ot ic-resistant EHEC strains may be come the 
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pri mary E. coli strains pres ent un der an ti bi otic se lec tive pres sure and 
thus be come more prev a lent in fe ces. Perhaps, for tu nately, an ti bi otic ther-
apy is not rec om mended in cases of hu man ill ness, since the dis ease may 
be come worse through the re lease of en do toxin and Stxs from the dead 
bac te ria.

Inactivation by Heat and Irradiation
E. coli O157:H7 is not more heat re sis tant than other path o gens. The
pres ence of cer tain com pounds in food can pro tect the or gan ism. The
pres ence of fat pro tects E. coli O157:H7 in ground beef, with D val ues 
(see chap ter 2) for lean (2.0% fat) and fatty (30.5% fat) ground beef of 4.1
and 5.3 min at 57.2°C and 0.3 and 0.5 min at 62.8°C, re spec tively. Pas-
teurization of milk (72°C for 16.2 s) is an ef ec tive treat ment that kills
>104 E. coli O157:H7 or gan isms per ml. Proper heat ing of foods of an i mal
or i gin, e.g., heat ing foods to an in ter nal tem per a ture of at least 68.3°C
for sev eral sec onds, is an im por tant crit i cal con trol point to en sure in ac-
ti va tion of E. coli O157:H7.

Many coun tries have ap proved the use of ir ra di a tion to elim i nate 
foodborne path o gens in food. Unlike other pro cess ing tech nol o gies, ir-
ra di a tion elim i na tes foodborne path o gens yet main tains the raw char ac-
ter of foods. In the United States, 4.5 kilograys (kGy) is ap proved for 
re frig er ated raw ground beef, and 7.5 kGy is ap proved for fro zen raw 
ground beef. Foodborne bac te rial path o gens are rel a tively sen si tive to 
ir ra di a tion. Doses re quired to re duce the E. coli O157:H7 pop u la tion by 
90% in raw ground beef pat ties range from 0.241 to 0.307 kGy, de pend-
ing on the tem per a ture, with val ues sig nifi  cantly higher for pat ties ir ra di-
ated at −16°C than at 4°C. Hence, an ir ra di a tion dose of 1.5 kGy should be 
suf  cient to elim i nate E. coli O157:H7 at the lev els that may oc cur in 
ground beef. Following the large pro duce-related out  breaks in the United 
States in 2006, the U.S. Food and Drug Administration in 2008 ap proved 
ir ra di a tion of ice berg let tuce and spin ach to help pro tect con sum ers from 
dis ease-causing bac te ria.

RESERVOIRS OF E. COLI O157:H7
Detection of E. coli O157:H7 and Other EHEC Strains on Farms
Undercooked ground beef and, less fre quently, un pas teur ized milk have 
caused many out  breaks of E. coli O157:H7 in fec tion, and hence, cat tle 
have been the fo cus of many stud ies of their role as a res er voir of E. coli 
O157:H7. The first link be tween E. coli O157:H7 and cat tle was ob served 
in Ar gen tina in 1977 and was as so ci ated with a <3-week-old calf. Rates of 
EHEC car riage as high as 60% have been found in bo vine herds in many 
coun tries, but, in most cases, the rates range from 10 to 25%. The rates 
of iso la tion of E. coli O157:H7 are much lower than those of non-O157 
EHEC. Rates of EHEC car riage by dairy cat tle on farms in Can ada range 
from 36% of cows and 57% of calves in 80 herds tested. In the United 
States, 31 (3.2%) of 965 dairy calves and 191 (1.6%) of 11,881 feed lot cat tle 
tested were pos i tive for E. coli O157:H7. Prevalence of E. coli O157 in 
adult beef cat tle (4.7%) is greater than in adult dairy cat tle (1.8%). Young, 
weaned an i mals more fre quently carry E. coli O157:H7 than do adult cat-
tle. Cattle are more likely to test pos i tive for E. coli O157:H7 dur ing the 
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warmer months of the year. This find ing agrees with the sea sonal var i a-
tion in hu man dis ease.

Factors Associated with Bovine Carriage of E. coli O157:H7
There may be an as so ci a tion be tween fe cal shed ding of E. coli O157:H7 
and feed or en vi ron men tal fac tors. For ex am ple, some calf starter feed reg-
i mens or en vi ron men tal fac tors and feed com po nents, such as whole cot-
ton seed, are linked with a re duc tion of E. coli O157:H7. In con trast, keep ing 
calves in groups be fore wean ing, shar ing of calf-feeding uten sils with-
out  san i ta tion, and early feed ing of grain are as so ci ated with in creased 
car riage of E. coli O157:H7. Grain and hay feed ing pro grams may in flu-
ence E. coli O157:H7 car riage by cat tle.

Environmental fac tors, such as wa ter and feed sources, or farm man-
age ment prac tices, such as ma nure han dling, may play im por tant roles 
in influ enc ing the prev a lence of E. coli O157:H7 on dairy farms. The 
path o gen is fre quently found in wa ter troughs on farms. E. coli O157:H7 
can sur vive for weeks or months in bo vine fe ces and wa ter.

The sus cep ti bil ity of cat tle to in tes ti nal col o ni za tion with E. coli 
O157:H7 is largely a func tion of age. Young an i mals are more likely to be 
pos i tive than older an i mals in the same herd. For many cat tle, E. coli 
O157:H7 is tran siently car ried in the gas tro in tes ti nal tract and is in ter-
mit tently ex creted for a few weeks to months by young calves and heif-
ers. Cows can carry more than one strain of E. coli O157:H7.

Cattle Model for Infection by E. coli O157:H7
E. coli O157:H7 is not a path o gen of weaned calves and adult cat tle; 
hence, an i mals that carry the path o gen are not ill. However, there is ev-
i dence that E. coli O157:H7 can cause di ar rhea and le sions in new born 
calves. The ini tial sites of lo cal i za tion of E. coli O157:H7 in cat tle are the 
forestomachs (ru men, oma sum, and re tic u lum).

Domestic Animals and Wildlife
Although cat tle are thought to be the main source of EHEC in the food 
chain, EHEC strains have also been iso lated from other do mes tic an i-
mals and wild life, such as sheep, goat, deer, dogs, horses, swine, and 
cats. E. coli O157:H7 was also iso lated from sea gulls and rats. The prev a-
lence of E. coli O157:H7 and other EHEC strains in sheep is gen er ally 
higher than in other an i mals. In a sur vey of seven an i mal spe cies in Ger-
many, EHEC strains were iso lated most fre quently from sheep (66.6%), 
goats (56.1%), and cat tle (21.1%), with lower prev a lence rates in chick ens 
(0.1%), pigs (7.5%), cats (13.8%), and dogs (4.8%). Carriage of the path o gen 
by fe ral an i mals rep re sents a sig nifi  cant risk for the con tam i na tion of 
food crops (let tuce, spin ach, and leafy greens) in the field.

Humans
Fecal shed ding of E. coli O157:H7 by pa tients with hem or rhagic co li tis or 
HUS usu ally lasts 13 to 21 days fol low ing the on set of symp toms. How-
ever, in some in stances, the path o gen can be ex creted in fe ces for >3 
weeks. A child in fected dur ing a day care cen ter out  break ex creted the 
path o gen for 62 days. People liv ing on dairy farms have el e vated ti ters 
of an ti body against E. coli O157:H7; how ever, the path o gen was not iso-
lated from fe ces. An asymp tom atic long-term car rier state has not been 
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iden ti fied. Fecal car riage of E. coli O157:H7 by hu mans is sig nifi  cant be-
cause of the po ten tial for per son-to-person spread of the path o gen. A fac-
tor con trib ut ing to per son-to-person spread is the bac te ri um’s 
ex traor di narily low in fec tious dose. Fewer than 100 cells, and pos si bly as 
few as 10 cells, can cause ill ness. Inadequate at ten tion to per sonal hy giene, 
es pe cially af ter us ing the bath room, can trans fer the path o gen through 
con tam i nated hands, re sult ing in sec ond ary trans mis sion.

DISEASE OUTBREAKS
Geographic Distribution
E. coli O157:H7 is a cause of many ma jor out  breaks world wide. At least
45 coun tries on six con ti nents have re ported E. coli O157:H7 in fec tion in
hu mans. In the United States, 390 out  breaks of E. coli O157:H7 in fec tion 
were doc u mented from 2003 to 2012, ac count ing for 4,928 cases and 33
deaths. Although the num ber of out  breaks has in creased com pared to
the pe riod of 1982 to 2002, the num ber of cases has de clined. The in-
crease may be due in part to im proved rec og ni tion of E. coli O157:H7
in fec tion fol low ing the pub lic ity of a large mul ti state out  break in the 
west ern United States in 1993. Since 1 Jan u ary 1994, in di vid ual cases of
E. coli O157:H7 in fec tion have been re port able to the National Notifiable
Diseases Surveillance System. The ex act num ber of E. coli O157:H7 ill-
nesses in the United States is not known be cause in fected per sons with
mild or no symp toms and per sons with nonbloody di ar rhea of ten do not
seek med i cal at ten tion, and these cases would not be re ported. The
Foodborne Diseases Active Surveillance Network (FoodNet [http:// www. 
cdc. gov/ ncidod/ dbmd/ foodnet/ ]) re ports that the an nual rate of E. coli
O157:H7 in fec tion in the United States was 0.92 cases per 100,000 pop u-
la tion in 2014. For STEC non-O157 the num ber of cases was 1.43 per
100,000 pop u la tion in 2014. In a 2011 re port, the CDC es ti mated that
E. coli O157:H7 causes 63,153 ill nesses and 26 deaths an nu ally in the
United States and that non-O157 STEC strains ac count for an ad di tional
112,757 cases, with 20 deaths. Approximately 75% of these cases are due
to foodborne trans mis sion.

Seasonality of E. coli O157:H7 Infection
Outbreaks and clus ters of E. coli O157:H7 in fec tion peak dur ing the 
warmest months of the year. Approximately 89% of out  breaks and clus-
ters re ported in the United States oc cur from May to No vem ber. The 
rea sons for this sea sonal pat tern are un known but may in clude (i) an in-
creased prev a lence of the path o gen in cat tle dur ing the sum mer, (ii) 
greater hu man ex po sure to ground beef or other E. coli O157:H7-contami-
nated foods dur ing the cook out  months, and/or (iii) more im proper han-
dling (tem per a ture abuse and cross-contamination) or in com plete cook ing 
of prod ucts, such as ground beef, dur ing warm months rather than dur-
ing other months.

Age of Patients
All age groups can be in fected by E. coli O157:H7, but the very young and 
the el derly most fre quently ex pe ri ence se vere ill ness with com pli ca tions. 
HUS usu ally oc curs in chil dren, whereas throm botic throm bo cy to pe nic 
pur pura (TTP) oc curs in adults. Children 2 to 10 years of age are more 
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likely to be come in fected with E. coli O157:H7. The high rate of in fec tion 
in this age group is likely the re sult of in creased ex po sure to con tam i-
nated foods, con tam i nated en vi ron ments, and in fected an i mals, as well as 
more op por tu ni ties for per son-to-person spread be tween in fected chil-
dren with rel a tively un de vel oped hy giene skills and un de vel oped im mune 
sys tems.

Transmission of E. coli O157:H7
Many foods are iden ti fied as ve hi cles of E. coli O157:H7 in fec tion. Ex-
amples in clude ground beef, roast beef, cooked meats, ven i son jerky, 
sa lami, raw milk, pas teur ized milk, yo gurt, cheese, ice cream bars and 
cake, let tuce, spin ach, un pas teur ized ap ple ci der and juice, can ta loupe, 
po ta toes, rad ish sprouts, al falfa sprouts, fruit or veg e ta ble salad, and cole-
slaw. Among the 255 out  breaks re ported in the United States be tween 
2003 and 2012 for which a ve hi cle has been iden ti fied, beef was the most 
fre quent food ve hi cle (78 out  breaks), while leafy veg e ta ble ac counted for 
29 and 16 were as so ci ated with dairy. Contact of foods with meat or fe ces 
(hu man or bo vine) con tam i nated with E. coli O157:H7 is a likely source of 
cross-contamination. Of all  E. coli O157 out  breaks (n = 390), those at trib-
uted to per son-to-person (in clud ing sec ond ary) trans mis sion (10%) and 
wa ter borne (par tic u larly rec re a tional wa ter) trans mis sion (4.0%) are rel a-
tively low.

Examples of Foodborne and Waterborne Outbreaks
The Original Outbreaks
The first doc u mented out  break of E. coli O157:H7 in fec tion oc curred in 
Or e gon in 1982, with 26 cases and 19 per sons hos pi tal ized. All of the pa-
tients had bloody di ar rhea and se vere ab dom i nal pain. This out  break 
was as so ci ated with eat ing undercooked ham burg ers from fast-food res-
tau rants of a spe cific chain. E. coli O157:H7 was re cov ered from the 
stools of pa tients. A sec ond out  break oc curred 3 months later and was 
as so ci ated with the same fast-food res tau rant chain in Mich i gan, with 
21 cases and 14 per sons hos pi tal ized, with an age range of 4 to 58 years. 
Contaminated ham burg ers again were the cause. E. coli O157:H7 was 
iso lated both from pa tients and from a fro zen ground beef patty. E. coli 
O157:H7 was iden ti fied as the cause by its as so ci a tion with the food and 
by re cov ery of bac te ria with iden ti cal mi cro bi o log i cal char ac ter is tics 
from both the pa tients and the meat from the im pli cated sup pli er.

Waterborne Outbreaks
Reported wa ter borne out  breaks of E. coli O157:H7 in fec tions are of great-
est con cern in de vel op ing coun tries. Swimming wa ter, drink ing wa ter, 
well wa ter, and ice have all  been im pli cated. In the United States, a few 
no ta ble wa ter borne out  breaks have oc curred. Investigations of lake wa ter-
associated out  breaks re vealed that in some in stances the wa ter was likely 
con tam i nated with E. coli O157:H7 by tod dlers who def e cated while 
swim ming. Swallowing lake wa ter was sub se quently iden ti fied as the 
cause. Six E. coli O157:H7 out  breaks in 2011–2012 were as so ci ated with 
un treated rec re a tional wa ter. A large wa ter borne out  break of E. coli 
O157:H7 among at tend ees of a county fair in New York oc curred in Au-
gust 1999. More than 900 per sons were in fected, 65 of whom were hos-
pi tal ized. Two per sons, in clud ing a 3-year-old girl, died from HUS (kid ney 

Authors’ note
E. coli O157:H7 in fec tions are 
as so ci ated with more than food 
and wa ter. Each year, chil dren 
de velop E. coli O157:H7 
 in fec tion fol low ing a visit to a 
lo cal farm. Children un der the 
age of 5 years should be ex tra 
cau tious around cat tle (in clud ing 
those in pet ting zoos). Washing 
hands thor oughly with run ning 
wa ter and soap af ter con tact 
with cat tle is rec om mend ed.
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fail ure), and a 79-year-old man died from HUS-TTP. Unchlorinated well 
wa ter used to make bev er ages and ice was iden ti fied as the ve hi cle, and 
E. coli O157:H7 was iso lated from sam ples of well wa ter. Waterborne out-
 breaks of E. coli O157 in fec tions have also been re ported in Scot land,
south ern Af rica, and Japan.

Outbreaks from Apple Cider and Juice
The first con firmed out  break of E. coli O157:H7 in fec tion as so ci ated with 
ap ple ci der oc curred in Mas sa chu setts in 1991 and in volved 23 cases. In 
1996, three out  breaks of E. coli O157:H7 in fec tion as so ci ated with un pas-
teur ized ap ple juice or ci der were re ported in the United States. The 
larg est of the three oc curred in three west ern states (Cal i for nia, Col o-
rado, and Wash ing ton) and Brit ish Co lum bia, Can ada, with 71 con firmed 
cases and one death. E. coli O157:H7 was iso lated from the ap ple juice in-
volved. An out  break also oc curred in Con nect i cut, with 14 cases. Manure 
con tam i na tion of ap ples was the sus pected source of E. coli O157:H7 in 
sev eral of the out  breaks. Using ap ple drops (i.e., ap ples picked up from the 
ground) for mak ing ap ple ci der is a com mon prac tice. Apples can be come 
con tam i nated by rest ing on soil con tam i nated with ma nure. Apples also 
can be come con tam i nated if trans ported or stored in ar eas that con tain 
ma nure or if they are treated with con tam i nated wa ter. These out  breaks 
led to the U.S. Food and Drug Administration Hazard Analysis and Crit-
ical Control Point reg u la tions for juice. These re quire pro ces sors to achieve 
a 5-log-unit re duc tion in the num bers of the most re sis tant path o gen in 
their fin ished prod ucts.

Outbreaks as so ci ated with con sump tion of un pas teur ized ap ple ci der 
con tinue to oc cur in the United States, which is some what sur pris ing 
af ter the num ber of prior out  breaks. Apple ci der can be sold as un pas-
teur ized only if the farm that grew the ap ples is press ing the ci der and 
sell ing di rectly to con sum ers. Unpasteurized juice should have a la bel 
warn ing con  sum ers of the po ten tial haz ard to hu man health.

A Large Multistate Outbreak
Many large multistate out  breaks have oc curred in the United States that 
have been as so ci ated with E. coli O157:H7. However, the early out  breaks 
are no ta ble since they pre cip i tated change in food safety prac tices. A large 
mul ti state out  break of E. coli O157:H7 in fec tion in the United States oc-
curred in Wash ing ton, Idaho, Cal i for nia, and Ne vada in early 1993. Ap-
proximately 90% of the pri mary cases were as so ci ated with eat ing at a 
sin gle fast-food res tau rant chain (chain A), at which E. coli O157:H7 was 
iso lated from ham burger pat ties. The num ber of peo ple who be came ill 
in creased be cause of sec ond ary spread (48 pa tients in Wash ing ton alone) 
from per son to per son. One hun dred se ven ty-eight peo ple were hos pi tal-
ized, 56 de vel oped HUS, and four chil dren died. The out  break re sulted 
from in suf  cient cook ing of ham burg ers by chain A res tau rants. Ham-
burgers cooked ac cord ing to chain A’s cook ing pro ce dures in Wash ing ton 
state had in ter nal tem per a tures be low 60°C, which is sub stan tially less 
than the min i mum in ter nal tem per a ture of 68.3°C re quired by the state 
of Wash ing ton. Cooking the pat ties to an in ter nal tem per a ture of 68.3°C 
would have killed the low num bers of E. coli O157:H7 or gan isms in the 
ground beef.

Authors’ note
In the United States, un pas teur
ized juice should have the 
fol low ing warn ing:  
WARNING: This prod uct has 
not been pas teur ized and, 
there fore, may con tain harm ful 
bac te ria that can cause se ri ous 
ill ness in chil dren, the el derly, 
and per sons with weak ened 
im mune sys tems.
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Outbreaks Associated with Vegetables
Raw veg e ta bles, par tic u larly let tuce and al falfa sprouts, have been im pli-
cated in out  breaks of E. coli O157:H7 in fec tion in North Amer ica, Eu-
rope, and Japan. In the United States, out  breaks as so ci ated with let tuce 
have con tin ued to in crease dur ing the past de cade. In Oc to ber 2012, or-
ganic spinach and spring mix was as so ci ated with a mul ti state out  break 
in volv ing 33 cases in Con nect i cut, Mas sa chu setts, Penn syl va nia, New 
York, and Vir ginia. In 2013, a large out  break in mul ti ple states was as so-
ci ated with con sump tion of ready-to-eat sal ads.

Between May and De cem ber 1996, mul ti ple out  breaks of E. coli O157:H7 
in fec tion oc curred in Japan, in volv ing 11,826 cases and 12 deaths. The 
larg est out  break, in Osaka in July 1996, af ected 7,892 school chil dren 
and 74 teach ers and staf, among whom 606 in di vid u als were hos pi tal-
ized, 106 had HUS, and 3 died. Contaminated white rad ish sprouts were 
the source of E. coli O157:H7.

CHARACTERISTICS OF DISEASE
The spec trum of hu man ill ness caused by E. coli O157:H7 in fec tion in-
cludes nonbloody di ar rhea, bloody di ar rhea (hem or rhagic co li tis), kid-
ney dis ease (HUS), and TTP (the adult form of HUS). Some per sons 
may be in fected but ex hibit no signs or symp toms of ill ness (this is 
known as asymp tom atic in fec tion). Ingestion of the or gan ism is fol lowed 
by a 3- to 4-day in cu ba tion pe riod (range, 2 to 12 days), dur ing which col-
o ni za tion of the large in tes tine oc curs. Illness be gins with nonbloody 
di ar rhea and se vere ab dom i nal cramps for 1 to 2 days. This pro gresses 
in the sec ond or third day of ill ness to bloody di ar rhea that lasts for 4 to 
10 days. Many out  break in ves ti ga tions re vealed that >90% of mi cro bi o-
log i cally doc u mented cases of di ar rhea caused by E. coli O157:H7 were 
bloody, but in some out  breaks 30% of cases have in volved nonbloody di-
ar rhea. Symptoms usu ally end af ter 1 week, but ∼6% of pa tients prog-
ress to HUS. The case fa tal ity rate from E. coli O157:H7 in fec tion is ∼1%. 
Typically 2 to 3 weeks may elapse be fore a case of E. coli O157:H7 is con-
firmed (Fig. 12.2).

HUS largely af ects chil dren, for whom it is the lead ing cause of acute 
kid ney fail ure. The syn drome is char ac ter ized by three fea tures: acute 
re nal in suf  ciency, microangiopathic he mo lytic ane mia, and throm bo-
cy to pe nia. TTP af ects mainly adults and re sem bles HUS his to log i cally. 
It is ac com pa nied by dis tinct neu ro log i cal ab nor mal i ties re sult ing from 
blood clots in the brain.

INFECTIOUS DOSE
The in fec tious dose of E. coli O157:H7 is thought to be ex tremely low. 
For ex am ple, be tween 0.3 and 15 col o ny-forming units (CFU) of E. coli 
O157:H7 per g were enu mer ated in lots of fro zen ground beef pat ties as so-
ci ated with a 1993 mul ti state out  break in the west ern United States. Simi-
larly, 0.3 to 0.4 CFU of E. coli O157:H7 per g was de tected in sev eral in tact 
pack ages of sa lami that were as so ci ated with a foodborne out  break. These 
data sug gest that the in fec tious dose of E. coli O157:H7 may be <100 cells. 
Additional ev i dence for a low in fec tious dose is the ca pa bil ity for per son-
to-person and wa ter borne trans mis sion of EHEC in fec tion. Age, im mune 
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Figure 12.2

Confirmation of a case of E. coli O157:H7 may re quire 2 to 3 weeks. A typ i cal time line, 
with as so ci ated pro cess ing steps, is shown. (Redrawn from http:// www. cdc. gov/ ecoli/ 
reportingtimeline. htm.)

sta tus, and pre ex ist ing de bil i tat ing health con di tions can in di vid u ally or 
col lec tively in flu ence whether an in di vid ual be comes ill.

MECHANISMS OF PATHOGENICITY
The ex act mech a nism of path o ge nic ity of EHEC is not known. Ge ne ral 
knowl edge about the path o ge nic ity of EHEC in di cates that the bac te ria 
cause dis ease by their abil ity to ad here to the host cell mem brane and col-
o nize the large in tes tine. They then pro duce one or more Stxs. However, 
the mech a nisms of in tes ti nal col o ni za tion are not well un der stood. The 
roles of var i ous other po ten tial vir u lence fac tors and host fac tors re main 
to be de ter mined. The vir u lence fac tors in volved in the path o gen e sis of 
EHEC are sum ma rized in Table 12.3.

Attaching and Effacing
Adherence fac tors and their genes have been char ac ter ized, but the 
mech a nisms of ad her ence and col o ni za tion by E. coli O157:H7 and other 
EHEC strains have not been char ac ter ized com pletely. Studies with an i-
mal mod els re vealed that the path o gen can col o nize the co lons of orally 
in fected an i mals by an AE mech a nism.
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The AE le sion is char ac ter ized by in ti mate at tach ment of the bac te ria to 
in tes ti nal cells. This re sults in loss of mi cro villi on the ep i the lial cells and 
ac cu mu la tion of ac tin (F ac tin) in the cy to plasm. It is be lieved that sim i lar 
mech a nisms reg u late the pro cesses of AE for ma tion by E. coli O157:H7.

The Locus of Enterocyte Effacement
Genes on the lo cus of enterocyte ef ace ment of the EPEC chro mo some 
are in volved in pro duc ing the AE le sion. The lo cus of enterocyte ef ace-
ment is not pres ent in E. coli strains that are part of the nor mal in tes ti nal 
flora, E. coli K-12, or ETEC strains. The lo cus of enterocyte ef ace ment is 
found in those EPEC and EHEC strains that pro duce the AE le sion. The 
lo cus of enterocyte ef ace ment con sists of three seg ments with genes of 
known func tion. Genes as so ci ated with the lo cus of enterocyte ef ace-
ment en code pro teins in volved in at tach ment and rec og ni tion that are 
known to in ter act di rectly with the host.

Intimin is an outer mem brane pro tein en coded by the eae (from 
E. coli AE) gene. The pro tein is pro duced by EPEC, EHEC, Hafnia alvei, 
and Citrobacter rodentium. Intimin is the only de scribed ad her ence fac-
tor of E. coli O157:H7 and is im por tant for in tes ti nal col o ni za tion in an i-
mal mod els.

The Tir pro tein is pro duced by the bac te rial cell and moves to the host 
cell, where it serves as a re cep tor for intimin, via the type III se cre tion sys-
tem. Most bac te rial path o gens use ex ist ing host cell re cep tors. The abil ity 
of EPEC and EHEC to sup ply their own re cep tors may pro vide ad di tional 
ad van tages for ini ti at ing the pro cess of ad he sion, mo til ity, and sig nal 
trans duc tion. The type III se cre tion sys tem, pres ent in many Gram-nega-
tive bac te rial path o gens, is in duced upon con tact with the host cells and 
only ex ports vir u lence fac tors to eu kary otic cells.

The 60-MDa Plasmid (pO157)
E. coli O157:H7 iso lates carry a plas mid (pO157) of ∼60 MDa (un re lated 
to the 60-MDa plas mid pres ent in EPEC). Because of the as so ci a tion of 
the 60-MDa plas mid with EHEC, the plas mid is linked to the path o gen e-
sis of EHEC in fec tions. However, its ex act role in vir u lence has not been 
de ter mined. The plas mid car ries po ten tial vir u lence genes, in clud ing 

Table 12.3 Proteins and genes in volved in path o gen e sis of EHEC

Genetic lo cus Protein de scrip tion Gene(s) Function

Chromosome (lo cus of 
enterocyte eff ace ment)

Intimin eae Adherence

Tir tir Intimin re cep tor

Secretion pro teins espA, espB, espD Induces sig nal trans duc tion

Type III se cre tion sys tem escC, escD, escF, escJ, escN, 
escR, escS, escT, escU, escV, 
sepQ, sepZ

Apparatus for ex tra cel lu lar 
pro tein se cre tion

Phage Stx stx1a, stx2a, stx2c, stx2d Inhibits pro tein syn the sis

Plasmid EHEC he mo ly sin EHEC hylA Disrupts cell mem brane 
per me abil i ty

Catalase-peroxidase katP
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those en cod ing EHEC he mo ly sin and cat a lase-peroxidase. The EHEC cat-
a lase-peroxidase is an en zyme that pro tects the bac te rium against ox i da-
tive stress, a de fense mech a nism of mam ma lian cells dur ing bac te rial 
in fec tion.

Stxs
EHEC pro duces one or two Stxs. Molecular stud ies of Stx1 pro teins from 
dif er ent E. coli strains re vealed that Stx1 is ei ther com pletely iden ti cal to 
the Stx of S. dysenteriae type 1 or dif ers by only one amino acid. Unlike 
Stx1, tox ins of the Stx2 group are not neu tral ized by se rum raised against 
Stx and do not cross-re act with Stx1-specific DNA probes. There is se-
quence and an ti genic var i a tion within tox ins of the Stx2 fam ily pro-
duced by E. coli O157:H7 and other EHEC strains. The sub groups of Stx2 
are Stx2a, Stx2c, Stx2d, and Stx2e.

Structure of the Stx Family
Stxs are com posed of a sin gle en zy matic 32-kDa A sub unit in as so ci a-
tion with a pentamer of 7.7-kDa re cep tor-binding B sub units. The Stx A 
sub unit can be split by tryp sin into an en zy matic A1 frag ment (∼27 kDa) 
and a car box yl-terminal A2 frag ment (∼4 kDa) that links A1 to the B 
sub units.

Genetics of Stxs
While all  stx1 op er ons ap pear to be iden ti cal and are lo cated on the ge-
nomes of ly so genic lambdoid bac te rio phages, there is con sid er able het-
ero ge ne ity in the stx2 fam ily. Unlike the genes for other Stx2 pro teins, 
which are lo cated on bac te rio phages that in te grate into the chro mo-
some, the genes en cod ing Stx of S. dysenteriae type 1 and Stx2e are chro-
mo somal. The genes of ad di tional var i ants of Stx2 have been iso lated 
from EHEC. Finally, Stx and Stx1 pro duc tion is neg a tively reg u lated at 
the tran scrip tional level by an iron-Fur pro tein com plex that binds at the 
stx1 pro moter. This is not af ected by tem per a ture, whereas Stx2 pro duc-
tion is nei ther iron nor tem per a ture reg u lat ed.

Receptors
All mem bers of the Stx fam ily bind to gly co lip ids on the eu kary otic cell 
sur face. The al ter ation of bind ing spec i fic ity be tween Stx2e and the rest 
of the Stx fam ily is re lated to the car bo hy drate spec i fic i ties of re cep tors. 
Stx1 binds pref er en tially to Gb3 (gly co lipid globotriaosylceramide) con-
tain ing C20:1 fatty acid, whereas Stx2c pre fers Gb3 con tain ing C18:1 fatty 
ac id.

Mode of Action of the Stxs
Stxs act by in hib it ing pro tein syn the sis. While it ap pears that trans fer of 
the toxin to the Golgi ap pa ra tus is es sen tial for in tox i ca tion, the mech a-
nism of en try of the A sub unit and par tic u larly the role of the B sub unit 
re main un clear. Although the en tire toxin is nec es sary for its toxic ef ect 
on whole cells, the A1 sub unit can cleave the N-glycoside bond in one 
aden o sine po si tion of the 28S ri bo somal RNA (rRNA) that com prises 
60S ri bo somal sub units. This elim i na tion of a sin gle ad e nine nu cle o tide 
in hib its the elon ga tion fac tor-dependent bind ing to ri bo somes of ami-
noacyl-bound trans fer RNA (tRNA) mol e cules. Peptide chain elon ga tion 
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is stopped, and over all pro tein syn the sis is sup pressed, re sult ing in cell 
death.

The Roles of Stxs in Disease
The pre cise roles of Stxs in me di at ing co lonic dis ease, HUS, and neu ro-
log i cal dis or ders are not un der stood. There is no sat is fac tory an i mal 
model for bloody di ar rhea (hem or rhagic co li tis) or HUS. The se ver ity of 
the dis eases pre vents the study of ex per i men tal in fec tions in hu mans. 
Therefore, our un der stand ing of the role of Stxs in caus ing dis ease is 
ob tained from his to pa thol ogy of dis eased hu man tis sues, an i mal mod-
els, and en do the lial tis sue cul ture cells. It ap pears that Stxs con trib ute to 
path o gen e sis by di rectly dam ag ing vas cu lar en do the lial cells in cer tain 
or gans, thereby dis rupt ing the ho meo static prop er ties of the cells.

There is a cor re la tion be tween in fec tion with E. coli O157:H7 and de-
vel op ment of HUS in hu mans. Histopathological ex am i na tion of kid ney 
tis sue from HUS pa tients re veals ex ten sive struc tural dam age in the 
glo mer uli, the ba sic fil tra tion unit of the kid ney. Endotoxin in the pres-
ence of Stxs also can ac ti vate phago cytic cells to syn the size and re lease 
cy to kines, su per ox ide rad i cals, or pro tein ases and can am plify en do the-
lial cell dam age.

E. coli O157:H7 strains iso lated from pa tients with bloody di ar rhea 
usu ally pro duce both Stx1 and Stx2 or Stx2 on ly; iso lates pro duc ing only 
Stx1 are un com mon. Patients in fected with E. coli O157:H7 pro duc ing 
only Stx2 or Stx2 in com bi na tion with Stx1 are more likely to de velop se-
ri ous kid ney or cir cu la tory com pli ca tions than pa tients in fected with 
EHEC strains pro duc ing Stx1 on ly.

CONCLUSION
The se ri ous na ture of hem or rhagic co li tis (bloody di ar rhea) and HUS 
caused by E. coli O157:H7 places this path o gen in a cat e gory apart from 
other foodborne path o gens that typ i cally cause only mild symp toms. The 
se ver ity of the ill ness, com bined with its low in fec tious dose (<100 cells), 
qual i fies E. coli O157:H7 to be among the most dan ger ous of foodborne 
path o gens. Illness caused by this path o gen has been linked to the con-
sump tion of a va ri ety of foods. Recreational wa ter and drink ing wa ter are 
also ve hi cles of trans mis sion of E. coli O157:H7 in fec tion. The path o genic 
mech a nisms of E. coli O157:H7 are not fully un der stood; how ever, pro duc-
tion of one or more Stxs and AE ad her ence are im por tant vir u lence fac tors. 
Although other EHEC strains cause dis ease, E. coli O157:H7 is still by far 
the most im por tant se ro type of EHEC in North Amer ica, although other 
STECs are in creas ing in im por tance. Isolation of non-O157:H7 EHEC 
strains re quires tech niques not gen er ally used in clin i cal lab o ra to ries; 
hence, these bac te ria are rarely de tected in rou tine prac tice. Recognition 
of non-O157 EHEC strains in foodborne ill ness re quires the iden ti fi ca tion 
of se ro types of EHEC other than O157:H7 in per sons with bloody di ar rhea 
and/or HUS and pref er a bly in the im pli cated food. The in creased avail-
abil ity in clin i cal lab o ra to ries of tech niques, such as test ing for Stxs or 
their genes and iden ti fi ca tion of other vir u lence mark ers unique to EHEC, 
may en hance the de tec tion of dis ease at trib ut  able to non-O157 EHEC.
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Questions for crit i cal thought
 1.  E. coli O157:H7 and non-O157 STEC rep re sent a sig nifi  cant hu man health threat.

Provide ra tio nale for the global in crease in cases of foodborne ill ness linked to non-
O157 STECs.

 2.  The in fec tious dose of E. coli O157:H7 may be as low as 10 cells. What char ac ter is-
tics of the path o gen con trib ute to the low in fec tious dose?

 3.  E. coli O157:H7 pro duces Stx. Explain how Stxs af ect host cells and de scribe the role
they play in dis ease.

 4.  The site of lo cal i za tion in the in tes tine dif ers for EHEC, ETEC, and EIEC. Why
might this be im por tant with re spect to path o gen e sis?

 5.  Consider whether the fol low ing state ments ap ply to EHEC. Explain your re sponse.
(i) E. coli O157:H7 is one ex am ple of an EHEC strain. (ii) It is a ma jor cause of trav-
el er’s di ar rhea but can also cause out  breaks in the United States. (iii) EHEC strains
may be have more like Vibrio cholerae in pro duc ing a pro fuse wa tery di ar rhea with-
out  blood or mu cus. (iv) All EHEC are STEC, but not all  STEC are EHEC. Indicate
whether the state ment is true or false and de fend your an swer.

 6.  What char ac ter is tics of E. coli O157:H7 would en hance prob a bil ity of sur vival of the
path o gen in a pro duc tion field (let tuce, spin ach) en vi ron ment lo cated in Cal i for nia 
or Ar i zo na?

 7.  Based on the out  breaks de scribed, what mea sures could be im ple mented to re duce
cases of foodborne ill ness linked to STECs?

 8.  The stx genes as so ci ated with E. coli O157:H7 are lo cated on bac te rio phages. Why
hasn’t there been spread of the stx genes to other bac te ria by the bac te rio phag es?

 9.  Provide a sce nario that may re sult in cross-contamination of let tuce (or other types
of pro duce) with E. coli O157:H7.

  10.  Why are chil dren (10 years of age and youn ger) more likely than adults to de velop
com pli ca tions (HUS) when in fected with E. coli O157:H7?

  11.  The pro tein intimin is re quired for ad her ence of E. coli O157:H7 to ep i the lial cells.
Speculate whether the path o gen would cause dis ease if it lacked the abil ity to pro-
duce intimin.

Summary

• Cattle are a ma jor res er voir of E. coli O157:H7, with undercooked ground beef be ing the sin gle most fre quently
im pli cated ve hi cle of trans mis sion.

• Acid tol er ance is an im por tant fea ture of this path o gen.

• EHEC strains other than O157:H7 have been in creas ingly as so ci ated with cases of HUS.

• Production of Stx is an im por tant vir u lence fea ture of E. coli O157:H7.

• E. coli O157:H7 can be read ily dis tin guished from other E. coli strains based on bio chem i cal char ac ter is tics, such 
as in abil ity to fer ment sor bi tol and lack of pro duc tion of β-glucuronidase.
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  12.  Based on char ac ter is tics of E. coli O157:H7, what tests could be per formed to dis tin-
guish the path o gen from other E. coli strains?

  13.  Speculate as to why pro duce-linked E. coli O157:H7-related out  breaks have in creased 
dur ing the past de cade.

  14.  When pro cess ing fresh fruits and veg e ta bles, it is pru dent to use a chem i cal sani-
tizer in the wa ter. Ultimately, a 1- to 2-log re duc tion in pop u la tion of STECs oc curs. 
Is the lim ited log re duc tion as so ci ated with char ac ter is tics/properties of the or gan-
ism or are other fac tors com ing into play? Explain your an swer.
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Learning Objectives

The information in this chapter will enable the student to:

• use basic biochemical characteristics to identify L. mono-
cytogenes

• understand what conditions in foods favor L. monocyto-
genes growth

• recognize, from symptoms and time of onset, a case of
foodborne illness caused by L. monocytogenes

• choose appropriate interventions (heat, preservatives, or
formulation) to prevent L. monocytogenes growth

• identify environmental sources of L. monocytogenes

• understand the role of L. monocytogenes toxin(s) and
virulence factor(s) in causing foodborne illness

Outbreak
Outbreaks of foodborne illness continue to occur, despite the intervention 
measures that the food industry continues to develop and the ways in 
which consumers become better educated about safe food preparation. 
We all learn a great deal from studying foodborne outbreaks: about the 
ways in which microorganisms grow and survive and how they cause ill
ness. The time line of foodborne outbreaks, from the moment of contam
ination until the last case is reported, can be very long. This case study 
examines important questions raised during an outbreak investigation. 
How long does it take to detect an outbreak of a sporadic disease? How 
much evidence does it take before you can launch a recall? What do you do 
with 35 million pounds of a recalled food product, like hot dogs?

These are just a few of the questions that were asked in a listeriosis out
break that spanned 1998 and 1999, sickened 79 people in 17 states, and 
killed 12. This is a historically important outbreak in terms of numbers, 
food source, and outcome. The sequence of events is outlined below.

Spring and summer, 1998: A hotdogprocessing plant had an 
unusually high isolation rate of cells of Listeria from the envi
ronment.

July 4 weekend, 1998: An overhead airconditioning unit thought 
to be the source of Listeria cells was cut apart and removed from 
the plant.

doi:10.1128/9781555819392.ch13
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INTRODUCTION
Over the last 25 years, listeriosis has become a major foodborne disease. 
The outbreak described above shows how quickly a large outbreak can 
occur. The first outbreak was traced to coleslaw in 1981. Outbreaks were 
soon linked to cheeses, lunch meats, milk, chicken nuggets, and fish. 
There are now about 1,662 cases of listeriosis every year, with an esti
mated 266 deaths. It is estimated that Listeria contamination in deli 

October 1998: The CDC began investigating four listeriosis cases 
from Tennessee. A 74yearold woman who loved hot dogs was 
dead. Her flulike illness made her drowsy and headachy and then 
killed her. Soon, more cases were reported from Ohio, New York, 
and Connecticut. Officials continued comparing food histories of 
individuals who were sick and family and friends who were well.

November 1998: A 31yearold camp counselor died in Ohio. The 
genetic fingerprints of bacteria isolated from the listeriosis vic
tims in the different states were identical. They must have eaten 
a common food.

Early December 1998: Hot dogs were statistically implicated as 
the cause of the outbreak.

Mid-December 1998: Hot dog brands packed at Sara Lee’s Bil Mar 
Foods plant were implicated. With four people dead, the plant 
stopped shipping product.

22 December 1998: Sara Lee announced the recall of all meat 
processed at the Bil Mar plant.

23 December 1998: The outbreak strain of L. monocytogenes was 
isolated from an unopened package of Bil Mar hot dogs. This 
met the U.S. Department of Agriculture (USDA) criterion for a 
recall.

25 December 1998: Another victim died in upstate New York.

January 1999: The USDA issued its first press release on the re
call. It was of no help to a pregnant 27yearold video store man
ager. She survived a severe “case of the flu” only to see her 
premature twin babies delivered stillborn. L. monocytogenes was 
isolated from her placenta.

May 1999: The USDA advised immunocompromised consum
ers not to eat hot dogs or deli meats unless they were thoroughly 
heated.

This is the story of one recall for listerial contamination. The USDA 
and FDA typically issue about 30 recalls for L. monocytogenes contamina
tion each year, and the number of recalls and the types of foods recalled 
are both increasing. Why? Food safety is a critical component of food
testing processes for many companies; items are recalled as precaution 
or in reaction to specific tests. You have likely noticed this yourself in 
the news media.

Authors’ note
Steps in an epidemiological 
investigation often appear 
linear. However, the flurry of 
activity in an investigation often 
includes interviews, recalls, and 
laboratory tests that occur all at 
the same time, and during 
the investigation the working 
hypothesis may be changed 
several times. While the 
outbreak described here 
occurred quite a while ago, 
the timeline reflects an 
important series of events 
and is unique in its detail.
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meats alone costs the United States $1.1 billion each year plus the loss of 
4,000 qualityadjusted life years, as determined by microbiologists 
and epidemiologists. It is interesting that listeriosis is primarily food
borne, whereas other microorganisms are transmitted by both food and 
water.

Today L. monocytogenes is considered by many to be the top challenge 
to the food industry. Many factors contributed to the emergence of liste
riosis. These include the following.

•  Eliminating the spoilage bacteria that prevent listeriae from
growing. L. monocytogenes is a relatively poor competitor with
other bacteria but thrives in refrigerated conditions under which
competing bacteria cannot grow.

•  Changing demographics, with more people considered at risk
due to old age, or because they are taking immunosuppressants
or have undergone organ transplantation or chemotherapy, etc.
Some pathogens, such as Clostridium botulinum, can make any
one sick. Others, like L. monocytogenes, are opportunistic path
ogens that attack only people whose immune defenses are
impaired.

•  Changing food production practices, particularly centralization
and consolidation. Small institutional kitchens are increasingly
consolidated into larger, centralized facilities, which make good
hygienic practices more challenging.

•  Increasing use of refrigeration to preserve foods. L. monocytogenes
grows better than other organisms in the cold.

•  Changing eating habits, with increased consumer demand for
“fresh,” “minimally processed,” and “natural” foods that require
little cooking or preparation and do not contain preservatives
that would prevent listerial growth.

•  Increased awareness (have you ever noticed that once you buy a
silver Ford Mustang, the road is full of silver Ford Mustangs?)
and ability to detect sporadic outbreaks. Computerized data
bases, DNA fingerprinting, and the Internet have played key
roles in enabling us to detect previously unrecognized sporadic
outbreaks.

The disease listeriosis is not a typical foodborne illness. Listeriosis is
sporadic and rare, but it is severe. It can cause meningitis, septicemia, 
and abortion (Table 13.1). Listeriosis is the third leading cause of death 
due to foodborne illness. Approximately 15.9% of people who get listeri
osis die from it (i.e., the fatality/case ratio is high), and there is a long 
time lag from when the food is eaten to the onset of illness. L. monocy-
togenes, the causative organism, differs from most other foodborne 
pathogens. The organism is widely distributed in nature and resistant to 
adverse environmental conditions. It is psychrotrophic and grows in hu
man phagocytes. In addition, Listeria survives for long periods in or on 
food, soil, plants, and hard surfaces. These traits make Listeria control 
difficult for the food industry. It is unclear how L. monocytogenes should 

Authors’ note
An early step in the investiga-
tion of foodborne disease is to 
determine what food(s) was 
eaten by people who got sick 
but not by those who did not 
get sick. These numbers can 
statistically implicate a food.

Table 13.1 Symptoms caused by 
L. monocytogenes

Low-grade flu-like infection—not 
serious, except in pregnant women 
(who spontaneously abort)

Listeric meningitis—headache, 
drowsiness, coma

Perinatal infection

Encephalitis

Psychosis

Infectious mononucleosis

Septicemia

Authors’ note
Once a cell is phagocytized, L. 
monocytogenes can continue to 
reproduce and move from cell 
to cell without reentering the 
bloodstream.
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be viewed. The disease’s severity and case fatality rate require that it be 
controlled. But given the organism’s characteristics, it is unrealistic to 
make all food Listeria free.

CHARACTERISTICS OF THE ORGANISM
Classification: The Genus Listeria
Joseph Lister (Fig. 13.1), the discoverer of medical disinfection, had a 
mouthwash and a genus of bacteria named after him. This genus, Liste-
ria, is related to Clostridium, Staphylococcus, Streptococcus, Lactobacillus, 
and Brochothrix. L. monocytogenes is 1 of 10 species in the genus Listeria. 
The other species are L. ivanovii, L. innocua, L. seeligeri, L. welshimeri, 
L. murrayi, L. denitrificans, L. rocourtiae, L. marthii, and L. grayi. Within 
the genus Listeria, only L. monocytogenes and L. ivanovii are pathogens. 
L. monocytogenes is a human pathogen. L. ivanovii is primarily an animal 
pathogen.

Listeria species are differentiated by a few biochemical traits. The bio
chemical tests that characterize the species are acid production from 
dxylose, lrhamnose, alphamethyldmannoside, and dmannitol. The 
ability to lyse red blood cells differentiates L. monocytogenes from non
pathogenic Listeria species. Tumbling motility due to peritrichous 
flagella is another characteristic trait of L. monocytogenes, which is a fac
ultative anaerobe. The nonpathogenic species are frequently isolated from 
the same foods and environments as L. monocytogenes. “Rapid” tests 
based on genetic or immunological traits identify Listeria isolates to the 
genus or species level. Special media, such as Oxoid Brilliance Listeria 
Agar (Fig. 13.2), also allow its rapid identification.

Public health officials investigating outbreaks can characterize L. 
monocytogenes isolates below the species level to help identify common 
sources of the organism. This can be done by genetic fingerprinting or 
by serotype. There are 13 serotypes of pathogenic L. monocytogenes. 
Ninetyfive percent of the organisms isolated from listeriosis victims 
belong to three serotypes: 1/2a, 1/2b, and 4b. In the United States, the 
CDC has established a network (PulseNet) of public health laboratories to 
subtype foodborne pathogenic bacteria by using genetic fingerprinting. 

Figure 13.2

L. monocytogenes colonies on Oxoid Brilliance Listeria Agar in a research study 
assessing L. monocytogenes isolation from bacterial microflora on cantaloupe 
surfaces. Selective media can help differentiate and select for a specific micro
organism. (This photo was taken during a research study conducted by Dr. 
Sarah Markland, University of Delaware.)

Figure 13.1

Joseph Lister.

Authors’ note
Development of selective and 
differential media is a dynamic 
industry. The example of Oxoid 
here is an example of a useful 
medium, and you should know 
that many other excellent 
media are available as well.
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PulseNet laboratories use standardized methods for subtyping bacte
rial DNA by pulsedfield gel electrophoresis (PFGE), which uses alter
nating currents to increase the resolution of the DNA fingerprints. By 
comparing PFGE patterns of foodborne pathogens from different loca
tions via the Internet, they can identify outbreaks having a common 
source.

Development and study of molecular typing methods in food process
ing environments is a growing field of study. The challenge is that clus
ters of bacterial contamination occur along with isolated cases scattered 
over time and perhaps in different locations (may be the beginning of a 
multistate outbreak). Typing methods can identify an unusually virulent 
strain of L. monocytogenes or determine if multiple lots of food have be
come contaminated over time. There is a lack of direct evidence to show 
L. monocytogenesassociated biofilms have played a role in food contami
nation or foodborne outbreaks, likely because biofilm isolation and identi
fication are not routinely part of an outbreak investigation; however, it is
often hypothesized that bacteria in biofilms survive sanitation and may
contribute to outbreaks. Typing methods include automated ribotyping;
use of PCRrestriction fragment length polymorphism (RFLP) for viru
lence genes actA and hly; and serotyping by DNA sequencing of actA
and 16S rRNA gene. Virulence can also be assessed in tissue culture as
says. Distribution of bacteria in a processing plant can be determined
through sampling at different sites, including drains, floors, slicers, con
veyor belts, and other variable locations.

Susceptibility to Physical and Chemical Agents
L. monocytogenes grows from 0 to 45°C but grows slowly at colder tem
peratures (Table 13.2). As mentioned above, the increase in cases of liste
riosis may be due, in part, to the fact that we eat more readytoeat
refrigerated foods, and as a society we keep food in refrigeration condi
tions for longer periods. Freezing does not significantly reduce the size of
the bacterial population. Survival and injury during frozen storage de
pend on the food and the freezing rate. L. monocytogenes is killed at tem
peratures of >50°C.

L. monocytogenes grows in laboratory media at pH values as low as
4.4. At pH values below 4.3, cells may survive but do not grow. Organic 
acids, such as acetic, citric, and lactic acids at 0.1%, can inhibit L. mono-
cytogenes growth. The antilisterial activity of these acids is related to their 
degree of dissociation (see chapter 25). Not all acids are created equal; citric 
and lactic acids are less harmful at an equivalent pH than acetic acid. 
Hydrogen chloride is least effective of all.

L. monocytogenes grows best at water activity (aw) values of ≥0.97. For
most strains, the minimum aw for growth is 0.93, but some strains may 
grow at aw values as low as 0.90. The bacterium may survive for long 
periods at aw values as low as 0.83. L. monocytogenes heat resistance 
increases as the aw of the food in which it is heated decreases. This is 
problematic for food manufacturers which combine low aw and heat 
treatments to maintain the safety of foods, such as cured meats.

L. monocytogenes grows to high levels in moderate salt concentrations
(6.5%). It can even grow in the presence of 10 to 12% sodium chloride. 

Table 13.2 Influence of temperature on 
doubling time of L. monocytogenes

Temp (°C) td (hours)a

4 43

10 6.6

37 1.1

atd, doubling time.
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The bacterium survives for long periods in higher salt concentrations. 
Lowering the temperature increases the survival rate in highsalt envi
ronments. Thus, cured meats (like hot dogs, bologna, and ham) are very 
hospitable environments for Listeria growth. For these reasons Listeria 
control in foods is best achieved by multiple hurdles (see chapter 2), 
coupled with environmental monitoring, in processing areas.

LISTERIOSIS AND SPECIFIC FOODS
Ready-to-Eat Foods
Readytoeat foods (such as soft cheeses, frankfurters, delicatessen meats, 
and poultry products) can pose a high listeriosis risk for susceptible popu
lations. Some foods that have caused listeriosis are listed in Table 13.3. 
Because 20% of refrigerators have temperatures of >50°F, refrigeration 
cannot ensure the safety of readytoeat foods. In addition, refrigeration 
offers an environment where L. monocytogenes can outcompete mesophilic 
pathogens.

Milk Products
Raw milk is a source of L. monocytogenes. Mexicanstyle cheese made 
with unpasteurized milk caused one of the first listeriosis outbreaks in 
California. Pasteurization is a proven safety intervention. WHO states, 
“Pasteurization is a safe process which reduces the number of L. mono-
cytogenes organisms in raw milk to levels that do not pose an appreciable 
risk to human health.” U.S. regulatory authorities share this view. How
ever, L. monocytogenes grows well in pasteurized milk. This makes post
process contamination (the contamination of food by environmental 
bacteria after the food has received its antimicrobial processing) a major 
concern. Listeria cells grow more rapidly in pasteurized milk than in raw 
milk at 7°C because there are fewer competitors in pasteurized milk. Milk 
contaminated after pasteurization and refrigerated can support very high 
listerial populations after 1 week. Temperature abuse can make things 
even worse. In a recent outbreak, chocolate milk was contaminated in the 
plant and then held at room temperature (in the summer) for several days. 
This allowed L. monocytogenes populations to reach the very high level of 
109 colonyforming units (CFU)/ml. The victims told the epidemiologists 
to check the chocolate milk because “it tasted bad.” Nonetheless, in spite 
of the offflavor, they drank it.

Table 13.3 Some foods that have been associated with listeriosis. Any surprises on this 
list? Can you identify aspects of the foods or processing influences that might have 
allowed for contamination by L. monocytogenes?

Caramel apples Cook-and-chilled chicken Human breast milk

Cheese (many varieties) Salted mushrooms Vegetable rennet

Alfalfa tablets Packaged salads Hot dogs

Chicken nuggets Sprouts Deli meat

Raw milk Cantaloupes Deli salads

Cod roe Pork sausage Smoked fish

Turkey frankfurters Ice cream
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Cheeses
L. monocytogenes survives cheese manufacturing and ripening because
of its temperature hardiness, ability to grow in the cold, and salt toler
ance. L. monocytogenes is concentrated in the cheese curd during
manufacturing. The behavior of listeriae in the curd is influenced by the
type of cheese, ranging from growth in feta cheese to significant death in
cottage cheese. For example, during cheese ripening, L. monocytogenes
can grow in Camembert cheese, die gradually in Cheddar or Colby cheese,
or decrease rapidly during early ripening and then stabilize, as in blue
cheese. The reasons for these differences are unknown. Consumption of
soft cheeses by susceptible persons is a risk factor for listeriosis. The CDC
recommends that pregnant women and other immunocompromised peo
ple avoid eating soft cheeses. For recent outbreaks involving contaminated
cheese in Europe, recalling the foods and advising people not to eat the
contaminated product were effective control measures, but learning about
recalled food products is not always easy. During this outbreak across
three countries, several people ate the incriminated cheese products even
after the recall was announced; however, numbers were limited to 34 out
break cases.

Meat and Poultry Products
L. monocytogenes growth in meat and poultry depends on the type of
meat, the pH, and the presence of other bacteria. L. monocytogenes grows
better in poultry than in other meats. Roast beef and summer sausage
support the least growth. Contamination of animal muscle tissue can be
caused by the presence of L. monocytogenes in or on the animal before
slaughter or by contamination of the carcass after slaughter. Because
L. monocytogenes concentrates and multiplies in the kidney, lymph nodes,
liver, and spleen, eating organ meat may be more hazardous than eating
muscle tissue. L. monocytogenes attaches to the surface of raw meats,
where it is difficult to remove or kill. It also grows readily in processed
meat products, including vacuumpackaged beef, at pH values near 6.0.
There is little or no growth around pH 5.0. Readytoeat meats that are
heated and then cooled in brine before packaging may favor L. monocyto-
genes growth because competitive bacteria are reduced and have a high
salt tolerance.

A 1993–1996 USDA monitoring program for L. monocytogenes in 
cooked readytoeat meats found it in 0.2 to 5.0% of beef jerky, cooked 
sausages, salads, and spreads. In sliced ham and sliced luncheon meats 
the incidence was 5.1 to 81%. This has decreased dramatically over the 
last 10 years. In Canada, the incidence of L. monocytogenes in domestic 
readytoeat, cooked meat products was 24% in 1989 and 1990 but de
clined to 3% or less during 1991 and 1992. However, in environmental 
specimens obtained from foodprocessing plants, the contamination 
level remained constant from 1989 to 1992. This suggests that once es
tablished in a food plant environment, L. monocytogenes may persist for 
years. In fact, strains of L. monocytogenes appear to persist within a pro
cessing environment and have resistance to some disinfectants, which 
allows them to survive even better despite normal cleaning and sanita
tion programs. Scientists continue to evaluate the persistence and toler
ance of L. monocytogenes strains under different conditions.



|  Chapter 13230

Seafoods
L. monocytogenes has been isolated from fresh, frozen, and processed 
seafood products, including crustaceans, molluscan shellfish, and fin
fish. Shrimp, smoked mussels, and imitation crabmeat have all been 
vehicles for illness. Rainbow trout were implicated in two outbreaks. An 
FDA survey of refrigerated or frozen cooked crabmeat showed contami
nation levels of 4.1% for domestic products and 8.3% for imported prod
ucts. Crab and smoked fish were contaminated with L. monocytogenes at 
7.5 and 13.6%, respectively.

Among the seafoods that may be highrisk foods for listeriosis are mol
lusks, including mussels, clams, and oysters; raw fish; lightly preserved 
fish products, including salted, marinated, fermented, and coldsmoked 
fish; and mildly heatprocessed fish products and crustaceans.

Other Foods
A survey of vacuumpackaged processed meat revealed that 53% of 
the products were contaminated with L. monocytogenes and that 4% con
tained >1,000 CFU/g (a high level for a readytoeat food). This finding 
corroborates experimental evidence that the growth of L. monocytogenes 
(a facultative anaerobe) is not significantly affected by vacuum packag
ing. Studies with meat juice, raw chicken, and precooked chicken nuggets 
revealed that modified atmospheres do not protect against L. monocyto-
genes growth.

Many surviving cells are injured by heating, freezing, or various other 
treatments. Heatstressed L. monocytogenes may be less pathogenic than 
nonstressed cells because energy normally devoted to pathogenesis is di
verted to dealing with stressors. On nonselective agar (or food), injured 
cells can repair the damage induced by stress and grow. When injured 
cells are subjected to additional stress in selective agar (or food), they may 
not be recoverable on the agar media.

Environmental Sources of L. monocytogenes
L. monocytogenes is ubiquitous in the environment. Listeria species sur
vive and grow in many water environments: surface water of canals and 
lakes, ditches, freshwater tributaries, and sewage. Listeria organisms 
have been isolated from alfalfa plants and crops grown on soil treated 
with sewage sludge. Onehalf of the radish samples grown in soil inoc
ulated with L. monocytogenes were still contaminated 3 months later. 
L. monocytogenes is also present in pasture grasses and grass silages. 
Decaying plant and fecal materials probably contribute to L. monocytogenes 
in soil. The soil provides a cool, moist environment, and the decaying 
material provides the nutrients.

L. monocytogenes has been isolated from the feces of healthy animals. 
Many animal species can get listeriosis. Humans having listeriosis and 
humans who carry the organism without becoming sick both shed the 
organism in their feces. Figure 13.3 illustrates how L. monocytogenes is 
spread from the environment to animals and humans and back to the 
environment.

Food-Processing Plants
L. monocytogenes enters foodprocessing plants through soil on workers’ 
shoes and clothing and on vehicles. The organism can also enter the 
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facility with contaminated raw vegetable and animal tissue and with hu
man carriers. The high humidity and nutrient levels of foodprocessing 
environments promote listerial growth. L. monocytogenes is often detected 
in moist areas, such as floor drains, condensed and stagnant water, 
floors, residues, and processing equipment. L. monocytogenes attaches to 
surfaces, including stainless steel, glass, and rubber. Perhaps the ways 
in which these bacterial cells attach and persist in these environments 
help them to survive. In fact, after six visits to one processing plant in 
Canada, scientists identified the genetic profiles of strains they named 
“persistent” because of their ability to survive on floor drains and in the 
plant.

L. monocytogenes contaminates carcasses from feces during slaugh
ter. A high percentage (11 to 52%) of healthy animals are fecal carriers. 
L. monocytogenes is present in both unclean and clean zones in slaugh
terhouses, especially on workers’ hands. The most heavily contaminated
working areas are those for cow dehiding, pig stunning, and hoisting.
Studies in turkey and poultry slaughterhouses found L. monocytogenes
in drip water associated with defeathering, chill water overflow, and
recycled cleaning water.

L. monocytogenes does not survive heat processing. It gets into pro
cessed foods primarily by postprocess contamination. L. monocytogenes 
is particularly hard to eliminate from food plants because it adheres to 
food contact surfaces and forms biofilms in hardtoreach areas, such as 
drains and pipes. Figure 13.4 shows a similar phenomenon in the growth 
of Pseudomonas fluorescens in hardtoclean sites in equipment and 
outofreach areas like naturally occurring holes or breaks in plastic 
materials that occur during the manufacturing process or during 

Food processing 
equipment and
environment

Meat

Milk
Processed

foods

Vegetables

Fish, crustaceans

Feces

Humans

Sewage

Soil Water

Plants

Silage Manure

Ruminants

Figure 13.3

Potential routes of transmission of L. monocytogenes. (Based on Swaminathan B, 
p. 383–409, in Doyle MP, Beuchat LR, Montville TJ, ed, Food Microbiology:
Fundamentals and Frontiers, 2nd ed, ASM Press, Washington, DC, 2001.)
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routine use. These properties make proper sanitation difficult. L. mono-
cytogenes is often found in raw materials used in food plants, so there are 
ample opportunities for reintroduction of listeriae into processing facilities 
that have previously eradicated it.

Prevalence and the Regulatory Status of L. monocytogenes
L. monocytogenes contamination of food is widespread. It is a major 
cause of USDA recalls (Fig. 13.5). Contamination levels range from 0% 
in bakery goods to 16% in some readytoeat foods. The rate of contami
nation of raw foods is much higher, up to 60% in raw chicken. Pre
served, but not heattreated, fish and meat products are more frequently 
contaminated than are heattreated meat foods. L. monocytogenes can be 
isolated from many vegetables, including bean sprouts, cabbage, cu
cumbers, leafy vegetables, potatoes, prepackaged salads, radishes, salad 
vegetables, and tomatoes.

There is an international debate about how L. monocytogenes should 
be regulated (Box 13.1). Because L. monocytogenes is so common, regula
tory agencies in many countries assert that it is impossible to produce 
L. monocytogenesfree foods. They have established “tolerance levels” for 
L. monocytogenes. Products that have caused human listeriosis are placed 
in a special category and regulated more strictly than are foods that have 
never caused listeriosis. In China, the National Food Safety Standards 
(GB 299212013) include limitations on L. monocytogenes, with testing 
required in RTE meat products with an n = 5 sample size; the lowest ac
ceptable level is zero, with no maximum acceptable level. In RTE seafood 
(aquatic products) in China, there is no requirement for L. monocyto-
genes, but there is for Salmonella, Vibrio parahaemolyticus, and Staphylo-
coccus aureus. Most European Union countries believe that foods should 
be free of L. monocytogenes, if possible, or have the lowest contamination 
level possible. Thus, foods intended for susceptible populations must 
be Listeriafree. Other foods (except those intended for infants and for 

Figure 13.4

(Left) Hole in polyvinyl chloride caused by gas escaping during the polymerization 
process. Scale bar, 1 µm. (Right) Colonization by Pseudomonas fluorescens CCL 134 of 
a hole in a polyvinyl chloride conveyor belt (4day culture in meat exudate). Imagine 
that this is L. monocytogenes in a biofilm in a coolprocessing plant environment. Scale 
bar, 2 µm. (Reprinted from Carpentier B, Cerf O, Int J Food Microbiol 145:1–8, 2011, 
with permission. Courtesy of Brigitte Carpentier.)
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special medical purposes) may contain L. monocytogenes at <100 CFU/g. 
In contrast, the United Kingdom and the United States have “zero toler
ance” (in a 25g sample) for L. monocytogenes. Both countries argue that 
the infective dose must be known before an “acceptable” level for L. 
monocytogenes can be set. The infective dose is unknown, and it may dif
fer for different types of people.

A “citizens’ petition” (by which anyone can ask the U.S. government 
to change its regulations) has proposed a tolerance for L. monocytogenes 

A

B

20

15

10

5

0
Other

E. coli

Undeclared
allergens

Process
deviation

Salmonella Escherichia
coli 

O157:H7

Listeria
monocytogenes

25

%
 o

f a
ll 

re
ca

lls

0
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

5

10

15

20

25

30

35

40

45

50

R
ec

al
ls

 b
y 

pa
th

og
en

s 
an

d 
al

le
rg

en
s

Listeria
Salmonella
Allergens

Figure 13.5

L. monocytogenes is an important foodborne pathogen responsible for recalls of
contaminated or potentially contaminated foods. Panel A shows the number of recalls
in 1997. L. monocytogenes was clearly the leading cause that year, but since 2010 (see
panel B), recalls due to improperly labeled or undeclared allergens surpassed the
number of recalls associated with L. monocytogenes. In fact, panel B illustrates 94 recalls
over a 9year period, representing >2,480,000 pounds of products regulated by the
USDA’s Food Safety and Inspection Service (FSIS), which were recalled because of
allergens or pathogen contamination. http://www.fsis.usda.gov/wps/portal/fsis/topics
          /recallsandpublichealthalerts/recallsummaries. Use your critical thinking skills to 
assess our food production systems and consider why we have so many recalls associ
ated with the issues above (both bacterial pathogens and allergens).

Authors’ note
There is zero tolerance for L. 
monocytogenes in ready-to-eat 
foods but no detection method 
that is 100% accurate.
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in lowrisk foods (Table 13.4). The argument is that if L. monocytogenes 
cannot grow in the food, is not held at temperatures that would support 
growth (yes, this is redundant with the first condition), and has a low 
probability of making someone ill, there is no justification for zero toler
ance. There are two additional arguments against the U.S. zerotolerance 
policy. The first is that the FDA has legal authority to issue regulations 
that are based on sound science to protect the health of the American 
people. However, different parts of the population require different de
grees of protection (Table 13.5). The incidence of listeriosis (∼0.7 per 
100,000 people) is the same in European countries with a tolerance limit 
of <100 CFU/g as it is in the United States, where there is a zero tolerance. 
Thus, the zerotolerance regulation appears to offer no additional health 

Box 13.1
Group exercise: industrial and regulatory responses to Listeria monocytogenes

Objective

To understand some of the real-
world factors involved in setting 
industrial policies through use of a 
simulation.

Scenario

You work for MSF Foods, a large 
cookie company that added a 
premium pie line 8 months ago. 
This line has been a huge success, 
yielding a 4% increase in corporate 
profits. Marketing has determined 
that adding cheesecake and cream 
pie products to the line could fill a 
new market niche and increase next 
year’s profits by a similar extent.

The product line manager ques-
tioned if these products might pose 
a Listeria risk and what kind of 

end-product testing would be 
required to ensure product safety. 
(In the cookie line, the company 
does “test and hold” for Salmonella. 
Should a similar program be 
instituted for Listeria in the pies?) 
The production side of the company 
says that a test-and-hold policy 
would be the kiss of death for this 
short-shelf-life, refrigerated project. 
The microbiology department 
insists that end-product testing is 
the only way to ensure the safety of 
the product.

A meeting has been called to 
resolve this issue. Your job, at the 
end of the meeting, is to write a 
two-page recommendation to the 
Vice President of Cookies, Creams, 
and Cakes.

Your assignment

 1. the premeeting: Split into 
groups and discuss the issues. 
Decide what additional informa-
tion is required for you to make a 
decision. Decide which side of 
the testing controversy you stand 
on, and will fight for, during the 
meeting.

 2. the meeting: The group tries to 
reach a consensus. (Self-explana-
tory.)

 3. the work product: Write a 
two-page memo to the Vice 
President of Cookies, Creams, 
and Cakes (who knows a lot 
about cookies but nothing about 
microbiology) outlining your 
recommendation as to what the 
company should do and why.

Table 13.4 Citizens’ proposal for low-risk versus high-risk foods

Low-risk food High-risk food

Does not support growth of L. mono-
cytogenes to high numbers

Food supports the growth of  
L. monocytogenes to high numbers

Is not held for extended periods at 
temperatures that permit growth

Is held for long periods at refrigera-
tion temperatures

Probability of illness is 1 in 100,000 for 
at-risk populations

Probability of illness is 1 in 6,000 for 
at-risk populations

Tolerance of <100 CFU/g Tolerance remains zero
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benefit. Secondly, international trade requires harmonization of microbial 
specifications. When the United States bars the import of foods meeting 
the European Union’s <100CFU/g tolerance limit, it can be charged with 
inhibition of free trade through “nontariff trade barriers.” However, 
politically, no one wants to be seen as “in favor of allowing germs in 
food.” The debate over zero tolerance continues. The current dilemma 
is discussed in Box 13.2.

Human Carriers
L. monocytogenes can be carried asymptomatically in the feces of many
groups. These include healthy people, pregnant women, patients with
gastroenteritis, slaughterhouse workers, laboratory workers handling Lis-
teria, food handlers, and patients undergoing hemodialysis. L. monocyto-
genes has been isolated from 2 to 6% of fecal samples from healthy people.
Patients with listeriosis often excrete high numbers of L. monocytogenes
organisms. Specimens from 21% of patients had >104 L. monocytogenes
organisms/g of feces. The same strain of L. monocytogenes was fecally shed
by 18% of their housemates. Fecal carriers amplify outbreaks through
secondary transmission. (The primary transmission is through the food
to the first victim. The secondary transmission is from the feces of the
first victim to another person.) This secondary fecaloral transmission
of bacteria that originate in foodborne outbreaks also occurs with other
pathogens.

Table 13.5 Relative risk of listeriosis for 
different populations

Population Relative risk

Total 1a

Older than 70 years 3

Pregnant 17

HIV positive 200

aAbsolute risk, 7 cases per million people.

Box 13.2
The current dilemma

The United States is currently 
spending hundreds of millions of 
dollars to decrease the incidence of 
listeriosis. But is the money being 
spent effectively? Is the obsession 
with listeriosis cost-effective?

It is hard to say. The causative 
organism is widespread in the 
environment and difficult to 
eradicate, yet relatively few foods 
have been implicated in listeriosis 
outbreaks. Should all ready-to-eat 
foods or only those with a historical 
problem be tested for Listeria? 
There are relatively few cases of 
listeriosis, and when outbreaks 
occur, only a tiny percentage of 
people who eat the product get 
sick. Although the attack rate is low, 
the fatality rate is high. Might it be 
more cost-effective to educate 

at-risk populations to avoid certain 
foods rather than to test for 
listeriae? The methods for isolating 
and identifying Listeria leave much 
to be desired. These tests have a 10 
to 15% false-negative rate; i.e., if 100 
samples containing Listeria were 
tested, the organism would not be 
detected in 10 to 15 of the samples 
in which it was present. Is it fair to 
demand zero tolerance when there 
is no 100% reliable test? Does it 
make sense to test products in 
which the presence of listeriae is 
unlikely or that have received 
listericidal treatments? The Interna-
tional Commission on Microbial 
Specifications for Foods has 
suggested that such foods need not 
be tested. The current regulatory 
emphasis has dramatically de-
creased the isolation of Listeria 

from food, but the number of cases 
of listeriosis has not had a corre-
sponding decrease. Regulatory 
agencies, food industry groups, and 
consumer advocates all agree that 
the current regulations need to be 
reexamined, but these groups 
disagree on how or why. For the 
moment, there is emphasis on 
developing better surveillance for 
listeriosis, so that progress (or lack 
of progress) can be monitored. 
Foods that have been associated 
with listeriosis are under increased 
scrutiny, but this has not prevented 
additional recalls. There are efforts 
to educate at-risk groups, especially 
pregnant women who can be 
reached through their obstetricians, 
but these efforts need to be more 
effective. The debate is sure to 
continue for years.
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FOODBORNE OUTBREAKS
Foodborne transmission of listeriosis was first documented in 1981 dur
ing a Canadian outbreak in Nova Scotia. A casecontrol study and strain 
typing proved that food was the source. There were 34 cases among 
pregnant women and 7 cases among nonpregnant adults over a 6month 
period. A casecontrol study implicated coleslaw. The epidemic strain 
was later isolated from an unopened package of coleslaw. Cabbage fertil
ized with manure from sheep suspected to have had meningitis caused 
by Listeria was the probable source. Harvested cabbage was stored over 
the winter and spring in an unheated shed. The cold provided a growth 
advantage for the psychrotrophic L. monocytogenes.

Contaminated Mexicanstyle cheese caused a 1985 listeriosis outbreak 
in California. There were 142 cases over 8 months. Pregnant women ac
counted for 93 cases. The remaining 49 were among nonpregnant adults. 
Most of the victims had a predisposing condition for listeriosis. Almost 
onethird of the people infected died. However, about 10,000 people con
sumed the cheese, so the overall attack rate was very low. Inadequate 
pasteurization of milk and mixing of raw milk with pasteurized milk 
caused the outbreak.

L. monocytogenes in soft cheese was responsible for a 4year outbreak 
of 122 cases in Switzerland. A contaminated pâté caused a 300case out
break in the United Kingdom. Recalling the food, advising people not to 
eat contaminated product, and taking action to prevent L. monocytogenes 
contamination at processing facilities controlled these large outbreaks. 
In 2014 cheese products produced by Roos Foods of Kenton, Delaware, 
were involved in an outbreak with illnesses in California and Maryland. 
The illnesses across the country were connected by whole genome se
quences of the isolates from the Roos Foods’ cheese products available 
after the recall. There were eight illnesses and one death in this out
break.

There was a 10state outbreak of listeriosis between May and Novem
ber 2000. The L. monocytogenes isolates were all serotype 1/2a and had 
identical PFGE patterns. Eight perinatal and 21 nonperinatal cases were 
reported. (The perinatal period includes the time before birth to about 
1 month after.) Among the 21 nonperinatalcase patients, the median 
age was 65 years (range, 29 to 92 years); 62% were female. This outbreak 
resulted in four deaths and three miscarriages or stillbirths. A casecon
trol study implicated deli turkey meat.

In 2011, an unexpected outbreak of listeriosis was associated with 
cantaloupes that were likely contaminated in the field. This multistate 
outbreak was associated with 146 cases, 143 hosptalizations, and at least 
33 deaths (Box 13.3). Another unusual multistate outbreak that occurred 
in 2015 was associated with prepackaged caramel apples. Across 12 states, 
this outbreak resulted in at least 35 cases of illness, 34 hospitalizations, 
and 7 deaths. In response to this outbreak, leading grocery chains pulled 
prepackaged caramel apples from store shelves.

The ways in which outbreaks are detected is a fascinating science in 
itself. In 2015 the South Carolina Department of Health and Environ
mental Control isolated Listeria as part of routine sampling from Blue 
Bell brand singleserving ice cream products collected from a distribu
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Box 13.3
L. monocytogenes as a preharvest risk?

Cantaloupes have a long history of 
contamination with bacterial 
pathogens, particularly Salmonella 
species; however, in 2011 contamina-
tion with L. monocytogenes made 
history. The cantaloupe’s rough skin 
can trap and hold bacteria, which 
can survive through the supply 
chain, from growing, harvesting, 
packing, storage, transport, distribu-
tion, and processing, to the consum-
er’s final cut into the fleshy fruit. A 
turning point for the produce 
industry occurred following the 2011 
outbreak of listeriosis, associated 
with contaminated cantaloupes, 
when a cantaloupe-growing com-
pany faced criminal charges for 
growing produce that was contami-
nated with L. monocytogenes, which 
resulted in the deaths of 34 individu-
als. This outbreak was complicated, 
with no definitive cause in the 
traceback; however, analysis at the 
cantaloupe-packing facility identified 
several risk factors, including lack of 
sanitizer in the wash water and 
potential for cross contamination 
due to condensation in areas in the 
packing shed. This was indeed a 
tragedy involving poor facility and 
equipment design in the packing 
shed. Five different bacterial 
subtypes were identified from 
clinical samples and from canta-
loupes. According to the six-count 
indictment, Eric and Ryan Jensen 
unknowingly introduced adulterated 
(Listeria-tainted) cantaloupe into 
interstate commerce. The indict-
ment further stated that the canta-
loupe was prepared, packed, and 
held under conditions that rendered 
it injurious to health. The Jensens 
faced up to 6 years in jail and $1.5 
million each in fines. The fourth-
generation producers eventually 
pleaded guilty and were sentenced 
to 5 years of probation.

According to a recent report 
released by the Interagency Food 
Safety Analytics Collaboration 
(IFSAC) Project, L. monocytogenes 
is considered a high-priority 
pathogen due to the frequency and 
severity of the illness it causes, as 
well as its susceptibility to targeted 
interventions. The CDC estimates 
listeriosis to be the cause of 94% 
and 15.9% of hospitalizations and 
mortalities, respectively, linked to 
foodborne illness. Because the 2011 
L. monocytogenes outbreak has had
such an impact on attribution
estimates, the IFSAC model now
estimates that 50% of L. monocyto-
genes outbreaks are linked to fresh
fruits, with an average outbreak size
of 147 illnesses. Microbial contami-

nation can originate from count-
less areas along the farm-to-fork 
continuum. At greatest risk are 
those aspects of contamination that 
can occur within the preharvest 
environment, whereby microbial 
contamination of plant tissues can 
come from water, soil amendments, 
wind, birds, insects, animals, and 
other fomites. Following the 2011 
outbreak associated with canta-
loupes, the presence of the soil-
borne bacterium L. monocytogenes 
in the preharvest environment 
is at the forefront of food safety 
concerns.

McCollum JT et al. 2013. Multistate outbreak 
of listeriosis associated with cantaloupe. 
N Engl J Med 369:944–953.

Domestic/wild
animals

Listeria monocytogenes

Farming practices
(irrigation, amendments)

Abiotic parameters
• Texture
• pH
• Water availability

Biotic components
• Microflora
• Viruses
• Fauna

Meteorological 
factors

Possible routes of transfer and circulation of L. monocytogenes in the farm environment. The 
preharvest environment is COMPLEX! How would you act to reduce potential for contamina-
tion of crops by L. monocytogenes? (Modified from Vivant AL, Garmyn D, Piveteau P, Front 
Cell Infect Microbiol 3:87, 2013, with permission.)
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tion center. After first finding L. monocytogenes, the scientists requested 
additional products to test and continued to find the pathogen in a vari
ety of samples. Following this, PFGE was performed, and seven different 
fingerprint patterns were uploaded to the CDC PulseNet. Shortly after 
this, clinical infections were identified in different states with matching 
fingerprints. Several of the contaminated ice creams were institution/
food service ice cream cups. The FDA inspection of three different pro
duction plants identified areas of risk for Listeria, including condensation 
dripping into ice cream. While this outbreak resulted in 10 documented 
illnesses and 3 deaths, the Blue Bell ice cream outbreak has its own place 
in history, due to the fact that contamination was occurring over 5 years 
of ice cream production, from 2010 to 2015, at three different production 
facilities in Alabama, Oklahoma, and Texas.

CHARACTERISTICS OF DISEASE
L. monocytogenes causes listeriosis in welldefined highrisk groups. 
These include pregnant women, newborns, and immunocompromised 
adults. Listeriosis occasionally occurs in otherwise healthy people. In 
nonpregnant adults, L. monocytogenes causes septicemia, meningitis, 
and meningoencephalitis. The mortality rate is 20 to 25%. Cancer, or
gan transplants, immunosuppressive therapy, infection with human 
immunodeficiency virus, and advanced age predispose people to listerio
sis. L. monocytogenes infection may cause only mild flulike symptoms in 
pregnant women but can cause stillbirth or abortion of the fetus. While 
listeriosis outbreaks attract much attention, most cases of human lis
teriosis are sporadic. Some sporadic cases may be unrecognized com
monsource outbreaks. Although foods may be implicated in some 
sporadic cases, the mode of infection is usually unknown. Because spo
radic cases are so hard to investigate, many cannot be associated with 
food. Incubation times of as many as 5 weeks make it difficult to get 
accurate food histories and examine suspect foods. Understanding the 
epidemiology of sporadic cases would help develop more effective con
trol strategies.

Sporadic listeriosis is a rare disease. In Europe and Canada, passive 
surveillance suggests that there are 2 to 7 cases per million people. An 
activesurveillance study in the United States gave a more precise esti
mate of 7.4 cases per million people. Since 1990, there has been an almost 
50% decrease in sporadic listeriosis in the United States. This finding 
suggests that current preventive measures are making a difference.

Human listeriosis is poorly understood. Although exposure to L. 
monocytogenes is common, listeriosis is rare. This may be due to high 
human resistance or low pathogenicity of most strains. Some healthy 
humans are asymptomatic fecal carriers of L. monocytogenes. The risk of 
clinical disease in carriers is unknown. Although Listeria seems to tar
get pregnant women, some pregnant women also have asymptomatic 
fecal carriage of listeriae and have normal pregnancies. Women who 
give birth to infected infants may not be infected in later pregnancies.

L. monocytogenes can also cause a second illness, feverish gastroenter
itis. The gastroenteritis outbreaks differ from the invasive outbreaks. 
They affect people with no predisposing risk factors. The infectious dose 
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is higher (1.9 × 105 to 1 × 109 CFU/g or CFU/ml) than that for invasive lis
teriosis. Finally, the symptoms appear within several hours (18 to 27 h) of 
exposure, in contrast to the weeks after exposure observed for invasive 
listeriosis. The first case of listeric gastroenteritis, reported in 1994, was 
caused by the postprocess contamination of chocolate milk held in an un
refrigerated processing vat. The contaminated milk was then stored unre
frigerated (i.e., incubated) by the buyers, who served it at a large summer 
gathering; about 75% of those who drank the milk got sick.

INFECTIOUS DOSE
The infectious dose of L. monocytogenes depends on the immunological 
status of the human, the virulence of the microbe, and the food. Studies 
with human volunteers are impossible (i.e., such studies would be uneth
ical), but in studies with animals, reducing exposure levels reduces clini
cal disease. There are usually >100 CFU of L. monocytogenes/g in foods 
responsible for outbreaks. However, the frankfurters implicated in the 
1998 listeriosis outbreak had <0.3 CFU/g. As with other pathogenic bacte
ria, the food can provide protection to the bacterium as it travels through 
the stomach and into the intestine. Research following different outbreaks 
suggests that L. monocytogenes doseresponse relationship is strainspe
cific and more epidemiological data are needed to provide critical infor
mation for the enhancement of current risk assessments and development 
of future risk assessments.

VIRULENCE FACTORS AND MECHANISMS OF PATHOGENICITY
L. monocytogenes is unique among foodborne pathogens. Other patho
gens excrete toxins or multiply in the blood. In contrast, L. monocytogenes
enters the host’s cells, grows inside the cell, and passes directly into nearby
cells (Fig. 13.6). Celltocell transmission reduces the bacterium’s expo
sure to antibiotics and circulating antibodies. This membranepenetrating
ability allows L. monocytogenes to cross into the brain and placenta.

Pathogenicity of L. monocytogenes
There are many tests for studying L. monocytogenes pathogenicity, in
cluding a fertilized hen egg test, tissue culture assays, and tests using 
laboratory animals, particularly mice. In these studies, mice are infected 
by injection into the stomach cavity, intravenously, or by mouth. Viru
lence is then evaluated by comparing the 50% lethal dose or by counting 
bacteria in the spleen or liver. Fifty percent lethal dose values range from 
103 to 107 CFU.

When mice are exposed to L. monocytogenes, the infection follows a well
defined course, lasting for about 1 week. Within 10 min after intravenous 
injection, 90% of the bacteria are taken up by the liver and 5 to 10% by 
the spleen. During the first 6 h, the number of viable listeriae in the 
liver decreases 10fold, indicating their rapid destruction. Surviving lis
teriae then infect susceptible macrophages and multiply. They grow ex
ponentially in the spleen and liver for the next 48 h. If inactivation ensues 
during the next 3 to 4 days, the host recovers.

L. monocytogenes enters humans through ingestion, crosses the in
testinal barrier, and is internalized by macrophages, where it replicates. 
The blood then transports the listeriae to lymph nodes. When they reach 
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the liver and the spleen, most listeriae are rapidly killed. The survivors 
travel by the blood to the brain or the placenta.

Specific Genes Mediate Pathogenicity
L. monocytogenes cells can fight their way into nonphagocytic human 
cells. Our understanding of how gene regulation influences pathogenic
ity is in its infancy. A series of L. monocytogenes genes gives the instruc
tions for each step of this infectious process. The protein internalin is 
needed to start the process. Internalin is coded for by the gene inlA. 
This gene is thermoregulated and is expressed more readily at 37°C than 

Entry into the cell
Internalin (inlA)

Lysis of the vacuole and
intracellular division

LLO (hly)
Pl-PLC (plcA)

Actin polymerization and
intracellular movement

ActA (actA)

Cell-to-cell spread
PC-PLC (plcB)

Figure 13.6

Schematic representation of L. monocytogenes celltocell spread. Abbreviations: LLO, 
listeriolysin O; PIPLC, phosphatidylinositol phospholipase C; PCPLC, phosphatidyl
cholinespecific phospholipase C. (Redrawn from B. Swaminathan, p 383–409, in 
Doyle MP, Beuchat LR, Montville TJ, ed, Food Microbiology: Fundamentals and 
Frontiers, 2nd ed, ASM Press, Washington, DC, 2001.)



Listeria monocytogenes  | 241

Suggested reading
Vivant AL, Garmyn D, Piveteau P. 2013. Listeria monocytogenes, a downtoearth 
pathogen. Front Cell Infect Microbiol 3:87.

Ferreira V, Wiedmann M, Teixeira P, Stasiewicz MJ. 2014. Listeria monocytogenes 
persistence in foodassociated environments: epidemiology, strain characteristics, and 
implications for public health. J Food Prot 1:150–70.

National Advisory Committee on Microbiological Criteria for Foods. 1991. Listeria 
monocytogenes. Int J Food Microbiol 14:185–246.

at 20°C. Mutants lacking this gene cannot form the phagosome that intro
duces the bacteria to the inside of the mammalian cell. To do real damage, 
the Listeria must be released from the phagosome and liberated into the 
cytoplasm of the host cell. The hly gene is responsible for this. It codes for 
listeriolysin, an enzyme that breaks open the phagosome. Listeriolysin 
breaks down red blood cells; its activity is measured as hemolytic activity. 
L. monocytogenes mutants lacking the hly gene are not pathogenic. These 
cells can be entrapped by phagosomes but are not freed into the cytoplasm.

Once the Listeria cells are free in the host cytoplasm, the genes that 
regulate growth and multiplication work in the normal fashion. The Listeria 
cells have the unusual ability to use the host’s actin molecules. Actin, to
gether with myosin, is the major component of human muscles. It is in 
nonmuscle cells at lower concentrations. The actA gene in Listeria codes 
for a protein, ActA, which is made at one end of the bacterium. ActA makes 
the actin propel the cell forward. The force generated by the actin pushes 
the cell across the infected host’s membrane and into the membrane of the 
adjacent cell. The final gene needed for pathogenicity is plcB. This gene 
codes for a membranehydrolyzing enzyme that helps listeriolysin O liber
ate the bacterium into the cytoplasm of the adjacent human cell.

Summary

•  L. monocytogenes is a ubiquitous organism that can grow at refrigeration temperatures.

•  There are relatively few (5,000/year) cases of listeriosis, but there is a high (∼25%) fatality rate among people 
who get it.

•  L. monocytogenes is a hardy organism that is relatively resistant to dehydration, low pH, and low aw.

•  Ready-to-eat foods that are preserved by refrigeration pose a special challenge with regard to L. monocytogenes.

•  Symptomatic and asymptomatic people can shed L. monocytogenes in their feces.

•  The United States has a zero tolerance for L. monocytogenes in ready-to-eat foods, but in Europe there is some 
tolerance for it in certain foods.

•  Outbreaks of listeriosis generally extend over a long period, are caused by refrigerated foods, have high 
case-fatality rates, and involve a disproportionate number of pregnant women.

•  L. monocytogenes enters the host’s cells, grows inside the cell, and passes directly into nearby cells.

•  Internalin, listeriolysin, ActA, and a membrane-hydrolyzing enzyme are the four major proteins that govern the 
pathogenic process.
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Questions for critical thought
  1.  What reasons might explain our lack of awareness of L. monocytogenes prior to 

1980?

  2.  What are the pros and cons of a tolerance versus zero tolerance for L. monocytogenes 
in readytoeat food?

  3.  Make up an outbreak of listeriosis. Include food, setting, population, symptoms, 
the chain of events that caused the outbreak, and how it might have been prevented.

  4.  Diagram the life of L. monocytogenes as an intracellular pathogen, noting impor
tant gene products.

  5.  What characteristics make L. monocytogenes a “successful” foodborne pathogen?

  6.  Why do listeriae grow more rapidly in pasteurized milk than in raw milk?

  7.  Write down one thing you do not understand about L. monocytogenes. Discuss it 
with a classmate.

  8.  Choose one of the “more questions than answers” issues, and write a page about it.

  9.  Use the CDC, USDA, or FDA website to find a recent Listeria outbreak or recall. 
How do its characteristics fit with those described in the text?

  10.  Write a really good question about Listeria that might be used on your exam.

  11.  There was a great deal of criticism towards the FDA following the 2011 cantaloupe 
outbreak regarding the lack of government support. How might the Food Safety 
Modernization Act have changed this outbreak if it had been in effect?

  12.  During the 2015 investigation of the outbreak of listeriosis associated with Blue 
Bell ice cream the FDA noted condensate drip from hoses onto the ice cream molds 
where the mixed berry and mint chocolate chip ice cream products were filled in 
the plants in Texas and Oklahoma. How would this finding influence the contami
nation of the ice cream?

More questions than answers
  1.  Are all L. monocytogenes strains equally pathogenic?

  2.  Are all of them capable of causing outbreaks?

  3.  What is the infectious dose of L. monocytogenes for nonpregnant adults, persons 
with immune system deficiencies, and pregnant women?

  4.  Do the infectious doses vary significantly among strains?

  5.  Is the expression of virulence genes influenced by the food the listeriae are in?

  6.  Do all strains cause feverish gastroenteritis in humans?

  7.  Are some L. monocytogenes strains better able to form biofilms and persist in the 
environment?

  8.  Is it realistic to expect all readytoeat foods to be free of Listeria?

  9.  How can we ensure that readytoeat salads are not contaminated with L. monocyto-
genes?

  10.  How can we prevent Listeria contamination of other readytoeat foods, such as 
frankfurters, soft cheeses, and smoked fish?

  11.  Considering all that you know about bacterial growth, why might L. monocytogenes 
cells be “persistent” compared to other types of bacteria? (Remember that it is cold 
in most foodprocessing plants.)
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Learning Objectives

The in for ma tion in this chap ter will en able the stu dent to:

• use ba sic bio chem i cal char ac ter is tics to iden tify 
Salmonella

• un der stand what con di tions in foods fa vor Salmonella
growth

• rec og nize, from symp toms and time of on set, a case of
foodborne ill ness caused by Salmonella

• choose ap pro pri ate in ter ven tions (heat, pre ser va tives, and 
for mu la tion) to pre vent the growth of Salmonella

• iden tify en vi ron men tal sources of the or gan ism

• un der stand the roles of Salmonella tox ins and vir u lence 
fac tors in caus ing foodborne ill ness

Outbreak
In fall 2015, the most se vere crim i nal pen al ties ever im posed on a food 
company were handed down to ex ec u tives at Peanut Corporation of 
Amer ica (PCA). The com pany was linked to the deadly Salmonella out 
break that oc curred be tween Sep tem ber 2008 and March 2009. Stew art 
Par nell, the for mer PCA chief ex ec u tive of  cer, was sen tenced to 28 years 
in prison for know ingly al low ing Salmonella enterica serovar Typhimurium
tainted pea nuts to be sold and shipped into com merce, which re sulted 
in 714 con firmed ill nesses and nine deaths across 46 states. When a pea
nut sam ple tested pos i tive for Salmonella, he or dered re test ing to get a 
con trived neg a tive re sult; a neg a tive re sult may be ob tained by sam pling 
a par tic u lar sec tion of the con tam i nated batch or may sim ply be at trib uted 
to dieoff of the path o gen. His brother Mi chael Par nell, a pea nut bro ker, 
re ceived a 20year sen tence. A for mer qual ity as sur ance man ager was sen
tenced to 5 years in prison and two plant man ag ers re ceived 6year and 
3year sen tences, re spec tively. One of the out  break vic tims’ fam ily mem
bers said, “Stew art Par nell, you gave some peo ple death sen tences. Luck
ily, you are not be ing sen tenced to death.” The out  break also brought one 
of the larg est food re calls in U.S. his tory. At least 3,918 prod ucts con tain
ing PCA pea nut but ter or paste were re called from more than 300 com pa
nies. This out  break, which cap tured na tional at ten tion, high lights the fact 

doi:10.1128/9781555819392.ch14



|  Chapter 14244

INTRODUCTION
National ep i de mi o log i cal reg is tries con tinue to un der score the im por
tance of Salmonella spp. as lead ing causes of foodborne bac te rial ill
nesses in hu mans. Incidents of foodborne sal mo nel lo sis tend to dwarf 
those ill nesses as so ci ated with most other foodborne path o gens (Table 14.1). 
It is note wor thy that the prob lem of hu man sal mo nel lo sis from the con
sump tion of con tam i nated foods gen er ally re mains on the in crease 
world wide. Notwithstanding re cent im prove ments in pro ce dures for the 
ep i de mi o log i cal in ves ti ga tion of foodborne out  breaks in many coun
tries, the global in creases in foodborne sal mo nel lo sis are real. They are 
not a re sult of en hanced sur veil lance pro grams and/or greater re source
ful ness of med i cal and pub lic health of  cials. Events such as the on go ing 
pan demic of eggborne Salmonella enterica serovar Enteritidis in fec tion 
clearly have an im pact on cur rent dis ease sta tis tics. Major out  breaks of 
foodborne sal mo nel lo sis in the last few de cades are of in ter est be cause 
they un der score the mul ti plic ity of foods and Salmonella serovars that 
have been im pli cated in hu man ill ness (Fig. 14.1). In 2015, con sump tion 
of whole cu cum bers sold at re tail out  lets led to 767 hu man cases of S. 
enterica serovar Poona in fec tion and four deaths. The cu cum bers were 
im ported from Me xico and dis trib uted to at least 24 states. The food and 
Salmonella se ro type as so ci ated with out  breaks are some times un usual. 
An out  break in En gland of S. enterica serovar Goldcoast was at trib uted 
to the con sump tion of whelk, a com mon name that ap plies to var i ous 
kinds of sea snails. Epidemiological in ves ti ga tion sug gests the whelks 
were not prop erly ther mally pro cessed or were con tam i nated postther
mal pro cess ing at the pro cess ing fac tory. One of the larg est (>650 cases in 
On tario alone) sproutrelated sal mo nel lo sis out  breaks in the world oc curred 
in 2005 in Can ada and was as so ci ated with con sump tion of con tam i nated 
mung bean sprouts. In 2014, hun dreds of cases of sal mo nel lo sis and two 
deaths were linked with con sump tion of eggs pro duced by a Ba var ian 
egg pro ducer. Individuals were sick ened in Ger many, the United King
dom, France, Aus tria, and Lux em bourg. Regardless of the type of egg 

that food safety not only affects hu man health but also has so cial ram i
fi ca tions that in flu ence eco nomic ac tiv ity and po lit i cal is sues.

Some out  breaks just seem to last and last and last be fore a food can 
be con clu sively linked to the out  break. During the 17month pe riod from 
July 2014 to March 2013, 634 per sons in 29 states and Puerto Rico be
came in fected with Salmonella enterica serovar Heidelberg af ter con
sum ing re tail chicken meat pro duced by Foster Farms. At least 241 
per sons (38%) were hos pi tal ized, though no deaths were re ported. The 
out  break strain, S. enterica serovar Hei del berg, was iso lated from un
opened packages of Foster Farms brand raw chicken and from opened 
packages of ro tis serie chicken col lected from the homes of ill per sons. 
Raw chicken meat sam pled from the pro duc tion fa cil i ties tested pos i tive 
for the out  break strain. Salmonella can com monly be found on raw 
chicken, and therefore in ad e quate cook ing of poul try is likely a sig nifi 
cant risk fac tor lead ing to out  breaks. Chicken should be cooked to an 
in ter nal tem per a ture of 165°F (73.9°C) to eff ec tively in ac ti vate path o gens 
of con cern. Do you own a cook ing ther mom e ter?
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Table 14.1  Examples of ma jor foodborne out  breaks of sal mo nel lo sis world wide since 1981

Year Location(s) Vehicle Serovar(s)
No. of 
cas esa

No. of 
deaths

1981 The Neth er lands Salad base In di ana 600b 0

1981 Scot land Raw milk Typhimurium PT 204 654 2

1984 Can a da Cheddar cheese Typhimurium PT 10 2,700 0

1984 France, En gland Liver pâté Goldcoast 756 0

1985 United States Pasteurized milk Typhimurium 16,284 7

1987 People’s Republic of China Egg drink Typhimurium 1,113 NSc

1988 Japan Cooked eggs Salmonella spp. 10,476 NS

1991 United States, Can a da Cantaloupes Poo na >400 NS

1991 Ger ma ny Fruit soup Enteritidis 600 NS

1994 Fin land, Swe den Alfalfa sprouts Bovismorbificans 492 0

1994 United States Ice cream Enteritidis PT 8 740 0

1995 United States Orange juice Hart ford, Gaminara 62 0

1998 Can a da Cheddar cheese Enteritidis PT 8 700 0

1999 Japan Dried squid Salmonella spp. >453 0

1999 Aus tra lia Orange juice Typhimurium 427 NS

1999 Can a da Alfalfa sprouts Paratyphi B (Java) >53 NS

2004 Great Brit ain Lettuce New port >350 0

2004 United States Roma to ma toes Braenderup

Javiana

Typhimurium

Anatum

Thomp son

Muenchen

125

390

27

5

4

4

0

0

0

0

0

0

2005 Great Brit ain Imported shell eggs Enteritidis 68 0

2005 Can a da Roast beef Salmonella spp. 155 0

2006 Great Brit ain Chocolate Mon te vi deo >46 0

2006 United States Peanut but ter Ten nes see >288 0

2008 United States Cantaloupes Litchfield 51 0

2010 United States Ground red and 
black pep per

Mon te vi deo 272 0

2011 United States Ground tur key Hei del berg 111 0

2012 En gland, Ger many, 
Republic of Ire land

Watermelon New port 54 1

2013 United Kingdom Whelks Goldcoast 38 0

2014 United States Organic sprouted 
chia powder

New port, Hart ford, 
Oranienburg

31 0

2015 United States Cucumbers Poo na 767 4

aConfirmed cases un less stated oth er wise.
bEstimated num ber of cas es.
cNS, not spec i fied.
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pro duc tion prac tice, freerange, cagefree, caged, or or ganic, the mi cro
bial safety of the prod uct can not be guar an teed. A ma jor out  break of 
foodborne sal mo nel lo sis that oc curred in the United States in volved ice 
cream con tam i nated with serovar Enteritidis. The trans por ta tion of ice 
cream mix in an unsanitized truck that had pre vi ously car ried raw eggs 
was the source of con tam i na tion. Despite the gen eral per cep tion about 
the in volve ment of meat and egg prod ucts as the pri mary sources of hu
man Salmonella in fec tions, many out  breaks in re cent years have been as
so ci ated with to ma toes, cantaloupe, and veg e ta ble sprouts.

CHARACTERISTICS OF THE ORGANISM
In the early 19th cen tury, clin i cal pa thol o gists in France first doc u mented 
the as so ci a tion of hu man in tes ti nal ul cer a tion with a con ta gious agent. 
The dis ease was later iden ti fied as ty phoid fe ver. During the first quar ter 
of the 20th cen tury, great ad vances oc curred in the se ro log i cal de tec tion of 
so matic (O) and fla gel lar (H) an ti gens within the Salmonella group. An 
an ti genic scheme for the clas si fi ca tion of sal mo nel lae was later de vel oped 
and now in cludes >2,500 serovars.

Biochemical Identification
Salmonella spp. are fac ul ta tively an aer o bic, Gramnegative, rodshaped 
bac te ria be long ing to the fam ily Enterobacteriaceae. Although mem bers 

Figure 14.1

Number of S. enterica se ro types at trib uted to spe cific food com mod i ties for out  breaks 
from 1998 to 2008 in the United States.



Salmonella Species  | 247

of the ge nus are mo tile via pe rit ri chous fla gella (fla gella dis trib uted uni
formly over the cell sur face), nonflagellated var i ants, such as S. enterica 
serovars Pullorum and Gallinarum, and non mo tile strains re sult ing from 
dys func tional fla gella do oc cur. Salmonellae are chemoorganotrophic 
( able to uti lize a wide range of or ganic sub strates), with an abil ity to 
 me tab o lize nu tri ents by both re spi ra tory and fer men ta tive path ways. The 
bac te ria grow op ti mally at 37°C and ca tab o lize dglucose and other car bo
hy drates with the pro duc tion of acid and gas. Salmonellae are ox i dase 
neg a tive and cat a lase neg a tive and grow on cit rate as their sole car bon 
source. They gen er ally pro duce hy dro gen sul fide, de car box yl ate ly sine and 
or ni thine, and do not hy dro lyze urea. Many of these traits have formed the 
ba sis for the pre sump tive bio chem i cal iden ti fi ca tion of Salmonella iso
lates. Accordingly, a typ i cal Salmonella iso late would pro duce acid and gas 
from glu cose in tri ple sugar iron (TSI) agar me dium and would not uti lize 
lac tose or su crose in TSI or in diff er en tial plat ing me dia, such as bril liant 
green, xy loselysinedeoxycholate, and Hektoen en teric agars. Addition
ally, typ i cal sal mo nel lae read ily pro duce an al ka line re ac tion, from the de
car box yl ation of ly sine to ca dav er ine, in ly sine ion agar, gen er ate hy dro gen 
sul fide gas in TSI and ly si neion me dia, and fail to hy dro lyze urea. The 
dy nam ics of ge netic var i abil ity (the re sult of bac te rial mu ta tions and con
jugative in tra and in ter ge neric ex change of plas mids en cod ing de ter mi
nant bio chem i cal traits) con tinue to re duce the pro por tion of “typ i cal” 
Salmonella bio types. Salmonella uti li za tion of lac tose and su crose is plas
midmediated, and the oc cur rence of lac+ and/or suc+ bio types in clin i cal 
iso lates and food ma te ri als is of pub lic health con cern. These iso lates could 
es cape de tec tion on the di sac cha ridedependent plat ing me dia that are 
com monly used in hos pi tal and food in dus try lab o ra to ries. Bismuth sul fite 
agar re mains the me dium of choice for iso lat ing sal mo nel lae be cause, in 
ad di tion to its high level of se lec tiv ity, it re sponds eff ec tively to the pro duc
tion of ex tremely low lev els of hy dro gen sul fide gas. The di ag nos tic hur dles 
cre ated by the chang ing pat terns of di sac cha ride uti li za tion by Salmonella 
are be ing fur ther com pli cated by the in creas ing oc cur rence of bio types 
that can not de car box yl ate ly sine, that pos sess ure ase ac tiv ity, that pro duce 
in dole, and that read ily grow in the pres ence of KCN (po tas sium cy a nide). 
The var i abil ity in bio chem i cal traits is lead ing to the re place ment of tra di
tional test ing pro to cols with mo lec u lar tech nol o gies tar geted at the iden ti
fi ca tion of sta ble genes and/or their prod ucts that are unique to the ge nus 
Salmonella.

Taxonomy and Nomenclature
According to the WHO Collaborating Centre for Reference and Research 
on Salmonella (Institut Pas teur, Paris, France), S. enterica and Salmonella 
bongori cur rently in clude 2,579 and 22 serovars, re spec tively (Table 14.2). 
The CDC has adopted as its of  cial no men cla ture the fol low ing scheme:

The ge nus Salmonella com prises two spe cies, each of which con tains 
mul ti ple serovars (Table 14.2). The two spe cies are S. enterica, the type 
spe cies, and S. bongori, which was for merly sub spe cies V. S. enterica is 
di vided into six sub spe cies, which are re ferred to by a Ro man nu meral 
and a name (I, S. enterica subsp. enterica; II, S. enterica subsp. salamae; 
IIIa, S. enterica subsp. arizonae; IIIb, S. enterica subsp. diarizonae; IV, S. 
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enterica subsp. houtenae; and VI, S. enterica subsp. indica). S. enterica 
sub spe cies are diff er en ti ated biochemically and by ge no mic re lat ed ness. 
Salmonella serovars that have been fre quently linked to cases of foodborne 
ill ness in clude S. enterica serovars Enteritidis, Typhimurium, New port, 
and Stan ley.

Serological Identification
The aim of se ro log i cal test ing pro ce dures is to de ter mine the com plete 
an ti genic for mu las of in di vid ual Salmonella iso lates. Antigenic de ter mi
nants in clude so matic (O) li po po ly sac cha rides (LPS) on the ex ter nal sur
face of the bac te rial outer mem brane, fla gel lar (H) an ti gens as so ci ated 
with the pe rit ri chous fla gella, and the cap su lar (Vi [vir u lence]) an ti gen, 
which oc curs only in serovars Typhi, Paratyphi C, and Dub lin. The heat
stable so matic an ti gens are clas si fied as ma jor or mi nor an ti gens. The 
for mer cat e gory con sists of an ti gens, such as the so matic fac tors O:4 and 
O:3, which are spe cific de ter mi nants for the so matic groups B and E, 
re spec tively. In con trast, mi nor so matic an ti genic com po nents, such as 
O:12, are non dis crim i na tory, as ev i denced by their pres ence in diff er ent 
so matic groups. Smooth var i ants are strains with welldeveloped serotypic 
LPS that read ily ag glu ti nate with spe cific an ti bod ies, whereas rough var
i ants ex hibit in com plete LPS an ti gens, re sult ing in weak or no ag glu ti
na tion with Salmonella so matic an ti bod ies. Flagellar (H) an ti gens are 
heatlabile pro teins, and in di vid ual Salmonella strains may pro duce one 
(monophasic) or two (di pha sic) sets of fla gel lar an ti gens. Although se
rovars, such as Dub lin, pro duce a sin gle set of fla gel lar an ti gens, most 
serovars can elab o rate ei ther of two sets of an ti gens, i.e., phase 1 and 
phase 2 an ti gens. Capsular (K) an ti gens, com monly en coun tered in mem
bers of the fam ily Enterobacteriaceae, are lim ited to the Vi an ti gen in the 
ge nus Salmonella.

We pres ent serovar Infantis (6,7:r:1,5 [see be low]) as an ex am ple. Com
mercially avail  able po ly va lent so matic antisera each con sist of a mix ture 
of an ti bod ies spe cific for a lim ited num ber of ma jor an ti gens; e.g., po ly
va lent B (po lyB) an ti se rum (Difco Laboratories, De troit, MI) rec og nizes 
so matic groups C1, C2, F, G, and H. Following a pos i tive ag glu ti na tion 
with po lyB an ti se rum, sin glegroup antisera rep re sent ing the five so

Table 14.2  The ge nus Salmonellaa

Salmonella spe cies and sub spe cies (no.) No. of serovars

S. enterica subsp. enterica (I) 1,531

S. enterica subsp. salamae (II) 505

S. enterica subsp. arizonae (IIIa) 99

S. enterica subsp. diarizonae (IIIb) 336

S. enterica subsp. houtenae (IV) 73

S. enterica subsp. indica (VI) 132

S. bongori (V) 22

Total 2,579

a From Grimont, PAD, Weill F, Antigenic for mu lae of the Salmonella serovars, WHO Col lab o rat
ing Cen tre for Ref er ence and Re search on Salmonella, 2007, https:// www. pasteur. fr/ ip/ portal/ 
action / WebdriveActionEvent/ oid/ 01s 000036 089
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matic groups in cluded in the po lyB re agent would be used to de fine the 
serogroup of the iso late. The test iso late would re act with the C1 group 
an ti se rum, in di cat ing that an ti gens 6 and 7 are pres ent. Flagellar an ti
gens would then be de ter mined by broth ag glu ti na tion re ac tions us ing 
po lyH antisera or the SpicerEdwards se ries of antisera. In the for mer as
say, a pos i tive ag glu ti na tion re ac tion with one of the five po ly va lent anti
sera (po lyA to E; Difco) would lead to test ing with sin glefactor antisera 
to spe cifi  cally iden tify the phase 1 and/or phase 2 fla gel lar an ti gens pres
ent. Agglutination in po lyC fla gel lar an ti se rum and sub se quent re ac tion 
of the iso late with sin glegroup H antisera would con firm the pres ence of 
the r an ti gen (phase 1). The em pir i cal an ti genic for mula of the iso late 
would then be 6,7:r. Phase re ver sal in semi solid agar sup ple mented with r 
an ti se rum would im mo bi lize phase 1 sal mo nel lae at or near the point of 
in oc u la tion, thereby fa cil i tat ing the re cov ery of phase 2 cells from the edge 
of the zone of mi gra tion. Serological test ing of phase 2 cells with po lyE 
and 1complex antisera would con firm the pres ence of the fla gel lar 1 fac tor. 
Confirmation of the fla gel lar 5 an ti gen with sin glefactor an ti se rum would 
yield the fi nal an ti genic for mula 6,7:r:1,5, which cor re sponds to serovar 
 Infantis. A sim i lar an a lyt i cal ap proach would be used with the Spicer
Edwards po lyH antisera, in which the iden ti fi ca tion of fla gel lar an ti gens 
would arise from the pat tern of ag glu ti na tion re ac tions among the four 
SpicerEdwards antisera and with three ad di tional po ly va lent antisera, in
clud ing the L, 1, and e,n com plex es.

Physiology
Growth and Survival
Temperature. Salmonella spp. are re sil ient and can adapt to ex treme en
vi ron men tal con di tions. Some Salmonella strains can grow at el e vated 
tem per a tures (54°C), and oth ers ex hibit psychrotrophic prop er ties (they 
are  able to grow in foods stored at 2 to 4°C) (Table 14.3). Moreover, pre
con di tion ing of cells to low tem per a tures can greatly in crease the growth 

Table 14.3  Physiological lim its for the growth of Salmonella spp. in foods and bac te ri o log i cal me dia

Parameter
Limits (time to dou ble in no.)

Product Serovar(s)Minimum Maximum

Temp (°C) 2 (24 h) Minced beef a Typhimurium

2 (2 days) Minced chick enb Typhimurium

4 (≤10 days) Shell eggsb Enteritidis

54.0c Agar me di um Typhimurium

pH 3.99d Tomatoes Infantis

4.05e Liquid me di um Anatum, Ten nes see, Senftenberg

9.5 Egg washwaterb Typhimurium

aw 0.93 f Rehydrated dried soupb Oranienburg

aNaturally con tam i nat ed.
bArtificially con tam i nat ed.
cMutants se lected to grow at el e vated tem per a ture.
dGrowth within 24 h at 22°C.
eAcidified with HCl or cit ric ac id; growth within 24 h at 30°C.
fGrowth within 3 days at 30°C.
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and sur vival of sal mo nel lae in re frig er ated food prod ucts. Studies of the 
max i mum tem per a tures for growth of Salmonella spp. in foods are gen
er ally lack ing. Notwithstanding an early re port of growth of sal mo nel lae 
in in oc u lated cus tard and chicken à la king at 45.6°C, more re cent ev i
dence in di cates that pro longed ex po sure of mesophilic strains to ther mal 
stress con di tions re sults in mu tants of serovar Typhimurium ca pa ble of 
growth at 54°C.

Salmonella can sur vive for ex tended pe ri ods in foods stored at freez ing 
and room tem per a tures. Several fac tors can in flu ence the sur vival of sal
mo nel lae dur ing fro zen stor age of foods: (i) the com po si tion of the freez
ing ma trix, (ii) the ki net ics of the freez ing pro cess, (iii) the phys i o log i cal 
state of the foodborne sal mo nel lae, and (iv) serovarspecific re sponses. 
The vi a bil ity of sal mo nel lae in dry foods stored at 25°C de creases with in
creas ing stor age tem per a ture and with in creas ing mois ture con tent.

Many fac tors may en hance the heat re sis tance of Salmonella and other 
foodborne bac te rial path o gens in food in gre di ents and fin ished prod
ucts. The heat re sis tance of Salmonella spp. in creases as the wa ter ac tiv
ity (aw) of the heat ing ma trix (food) de creases. The type of sol utes used to 
al ter the aw of the heat ing men struum can in flu ence the level of ac quired 
heat re sis tance. Other im por tant fea tures as so ci ated with this adap tive 
re sponse in clude the greater heat re sis tance of sal mo nel lae grown in nu
tri tion ally rich ver sus min i mal me dia, of sta tion aryphase ver sus log a rith
micphase cells, and of sal mo nel lae pre vi ously stored in a dry en vi ron ment. 
The abil ity of Salmonella to ac quire greater heat re sis tance fol low ing ex
po sure to sub le thal tem per a tures is equally im por tant. This adap tive re
sponse has po ten tially se ri ous im pli ca tions for the safety of ther mal 
pro cesses that ex pose or main tain food prod ucts at mar gin ally le thal tem
per a tures. Changes in the fatty acid com po si tion of cell mem branes in 
heatstressed Salmonella pro vide a greater pro por tion of sat u rated mem
brane phos pho lip ids. This re sults in re duced flu id ity of the bac te rial cell 
mem brane and an as so ci ated in crease in mem brane re sis tance to heat 
dam age. The like li hood that other pro tec tive cel lu lar func tions are trig
gered by heat shock stim uli can not be ruled out .

The fol low ing sce nario, in volv ing Salmonella con tam i na tion of a choc
o late con fec tion ery prod uct, dem on strates the com plex in ter ac tions of 
food, tem per a ture, and or gan ism. The sur vival of sal mo nel lae in dry
roasted co coa beans can lead to con tam i na tion of inline and fin ished 
prod ucts. Thermal in ac ti va tion of sal mo nel lae in mol ten choc o late is dif
fi cult be cause the timetemperature con di tions that are re quired to elim
i nate the path o gen in this su crosecontaining prod uct with low aw would 
likely re sult in an or gan o lep ti cally (offtaste and offodor) un ac cept able 
prod uct. The prob lem is fur ther com pounded by the abil ity of sal mo nel
lae to sur vive for many years in the fin ished prod uct when it is stored at 
room tem per a ture. Clearly, eff ec tive de con tam i na tion of raw co coa beans 
and strin gent inplant con trol mea sures to pre vent crosscontamination 
of inline prod ucts are of great im por tance in this food in dus try.

pH. The phys i o log i cal adapt abil ity of Salmonella spp. is fur ther dem
on strated by their abil ity to grow at pH val ues rang ing from 4.5 to 9.5, 
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with an op ti mum pH for growth of 6.5 to 7.5 (Table 14.3). Of the var i ous 
or ganic and in or ganic ac ids used in prod uct acid i fi ca tion, pro pi onic and 
ace tic ac ids are more bac te ri cidal than the com mon foodassociated lac
tic and cit ric ac ids. Interestingly, the an ti bac te rial ac tion of or ganic ac ids 
de creases with in creas ing length of the fatty acid chain. Early re search 
on the abil ity of Salmonella to grow in acidic en vi ron ments re vealed that 
wildtype strains, pre con di tioned on pH gra di ent plates, could grow in 
liq uid and solid me dia at con sid er ably lower pH val ues than could the 
start ing wildtype strains. This pH diff er ence raises con cerns re gard ing 
the safety of fer mented foods, such as cured sau sages and fer mented raw 
milk prod ucts. The starter cul turedependent acid i fi ca tion of fer mented 
foods could pro vide a fa vor able en vi ron ment for the growth of sal mo nel
lae in the prod uct to a state of in creased acid tol er ance. The growth and/
or en hanced sur vival of sal mo nel lae dur ing the fer men ta tive pro cess 
would re sult in a con tam i nated readytoeat prod uct. Ultimately, increased 
acid tolerance may pro mote sur vival of Salmonella in the host.

Brief ex po sure of serovar Typhimurium to mild acid en vi ron ments of 
pH 5.5 to 6.0 (preshock), fol lowed by ex po sure of the adapted cells to a 
pH of ≤4.5 (acid shock), trig gers a com plex acid tol er ance re sponse 
(ATR). This per mits the sur vival of the mi cro or gan ism un der ex treme 
acid en vi ron ments (pH 3.0 to 4.0). The re sponse trans lates into an in
duced syn the sis of 43 ac idshock and out  ermembrane pro teins, a re
duced growth rate, and pH ho meo sta sis. pH homeostasis is dem on strated 
by the bac te rial main te nance of in ter nal pH val ues of 7.0 to 7.1 and 5.0 to 
5.5 upon se quen tial ex po sure of cells to ex ter nal pH val ues of 5.0 and 
3.3, re spec tively. Aside from the logphase ATR, Salmonella also pos
sesses a sta tion aryphase ATR that pro vi des greater acid re sis tance than 
the logphase ATR. This is in duced at pHs of <5.5 and func tions max i
mally at pH 4.3. This sta tion aryphase ATR in duces the syn the sis of only 
15 shock pro teins. The in duc tion of the re main ing ac idprotective mech
a nism as so ci ated with sta tion aryphase Salmonella is in de pen dent of the 
ex ter nal pH and de pen dent on the al ter na tive sigma fac tor (ss) en coded 
by the rpoS lo cus. The mech a nism en hances the abil ity of sta tion ary
phase cells to sur vive un der hos tile en vi ron men tal con di tions. Thus, 
three pos si bly over lap ping cel lu lar sys tems con fer acid tol er ance on Sal-
monella spp. These are (i) the pHdependent, rpoSindependent log
phase ATR; (ii) the pHdependent, rpoSindependent sta tion aryphase 
ATR; and (iii) the pHindependent, rpoSdependent sta tion aryphase 
acid re sis tance. These sys tems likely op er ate in the acidic en vi ron ments 
that pre vail in fer mented and in acid i fied foods and in phago cytic cells 
of the in fected host.

Acid stress can also en hance bac te rial re sis tance to other ad verse en
vi ron men tal con di tions. The growth of serovar Typhimurium at pH 5.8 
in creases ther mal re sis tance at 50°C, en hances tol er ance to high os
motic stress (2.5 M NaCl), and pro duces greater sur face hy dro pho bic ity 
and an in creased re sis tance to the an ti bac te rial lactoperoxidase sys tem 
and sur faceactive agents, such as crys tal vi o let and po ly myxin B.

Osmolarity. High salt con cen tra tions have long been rec og nized for their 
abil ity to ex tend the shelf life of foods by in hib it ing mi cro bial growth. 
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Foods with aw val ues of <0.93 do not sup port the growth of sal mo nel lae. 
Although Salmonella is gen er ally in hib ited in the pres ence of 3 to 4% 
NaCl, bac te rial salt tol er ance in creases with in creas ing tem per a ture in 
the range of 10 to 30°C.

The pH, salt con cen tra tion, and tem per a ture of the mi cro en vi ron ment 
can ex ert pro found eff ects on the growth ki net ics of Salmonella spp. It is 
now ac cepted that Salmonella spp. have the abil ity to grow un der acidic 
(pH < 5.0) con di tions or in en vi ron ments of high sa lin ity (>2% NaCl) 
with in creas ing tem per a ture. Interestingly, the pres ence of salt in acid i
fied foods can re duce the an ti bac te rial ac tion of or ganic ac ids in which 
low con cen tra tions of NaCl or KCl stim u late the growth of serovar En
teritidis in broth me dium acid i fied to pH 5.19 with ace tic ac id.

Modified at mo sphere. Concerns about the abil ity of Salmonella to sur vive 
un der ex tremes of pH, tem per a ture, and sa lin ity are fur ther height ened 
by the wide spread re frig er ated stor age of foods pack aged un der vac uum 
or mod i fied at mo sphere to pro long shelf life. Gaseous mix tures con sist
ing of 60 to 80% (vol/vol) CO2, with var i ous pro por tions of N2 and/or O2, 
can in hibit the growth of aer o bic spoil age mi cro or gan isms, such as Pseu-
domonas spp., with out  pro mot ing the growth of Salmonella spp. The safety 
of mod i fiedatmosphere and vac u umpackaged foods that con tain high 
lev els of salt is com ing un der ques tion, since an aer o bic con di tions may 
en hance Salmonella salt tol er ance.

RESERVOIRS
Salmonella spp. will con tinue to be sig nifi  cant hu man path o gens in the 
global food sup ply for sev eral rea sons, in clud ing their pres ence in the 
en vi ron ment; in ten sive farm ing prac tices used in the meat, fish, and 
shell fish in dus tries (which pro mote spread among an i mals); and the re
cy cling of slaugh ter house byprod ucts into an i mal feeds. Poultry meat 
and eggs are pre dom i nant res er voirs of Salmonella spp. in many coun
tries (Fig. 14.2). This over shad ows the im por tance of other an i mal meats, 
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Figure 14.2

Consumption of im prop erly cooked chicken can re sult in sal mo nel lo sis. 
Consumers must pay at ten tion to the food whether eat ing at home or at a 
res tau rant to be cer tain that it is cooked prop er ly; in the case of chicken, 
con sum ers should make sure it is not pink or raw in the cen ter. Salmonellosis 
is a lead ing cause of bac te rial foodborne ill ness glob al ly.
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such as pork, beef, and mut ton, as po ten tial ve hi cles of in fec tion. To ad
dress the prob lem of Salmonella in meat prod ucts, the USDA Food Safety 
Inspection Service re quires the meat and poul try in dus tries to im ple
ment Hazard Analysis and Critical Control Point (HACCP) plans in all  
of their plants. The Food Safety Inspection Service con ducts Salmonella 
test ing to ver ify that the im ple mented HACCP plans are help ing to con
trol Salmonella on fin ished prod ucts. The rate of Salmonella con tam i na
tion has been re duced for all  meat an i mals since the im ple men ta tion of 
HACCP.

The con tinu ing pan demic of hu man serovar Enteritidis in fec tions, 
as so ci ated with the eat ing of raw or lightly cooked shell eggs and egg
containing prod ucts, fur ther em pha sizes the im por tance of poul try as 
ve hi cles of hu man sal mo nel lo sis. The need for sus tained and strin gent 
bac te ri o log i cal con trol of poul try hus bandry prac tices is ur gent. This egg
related pan demic is of par tic u lar con cern be cause the prob lem arises 
from transovarian trans mis sion of serovar Enteritidis into the in te rior of 
the egg prior to shell de po si tion. The vi a bil ity of these in ter nal ized se
rovar Enteritidis or gan isms re mains un aff ected by eggsurface san i tiz
ing prac tices. Increased eff orts to in ter vene and re duce the prev a lence of 
serovar Enteritidis have led to sig nifi  cant re duc tions in eggborne out 
breaks in the United Kingdom and the United States.

Rapid de ple tion of wild stocks of fish and shell fish in re cent years has 
greatly in creased the im por tance of the in ter na tional aqua cul ture in dus try. 
The feed ing of raw meat scraps and off al, fe ces po ten tially con tam i nated 
with ty phoid and para ty phoid sal mo nel lae, and an i mal feeds that may har
bor Salmonella to reared spe cies is com mon in de vel op ing coun tries. Ac
cordingly, aqua cul ture farm ers are re ly ing heavily on an ti bi ot ics ap plied at 
sub ther a peu tic lev els to safe guard the vigor of farmed fish and shell fish. 
The use of an ti bi ot ics cre ates a se ri ous pub lic health con cern, since these 
an ti mi cro bial agents are the main stay treat ment for sys temic sal mo nel lo
sis in hu mans.

Fruits and veg e ta bles have gained no to ri ety as ve hi cles of hu man sal
mo nel lo sis. The sit u a tion has de vel oped from the in creased global ex port 
of fresh and de hy drated fruits and veg e ta bles from coun tries that en joy 
trop i cal and sub trop i cal cli ma tes. The pre vail ing hy gienic con di tions 
dur ing the pro duc tion, har vest ing, and dis tri bu tion of prod ucts in these 
coun tries do not al ways meet min i mum stan dards and may fa cil i tate 
prod uct con tam i na tion. Operational changes in fa vor of field ir ri ga tion 
with treated ef u ents, wash ing of fruits and veg e ta bles with dis in fected 
wa ter, ed u ca tion of lo cal work ers on the hy gienic han dling of fresh pro
duce, and greater pro tec tion of prod ucts from en vi ron men tal con tam i na
tion dur ing all  phases of han dling would greatly en hance the safety of 
fresh fruits and veg e ta bles. These rec om men da tions must be more widely 
adopted, since re cent large out  breaks of sal mo nel lo sis have been linked to 
the con sump tion of con tam i nated let tuce and bean sprouts.

CHARACTERISTICS OF DISEASE
Symptoms and Treatment
Human Salmonella in fec tions can lead to sev eral clin i cal con di tions, in
clud ing en teric (ty phoid) fe ver, un com pli cated en tero co li tis, and sys temic 
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in fec tions by nontyphoid mi cro or gan isms. Enteric fe ver is a se ri ous hu
man dis ease as so ci ated with the ty phoid and para ty phoid strains. Symp
toms of en teric fe ver ap pear af ter a pe riod of in cu ba tion rang ing from 
7 to 28 days and may in clude di ar rhea, pro longed and spik ing fe ver, ab
dom i nal pain, head ache, and pros tra tion. Diagnosis of the dis ease re lies 
on iso la tion of the in fec tive agent from blood or urine sam ples in the 
early stages of the dis ease or from stools af ter the on set of clin i cal symp
toms. An asymp tom atic chronic car rier state com monly fol lows the acute 
phase of en teric fe ver. The treat ment of en teric fe ver is based on sup port
ive ther apy and/or the use of chlor am phen i col, am pi cil lin, or tri meth
o primsulfamethoxazole to elim i nate the sys temic in fec tion. Marked 
global in creases in the re sis tance of ty phoid and para ty phoid or gan isms 
to these an ti bac te rial drugs in the last de cade have lim ited their eff ec
tive ness in hu man ther a py.

Human in fec tions with nontyphoid Salmonella strains com monly re
sult in symp tom on set 8 to 72 h af ter in ges tion of the in va sive path o gen. 
The ill ness is usu ally selflim it ing, and re mis sion of the char ac ter is tic 
nonbloody di ar rheal stools and ab dom i nal pain usu ally oc curs within 
5 days of the on set of symp toms. Successful treat ment of un com pli cated 
cases may re quire only sup port ive ther apy, such as fluid and elec tro lyte 
re place ment. Antibiotics are not used in such ep i sodes be cause they pro
long the car rier state. Asymptomatic per sis tence of sal mo nel lae in the 
gut is prob a bly due to an ti bi ot icdependent re pres sion of the na tive gut 
mi cro flora. Human in fec tions with nontyphoid strains can also de gen
er ate into sys temic in fec tions and pre cip i tate var i ous chronic con di tions.

Salmonella can in duce chronic con di tions, such as asep tic re ac tive ar
thri tis, Reiter’s syn drome, and an ky los ing spon dy li tis. Bacterial pre req ui
sites for the on set of these chronic dis eases in clude the abil ity of the 
bac te rial strain to in fect mu co sal sur faces, the pres ence of outer mem
brane LPS, and the abil ity to in vade host cells.

Preventative Measures
The global im pact of ty phoid and para ty phoid sal mo nel lae on hu man 
health led to the early de vel op ment of par en teral vac cines con sist ing of 
heat, al co hol, or ac e tonekilled cells. The phe nol and heatkilled ty phoid 
vac cine is widely used. However, this vac cine can cause ad verse re ac tions, 
in clud ing fe ver, head ache, pain, and swell ing at the site of in jec tion. The 
pan demic of poul try and eggborne serovar Enteritidis in fec tions that 
con tin ues to af ict con sum ers un der scores the po ten tial ben e fit of vac
cines for hu man and vet er i nary ap pli ca tions. Live at ten u ated vac cines 
con tinue to gen er ate great re search in ter est be cause such prep a ra tions 
in duce strong and du ra ble im mune re sponses in vac ci nees.

Antibiotic Resistance
Current global in creases in the num bers of an ti bi ot icresistant Salmonella 
serovars in hu mans and farm an i mals are alarm ing. The ma jor pub lic 
health con cern is that Salmonella will be come re sis tant to an ti bi ot ics 
used in hu man med i cine, thereby greatly re duc ing ther a peu tic op tions 
and threat en ing the lives of in fected in di vid u als. The lib eral ad min is tra
tion of an ti mi cro bial agents in hos pi tals and other treat ment cen ters con
trib utes sig nifi  cantly to the emer gence of many re sis tant strains. The 
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emer gence of an ti mi cro bial re sis tance in bac te rial path o gens, many of 
which can be traced to foodproducing an i mals, has gen er ated much 
con tro versy and pub lic me dia at ten tion.

Because evo lu tion ary pro cesses off er ge netic and phe no typic var i abil
ity for re sis tance genes, there will al ways be some level of back ground 
re sis tance in bac te rial pop u la tions. However, with out  se lec tive pres sures, 
re sis tance lev els are low, and so are the chances for ther apy fail ures. Re
sistance in Salmonella to a sin gle an ti bi otic was first noted in the early 
1960s. The ap pear ance of serovar Typhimurium de fin i tive type 104 
(DT104) in the late 1980s raised ma jor con cerns be cause of its mul ti ple 
re sis tances to am pi cil lin, chlor am phen i col, strep to my cin, sul fon amides, 
and tet ra cy cline. Some strains are also re sis tant to gen ta mi cin, tri meth
o prim, flu o ro quin o lones, and other an ti bi ot ics. Fluoroquinolones be
long to a class of newer an ti mi cro bial agents with a broad spec trum of 
ac tiv ity, high ef  ciency, and wide spread ap pli ca tion in hu man and vet er
i nary med i cine. An in crease in the re sis tance of DT104 strains to flu o ro
quin o lones has led many Eu ro pean coun tries to ban the nonhu man use 
of flu o ro quin o lones.

The ge netic de ter mi nants for Salmonella vir u lence and an ti bi otic re sis
tance can oc cur on the same plas mid. This in creases the dis ease po ten tial 
of Salmonella DT104. In the next few de cades (or per haps sooner), we may 
well wit ness the in ter na tional sci en tific com mu nity fe ver ishly try ing to 
de velop new drugs to re place those cur rently in use, since they will no lon
ger be eff ec tive against the mul ti pleantibioticresistant Salmonella.

No stud ies have con clu sively linked the sub ther a peu tic use of an ti bi
ot ics in ag ri cul ture with the de vel op ment of re sis tance. The ob vi ous need 
for data led to the joint de vel op ment in 1996 of the National Antimicro
bial Resistance Monitoring System (NARMS) by the FDA’s Center for 
Veterinary Medicine, the CDC, and the USDA. The pur pose of this pro
gram is to pro vide base line data so that changes in the an ti mi cro bial re sis
tance and sus cep ti bil ity of bac te ria can be iden ti fied. An Institute of Food 
Technologists re port (2006) pro vi des new rec om men da tions de signed to 
fill knowl edge gaps as so ci ated with the im pli ca tions of an ti mi cro bial re
sis tance for the food sys tem. A re port from NARMS in di cates that 46% 
of the com mon Salmonella se ro type called I 4,[5],12:i:– was multidrug 
re sis tant in 2013. That’s more than dou ble the 18% re sis tance rate in 
2011. Human ill ness with this se ro type has been linked to an i mal ex po
sure and con sump tion of pork or beef, in clud ing meats pur chased from 
live an i mal mar kets.

INFECTIOUS DOSE
Newborns, in fants, the el derly, and im mu no com pro mised in di vid u als are 
more sus cep ti ble to Salmonella in fec tions than healthy adults. The in
com pletely de vel oped im mune sys tem in new borns and in fants, the fre
quently weak and/or de layed im mu no log i cal re sponses in the el derly and 
de bil i tated per sons, and the gen er ally low gas tric acid pro duc tion in in
fants and se niors fa cil i tate the in tes ti nal col o ni za tion and sys temic spread 
of sal mo nel lae in these pop u la tions.

The in ges tion of only a few Salmonella cells can be in fec tious 
 (Table 14.4). Determinant fac tors in sal mo nel lo sis are not lim ited to 
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the im mu no log i cal het ero ge ne ity within hu man pop u la tions and the 
vir u lence of in fect ing strains but may also in clude the chem i cal com po si
tion of con tam i nated food. A com mon de nom i na tor of foods as so ci ated 
with low in fec tious doses is a high fat con tent (e.g., co coa but ter in choc o
late, milk fat in cheese, and an i mal fat in meat). Salmonella or gan isms 
may be come en trapped within hy dro pho bic lipid mi celles and be pro
tected against the bac te ri cidal ac tion of gas tric acid ity. Food pro duc ers, 
pro ces sors, and dis trib u tors need to be re minded that low lev els of sal mo
nel lae in a fin ished food prod uct could lead to se ri ous pub lic health con se
quences. This could un der mine the rep u ta tion and eco nomic vi a bil ity of 
the in crim i nated food man u fac tur er.

PATHOGENICITY AND VIRULENCE FACTORS
Specific and Nonspecific Human Responses
The pres ence of vi a ble sal mo nel lae in the hu man in tes ti nal tract con firms 
the suc cess ful eva sion of non spe cific host de fenses by in gested or gan
isms. Antibacterial lactoperoxidase in sa liva, gas tric acid ity, mu coid se cre
tions from in tes ti nal cells, in tes ti nal peri stal sis, and slough ing of lu mi nal 
ep i the lial cells syn er gis ti cally in hibit bac te rial col o ni za tion of the in tes
tine. In ad di tion to these hur dles to bac te rial in fec tion, the an ti bac te rial 
ac tion of phago cytic cells, cou pled with the im mune re sponses, mounts a 
for mi da ble de fense against the sys temic spread of Salmonella. The hu
man diarrheagenic re sponse to foodborne sal mo nel lo sis re sults from the 
mi gra tion of the path o gen from the oral cav ity to in tes ti nal tis sues and 
mes en teric lymph fol li cles (en tero co li tis). The fail ure of host de fense sys
tems to hold the in va sive Salmonella in check can de gen er ate into sep ti ce
mia and other chronic clin i cal con di tions.

Table 14.4  Human in fec tious doses of Salmonellaa

Food or in gre di ent Serovar(s) Infectious dose (CFU)b

Eggnog Meleagridis 106–107

Anatum 105–107

Goat cheese Zan zi bar 105–1011

Carmine dye Cubana 104

Imitation ice cream Typhimurium 104

Chocolate East bourne 102

Hamburger New port 101–102

Cheddar cheese Hei del berg 102

Chocolate Na po li 101–102

Cheddar cheese Typhimurium 100–101

Chocolate Typhimurium ≤101

Paprika po tato chips Saint-Paul, Javiana, Rubislaw ≤4.5 × 101

Alfalfa sprouts New port ≤4.6 × 102

Ice cream Enteritidis ≤2.8 × 101

aAdapted from D’Aoust JY, J Food Microbiol 24:11–31, 1994.
bCFU, col o nyforming units.
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Attachment and Invasion
The es tab lish ment of a hu man Salmonella in fec tion de pends on the abil
ity of the bac te rium to at tach (col o ni za tion) and en ter (in va sion) in tes ti
nal cells. Salmonellae must suc cess fully com pete with the in dig e nous 
gut mi cro flora for suit able at tach ment sites on the in tes ti nal wall. Upon 
con tact with ep i the lial cells, Salmonella pro duces pro tein a ceous ap pend
ages on its sur face. After bac te rial at tach ment, sig nal ing be tween the 
path o gen and the host cell re sults in Salmonella in va sion of in tes ti nal 
cells. Histologically, Salmonella in va sion is char ac ter ized by mem brane 
ruf ing of ep i the lial cells and pro grammed death (ap o pto sis) of ep i the
lial and phago cytic cells. Diarrhea as so ci ated with sal mo nel lae now ap
pears to be in re sponse to bac te rial in va sion of in tes ti nal cells rather than 
the ac tion of a pu ta tive en tero tox in.

Several sets of genes are in volved in the in va sion pro cess. The inv 
path o ge nic ity is land is a mul ti genic lo cus con sist ing of 30 genes. Many 
of these genes en code the syn the sis of en zymes and tran scrip tional ac ti
va tors re spon si ble for the reg u la tion, ex pres sion, and trans lo ca tion of 
im por tant eff ec tors to the sur faces of host cells. Genes in the path o ge
nic ity is land are use ful tar gets for PCRbased de tec tion of Salmonella in 
foods.

Growth and Survival within Host Cells
In con trast to sev eral bac te rial path o gens, such as Yersinia, Shigella, and 
enteroinvasive Escherichia coli, which rep li cate within the cy to plasm of 
host cells, sal mo nel lae are con fined to en do cy totic vac u oles in which 
bac te rial rep li ca tion be gins within hours fol low ing in ter nal i za tion. The 
in fected vac u oles move from the api cal to the basal pole of the host cell, 
where Salmonella or gan isms are re leased into the tis sue. A bac te rial sur
face mech a nism that fa cil i tates the mi gra tion of sal mo nel lae deeper into 
lay ers of tis sue upon their re lease has been ten ta tively iden ti fied.

The sys temic mi gra tion of Salmonella ex poses it to phago cy to sis and 
to the an ti bac te rial con di tions in the cy to plasm of the host de fense cells. 
Survival of the bac te rial cell within the hos tile con fi nes of the phago
cytic cells de ter mines the host’s fate. Whether the host de vel ops en teric 
fe ver from Salmonella in fec tion is de ter mined partly by the ge net ics of 
the host and the sal mo nel lae. Intracellular path o gens have de vel oped 
diff er ent strat e gies to sur vive within phago cytic cells. These in clude (i) 
es cap ing the phagosomes, (ii) in hib it ing acid i fi ca tion of the phago
somes, (iii) pre vent ing phagosomelysosome fu sion, and (iv) with stand
ing the toxic en vi ron ment of the phagolysosome. Although there is 
ev i dence to sup port the abil ity of Salmonella to pre vent acid i fi ca tion of 
the phagosomes, fu sion with the ly so some, or mat u ra tion of the pha
golysosome, Salmonella is a hardy bac te rium that can sur vive and rep li
cate within the bac te ri cidal mi lieu of the acid i fied phagolysosome.

Virulence Plasmids
Virulence plas mids are large DNA struc tures that rep li cate in syn chrony 
with the bac te rial chro mo some. These plas mids con tain many vir u lence 
loci rang ing from 30 to 60 MDa in size and oc cur with a fre quency of 
one or two cop ies per chro mo some. The pres ence of vir u lence plas mids 
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within the ge nus Salmonella is lim ited and has been con firmed in se
rovars Typhimurium, Dub lin, GallinarumPullorum, Enteritidis, Choler
aesuis, and Abortusovis. The highly in fec tious serovar Typhi does not 
carry a vir u lence plas mid. Although lim ited in its dis tri bu tion in na ture, 
the plas mid is selftransmissible. Gene prod ucts from the tran scrip tion of 
this plas mid aid sys temic spread and in fec tion of tis sues other than the 
in tes tine but not Salmonella ad he sion to and in va sion of ep i the lial cells. 
More spe cifi  cally, Salmonella strains carrying virulence plasmids may 
multiply more rapidly within host cells and overwhelm host defense mech
anisms. These plas mids also con fer on the sal mo nel lae the abil ity to in duce 
ly sis of mac ro phages and elicit in flam ma tory re sponse and en ter i tis in 
their an i mal hosts. The Salmonella vir u lence plas mids con tain highly con
served nu cle o tide se quences and ex hibit func tional ho mol ogy in which 
plas mid trans fer from a wildtype serovar to an other plas midcured serovar 
re stores the vir u lence of the re cip i ent strain. The Salmonella vir u lence 
plas mid also con tains a fim brial op eron that en codes an adhesin in volved 
in col o ni za tion of the small in tes tine.

Other Virulence Factors
Siderophores are yet an other part of the Salmonella vir u lence weap onry. 
These el e ments re trieve es sen tial iron from host tis sues to drive key cel
lu lar func tions, such as the elec tron trans port chain and en zymes as so
ci ated with iron co fac tors. To this end, Salmonella must com pete with 
host trans fer rin, lactoferrin, and fer ri tin li gands for avail  able iron. For 
ex am ple, trans fer rin scav enges tis sue flu ids for Fe3+ ions to form Fe3+
transferrin com plexes that bind to sur face host cell re cep tors. Upon in
ter nal i za tion, the com plexes dis so ci ate and the re leased Fe3+ is com plexed 
with fer ri tin for in tra cel lu lar stor age. Siderophores do not ap pear to be 
the only mech a nism by which Salmonella can ac quire iron from its host.

Diarrheagenic en tero toxin may be a Salmonella vir u lence fac tor. The 
re lease of toxin into the cy to plasm of in fected host cells pre cip i tates an 
ac ti va tion of ad e nyl cy clase lo cal ized in the ep i the lial cell mem brane and 
a marked in crease in the cy to plas mic con cen tra tion of cy clic aden o sine 
mo no phos phate (AMP) in host cells. The si mul ta neous fluid exsorption 
into the in tes tine re sults from a net se cre tion of Cl2

+ ions and de pressed 
Na+ ab sorp tion at the level of the in tes ti nal villi. Enterotoxigenicity is a 
vir u lence phe no type of Salmonella, in clud ing serovar Typhi, which is 
ex pressed within hours fol low ing bac te rial con tact with the tar geted 
host cells.

In ad di tion to en tero toxin, Salmonella strains gen er ally elab o rate a 
ther mo la bile cy to toxic pro tein, which is lo cal ized in the bac te rial outer 
mem brane. Hostile en vi ron ments, such as acidic pH and el e vated (42°C) 
tem per a ture, cause re lease of the toxin, pos si bly as a re sult of in duced 
bac te rial ly sis. The vir u lence at tri bute of cy to toxin stems from its in hi bi
tion of pro tein syn the sis and its ly sis of host cells, thereby pro mot ing the 
dis sem i na tion of vi a ble sal mo nel lae into host tis sues.

Three ad di tional vir u lence de ter mi nants lo cated within or on the ex
ter nal sur face of the Salmonella outer mem brane are worth men tion ing. 
The cap su lar po ly sac cha ride Vi an ti gen oc curs in most strains of serovar 
Typhi, in a few strains of serovar Paratyphi C, and, rarely, in serovar 
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Questions for crit i cal thought
 1.  A large out  break of sal mo nel lo sis was linked to con sump tion of pea nut but ter. Con

duct a lit er a ture search and write a 500word sum mary dis cuss ing whether pro cess
ing us ing ir ra di a tion or highpres sure pro cess ing would en sure the safety of the 
pea nut.

 2.  The typ ing scheme for Salmonella is based on two an ti gens. What is meant by the 
no men cla ture 6,7:r:1,5?

 3.  What serovars are most com monly as so ci ated with out  breaks in Eu rope, Can ada, 
and the United States? Based on the out  come of your search, explain why the different 
regions feature the same or different serovars.

Dub lin. The length of LPS that pro trudes from the bac te rial outer mem
brane not only de fi nes the rough (shortLPS) and smooth (LPS) phe no
types but also plays an im por tant role in pre vent ing at tack by the host 
im mune sys tem. Porins are outer mem brane pro teins that func tion as 
trans mem brane (outer mem brane) chan nels in reg u lat ing the in flux of 
nu tri ents, an ti bi ot ics, and other small mo lec u lar spe cies. Low os mo lar ity, 
low nu tri ent avail abil ity, and low tem per a ture can reg u late the ex pres sion 
of these genes.

Summary

• Intensive an i mal hus bandry prac tices in meat and poul try pro duc tion and pro cess ing in dus tries con tinue to 
make raw poul try and meats prin ci pal ve hi cles of hu man foodborne sal mo nel lo sis.

• Unless changes in ag ri cul tural and aqua cul tural prac tices are im ple mented, the prev a lence of hu man foodborne 
sal mo nel lo sis will con tin ue.

• Salmonellae are clas si fied as serovars of two spe cies.

• The emer gence of mul ti ple-antibiotic-resistant strains may be linked to the use of an ti bi ot ics in ag ri cul ture.

• Salmonellae quickly adapt to en vi ron ments of high sa lin ity and low pH, cre at ing a prob lem with re spect to 
con trol in food ma tri ces.

• Virulence genes are lo cated on the chro mo some in path o ge nic ity is lands and in large vir u lence plas mids.

• Epidemiological ev i dence sug gests a low in fec tive dose.

• Salmonella in va sion pro teins may ac ti vate ap o pto sis in ep i the lial and phago cytic cell types.
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  4.  Serovar Enteritidis has been dif  cult to con trol in poul try. What unique char ac ter
is tic(s) of this path o gen con trib utes to the con trol prob lem?

  5.  Salmonella is of ten resistant to one or more an ti bi ot ics. Within the bac te rial cell, 
where are the genes lo cated, and why is that im por tant?

  6.  Some Salmonella strains pro duce cap sule, and cap sule an ti gens are unique to some 
serovar Typhi strains. What role may cap sule play in sur vival of the or gan ism in a 
host or in a foodprocessing fa cil i ty?

  7.  How might the ATR con trib ute to bac te rial sur vival in food and sub se quently in 
the host?

  8.  How would you de ter mine whether a par tic u lar Salmonella iso late was re sis tant or 
sen si tive to a given chem i cal san i tiz ing agent? Could you de ter mine whether the 
re sis tance was tran sient? How?

  9.  How could mo til ity and an ti bod ies against the fla gella be used for de tec tion of Sal-
monella?

  10.  Salmonella out  breaks have been linked to con sump tion of fresh to ma toes. What 
prac tices on the farm or at the pro cess ing fa cil ity could be im ple mented to im prove 
the safety of whole fresh to ma toes?

  11.  Individuals on an ti bi otic ther apy are more prone to in fec tion with Salmonella. Ex
plain why.

  12.  Comment on why some out  breaks are as so ci ated with con sum ing as few as 500 
cells, but in other out  breaks 50,000 cells were re quired to cause ill ness.

  13.  Based on the im pacts of pH, tem per a ture, sa lin ity, and aw on the growth and sur
vival of Salmonella, de velop a hur dle tech nol ogy to pre vent the growth of Salmonella 
in the food of your choice.

  14.  According to a re port by BellidoBlasco et al. (2002), con sump tion of al co hol can 
mit i gate or pre vent foodborne ill ness linked to the con sump tion of Salmonellacon
taminated food. Given the out  come of the study should con sum ers wash or rinse 
fresh fruits and veg e ta bles in al co hol to im prove their mi cro bial safety? Explain 
your an swer.
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Learning Objectives

The in for ma tion in this chap ter will en able the stu dent to:

• use ba sic bio chem i cal char ac ter is tics to iden tify Shigella

• un der stand what con di tions in foods fa vor Shigella
growth

• rec og nize, from symp toms and time of on set, a case of
foodborne ill ness caused by Shigella

• choose ap pro pri ate in ter ven tions (heat, pre ser va tives, and 
for mu la tion) to pre vent the growth of Shigella

• iden tify en vi ron men tal sources of the or gan ism

• un der stand the roles of Shigella tox ins and vir u lence 
fac tors in caus ing foodborne ill ness

Outbreak
In June 2014, 275 per sons who con sumed food from Salsarita, a Mex i can 
food res tau rant in the Walmart Home Office em ployee caf e te ria in Ar
kan sas, de vel oped shigellosis. Most pa tients ex pe ri enced di ar rhea, ab
dom i nal cramps, and fe ver (14% ex pe ri enced bloody di ar rhea). Although 
Shigella was not iso lated from food prod ucts (food served dur ing the out
 break was not avail  able for sam pling), high lev els of fe cal co li forms were 
de tected from diced to ma toes and salsa. Critical vi o la tions of food han
dling in the kitchen were ob served re peat edly dur ing mul ti ple in spec
tions, in clud ing im proper hand wash ing and bare hand con tact with 
readytoeat foods. These poor hy giene prac tices by food han dlers can 
re sult in trans mis sion of Shigella through a fe caloral route. Washing 
hands is es pe cially im por tant af ter go ing to the bath room and be fore 
food prep a ra tion.

Foods we eat to day are more fre quently sourced from through out  the 
world. The in ter na tional food trade brings novel foods and plen ti ful 
sup ply of veg e ta bles and fruits year round. An un wel come con se quence 
is the spread hu man path o gens and po ten tial hu man health risk. In 
Oc to ber 2011, out  breaks of Shigella sonnei (42 cases), as so ci ated with eat
ing fresh ba sil, oc curred in Nor way. Most of the pa tients con sumed pesto 
sauce made with fresh ba sil im ported from Is rael. High counts of En-
terobacteriaceae and co li form were de tected in the ba sil pesto, which 
sug gests fe cal con tam i na tion. Between April and June of 2009, 84 cases 

doi:10.1128/9781555819392.ch15



|  Chapter 15262

INTRODUCTION
Bacillary dys en tery, or shig el lo sis, is caused by Shigella spe cies. Dysen
tery was the term used by Hip poc ra tes to de scribe an ill ness char ac ter
ized by fre quent pas sage of stools con tain ing blood and mu cus and 
ac com pa nied by pain ful ab dom i nal cramps. Perhaps one of the great est 
his tor i cal im pacts of this dis ease has been its pow er ful in flu ence on 
mil i tary op er a tions. Protracted mil i tary cam paigns and sieges have al
most al ways spawned ep i dem ics of dys en tery, re sult ing in large num
bers of mil i tary and ci vil ian ca su al ties. With a low in fec tious dose re quired 
to cause dis ease, cou pled with oral trans mis sion by fecally con tam i nated 
food and wa ter, it is not sur pris ing that dys en tery caused by Shigella spp. 
fol lows in the wake of many nat u ral (earth quakes, floods, and fam ine) 
and manmade (war) di sas ters. Apart from these spe cial cir cum stances, 
shig el lo sis re mains an im por tant dis ease in de vel oped and de vel op ing 
coun tries.

During the past 2 de cades, sev eral large out  breaks of shig el lo sis (listed 
be low) have been linked to the con sump tion of con tam i nated food. Dis
ease is caused by in ges tion of these con tam i nated foods, and, in some 
in stances, it sub se quently leads to rapid dis sem i na tion through con tam
i nated fe ces from in fected in di vid u als. A ma jor con cern is food han dlers 
who do not prac tice proper hy giene, in clud ing hand wash ing.

2010: Food han dler. An out  break of shig el lo sis was linked to eat
ing at a Subway restaurant lo cated in Il li nois. By the con clu sion 
of the in ves ti ga tion, 328 cases of shig el lo sis were re corded. Two 
res tau rant em ploy ees tested pos i tive for the same strain of Shi-
gella that caused the out  break. The work ers had been ill with gas
tro en ter i tis symp toms re lated to their Shigella in fec tions prior to 
the out  break.

2015: Inconclusive source. An out  break in volv ing more than 194 
peo ple was linked to a food served at a seafood res tau rant in San 
Jose, CA. The source of the bac te ria has yet to be de ter mined. 
This is not un usual since a food han dler or food could have been 
the source.

One of the strik ing fea tures re gard ing foodborne out  breaks of shig el
lo sis is that con tam i na tion of foods usu ally oc curs, not at the pro cess ing 
plant but, rather, through an in fected food han dler. As is ev i dent from 
the ex am ples above and in Table 15.1, these in ci dents can be any thing 
from con tam i na tion of foods by in fected food han dlers at smalltown 
gath er ings and pic nics to largescale out  breaks, such as those on cruise 
ships and at in sti tu tions.

of shig el lo sis were linked to con sump tion of sugar snap peas con tam i
nated with S. dysenteriae (Swe den) and S. sonnei (Den mark and Nor way). 
The sugar snap peas were im ported from Kenya, and S. sonnei was re cov
ered from an un opened pack age of sugar peas col lected at a pa tient’s home. 
Shigella can be spread through con tam i nated wa ter used for ir ri ga tion and 
dur ing post har vest pro cess ing of fresh pro duce. Ingestion of as few as 
100 Shigella or gan isms can re sult in in fec tion.
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Classification and Biochemical Characteristics
There are four spe cies in the ge nus Shigella, se ro log i cally grouped (41 se
ro types) based on their so matic (O) an ti gens: Shigella dysenteriae (group A), 
S. flexneri (group B), Shigella boydii (group C), and S. sonnei (group D). As
mem bers of the fam ily Enterobacteriaceae, these or gan isms are ge net
i cally al most iden ti cal to the escherichiae and are closely re lated to
the sal mo nel lae. Shigella spp. are non mo tile, ox i dasenegative, Gram
negative rods. An im por tant bio chem i cal char ac ter is tic that dis tin
guishes these bac te ria from other en teric bac te ria is their in abil ity to
fer ment lac tose; how ever, some strains of S. sonnei may fer ment lac tose
slowly or uti lize cit ric acid as a sole car bon source. The bac te ria do not
pro duce hydrogen sulfide (H2S), ex cept for S. flexneri 6 and S. boydii se ro
types 13 and 14, and do not pro duce gas from glu cose. Shigella spp. are 
in hib ited by po tas sium cy a nide and do not syn the size ly sine decarboxyl
ase. Enteroinvasive Escherichia coli (EIEC) has path o genic and bio chem
i cal prop er ties sim i lar to those of Shigella spp. These sim i lar i ties pose a 
prob lem in dis tin guish ing these path o gens. For ex am ple, EIEC is non mo
tile and is un able to fer ment lac tose. Some se ro types of EIEC also have O 
an ti gens iden ti cal to those of Shigella.

Table 15.1 Examples of foodborne out  breaks caused by Shigella spp.

Year Location Source of con tam i na tiona Species

1986 Texas Shredded let tuce S. sonnei

1987 Rainbow Family gath er ing Food han dlers S. sonnei

1988–1989 Mon roe, New York Multiple sourc es S. sonnei

1988 Outdoor mu sic fes ti val, Mich i gan Food han dlers S. sonnei

1988 Commercial air line Cold sand wich es S. sonnei

1989 Cruise ship Potato sal ad S. flexneri

1990 Operation Desert Shield (U.S. troops) Fresh pro duce Shigella spp.

1991 Alas ka Moose soup S. sonnei

1992–1993 Operation Restore Hope, So ma lia (U.S. 
troops)

Shigella spp.

1994 Eu rope Shredded let tuce from Spain S. sonnei

1994 Mid west Green on ions S. flexneri

1994 Cruise ship S. flexneri

1998 Various U.S. lo ca tions Fresh pars ley S. sonnei

2000 West Coast Bean dip S. sonnei

2001 New York Tomato S. flexneri

2004 Commercial air line Carrots S. sonnei

2010 Chi ca go S. sonnei

2011 Bel gium Food han dler S. sonnei

2012 Cal i for nia Food han dler? S. sonnei

2013 Sioux City, IA Shigella spp.

2014 Ar kan sas Poor hy giene prac tices Shigella spp.

2015 En gland Unknown S. flexneri

a The source of con tam i na tion is listed when known.
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Shigella spp. are not par tic u lar in their growth re quire ments and are 
rou tinely cul ti vated in the lab o ra tory on ar ti fi cial me dium. Cultures of 
Shigella are eas ily iso lated and grown from an a lyt i cal sam ples, in clud ing 
wa ter and clin i cal spec i mens. In the lat ter case, Shigella spp. are pres ent 
in fe cal spec i mens in large num bers (103 to 109 per g of stool) dur ing the 
acute phase of in fec tion, and there fore, iden ti fi ca tion is read ily ac com
plished us ing cul ture me dia, bio chem i cal anal y sis, and se ro log i cal typ ing. 
Shigellae are shed by, and con tinue to be de tected from, con va les cent 
pa tients (102 to 103 per g of stool) for weeks or lon ger af ter the ini tial in
fec tion. Isolation of Shigella at this stage of in fec tion is more diffi  cult 
be cause a se lec tive en rich ment broth for shi gel lae is not avail  able, and, 
there fore, shi gel lae can be out  grown by the res i dent bac te rial fe cal flo ra.

Isolation of Shigella spp. from foods is not as easy as from other 
sources. Foods have many dif er ent phys i cal at tri butes that may af ect 
the re cov ery of shi gel lae. These fac tors in clude com po si tion, such as the 
fat con tent of the food; phys i cal pa ram e ters, such as pH and salt; and the 
nat u ral mi cro bial flora of the food. In the last case, other mi crobes in a 
sam ple may over grow shi gel lae dur ing cul ture in broth me dia. The amount 
of time from the clin i cal re port of a sus pected out  break to the anal y sis of 
the food sam ples can be con sid er able, thus less en ing the chances of iden ti
fy ing the caus a tive agent. The phys i o log i cal state of shi gel lae pres ent in the 
food is a con trib ut ing fac tor in the suc cess ful re cov ery of the path o gen. 
Shigella spp. may be pres ent in low num bers or in a poor phys i o log i cal 
state in sus pect food sam ples. Under these con di tions, spe cial en rich
ment pro ce dures are re quired for suc cess ful iso la tion and de tec tion of 
shi gel lae.

Shigella in Foods
Shigella spp. are not as so ci ated with any spe cific foods. Common foods 
that have been im pli cated in out  breaks caused by shi gel lae in clude po tato 
salad, chicken, tossed salad, and shell fish. Establishments where con tam
i nated foods have been served in clude the home, res tau rants, camps, pic
nics, schools, air lines, so ror ity houses, and mil i tary mess halls. In 2014 
19,542 cases of foodborne in fec tion were iden ti fied in the United States 
based on CDC data. In many cases, the source (food) was not iden ti fied. 
Whereas ep i de mi o log i cal meth ods may strongly im ply a com mon food 
source, Shigella spp. are not of ten re cov ered from foods and iden ti fied by 
us ing stan dard bac te ri o log i cal meth ods. Also, since shi gel lae are not com
monly as so ci ated with any par tic u lar food, rou tine test ing of foods to 
iden tify these path o gens is not usu ally per formed.

The tra di tional ap proach to ad dress the prob lem of microbially con tam
i nated foods in the pro cess ing plant is to in spect the fi nal prod uct. There 
are sev eral draw backs to this ap proach. Current bac te ri o log i cal meth ods 
are of ten timecon sum ing and la bo ri ous. An al ter na tive to endproduct test
ing is the Hazard Analysis and Critical Control Point (HACCP) sys tem. The 
HACCP sys tem iden ti fies cer tain points of the pro cess ing sys tem that 
may be most vul ner a ble to mi cro bial con tam i na tion and chem i cal and 
phys i cal haz ards.

In con trast, es tab lish ing spe cific crit i cal con trol points for pre vent ing 
Shigella con tam i na tion of foods is not al ways suit able for the HACCP 
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con cept. The path o gen is usu ally in tro duced into the food sup ply by an 
in fected per son, such as a food han dler with poor per sonal hy giene. In 
some cases, this may oc cur at the manufactur ing site, but more likely it 
hap pens at a point be tween the pro cess ing plant and the con sumer. An
other fac tor is that foods, such as veg e ta bles (let tuce is a good ex am ple), 
can be con tam i nated at the site of col lec tion and shipped di rectly to mar
ket. Although the HACCP sys tem is a method for con trol ling food safety 
and pre vent ing foodborne out  breaks, path o gens, such as Shigella (that are 
not in dig e nous to, but rather in tro duced into, foods), are most likely to 
go un de tect ed.

Survival and Growth in Foods
Depending upon growth con di tions, Shigella spp. can sur vive for sev eral 
hours in me dia with a pH range of 2 to 3. However, shi gel lae do not usu
ally sur vive well in lowpH foods or in stool sam ples. In studies us ing cit
rus juices (or ange and lemon), car bon ated bev er ages, and wine, shi gel lae 
were re cov ered af ter 1 to 6 days. In neu tralpH foods, such as but ter or 
mar ga rine, shi gel lae were re cov ered af ter 100 days when the foods were 
stored fro zen or at 6°C.

Shigella can sur vive a tem per a ture range of −20°C to room tem per a
ture. However, shi gel lae sur vive lon ger in foods stored fro zen or at re frig
er a tion tem per a ture than in those stored at room tem per a ture. In foods, 
such as sal ads con tain ing may on naise and some cheese prod ucts, Shi-
gella has sur vived for 13 to 92 days. Shigella can sur vive for an ex tended 
pe riod on dry sur faces and in foods such as fro zen shrimp, ice cream, 
and minced pork. Growth of Shigella is im peded in the pres ence of 3.8 to 
5.2% NaCl at pH 4.8 to 5.0, in 300 to 700 mg of NaNO2/liter, and in 0.5 to 
1.5 mg of so dium hy po chlo rite (NaClO)/liter of wa ter at 4°C. Shigella is 
sen si tive to ion iz ing ra di a tion, with a re duc tion of 107 col o nyforming 
units (CFU)/g at 3 kilograys.

CHARACTERISTICS OF DISEASE
Shigellosis is dif er en ti ated from dis eases caused by most other food
borne path o gens de scribed in this book by at least two im por tant char
ac ter is tics: (i) the pro duc tion of bloody di ar rhea or dys en tery and (ii) the 
low in fec tious dose. Dysentery in volves bloody di ar rhea, but the pas sage 
of bloody mu coid stools is ac com pa nied by se vere ab dom i nal and rec tal 
pain, cramps, and fe ver. While ab dom i nal pain and di ar rhea are ex pe ri
enced by nearly all  pa tients with shig el lo sis, fe ver oc curs in about one
third, and gross blood in the stools oc curs in ∼40% of cases. The clin i cal 
fea tures of shig el lo sis range from a mild wa tery di ar rhea to se vere dys
en tery. The dys en tery stage caused by Shigella spp. may or may not be 
pre ceded by wa tery di ar rhea. During the dys en tery stage, there is ex ten
sive bac te rial col o ni za tion of the co lon and in va sion of the cells of the 
co lon. As the in fec tion pro gresses, dead cells of the mu co sal sur face 
slough of. This leads to the pres ence of blood, pus, and mu cus in the 
stools.

Shigella is a se ri ous path o gen that causes dis ease in oth er wise healthy 
in di vid u als (Box 15.1). The great est fre quency of ill ness is among chil
dren <6 years of age. The in cu ba tion pe riod for shig el lo sis is 1 to 7 days, 

Box 15.1
Shigella is eas ily trans mit ted

Shigella is eas ily passed from 
per son to per son by food. 
Outbreaks are of ten as so ci ated 
with poor hy giene, es pe cially 
im proper hand wash ing af ter 
us ing the bath room. The 
path o gen mul ti plies rap idly in 
food at room tem per a ture. 
Once in the host, Shigella 
pro duces the pow er ful Shiga 
tox in. Shigellosis is an in fec tion, 
not an in tox i ca tion; that is, 
veg e ta tive cells must be 
in gested, af ter which the cells 
mul ti ply and cause ill ness. As 
few as 100 cells may cause 
ill ness.



|  Chapter 15266

but the symp toms usu ally be gin within 3 days. The se ver ity of ill ness 
dif ers de pend ing on the strain in volved; how ever, re gard less of the se
ver ity of the ill ness, shig el lo sis is selflim it ing. If left un treated, clin i cal 
ill ness usu ally per sists for 1 to 2 weeks (al though it may last as long as 
1 month), and the pa tient re cov ers. Since the in fec tion is selflim ited in 
nor mally healthy pa tients and full re cov ery oc curs with out  the use of 
 an ti bi ot ics, drug ther apy is usu ally not in di cated. However, the an ti bi otic 
of choice for treat ment of shig el lo sis is tri meth o primsulfamethoxazole 
(but see Box 15.2). Complications aris ing from the dis ease in clude se vere 
de hy dra tion, in tes ti nal per fo ra tion, sep ti ce mia, sei zures, he mo lyt icuremic 
syn drome, and Reiter’s syn drome.

Box 15.2
Spread of antibiotic-resistant bacteria

The use of antibiotics in humans 
and animals may result in the 
development of bacteria that are 
resistant to these antibiotics. Such 
drug-resistant bacteria, shed by 

animals in their feces, can contami-
nate crops in the field or animal 
carcasses during processing. 
Antibiotic-resistant bacteria 
represent a significant global public 

health threat. Prudent use of 
antibiotics in production agriculture 
and by humans is needed to curtail 
the rampant spread of antibiotic-
resistant bacteria.

Fertilizer or water
containing animal feces

and drug-resistant bacteria
is used on food crops.

Drug-resistant bacteria
in the animal feces can
remain on crops and be

eaten. These bacteria can
remain in the human gut.

Resistant bacteria 
spread to other
patients from

surfaces within the
health care facility.
Patients go home.

Resistant germs 
spread directly to 
other patients or

indirectly on unclean
hands of health care

providers.

Drug-resistant bacteria
can remain on meat
from animals. When

 not handled or cooked
properly, the bacteria

can spread to humans.

George stays at
home and in the 

general community,
spreads resistant bacteria.

Animals get
antibiotics and

develop resistant
bacteria in their guts.

George gets
antibiotics and

develops resistant
bacteria in his gut.

George gets care at a
hospital, nursing home,

or other inpatient
care facility.

Antibioti
c

500mg

Capsules
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FOODBORNE OUTBREAKS
Although the num ber of re ported foodborne out  breaks of shig el lo sis 
in the United States has de clined since 1996, shig el lo sis con tin ues to be 
a ma jor pub lic health con cern. Surveillance data sug gest that ap prox i
ma tely 500,000 cases of shig el lo sis oc cur yearly in the United States. 
S. sonnei was as so ci ated with >70% of those cases, mak ing it the third
lead ing cause of foodborne out  breaks by bac te rial path o gens. Worldwide,
WHO es ti ma tes that Shigella spp. are re spon si ble for up to 118.9 mil lion
cases of shig el lo sis an nu ally, with most cases oc cur ring in de vel op ing 
coun tries. The CDC, WHO, and other in ter na tional agen cies have in sti
tuted sur veil lance sys tems to mon i tor foodborne out  breaks caused by
Shigella.

Humans are the nat u ral res er voir of Shigella. Humantohuman trans
mis sion of Shigella is through the fe caloral route. Most cases of shig el lo
sis re sult from the in ges tion of fecally con tam i nated food or wa ter. With 
foods, the ma jor cause of con tam i na tion is poor per sonal hy giene of 
food han dlers. From in fected car ri ers, shi gel lae are spread by sev eral 
routes, in clud ing food, fin gers, fe ces, and flies. The high est in ci dence of 
shig el lo sis oc curs dur ing the warmer months of the year. Improper stor
age of con tam i nated foods is the sec ond most com mon fac tor con trib ut ing 
to foodborne out  breaks of shig el lo sis. Other con trib ut ing fac tors are in ad e
quate cook ing, con tam i nated equip ment, and food ob tained from un safe 
sources. To re duce the spread of shig el lo sis, in fected pa tients should be 
mon i tored un til stool sam ples are neg a tive for Shigella. The low in fec tious 
dose of Shigella un der lies the high rate of trans mis sion. As few as 100 cells 
of Shigella can cause ill ness, fa cil i tat ing per sontoperson spread, as well 
as foodborne and wa ter borne out  breaks of di ar rhea.

Shigellosis can be wide spread in in sti tu tional set tings, such as pris ons, 
men tal hos pi tals, and nurs ing homes, where crowd ing and/or in suffi 
ciently hy gienic con di tions cre ate an en vi ron ment for di rect fe caloral con
tam i na tion. The oc cur rence of di sas ters that de stroy the san i tary waste 
treat ment and wa ter pu ri fi ca tion in fra struc ture is of ten as so ci ated with 
large out  breaks of shig el lo sis.

VIRULENCE FACTORS
The clin i cal symp toms of shig el lo sis can be di rectly at trib uted to the 
hall marks of Shigella vir u lence: the abil ity to in duce di ar rhea, in vade 
ep i the lial cells of the in tes tine, mul ti ply in tra cel lu larly, and spread from 
cell to cell. The pro duc tion of en tero tox ins by the bac te ria, while they are 
in the small bowel, prob a bly causes the di ar rhea that pre cedes dys en
tery. The abil ity of Shigella to in vade ep i the lial cells and move from cell 
to cell is reg u lated by an ar ray of genes. A bac te ri um’s mech a nism for 
reg u lat ing ex pres sion of the genes in volved in vir u lence is im por tant for 
path o ge nic ity. S. dysenteriae pro duces a ther mo la bile toxin, des ig nated 
Shiga toxin, that is in volved in the path o gen e sis of Shigella di ar rhea. 
Strains that are in va sive and pro duce the toxin cause the most se vere 
in fec tions.

The growth tem per a ture is an im por tant fac tor in con trol ling vir u
lence. Virulent strains of Shigella are in va sive when grown at 37°C but 
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non in va sive when grown at 30°C. This strat egy en sures that the or gan
ism con serves en ergy by syn the siz ing vir u lence prod ucts only when it is 
in the host.

Genetic Regulation
Given the com plex ity of the in ter ac tions be tween host and path o gen, it 
is not sur pris ing that Shigella vir u lence re quires sev eral genes. These 
in clude both chro mo somal and plas midcarried genes. The large plas
mid has an in dis pens able role in in va sion by S. sonnei and S. flexneri. 
Other Shigella spp., as well as strains of EIEC, con tain sim i lar plas mids, 
which are func tion ally in ter chan ge able and show sig nifi  cant de grees of 
DNA re lat ed ness. The plas mids of Shigella and EIEC are prob a bly de rived 
from a com mon an ces tor.

The ipa group of genes en code in va sion plas mid an ti gens, the main an
ti gens de tected with sera from con va les cent pa tients and ex per i men tally 
chal lenged mon keys. These genes are re quired for the in va sion of mam
ma lian cells. Ultimately, the pro teins form a com plex on the bac te rial cell 
sur face and are re spon si ble for trans duc ing the sig nal lead ing to en try of 
Shigella into the host cells via bac te ri umdirected phago cy to sis. The prod
ucts of the ipa genes have also been pos tu lated to be the con tact he mo ly
sin re spon si ble for ly sis of the phago cytic vac u ole min utes af ter en try of 
the bac te rium into the host cell. The abil ity of S. flexneri to in duce pro
grammed cell death in in fected mac ro phages is an ad di tional prop erty 
as signed to IpaB.

In con trast to the genes of the vir u lence plas mid that are re spon si ble 
for the in va sion of mam ma lian tis sues, most of the chro mo somal loci 
as so ci ated with Shigella vir u lence are in volved in reg u la tion or sur vival 
within the host. Although Shigella and E. coli are very closely re lated at 
the ge netic level, there are sig nifi  cant dif er ences be yond the pres ence 
of the vir u lence plas mid in Shigella. In ad di tion to ex tra genes in the 
Shigella chro mo some, there are genes pres ent in the closely re lated E. 
coli that are miss ing from the chro mo some of Shigella; ge netic di ver
gence ac counts for dif er ences in the vir u lence and path o ge nic ity of Shi-
gella and E. coli.

CONCLUSIONS
Although foodborne in fec tions due to Shigella spp. may not be as fre quent 
as those caused by other foodborne path o gens, they have the po ten tial for 
ex plo sive spread due to the ex tremely low in fec tious dose that can cause 
overt clin i cal dis ease. In ad di tion, cases of ba cil lary dys en tery fre quently 
re quire med i cal at ten tion (even hos pi tal i za tion), re sult ing in time lost 
from work, as the se ver ity and du ra tion of symp toms can be in ca pac i tat ing. 
There is no ef ec tive vac cine against dys en tery caused by Shigella. These 
fea tures, cou pled with the wide geo graph i cal dis tri bu tion of the strains 
and the sen si tiv ity of the hu man pop u la tion to Shigella in fec tion, make 
Shigella a for mi da ble pub lic health threat.

Authors’ note
Genes that en code vir u lence 
are highly reg u lated by tem per
a ture. At typ i cal am bi ent 
tem per a tures (be low 30°C, or 
86°F) at which foods would be 
ex pected to be held, vir u lence 
gene ex pres sion is sup pressed. 
Once the or gan ism is in gested 
and ex posed to body tem per a
ture (37°C, or 98.6°F), vir u lence 
genes are ac ti vated and the 
or gan ism is now ca pa ble of 
caus ing se vere ill ness.
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Questions for crit i cal thought
 1.  How many Shigella spe cies are con sid ered path o genic to hu mans? Is Shigella con

sid ered a zoo notic mi crobe?

 2.  In de vel oped coun tries, out  breaks of shig el lo sis are more com monly as so ci ated 
with daycare and other in sti tu tional set tings, rather than linked to food; spec u late
as to why. What is the sit u a tion in de vel op ing countries?  Speculate as to why.

 3.  Shigellosis is dis tin guished from dis eases caused by other foodborne path o gens by
at least two char ac ter is tics. What are the two key char ac ter is tics?

 4.  The use of an ti bi ot ics to treat shig el lo sis is controversial. Why? Indicate an other
foodborne path o gen that was cov ered in this book for which this state ment also
ap plies.

 5.  Are there any longterm con se quences to a Shigella in fec tion?

 6.  Based on in for ma tion pro vided in this book and out  side re sources, con sider 
whether Shigella enters a vi a blebutnonculturable state. From a food safety per spec
tive, why would it be im por tant to know this in for ma tion?

 7.  How does tem per a ture play a role in Shigella path o gen e sis?

 8.  Find a re cent (within past year) Shigella out  break by go ing to ap pro pri ate gov ern
ment web sites or by search ing the In ter net. Based on in for ma tion pro vided and any 
ad di tional in for ma tion that can be gath ered from your searches, in di cate mea sures
that could have been im ple mented to pre vent the out  break from oc cur ring.

 9.  Once Shigella has in vaded ep i the lial cells of the host, what unique func tion can the
path o gen per form, and how does that in flu ence path o gen e sis?

  10.  What is the most likely route by which food be comes con tam i nated with Shigella?

  11.  The enterohemorrhagic or gan ism E. coli O157:H7 also pro duces Shiga toxin and
ill ness that pres ents as di ar rhea, bloody di ar rhea, and cramps. How would you

Summary

•  The in fec tive dose may be as low as 100 cells.

•  Shigellosis is self-lim it ing.

•  Humans are the nat u ral res er voir of Shigella.

•  Shigella is spread through the fe cal-oral route; there fore, hand wash ing is one of the most ef ec tive con trol
mea sures.

•  Expression of vir u lence genes is reg u lated by tem per a ture.

•  Shigella shares many vir u lence genes with E. coli.

•  Genes re spon si ble for vir u lence are lo cated on a vir u lence plas mid.
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de ter mine whether a per son was in fected with Shigella and not E. coli O157:H7? 
You must have an an swer in 24 h or less. What type of sam ple would you pro cess, 
and would it make a dif er ence?

  12.  In the United States, a greater num ber of cases of shig el lo sis and Shigella out  breaks 
are as so ci ated with in ter na tional trav el ers who bring the ill ness and path o gen to 
the United States. What should U.S. trav el ers be en cour aged to do to elim i nate or 
pre vent the spread of Shigella?

  13.  Many cases of shig el lo sis are linked to con sump tion of fresh pro duce. What mea
sures could be im ple mented to re duce the risk of shig el lo sis from con sump tion of 
fresh veg e ta bles?

  14.  This is an ex trahard ques tion. The FDA ap proved the use of a Listeriaspecific bac
te rio phage prep a ra tion on readytoeat meat and poul try prod ucts as a means to 
con trol the foodborne path o gen L. monocytogenes. Provide a brief nar ra tive to ad dress 
each point listed be low with re spect to the use of phages to con trol Shigella as so ci
ated with a food of your choice. The points to be ad dressed are:

• phage source

• specificity of phages

• phage titer

• allergenicity

• immunogenicity

• method of treating food

• determination of the efficacy of phage treatment

• benefit compared to existing methods

• potential pitfalls associated with utilization of phages as a natural decontamina
tion system
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Learning Objectives

The in for ma tion in this chap ter will en able the stu dent to:

• use ba sic bio chem i cal char ac ter is tics to iden tify 
Staphylococcus au re us

• un der stand what con di tions in foods fa vor S. au re us
growth

• rec og nize, from symp toms and time of on set, a case of
S. au re us food poi son ing

• choose ap pro pri ate in ter ven tions (heat, pre ser va tives, or 
for mu la tion) to pre vent the growth of S. au re us

• iden tify sources of S. au re us

• un der stand the role of staph y lo coc cal en tero tox ins in 
caus ing foodborne ill ness

Outbreak
If you ask chil dren whether they like sweets, the an swer will be a re
sound ing “Yes.” In July 2015, how ever, a large out  break of food poi son ing 
as so ci ated with con sump tion of fruitflavored candies (du rian, mango, 
and man go steen) oc curred in the Phil ip pines. At least 1,925 per sons 
be came sick, ex pe ri enc ing vom it ing, stom ach cramps, and nau sea. Most 
of the vic tims were school chil dren aged 10 to 14 years. Such sweet sor row! 
The can dies were sold near el e men tary schools by street vendors and did 
not carry any proper la bel in for ma tion, such as nu tri tion facts or ex pi ra
tion dates. Microbiological test ing dem on strated that the candy sam ples 
were pos i tive for Staphylococcus au re us. Contamination with S. au re us can 
oc cur at the foodhandler level be cause it is a com mon bac te rium found 
on hu man skin and in noses of healthy peo ple. Possible sources of the 
con tam i na tion in clude poor worker hy giene (e.g., dirty hands or body 
sweat), im proper food han dling dur ing prep a ra tion (e.g., crosscontami
nation be tween dirty sur face of equip ment and foods), and dis tri bu tion 
(e.g., re pack ing by vendors).

An out  break of staph y lo coc cal food poi son ing in July 2012 de feated a 
mil i tary unit fol low ing a lunchtime party. The bat tle, be gun 2 to 3 hours 
af ter the lunch, ended with 22 cases of gas tro in tes ti nal illness. No sol
diers were lost, but about 86% of the pa tients had nau sea, 77% had di ar
rhea and ab dom i nal pain, and 69% had vom it ing. The cul prit was perlo, a 

doi:10.1128/9781555819392.ch16
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CHARACTERISTICS OF THE ORGANISM
Historical Aspects and Ge ne ral Considerations
The link be tween staph y lo cocci and foodborne ill ness was made in 1914 
when re search ers found that drink ing con tam i nated milk caused vom it
ing and di ar rhea. In 1930, G. M. Dack and co work ers vol un tar ily con sumed 
flu ids from cul tures of “a yel low he mo lytic Staphylococcus” iso lated from 
con tam i nated cake. They be came ill with “vom it ing, ab dom i nal cramps 
and di ar rhea.”

S. au re us is well char ac ter ized. It ex cretes a va ri ety of com pounds. Many 
of these, in clud ing the staph y lo coc cal en tero tox ins, are vir u lence fac tors. 
The staph y lo coc cal tox ins cause at least two hu man dis eases, toxic shock 
syn drome (TSS) and staph y lo coc cal food poi son ing.

S. au re us is now rec og nized as the main agent of staph y lo coc cal food 
poi son ing, a com mon cause of gas tro en ter i tis. Unlike many other forms 
of gas tro en ter i tis, staph y lo coc cal food poi son ing usu ally is not caused by 
eat ing live bac te ria. One gets it by eat ing staph y lo coc cal tox ins that have 
al ready been made in the con tam i nated food. This form of food poi son
ing is known as “in tox i ca tion” or “poi son ing” be cause it does not re quire 
that the bac te ria in fect the vic tim. Indeed, out  breaks have been caused 
by foods in which the or gan ism was killed but the toxin re mained. 
Staphylococcal toxin is unique be cause it is not de stroyed by heat ing, 
even by can ning. In a large out  break that oc curred with canned mush
rooms, S. au re us grew and pro duced toxin in the mush rooms be fore they 
were canned. The canned mush rooms were pro cessed at 121°C for 2.4 
min (see chap ter 2) to pro duce a “com mer cially ster ile” prod uct. How
ever, peo ple who ate the mush rooms be came ill with typ i cal symp toms 
of staph y lo coc cal food poi son ing. Staphylococcal en tero toxin was iso lated 
from the food.

Sources of Staphylococcal Food Contamination
People are the main res er voir of S. au re us. Humans are “nat u ral” car ri
ers and spread staph y lo cocci to other peo ple and to food. In hu mans, the 
nose in te rior is the main col o ni za tion site. S. au re us also oc curs on the 
skin. S. au re us spreads by di rect con tact, by skin frag ments, or through 
re spi ra tory drop lets when peo ple cough or sneeze. Most staph y lo coc cal 
food poi son ing is traced to food con tam i nated by hu mans dur ing prep a
ra tion. In ad di tion to con tam i na tion by food han dlers, meat grind ers, 
knives, stor age uten sils, cut ting blocks, and saw blades may also in tro duce 

south ern U.S. dish made with chicken, rice, and sau sage. Laboratory 
test ing found staph y lo coc cal en tero toxin A and the or gan ism in the 
left over perlo. Further in ves ti ga tion dis cov ered that the meal had been 
cooked the pre vi ous night and placed in an un heated oven over night 
for about 8 hours. The next day, it was re heated in a slow cooker for ap
prox i ma tely 1 hour be fore serv ing. Holding the cooked food within a 
“dan ger zone” of 40°F (4.4°C) and 135°F (57°C) for sev eral hours al lows the 
bac te ria to grow and pro duce harm ful lev els of toxin. To pre vent staph y lo
coc cal con tam i na tion, food han dlers should wear gloves, pre pare foods in 
a clean en vi ron ment, and en sure the im me di ate cool ing and stor ing of 
pre pared foods be low 40°F (4.4°C).
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S. au re us into food. Conditions of ten as so ci ated with out  breaks of staph
y lo coc cal ill ness are in ad e quate re frig er a tion, pre par ing foods too far in 
ad vance, poor per sonal hy giene, in ad e quate cook ing or heat ing of food, and
pro longed use of warm ing plates when serv ing foods.

Animals are also S. au re us sources. For ex am ple, mas ti tis (in fec tion 
of cow mam mary glands) is a se ri ous prob lem for the dairy in dus try. It 
is of ten caused by S. au re us. Bovine mas ti tis is the sin gle most costly ag
ri cul tural dis ease in the United States. Mastitis is also a pub lic health 
con cern be cause the bac te ria can con tam i nate milk and dairy prod ucts. 
Contamination can be con trolled through strict hy giene of au to mated 
milk ing ma chines, milk han dlers, and fa cil i ties.

The source of staph y lo coc cal food con tam i na tion for a spe cific out 
break is not al ways known. Regardless of its source, S. au re us is pres ent 
in many foods (Table 16.1). The staph y lo coc cus lev els are usu ally low, 
ini tially, <100 col o nyforming units (CFU)/g. However, con tam i na tion 
can grow to high lev els, >106 CFU/g, and, un der fa vor able con di tions, can 
cause staph y lo coc cal food poi son ing.

Resistance to Adverse Environmental Conditions
The unique re sis tance of S. au re us to in hib i tors helps it grow un der con
di tions in which other path o gens can not. Thus, foods with high salt 
or low wa ter ac tiv ity are of ten im pli cated in out  breaks. Under aer o bic 
con di tions, S. au re us can grow at wa ter ac tiv i ties as low as 0.86, mak ing 
it the most osmotolerant foodborne path o gen. Under an aer o bic con
di tions, cells do not grow be low a wa ter ac tiv ity of 0.90. Foods with low 
wa ter ac tiv ity in clude cured meats, pud dings, and sauc es.

Table 16.1 Prevalence of S. au re us in sev eral com mon food prod uctsa

Product
No. of 

sam ples test ed
% Positive 

for S. au re us
S. au re us

con tent (CFU/g)b

Ground beef 74 57 ≥100

1,830 8 ≥1,000

1,090 9 >100

Big game 112 46 <10

Pork sau sage 67 25 ≥100

Ground tur key 50 6 ≤10

75 80 ≤3.4

Salmon steaks 86 2 ≤3.6

Oysters 59 10 ≤3.6

Blue crab meat 896 52 ≤3

Peeled shrimp 1,468 27 ≤3

Lobster tail 1,315 24 ≤3

Assorted cream pies 465 1 ≤25

Tuna pot pies 1,290 2 ≤10

Delicatessen sal ads 517 12 ≤3

a Adapted from Jablonski LM, Bohach GA, p 411–434, in Doyle MP, Beuchat LR, Montville TJ, ed, 
Food Microbiology: Fundamentals and Frontiers, 2nd ed, ASM Press, Wash ing ton, DC, 2001.

bDetermined by ei ther di rect plate count or mostprobablenumber tech nique.
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Staphylococci have an ef  cient osmoprotectant sys tem for growth at 
low wa ter ac tiv ity. Several com pounds ac cu mu late in the cell or en hance 
staphylococcal growth un der os motic stress. Glycine be ta ine is the most 
im por tant osmoprotectant. To var i ous de grees, other com pounds, in clud
ing lproline, pro line be ta ine, cho line, and tau rine, also act as com pat i ble 
sol utes. The compounds proline and gly cine be ta ine ac cu mu late to very 
high lev els in S. au re us in re sponse to low wa ter ac tiv ity. This low ers the 
in tra cel lu lar wa ter ac tiv ity to match the ex ter nal wa ter ac tiv ity. However, 
the trans port of these com pounds re quires en ergy, di vert ing it from other 
cel lu lar pur poses. Under ex treme con di tions of growth, the or gan ism may 
not pro duce tox in.

Because there are so many hu man and an i mal res er voirs, con trol ling 
staph y lo coc cal food poi son ing is es pe cially chal leng ing. S. au re us per
sists in sites, such as the mu co sal sur face, be cause it can bind to, and be 
in ter nal ized by, many dif er ent cell types. Once bound, S. au re us trig
gers a se ries of hostspecific changes that are sim i lar to those in duced by 
other in tra cel lu lar path o gens. These changes in clude phagosome for
ma tion, pro tein ty ro sine ki nase ac ti va tion, and changes in cell mor phol
ogy, which are ex plained more fully for the case of Listeria monocytogenes 
in chap ter 13.

FOODBORNE OUTBREAKS
Incidence of Staphylococcal Food Poisoning
There is lit tle rea son to re port staph y lo coc cal food poi son ing be cause 
peo ple usu ally re cover in 24 to 48 h and have no rea son to go to the 
doc tor. Although there is na tional sur veil lance for staph y lo coc cal food 
poi son ing, it is not an of  cially re port able dis ease; only 1 to 5% of all  
staph y lo coc cal food poi son ing cases in the United States are re ported. 
Most of these cases are highly pub li cized out  breaks. Sporadic cases in 
the home are usu ally un re ported. Staphylococcal food poi son ing ac
counts for about 14% of the to tal out  breaks of foodborne ill ness within 
the United States. There are about 25 ma jor out  breaks of staph y lo coc cal 
food poi son ing an nu ally in the United States. Occurrence of staph y lo
coc cal food poi son ing is sea son al: most cases oc cur in the late sum mer, 
when tem per a tures are warm and food is stored im prop erly. A sec ond 
peak oc curs in No vem ber and De cem ber, pre sum ably due to the mis
han dl ing of hol i day left overs. Although in ter na tional re port ing is also 
poor, staph y lo coc cal food poi son ing is a lead ing cause of foodborne ill
ness world wide. In Aus tra lia, OzFoodNet, which col lects in for ma tion 
on all  foodborne ill ness out  breaks, re corded 14 S. au re us out  breaks be
tween 2000 and 2012, af ect ing 429 peo ple. Approximately onethird of 
the out  breaks were as so ci ated with meals con tain ing chicken and 29% 
were as so ci ated with food pre pared by a com mer cial ca ter er.

A Typical Large Staphylococcal Food Poisoning Outbreak
The FDA re ported an out  break hav ing many typ i cal el e ments of staph y
lo coc cal food poi son ing. The type of food in volved, means of con tam i
na tion, in ad e quate foodhandling mea sures, and symp toms all  pointed 
to S. au re us. The out  break was traced to one meal fed to 5,824 school 
chil dren at 16 sites in Texas. A to tal of 1,364 chil dren de vel oped typ i cal 
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staph y lo coc cal food poi son ing. Investigations re vealed that 95% of the ill 
chil dren had eaten chicken salad, which con tained S. au re us at high 
lev els.

The meal was pre pared in a cen tral kitchen the day be fore. Frozen 
chick ens were boiled for 3 h. After be ing cooked, the chick ens were de
boned, cooled to room tem per a ture, ground into small pieces, placed 
into 30.5cmdeep pans, and stored over night in a walkin re frig er a tor at 
5.5 to 7°C. The fol low ing morn ing, the other salad in gre di ents were 
added, and the mix ture was blended. The food was placed in con tain ers 
and trucked to the schools be tween 9:30 a.m. and 10:30 a.m. It was kept 
at room tem per a ture un til served be tween 11:30 a.m. and noon.

The chicken was prob a bly con tam i nated af ter cook ing when it was 
de boned. The stor age of the warm chicken in the deep pans pre vented 
rapid cool ing. It pro vided a good en vi ron ment for staph y lo coc cal growth 
and toxin pro duc tion. Holding the food in warm class rooms gave an ad
di tional op por tu nity for growth. The screen ing of food han dlers to iden
tify S. au re us car ri ers, cool ing the chicken more rap idly, and re frig er at ing 
the salad af ter prep a ra tion could have pre vented the in ci dent.

CHARACTERISTICS OF DISEASE
Staphylococcal food poi son ing is a selflim it ing ill ness caus ing eme sis 
(vom it ing) af ter an un usu ally short time of on set, as lit tle as 30 min af
ter eat ing (Box 16.1). However, vom it ing is not the only symp tom, and 
many pa tients with staph y lo coc cal food poi son ing do not vomit. Nausea, 
cramps, di ar rhea, head aches, and/or pros tra tion are other com mon 
symp toms. In a sum mary of clin i cal symp toms in volv ing 2,992 pa tients 
di ag nosed with staph y lo coc cal food poi son ing, 82% com plained of vom
it ing, 74% felt nau se ated, 68% had di ar rhea, and 64% ex hib ited ab dom i
nal pain. In all  cases of di ar rhea, vom it ing was al ways pres ent. The lack 
of fe ver is con sis tent with the ill ness be ing caused by a toxin, not an 
in fec tion.

Symptoms usu ally de velop within 6 h af ter eat ing. According to one 
re port, 75% of the vic tims had symp toms of staph y lo coc cal food poi son
ing within 6 to 10 h af ter eat ing. The av er age in cu ba tion pe riod is 4.4 h, 

Box 16.1
Things are not al ways what they seem

You would im me di ately sus pect 
S. au re us in tox i ca tion if you were 
pre sented with a sce nario in which
more than 25 peo ple be came ill
with vom it ing and nau sea within
30 min of eat ing at a buf et. Such
was the case in an out  break that
orig i nated in a res tau rant in Ohio
in 2000. However, toxin was not
de tected in the food or the vic tims’

fe ces. Statistical anal y sis im pli cated 
the salad. Testing of the salad and 
a vic tim’s vom i tus re vealed the 
pres ence of methomyl, an or gan o-
phos phate cho line es ter ase in hib i-
tor. Methomyl was used as “fly 
bait” dis trib uted around the 
res tau rant by hand or by spoon. The 
spoon was miss ing. In a sep a rate 
case of food-related poi son ing, 

three peo ple who ate roti (an In dian 
dish) died. The res tau rant stored 
methomyl in an un la beled tin can. 
These out  breaks il lus trate two 
im por tant les sons: food uten sils 
should never be used to dis trib ute 
chem i cals, and chem i cals and 
in sec ti cides should be clearly 
la beled and stored in a locked 
cab i net.
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al though ill ness can ap pear in ∼30 min. Death due to staph y lo coc cal 
food poi son ing is rare. The fa tal ity rate ranges from 0.03% for the gen
eral pub lic to 4.4% for more sus cep ti ble pop u la tions, such as chil dren 
and the el derly. Approximately 10% of pa tients with con firmed staph y lo
coc cal food poi son ing seek med i cal help. Treatment is usu ally min i mal, 
al though flu ids are given when di ar rhea and vom it ing are se vere.

TOXIC DOSE
Toxin Dose Required
The best data on min i mum toxic dose are from an a ly ses of food re cov
ered from out  breaks. Staphylococcal tox ins are quite po tent, and 1 ng 
(10−9 g) of staph y lo coc cal en tero toxin per g of food can cause ill ness. 
However, the staph y lo coc cal en tero toxin level in out  break foods is rel a
tively large, rang ing from 1 to 5 µg of in gested toxin. S. au re us lev els >105 
cells/g of food may pro duce the level of en tero toxin nec es sary to cause 
ill ness. Other stud ies sug gest that 105 to 108 cells/g is the typ i cal range, 
al though lower cell pop u la tions are some times im pli cat ed.

Many fac tors con trib ute to the se ver ity and like li hood of get ting 
staph y lo coc cal food poi son ing. These in clude in di vid ual sus cep ti bil ity 
to the toxin and the quan tity of food eaten. The toxin type may also be 
im por tant. Although en tero toxin A causes more out  breaks, staph y lo coc
cal en tero toxin B pro duces more se vere symp toms. Fortysix per cent of 
in di vid u als ex posed to staph y lo coc cal en tero toxin B had symp toms se
vere enough to be hos pi tal ized. But only 5% of in di vid u als ex posed to 
en tero toxin A re quired hos pi tal i za tion. This may re flect dif er ent lev els 
of toxin ex pres sion be cause en tero toxin B is gen er ally pro duced at higher 
lev els than en tero toxin A.

The staph y lo coc cal en tero toxin acts at the vis ceral (gut) level. The 
emetic re sponse re sults from stim u la tion of the gut’s neu ral re cep tors, 
which trans mit im pulses through the nerves, ul ti mately stim u lat ing 
the brain’s vom it ing cen ter. Diferent lev els of in gested en tero tox ins 
are re quired to make hu man vol un teers or mon keys vomit. Monkeys 
are gen er ally less sus cep ti ble than hu mans are. Human vol un teers 
re quire 20 to 25 µg of staph y lo coc cal en tero toxin B (0.4 µg/kg of body 
weight) to in duce vom it ing. In rhe sus mon keys, the 50% emetic dose 
is about 1 µg/kg.

MICROBIOLOGY, TOXINS, AND PATHOGENICITY
Nomenclature, Characteristics, and Distribution of  
Enterotoxin-Producing Staphylococci
The term staph y lo cocci in for mally de scribes a group of small spher i cal, 
Grampos i tive bac te ria. Their cells have a di am e ter rang ing from 0.5 to 
1.5 µm (Fig. 16.1). They are cat a lase pos i tive (i.e., they have en zymes that 
break down hy dro gen per ox ide). Staphylococci have typ i cal cell walls 
con tain ing pep ti do gly can and teichoic ac ids. Some char ac ter is tics that 
dif er en ti ate S. au re us from other staph y lo coc cal spe cies are sum ma
rized in Table 16.2.

Bergey’s Manual of Determinative Bacteriology (the “dic tio nary” for the 
clas si fi ca tion of bac te ria) puts staph y lo cocci in the fam ily Micrococca-
ceae. This fam ily in cludes the gen era Micrococcus, Staphylococcus, and 
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Planococcus. The ge nus Staphylococcus is fur ther sub di vided into more 
than 23 spe cies and sub spe cies. Many of these con tam i nate food. Staph
ylococci that form black col o nies on BairdParker agar (Fig. 16.2) are sus
pected of be ing S. au re us.

Identification as S. au re us is usu ally con firmed by the co ag u lase test. 
(Coagulase is an en zyme highly as so ci ated with toxin pro duc tion.) In a 
pos i tive co ag u lase test, the cul ture fil trate clots the se rum re agent. 
Because clot ting can be sub jec tive, only sam ples show ing a +4 re ac tion 
(Fig. 16.3) are con sid ered pos i tive. However, sev eral other spe cies of 
Staphylococcus, in clud ing both co ag u lasenegative and co ag u lasepositive 
iso lates, can pro duce staph y lo coc cal en tero tox ins. The FDA has noted that 
nei ther the co ag u lase test, the ther mo sta ble nu cle ase test, nor car bo hy
drate fer men ta tion pat terns are re li able tools for dif er en ti at ing toxic from 
non toxic strains. Nonetheless, nearly all  staph y lo coc cal food poi son ing is 
at trib uted to S. au re us. Better meth ods have re cently been de vel oped to 

Figure 16.1

Electron mi cro graph of S. au re us cells.

Table 16.2 Summary of char ac ter is tics of se lected staph y lo coc cal spe cies

Characteristic
Presence of phe no type in speciesa:

S. au re us S. chromogenes S. hyicus S. intermedius S. epidermidis S. saprophyticus

Yellow pig ment + + − − − ±
Coagulase + − + + − −
Hemolytic ac tiv i ty + − − + ± −
Clumping fac tor + − − + − −
Thermostable nu cle ase + − + + ± −
Phosphatase + + + + ± −
Hyaluronidase + − + − ± ND

Mannitol fer men ta tion + ± − ± − ±
Novobiocin re sis tance − − − − − +

aND, not de ter mined; +, pres ent; −, ab sent; ±, var i able.
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iden tify spe cific en tero tox inproducing S. au re us strains in out  breaks. 
Three ge netic tech niques—pulsedfield gel elec tro pho re sis, ran domly 
am pli fied po ly mor phic DNA, and po ly mer ase chain re ac tion—have 
traced the path o gen to man u ally han dled dairy prod ucts, na sal cav i ties, 
and man u ally han dled veg e ta bles. While the FDA and USDA have been 
slow to adopt these meth ods for the ini tial iden ti fi ca tion of S. au re us, the 
meth ods are widely used in the in ves ti ga tion of out  breaks.

Introduction to and Nomenclature of the Staphylococcal Enterotoxins:  
Current Classification Scheme Based on Antigenicity
S. au re us makes mul ti ple tox ins that can be dif er en ti ated by im mu no log
i cal tests. Staphylococcal en tero tox ins are named by let ter in the or der of 
their dis cov ery. Staphylococcal en tero toxin A, en tero toxin B, en tero toxin 

+1 +2 +3 +4

Figure 16.3

Coagulase re ac tion for S. au re us. The light color rep re sents liq uid, and the dark color 
rep re sents clot ted mat ter.

Figure 16.2

(Left and center) S. au re us ap pears as a black col ony sur rounded by an opaque halo when 
plated on BairdParker agar; (right) a bot tle of BairdParker agar.
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Table 16.3 Ge ne ral prop er ties of staph y lo coc cal enterotoxins

Toxin
Molecular  

mass (kDa) Emetic activity Gene

SEA 27.1 Yes sea

SEB 28.4 Yes seb

SEC 27.5–27.6 Yes sec

SED 26.9 Yes sed

SEE 26.4 Yes see

SEG 27.0 Yes seg

SEH 25.1 Yes seh

SEI 24.9 Weak sei

SEJ 28.5 Not de ter mined selj

SER 27.0 Yes ser

SES 26.2 Yes ses

SET 22.6 Weak set

C, en tero toxin D, and en tero toxin E are the ma jor types. Protein se quenc
ing and re com bi nant DNA meth ods have yielded the pri mary se quences 
of the en tero tox ins. These have a high de gree of ho mol ogy (sim i lar ity of 
amino acid se quence). Staphylococcal en tero tox ins G, H, J, I, R, S, and T 
are not typ i cally as so ci ated with out  breaks (Table 16.3). Outbreak data 
show re cov er ies of en tero toxin A, en tero toxin D, and en tero toxin B from 
out  breaks in the United States were 79%, 38%, and 10%, re spec tive ly. An 
exo toxin pro duced by the S. au re us as so ci ated with TSS was ini tially called 
staph y lo coc cal en tero toxin F. When it was dis cov ered that this en tero toxin 
did not cause vom it ing in an i mals (as the other staph y lo coc cal en tero tox
ins do), its name was changed to toxic shock syn drome toxin 1 (Box 16.2).

Each en tero toxin type has enough an ti genic dis tinct ness to be dif er
en ti ated, us ing an ti bod ies, from other tox ins. However, some crossre
ac tiv ity can oc cur. The level of crossre ac tiv ity gen er ally cor re lates with 
sim i lar amino acid se quences. The type C en tero toxin sub types and 
their mo lec u lar var i ants are crossre ac tive, as are en tero tox ins A and E, 
the two ma jor se ro log i cal types with the great est se quence sim i lar ity. 
The two most dis tantly re lated en tero tox ins rec og nized by a com mon 
an ti body are staph y lo coc cal en tero tox ins A and D.

Box 16.2
Toxic shock syn drome: changes in mi cro bial ecol ogy give rise to a new threat from an old path o gen

TSS is not caused by food but is 
caused by S. au re us. In women, TSS 
causes vom it ing, di ar rhea, re nal 
prob lems, cen tral ner vous sys tem 
symp toms, and peel ing of skin from 
the hands and feet. It can be fa tal. 
TSS emerged in the mid-1970s when 
su per ab sor bent tam pons were 

in tro duced into the highly com pet i-
tive fem i nine-hygiene mar ket. The 
superabsorbency led to ex tended 
pe ri ods of us age, which, in turn, led 
to ex tended time for growth of and 
toxin pro duc tion by S. au re us in a 
moist, warm, nu tri ent-rich en vi ron-
ment. Toxic shock syn drome toxin 1 

causes 75% of the cases, but 
staph y lo coc cal en tero toxin B (the 
toxin that causes food poi son ing) is 
re spon si ble for 25% of the cases. 
The fed eral gov ern ment now 
reg u lates tam pon ab sor bency and 
ad vi ses men stru at ing women to 
change their tam pons fre quent ly.
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Staphylococcal Regulation of Staphylococcal Enterotoxin Expression
Ge ne ral Considerations
Staphylococcal en tero tox ins are pro duced in low quan ti ties dur ing the ex
po nen tial growth phase. The amount made is straindependent. Staphylo
coccal en tero tox ins B and C are pro duced in the high est quan ti ties, as high 
as 350 µg/ml. Staphylococcal en tero tox ins A, D, and E are eas ily de tect able 
by gel dif u sion as says, which de tect as few as 100 ng of en tero toxin per ml 
of cul ture. Strains that pro duce very low lev els of tox ins re quire more sen
si tive de tec tion meth ods. Of these, staph y lo coc cal en tero tox ins D and J are 
most likely to be un de tect ed.

Molecular Regulation of Staphylococcal Enterotoxin Production
Three genes that reg u late ex pres sion of S. au re us vir u lence fac tors are agr 
(ac ces sory gene reg u la tor), sar (staph y lo coc cal ac ces sory reg u la tor), and sae 
(S. au re us exoprotein ex pres sion). The best char ac ter ized is agr. Mutations 
in agr de crease toxin ex pres sion. Gene reg u la tion by agr can be tran scrip
tional or trans la tional. Not all  staph y lo coc cal tox ins are reg u lated by agr. 
Staphylococcal en tero toxin A ex pres sion is not af ected by agr mu ta tions. 
Because at least 15 genes are un der agr con trol, agr is con sid ered a “global 
reg u la tor.”

Regulation of Staphylococcal Enterotoxin Gene Expression
The prop er ties of agr ex plain sev eral as pects of en tero toxin pro duc tion 
and, in many cases, ex plain what were once known as “glu cose ef ects.” 
For ex am ple, agr ex pres sion co in cides with ex pres sion of en tero tox ins B 
and C dur ing growth. All have their high est ex pres sion dur ing late ex po
nen tial and postexponential growth. Staphylococcal en tero toxin A, which 
is not reg u lated by agr, is pro duced ear lier. Furthermore, the pro duc tion 
of sev eral staph y lo coc cal en tero tox ins is in hib ited by growth in me dia con
tain ing glu cose; this af ects agr. Enterotoxin C ex pres sion is af ected by 
glu cose in two dif er ent ways. First, glu cose me tab o lism in di rectly in flu
ences en tero toxin C pro duc tion by re duc ing pH: agr is ex pressed the most 
at neu tral pH, but growth in me dia con tain ing glu cose low ers pH, which 
di rectly re duces agr ex pres sion. Expression of sec and other agr tar get 
genes is also af ected. Glucose also re duces sec ex pres sion in strains lack
ing agr. This sug gests a sec ond glu cosedependent mech a nism for stop
ping toxin pro duc tion, in de pen dent of agr and not influ enced by pH.

In many or gan isms, a pro cess known as autoinduction co or di na tes 
the ex pres sion of pro teins. In autoinduction, the pro duc tion of one com
pound in duces the pro duc tion of oth ers in the same or gan ism. The agr 
lo cus is at the cen ter of the S. au re us autoinduction re sponse. Components 
of the agr op eron com prise a quo rumsensing ap pa ra tus anal o gous to 
the sig naltransduction path way of bac te rial twocomponent (re ceiver 
and re sponse) sys tems.

Other Molecular Aspects of Staphylococcal Enterotoxin Expression
Many fac tors se lec tively in hibit en tero toxin ex pres sion. Their ef ects on 
reg u la tion and sig nal trans duc tion are only be gin ning to be de fined. agr 
is not the only sig nal trans duc tion mech a nism for S. au re us. Glucose’s 
neg a tive ef ect is not en tirely due to higher acid lev els. Cultures con tain ing 
glu cose pro duce less en tero toxin even when the acid is neu tral ized.

Authors’ note
Quorum sensing is the pro cess 
by which bac te ria de ter mine 
the size of their pop u la tion and 
whether it is big enough to act 
in a cer tain fash ion. This is 
anal o gous to leg is la tive bod ies 
that re quire a quo rum (cer tain 
num ber of peo ple) to do 
busi ness. Signal trans duc tion is 
the mech a nism by which 
bac te ria “sense” some ex ter nal 
fac tor and trans duce it to an 
in ter nal re sponse.
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Box 16.3

S. au re us en tero tox in

The char ac ter iza tion of a staph y lo-
coc cal iso late as an en tero toxin 
pro ducer is an im por tant task. There 
are many Staphylococcus spe cies in 
the en vi ron ment that pose no threat 
to the safety of foods. These need to 
be dif er en ti ated from the ones that 
pose a real haz ard. The first step in 
the iso la tion of S. au re us is plat ing on 
Baird-Parker me dium. Presumptive 
S. au re us col o nies are very dis tinc-
tive. They are black, with a halo of
pre cip i ta tion against a clear ing zone. 
Direct tests for en tero toxin are
dif  cult. So sus pect col o nies are 
sub cul tured in broth, and the
su per na tants are tested for co ag u-
lase and/or ther mo sta ble nu cle ase 
ac tiv ity. The co ag u lase test de ter-
mines the cul ture’s abil ity to co ag u-
late a spe cial type of rab bit se rum. In
a strong pos i tive re ac tion, the tube
can be in verted with out  the clot
fall ing out . Weaker re ac tions need to
be con firmed by an other method,
usu ally a ther mo sta ble nu cle ase. This 
test uses a color change to dem on-
strate the cul ture’s abil ity to break
down DNA. 3M Petrifilm S. au re us
Count Plates clev erly com bine the
re ac tions of Baird-Parker me dium 
with the ther mo sta ble nu cle ase 
re ac tion on a sin gle piece of Petri-
film. However, both co ag u lase and
ther mo sta ble nu cle ase ac tiv i ties 
cor re late with, but do not prove,
en tero toxin pro duc tion. The of  cial 
method for de tect ing en tero toxin is 
the microslide dif u sion as say, which
is te dious and com plex. The mi-
croslide ap pa ra tus is con structed by 
plac ing a drilled Plex i glas tem plate 
on a slab of dif u sion agar sup ported
by a mi cro scope slide. Antitoxin(s)
(usu ally A and B [AntiA and AntiB in

the fig ure] since these are the most 
com mon) are placed in the cen ter 
well. Positive con trols of pu ri fied 
en tero toxin are placed in wells 3 
(EntA) and 5 (EntB). Test sam ples 
are placed in wells 2 and 4. Thus, 
the re ac tion of ex am ple 1 has 
im mu no pre cip i ta tion lines be tween 
the an ti toxin and the con trol en tero-
tox ins, but not the sam ple. Toxin is 
ab sent. When the sam ple con tains 
toxin, its im mu no dif u sion line 
crosses the im mu no dif u sion line 
caused by the toxin stan dard. Thus, 
in ex am ple 2, en tero toxin B (but 
not A) is pres ent in test sam ple 4. 
There are a va ri ety of other toxin 
tests which come in kit form and 
are based on en zyme-linked 
im mu no sor bent as says (ELISAs). 
They are sim pler to run and eas ier 
to in ter pret. Hopefully, the ac cep-
tance of en zyme-linked im mu no as-
says for staph y lo coc cal en tero tox ins 
will make de tec tion eas i er.

The fig ure and ex pla na tions for the im mu no
dif u sion as say are de rived from the FDA’s 

Bacteriological Analytical Manual.
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S. au re us is osmotolerant. When it grows in foods with low wa ter 
ac tiv ity, less en tero toxin is pro duced. In ex per i ments with en tero toxin 
Cproducing strains, lev els of sec mes sen ger RNA (mRNA) and en tero toxin 
C pro tein are both re duced in re sponse to high NaCl con cen tra tions.

Toxin Structures
Staphylococcal en tero tox ins are sin gle po ly pep tides of 25 to 28 kDa. Most 
are neu tral or ba sic pro teins that have no net charge at pH val ues rang
ing from 7 to 8.6 (i.e., their iso elec tric points fall in this range). All staph
y lo coc cal en tero tox ins are mo no meric (sin gleunit) pro teins, which are 
made as larger pre cur sors with a sig nal pep tide that is cut of as they are 
ex creted from the cell.

The threedimensional shapes of all  staph y lo coc cal en tero tox ins are 
sim i lar. Staphylococcal en tero tox ins A, B, C, and E have a lower αhelix 
con tent (<10%) than βpleated sheet/βturn struc ture con tent (ap prox i
ma tely 60 to 85%). It is the threedimensional struc ture that gives staph
y lo coc cal en tero tox ins their re mark able heat sta bil i ty.

Staphylococcal en tero tox ins are very sta ble. Toxicity and an ti ge nic ity 
are not com pletely de stroyed by boil ing or even can ning. The tem per a
tures needed to in ac ti vate staph y lo coc cal tox ins are much higher than 
those needed to kill S. au re us cells. In many cases of staph y lo coc cal food 
poi son ing, no live bac te ria are found in the food.

 1. Basis of classification for staphylococcal enterotoxins
 4. Usual type of treatment for staphylococcal food poisoning
 7. Type of diffusion assay used to identify
  staphylococcal enterotoxin
 9. Cases of staphylococcal food poisoning
  peak in this season
 12. Most cases of staphylococcal food poisoning can be
  attributed to poor ________

4

5

1 2 3

7

6

8

9

12

11

10

13

Across

 1. A global regulator that controls toxin production
 2. Staphylococcal enterotoxin is stable to 
  elevated ________ that kill the bacterium
 3. S. aureus produces
  a heat-stable ________

 5. One symptom of staphylococcal food poisoning
 6. Main environmental reservoir of S. aureus
 8. S. aureus can grow at ________ water
  activities than other foodborne pathogens
 10. Toxic syndrome that is not caused by foodborne
  S. aureus
 11. Symptoms of staphylococcal food poisoning have
  a(n)  ______ onset
 13. The most common contributing factor associated with
  staphylococcal food poisoning is temperature ______

Down
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Staphylococcal Enterotoxin Antigenic Properties
Each en tero toxin type has enough an ti genic dis tinct ness to be dif er en
ti ated from other tox ins us ing an ti bod ies. However, some crossre ac tiv ity 
can oc cur. The level of crossre ac tiv ity gen er ally cor re lates with sim i lar 
amino acid se quences. The type C en tero toxin sub types and their mo lec
u lar var i ants are crossre ac tive, as are en tero tox ins A and E, the two ma
jor se ro log i cal types with the great est se quence sim i lar ity. The two most 
dis tantly re lated en tero tox ins rec og nized by a com mon an ti body are 
staph y lo coc cal en tero tox ins A and D. Box 16.3 il lus trates how an ti ge nic ity 
can be used as a toxin de tec tion sys tem.

Summary

•  S. au re us is com monly as so ci ated with hu mans.

•  S. au re us makes sev eral an ti gen i cally dis tinct en tero tox ins.

•  Symptoms of vom it ing and di ar rhea de velop in 0.5 to 6 h af ter eat ing.

•  The cells are heat sen si tive, but the tox ins are heat re sis tant.

•  Poor san i ta tion causes many out  breaks.

•  S. au re us is the most osmotolerant foodborne path o gen.

•  There is con sid er able knowl edge of en tero toxin ge net ics and mech a nism of ac tion.

Suggested read ing
Kadariya J, Smith TC, Thapaliya D. 2014. Staphylococcus au re us and staph y lo coc cal 
foodborne dis ease: an on go ing chal lenge in pub lic health. BioMed Res Int Article 
ID 827965.

Argudin MA, Men doza MC, Rodicio MR. 2010. Food poisoning and Staphylococcus 
au re us en tero tox ins. Toxins (Ba sel) 2:1751–1773.

Questions for crit i cal thought
1.  Which fac tors con trib uted to the out  break de scribed at the be gin ning of the chap ter?

How could it have been pre vent ed?

2.  Explain why a food can be mi cro bi o log i cally neg a tive for S. au re us but still be im pli
cated in an out  break of food poi son ing.

3.  What would you do if you were served undercooked chicken on a trans at lan tic flight?

 4.  What is the dif er ence be tween en do tox ins and exo tox ins? Name an en tero toxin 
(from an other chap ter) other than those pro duced by S. au re us.

 5.  Why do food mi cro bi ol o gists some times re fer to staph y lo coc cal food poi son ing as a 
“dou ble buck et” syn drome?

 6.  What is sig nal trans duc tion? Why do bac te ria need it?

 7.  Both bot u li nal toxin and staph y lo coc cal toxin are pro teins, but the for mer is very
heat sen si tive and the lat ter very heat re sis tant. Why?

 8.  You work for Chubby Chuck’s Chickenry (CCC), which pro duces (among other
chicken spe cial ties) about 1,000 pounds of chicken salad per day. It is packed in
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10pound tubs and dis trib uted un der re frig er a tion to res tau rants and delis. Chubby 
Chuck heard about the ter ri ble Texas out  break and tells you it is your job to make 
sure this never hap pens at CCC. What do you tell Chuck?

  9.  Being the dil i gent plant man ager of CCC, you test prod ucts for staph y lo coc cal en tero
tox ins. On Fri day, you get the re sults of Thurs day’s test ing. Two batches of chicken 
salad have tested pos i tive for Staphylococcus en tero toxin A. Batch 2004986 was pack
aged and shipped out . Batch 2004916 was batched into 10gallon tubs, which are still 
in the cold stor age room of the plant. What do you do? What (and when) do you tell 
Chubby Chuck?

  10.  The spread of an ti bi oticre sis tant bac te ria is a sig nifi  cant pub lic health con cern. 
Methicillinresistant S. au re us (MRSA) is as so ci ated with nos o co mial (hos pi tal
acquired) and com mu ni tyacquired in fec tions. Search the lit er a ture to de ter mine 
whether MRSA can spread through food. If an out  break of food poi son ing was linked 
to MRSA, would the fact that the path o gen is an ti bi ot ic resistant be a con cern?

  11.  Compare and con trast sur vival and vir u lence mech a nisms of S. au re us and L. 
monocytogenes. Which path o gen would be best suited for sur vival in highsalt 
foods? Explain. Which path o gen would be of great est con cern in re frig er ated foods? 
Explain.
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Outbreak
According to some afi cio na dos, the only way to con sume cer tain types of 
seafood is raw. A raw oys ter is at trac tive with its silky tex ture and taste of 
the sea. However, it can lead to un in tended con se quences: pain ful gas
tro en ter i tis. Not ex actly the aph ro di siac ef ect (based on an old wives’ tale) 
that one might an tic i pate from eat ing raw oys ters. During a 5month 
pe riod (May through Sep tem ber) in 2013, 104 in di vid u als in 13 states be
came sick with Vibrio parahaemolyticus fol low ing con sump tion of con
tam i nated shell fish, most likely linked to con sump tion of raw oys ters 
and clams har vested along the At lan tic coast. Symptoms in cluded wa tery 
di ar rhea, ab dom i nal cramps, nau sea and vom it ing, and chills. In re
sponse to the mul ti ple out  breaks, four har vest ar eas, lo cated in Vir ginia, 
Mas sa chu setts, New York, and Con nect i cut, were closed. Two re calls of 
shell fish that orig i nated from the har vest ar eas in Mas sa chu setts and 
Con nect i cut were is sued to pre vent ad di tional ill nesses. Shellfish should 
reach an in ter nal tem per a ture of 145°F (62.8°C) by cook ing thor oughly, 
not an ap peal ing op tion to peo ple who want to slurp raw oys ters. Even 
low lev els of V. parahaemolyticus in har vested prod ucts can rap idly in
crease to in fec tious lev els if the prod ucts are not im me di ately re frig er ated 
af ter har vest ing and main tained at proper tem per a tures dur ing trans port, 
pro cess ing, and stor age.

People look for ward to sum mer and the op por tu nity to en joy re lax ing 
wa ter ac tiv i ties, such as swim ming and fish ing. However, un der cer tain 
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Summary
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Learning Objectives

The in for ma tion in this chap ter will en able the stu dent to:

• use ba sic bio chem i cal char ac ter is tics to iden tify Vibrio

• un der stand what con di tions in foods fa vor Vibrio growth

• rec og nize, from symp toms and time of on set, a case of
foodborne ill ness caused by Vibrio

• choose ap pro pri ate in ter ven tions (heat, pre ser va tives, and 
for mu la tion) to pre vent the growth of Vibrio

• iden tify en vi ron men tal sources of the or gan ism

• un der stand the role of Vibrio tox ins and vir u lence fac tors 
in caus ing foodborne ill ness
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cir cum stances, there is a more dan ger ous threat to beach go ers than a 
shark at tack. In Flo rida in 2013, a deadly flesheating bac te rium, V. vulni-
ficus, in fected 41 in di vid u als and killed 12. The V. vulnificus in fec tions 
were likely caused by eat ing con tam i nated raw oys ters or ex po sure of open 
wounds to sea wa ter. Small wounds, such as a tiny cut, scrape, or even a 
mos quito bite, can serve as an en try point for V. vulnificus since the bac te
rium nat u rally lives in brack ish sea wa ter. If V. vulnificus in vades the blood
stream through di rect con tact with sea wa ter, it causes tis sue ne cro sis 
(tis sue death), chills, and de creased blood pres sure. Bloodstream in fec tion 
with V. vulnificus is lifethreatening, with a 50% mor tal ity rate. Immuno
compromised in di vid u als are es pe cially at risk. Sunshine and warm wa ter 
tem per a tures dur ing sum mer months pro mote an in crease of Vibrio pop
u la tions in the wa ter, in creas ing the risk of Vibrio in fec tion dur ing that 
time. The United States and Can ada per mit the sale of oys ters if there are 
<104 CFU of V. parahaemolyticus per g of oys ter meat.

INTRODUCTION
More than 80 Vibrio spe cies have now been de scribed. At least 12 are 
ca pa ble of caus ing in fec tion in hu mans, al though, with the ex cep tion of 
Vibrio cholerae and V. parahaemolyticus, lit tle is known about the vir u
lence mech a nisms they em ploy. Of the 12 path o gens, 8 are di rectly food
associated, and these are the sub ject of this chap ter. (Vibrio carchariae 
and Vibrio damsela in fec tions ap pear to re sult solely from wound in fec
tions, and the routes of in fec tion for Vibrio metschnikovii and Vibrio cin-
cinnatiensis are un clear.)

One of the most con sis tent as pects of Vibrio in fec tion is a re cent his
tory of seafood con sump tion. Vibrios, the pre dom i nant bac te rial ge nus 
in es tu a rine wa ters, are as so ci ated with a great va ri ety of sea foods. Ap
proximately 40 to 60% of fin fish and shell fish at su per mar kets may con
tain Vibrio spp., with V. parahaemolyticus and Vibrio alginolyticus be ing 
the most com monly iso lated. In some coun tries >80% of fin fish sam ples 
col lected were pos i tive for Vibrio. Vibrios are most fre quently iso lated 
from mol lus can shell fish dur ing the sum mer months. The es ti mated 
an nual in ci dence of Vibrio in fec tions in creased 75% based on com par
i son of data from 2006 to 2008 to sta tis tics from 2013. In 2013 Vibrio 
in fec tions were at the high est level since ac tive track ing of in fec tions in 
the United States began in 1996. Aside from ad di tional mea sures to re
duce con tam i na tion of seafood, con sum ers should be in formed that 
they are at risk for Vibrio in fec tions when they con sume raw seafood. 
Nonfoodborne Vibrio in fec tions ac counted for 25% of ill ness based on 
data col lected from 1997 to 2006.

CHARACTERISTICS OF THE ORGANISM
Many dif er ent en rich ment broths for the iso la tion of vib rios have been 
de scribed, al though al ka line pep tone wa ter re mains the most com
monly used. These are fre quently cou pled with thio sul fatecitratebile 
saltssucrose (TCBS) agar or other plat ing me dia. In or der to dis tin guish 
vib rios from the Enterobacteriaceae, su crosepositive col o nies are sub
jected to the ox i dase test (used to de tect the pres ence of cy to chrome c); 
how ever, er ro ne ous re sults may arise when col o nies are ob tained di
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rectly from TCBS agar. Therefore, su crosepositive col o nies on TCBS 
should be sub cul tured by heavy in oc u la tion onto a non se lec tive me
dium, such as blood agar, and al lowed to grow for 5 to 8 h be fore be ing 
tested for ox i dase ac tiv i ty.

Epidemiology
The num bers of vib rios in both sur face wa ters and shell fish cor re late 
with seasonality, gen er ally be ing greater dur ing the warmweather 
months be tween April and Oc to ber (Fig. 17.1). Similarly, vib rios are 
more com monly iso lated from the warmer wa ters of the Gulf and East 
coasts than from those of the West and Pacific Northwest. Seasonality 
is most no ta ble for V. vulnificus and V. parahaemolyticus in fec tions, whereas 
in fec tions with some vib rios, such as Vibrio fluvialis, oc cur through out  
the year.

CHARACTERISTICS OF DISEASE
There is con sid er able var i a tion in the se ver ity of the var i ous Vibrio 
associated dis eases. The out  comes of in fec tions de pend on an in di vid u al’s 
un der ly ing health (e.g., pa tients with chronic liver dis ease are more likely 
to suc cumb to se vere ill ness). An ex cep tion to this gen er al iza tion is V. chol-
erae O1/O139, which can read ily make noncompromised in di vid u als sick. 
Most cases are as so ci ated with a re cent his tory of seafood con sump tion. 
Because vib rios are part of the nor mal es tu a rine mi cro flora caused by fe cal 
con tam i na tion, Vibrio in fec tions can not be con trolled through shell fish 
san i ta tion pro grams. It is there fore es sen tial that raw seafood be kept cold 
to pre vent sig nifi  cant bac te rial growth and that it be prop erly cooked be fore 
con sump tion.

Symptoms of foodborne ill ness for the two most com mon Vibrio spe
cies dif er and are worth not ing. Symptoms of V. vulnificus foodborne 

140

40

60

80

100

120

20

0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

N
o.

 o
f c

as
es

Month of onset or specimen collection date

Figure 17.1

The num ber of cases of Vibrio in fec tion typ i cally peaks dur ing the sum mer, with the 
high est fre quency oc cur ring in Ju ly. (Redrawn from http:// www. cdc. gov/ national 
surveillance/ PDFs/ Jackson_ Vibrio_ CSTE2008 _FINAL. pdf.)
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ill ness gen er ally in clude fe ver, chills, and nau sea. Diarrhea is gen er ally not 
pres ent. Mortality oc curs in 40 to 60% of cases. The most com mon symp
toms of V. parahaemolyticus in fec tion are di ar rhea, ab dom i nal cramps, nau
sea, and vom it ing. The mor tal ity rate is ex tremely low.

SUSCEPTIBILITY TO PHYSICAL AND CHEMICAL TREATMENTS
With the ex cep tion of V. cholerae and V. parahaemolyticus, rel a tively lit tle 
is known about the ef ects of pres er va tion meth ods on in ac ti va tion of 
vib rios. Generally, vib rios are sen si tive to cold outside of a protective en
vironment; seafood can be pro tec tive for vib rios at re frig er a tion tem per
a tures. Vibrios have sur vived for ex tended pe ri ods in prod ucts stored at 
re frig er a tion tem per a tures and af ter pro longed fro zen stor age. Thermal 
pro cess ing is a very ef ec tive means of re duc ing pop u la tions of Vibrio 
in foods. The U.S. Food and Drug Administration rec om mends steam
ing shellstock oys ters, clams, and mus sels for 4 to 9 min; fry ing shucked 
oys ters for 10 min at 375°F; or bak ing oys ters for 10 min at 450°F. Thorough 
heat ing of shell fish to an in ter nal tem per a ture of at least 60°C for sev eral 
min utes should kill path o genic vib rios. Irradiation and high hy dro static 
pres sure also re duce the num bers of Vibrio or gan isms. High hy dro
static pres sure has an ad di tional ad van tage in that the pro cess per fectly 
shucks the oys ter. A large va ri ety of dried spices, the oils of sev eral herbs, 
to mato sauce, and sev eral or ganic ac ids ex hibit bac te ri cidal ac tiv i ties. The 
pro cess of depuration, in which fil terfeeding bi valves are pu ri fied of cer
tain bac te ria by pump ing bac te ri umfree wa ter through the bi valve tis sues, 
re moves Salmonella and Escherichia coli, but not Vibrio.

V. CHOLERAE
V. cholerae O1 causes chol era, one of the few foodborne ill nesses with 
ep i dem ic (many peo ple in one area be com ing sick at the same time) and 
pan dem ic (sim i lar to an ep i demic but in volv ing a larger area) po ten tial. 
Important dis tinc tions within the spe cies are made on the ba sis of 
pro duc tion of chol era en tero toxin (chol era toxin [CT]), serogroup, and 
po ten tial for ep i demic spread. Not all  V. cholerae strains of the O1 sero
group pro duce CT; how ever, V. cholerae O1 CTproducing strains have 
long been as so ci ated with ep i demic and pan demic chol era. Nearly 200 
serogroups of V. cholerae have been de scribed. Serotyping of V. cholerae 
strains is based on the li po po ly sac cha ride (LPS), also known as the so matic 
(O) an ti gen; H an ti gens (flagellin protein) are not use ful in serotyping.

Isolation and Identification
Suspected V. cholerae iso lates can be cul tured on a stan dard se ries of 
bio chem i cal me dia used for iden ti fi ca tion of Enterobacteriaceae and Vib-
rionaceae. Both con ven tional tube tests and com mer cially avail  able en
teric iden ti fi ca tion sys tems work well.

Nucleic acid probes are not rou tinely used for the iden ti fi ca tion of 
V. cholerae due to the ease of iden ti fy ing this spe cies by con ven tional 
meth ods. DNA probes are use ful in dis tin guish ing CTproducing strains 
of V. cholerae through the de tec tion of CT (ctx) genes. Restriction frag
ment length po ly mor phism anal y sis has been use ful in ep i de mi o log i cal 
stud ies of V. cholerae.
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Reservoirs
V. cholerae is part of the nor mal, freeliv ing bac te rial flora in es tu a rine
ar eas. NonO1/nonO139 strains are much more com monly iso lated
from the en vi ron ment than are O1 strains even in ep i demic set tings in
which fe cal con tam i na tion of the en vi ron ment might be ex pected. Pe
riodic in tro duc tion of such en vi ron men tal iso lates into the hu man 
pop u la tion through the in ges tion of un cooked or undercooked shell
fish ap pears to be re spon si ble for lo cal ized out  breaks along the U.S.
Gulf Coast and in Aus tra lia. The per sis tence of V. cholerae within the
en vi ron ment may be fa cil i tated by its abil ity to as sume sur vival forms,
in clud ing a vi a ble but nonculturable (VBNC) state. In this dor mant
state, the cells are re duced in size and be come ovoid. Although VBNC
vib rios are not culturable with non se lec tive en rich ment broth or plates,
stud ies have dem on strated that VBNC V. cholerae O1 or gan isms, in jected 
into li gated rab bit il eal loops or in gested by vol un teers, have yielded cul
turable V. cholerae O1 in in tes ti nal con tents or stool spec i mens, re spec
tive ly.

Longterm car riage of V. cholerae in hu mans is ex tremely rare and is 
not im por tant in the trans mis sion of dis ease. However, even af ter the 
ces sa tion of symp toms, pa tients who have not been treated with an ti bi ot
ics may con tinue to ex crete vib rios for 1 to 2 weeks. Asymptomatic car ri
ers are most com monly iden ti fied among house hold mem bers of per sons 
with acute ill ness: in var i ous stud ies, the rate of asymp tom atic car riage 
in this group has ranged from 4 to al most 22%.

Foodborne Outbreaks
The crit i cal role of wa ter in the trans mis sion of chol era has been rec og
nized for more than a cen tury. In 1854, the Lon don phy si cian and ep i de
mi  ol o gist John Snow de ter mined that ill ness was as so ci ated with 
con sump tion of wa ter de rived from the Thames River at a point be low 
ma jor sew age in flows. The range of food items im pli cated in the trans
mis sion of chol era in cludes crabs, shrimp, raw fish, mus sels, cock les, 
squid, oys ters, clams, rice, raw pork, mil let gruel, cooked rice, food 
bought from street ven dors, fro zen co co nut milk, and raw veg e ta bles 
and fruit. One shared char ac ter is tic of the foods is their neu tral or 
nearly neu tral pH. When foodborne out  breaks oc cur and a num ber of 
dif er ent foods are sus pected, foods with an acid pH can be elim i nated. 
Food acts to bufer V. cholerae O1 against kill ing by gas tric acid. In the 
United States, crabs, shrimp, and oys ters have been the most fre quently 
im pli cated ve hi cles of V. cholerae ill ness.

Characteristics of Disease
The ex plo sive, de hy drat ing di ar rhea char ac ter is tic of chol era ac tu ally oc
curs in only a mi nor ity of per sons in fected with CTproducing V. cholerae 
O1/O139. Most in fec tions with V. cholerae O1 are mild or even asymp tom
atic. The in cu ba tion pe riod of chol era can range from sev eral hours to 
5 days and is de pen dent in part on the in oc u lum size (the num ber of cells 
in gested). The on set of ill ness may be sud den, with wa tery di ar rhea, or 
there can be loss of ap pe tite, ab dom i nal pain, and sim ple di ar rhea. Ini
tially, the stool is brown with fe cal mat ter, but once di ar rhea starts, it be
comes a pale gray color with a slightly fishy odor. Mucus in the stool gives 



|  Chapter 17290

the char ac ter is tic “rice wa ter” ap pear ance. Vomiting can oc cur a few 
hours af ter the on set of di ar rhea. In healthy North Amer i can vol un teers, 
doses of 1011 CFU of V. cholerae were re quired to cause di ar rhea when the 
in oc u lum was given in buf ered sa line (pH 7.2). However, a lower num
ber of bac te ria caused ill ness in vol un teers when 106 vib rios were given, 
with food (fish and rice) act ing as a buf er.

Virulence Mechanisms
Infection due to V. cholerae O1/O139 be gins with the in ges tion of food or 
wa ter con tam i nated with the path o gen. After pas sage through the acid 
bar rier of the stom ach, vib rios col o nize the small in tes tine us ing one or 
more ad her ence fac tors. Production of CT (and pos si bly other tox ins) dis
rupts ion trans port by in tes ti nal ep i the lial cells, which leads to the se vere 
di ar rhea char ac ter is tic of chol era with ex ces sive loss of wa ter and elec tro
lytes. Cholera halotoxin is com posed of five iden ti cal B sub units and a 
sin gle A sub unit; the in di vid ual sub units are not suf  cient to cause secre
togenic ac tiv ity (an in crease in se cre tion of cel lu lar com po nents) in an i
mals or in tact cell cul ture sys tems.

V. cholerae pro duces a va ri ety of ex tra cel lu lar prod ucts that are harm
ful to eu kary otic cells. In ad di tion to the wellcharacterized tox ins (sol u
ble hem ag glu ti nin and he mo ly sins), V. cholerae can pro duce a num ber 
of other toxic fac tors, but the re spon si ble pro teins and genes have not 
yet been pu ri fied or cloned. A num ber of other vir u lence fac tors are in
volved in ill ness, in clud ing col o ni za tion fac tors, fla gella, LPS, and po ly
sac cha ride cap sule.

V. MIMICUS
Before 1981, Vibrio mimicus was known as su crosenegative V. cholerae 
nonO1. This spe cies was de ter mined to be a dis tinctly dif er ent spe cies 
on the ba sis of bio chem i cal re ac tions and DNA hy brid iza tion stud ies, 
and the name mimicus was given be cause of its sim i lar ity to V. cholerae. 
This or gan ism is iso lated mainly from cases of gas tro en ter i tis but can 
also cause ear in fec tions. The res er voir of V. mimicus is the aquatic en vi
ron ment. Besides be ing pres ent free in the wa ter, V. mimicus was also iso 
lated from the roots of aquatic plants, from sed i ments, and from plank ton 
at lev els of up to 6 × 104 CFU per 100 g of plank ton.

Foodborne Outbreaks
Gastroenteritis due to V. mimicus has been as so ci ated only with con
sump tion of seafood. In the United States, con sump tion of raw oys ters 
is the main cause of ill ness due to this spe cies. In Japan, con sump tion 
of raw fish has re sulted in at least two out  breaks in volv ing V. mimicus of 
serogroup O41. In 2004, the larg est foodborne out  break at trib uted to V. 
mimicus oc curred in Chiang Mai, Thai land. A to tal of 306 peo ple that 
at tended a ban quet be came sick fol low ing in ges tion of fresh wa ter fish 
and seafood dish es.

Characteristics of Disease
Disease due to V. mimicus is char ac ter ized by di ar rhea, nau sea, vom it
ing, and ab dom i nal cramps in most pa tients. In some in di vid u als, fe ver, 
head ache, and bloody di ar rhea also oc cur. There are no vol un teer or 
ep i de mi o log i cal data to en able es ti ma tion of an in fec tious dose for V. 
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mimicus. There is no par tic u larly sus cep ti ble pop u la tion, other than 
peo ple who eat raw oys ters.

Virulence Factors
V. mimicus does not pro duce unique en tero tox ins, but many strains pro
duce tox ins that were first de scribed for other Vibrio spe cies, in clud ing 
CT, ther mo sta ble di rect he mo ly sin (TDH), Zot, and a heatstable en tero
toxin ap par ently iden ti cal to the NAGST, pro duced by V. cholerae nonO1/
nonO139 strains. There is lit tle in for ma tion about po ten tial in tes ti nal 
col o ni za tion fac tors of V. mimicus.

V. PARAHAEMOLYTICUS
Along with V. cholerae, V. parahaemolyticus is the best de scribed of the
path o genic vib rios, with nu mer ous stud ies re ported since the first de
scrip tion of its in volve ment in a ma jor out  break of food poi son ing in
1950. In 2011, the CDC es ti mated about 8,000 cases of Vibrio in fec tion 
oc curred in the United States; 4,500 of those cases were as so ci ated with
V. parahaemolyticus. The path o gens con tinue to be pre dom i nant spe cies 
linked to foodborne ill ness in the United States.

Classification
V. parahaemolyticus is serotyped ac cord ing to both its so matic (O) and
cap su lar po ly sac cha ride (K) an ti gens. Currently, 12 O (LPS) an ti gens 
and 59 K an ti gens are rec og nized. Although many en vi ron men tal and
some clin i cal iso lates are not type able by the K an ti gen, most clin i cal
strains can be clas si fied based on their O types. A spe cial con sid er ation
in the tax on omy of V. parahaemolyticus is the abil ity of cer tain strains to
pro duce a he mo ly sin, called TDH or the Kanagawa he mo ly sin, which is
linked to vir u lence in the spe cies.

Reservoirs
V. parahaemolyticus oc curs nat u rally in es tu a rine wa ters through out  the 
world and is eas ily iso lated from coastal wa ters of the United States, as
well as from sed i ment, sus pended par ti cles, plank ton, and a va ri ety of
fish and shell fish. The last source in cludes at least 30 dif er ent spe cies,
among them clams, oys ters, lob sters, scal lops, shrimp, and crabs. A high
per cent age of seafood sam ples tested pos i tive for the spe cies. V. parahae-
molyticus counts are sea sondependent; sam ples an a lyzed in Jan u ary and
Feb ru ary are of ten free of V. parahaemolyticus.

Foodborne Outbreaks
Gastroenteritis from V. parahaemolyticus is al most ex clu sively as so ci ated 
with seafood that is con sumed raw, in ad e quately cooked, or cooked but 
re con tam i nated. In Japan, V. parahaemolyticus is a ma jor cause of food
borne ill ness. Approximately 70% of all  bac te rial foodborne ill nesses in 
the 1960s were the re sult of this path o gen. Seafood, in clud ing fish, 
crabs, shrimps, lob sters, and oys ters, is pri mar ily as so ci ated with U.S. 
out  breaks. The first ma jor out  break (with 320 per sons ill) in the United 
States oc curred in Mary land in 1971, a re sult of eat ing im prop erly 
steamed crabs. Subsequent out  breaks oc curred through out  U.S. coastal 
re gions and Ha waii. The larg est U.S. out  break of V. parahaemolyticus 
in fec tion oc curred dur ing the sum mer of 1978 and af ected 1,133 of 

Authors’ note
Determining whether strains 
pro duce Kanagawa he mo ly sin 
or TDH re quires the use of a 
spe cial blood agar called 
Wagatsuma agar. With the 
ex plo sion of PCR-based 
meth ods, the pres ence of the 
gene (tdh) that en codes the 
toxin can now be eas ily 
 de ter mined.



|  Chapter 17292

1,700 per sons at tend ing a din ner in Port Al len, Lou i si ana. Incidence of 
ill ness linked to V. parahaemolyticus var ies by sea son and hemi sphere 
(Table 17.1).

Characteristics of Disease
V. parahaemolyticus has gen er a tion times of 8 to 9 min at 37°C and 12 to 
18 min in seafood. Hence, V. parahaemolyticus has the abil ity to grow 
rap idly, both in vi tro and in vi vo, con trib ut ing to the in fec tious dose re
quired for ill ness. Symptoms may be gin 4 to >30 h af ter the in ges tion of 
con tam i nated food, with a mean on set time of 23.6 h. Primary symp
toms in clude di ar rhea and ab dom i nal cramps, along with nau sea, vom it
ing, and fe ver. The symp toms sub side in 3 to 5 days in most in di vid u als. 
Approximately 105 to 107 CFU are re quired for ill ness based on hu man 
vol un teer feed ing stud ies and ep i de mi o log i cal in for ma tion (Fig. 17.2). The 
num bers of V. parahaemolyticus or gan isms pres ent in fish and shell fish 
are usu ally no greater than 104 Kanagawa phe no typepositive cells, sug
gest ing that tem per a ture abuse of con tam i nated food oc curs prior to 
con sump tion. The tem per a ture abuse per mits the growth of the path o gen 
to lev els that re sult in ill ness.

Virulence Mechanisms
Although the ep i de mi o log i cal link age be tween vir u lence for hu mans 
and the abil ity of V. parahaemolyticus iso lates to pro duce the Kanagawa 
he mo ly sin has long been es tab lished, the mo lec u lar mech a nisms by 
which this fac tor can cause di ar rhea have only re cently been elu ci dated. 
V. parahaemolyticus pos sesses at least three he mo lytic com po nents—a 
ther mo la bile he mo ly sin gene (tlh), a TDH gene (tdh), and a TDHrelated 
gene (trh)—linked to dis ease.

While much is un der stood re gard ing the tox ins of V. parahaemolyti-
cus, lit tle is known of the ad her ence pro cess. This is an es sen tial step in 
the path o gen e sis of most enteropathogens (path o gens that in fect the in
tes tines). Several ad he sive fac tors have been pro posed, in clud ing the 
outer mem brane, lat eral fla gella, pili, and a man noseresistant, cell
associated hem ag glu ti nin; how ever, the im por tance of any of these fac
tors in hu man dis ease is un known.

V. VULNIFICUS
V. vulnificus is the most se ri ous of the path o genic vib rios in the United 
States. In Flo rida, V. vulnificus is the lead ing cause of re ported deaths 

Table 17.1 Predicted ill nesses due to V. parahemolyticus fol low ing con sump tion of oys ters in var i ous lo ca tions through out  the world

Location Jan u ary–March April–June July–Sep tem ber Oc to ber–December

Hi ro shima Bay, Japan 0 0 0 38

Waillis Lake, Aus tra lia 19 1 0 7

Orongo Bay, New Zea land 0 0 0 0

Brit ish Co lum bia, Can a da 0 18 168 0

U.S., Gulf re gion 10 698 1,705 183

U.S., North-Atlantic re gion 0 3 14 2

U.S., Mid-Atlantic re gion 0 4 7 4

U.S., Pacific Northwest region 0 18 177 1
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Dosere sponse curve based on hu man 
vol un teer feed ing stud ies of path o gen 
V. parahaemolyticus.
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due to foodborne ill ness. Approximately 86% of peo ple ex pe ri enc ing 
V. vulnificus foodborne ill ness re quire hos pi tal i za tion. Among the pop
u la tion at risk for in fec tion by this bac te rium, pri mary sep ti ce mia cases 
re sult ing from raw oys ter con sump tion typ i cally have fa tal ity rates of 60%.
This is the high est death rate for any foodborne dis ease agent in the United
States. The CDC es ti ma tes that there are ∼90 cases of foodborne V. vulnifi-
cus in fec tion an nu ally with most of those be ing re ported in states bor der
ing the Gulf of Me xico. The bac te rium can in fect wounds in ad di tion to
caus ing gas tro en ter i tis and pri mary sep ti ce mias. Wound in fec tions carry 
a 20 to 25% fa tal ity rate and are also sea wa ter and/or shell fish as so ci ated.
Surgery is usu ally re quired to clean the in fected tis sue. In some cases, am
pu ta tion of the in fected limb is re quired.

Classification
The phe no typic traits of this spe cies have been fully de scribed in sev eral 
stud ies. The iso la tion of V. vulnificus from blood sam ples is straight
for ward be cause the bac te rium grows read ily on TCBS, MacConkey, and 
blood agars. Isolation from the en vi ron ment is much more dif  cult. Vib
rios com prise 50% or more of es tu a rine bac te rial pop u la tions, and most 
have not been char ac ter ized. Considerable var i a tion ex ists in the phe no
typic traits of V. vulnificus, in clud ing lac tose and su crose fer men ta tion, 
con sid ered among the most im por tant char ac ter is tics in iden ti fy ing the 
spe cies.

Susceptibility to Control Methods
V. vulnificus is sus cep ti ble to freez ing, lowtemperature pas teur i za tion, 
high hy dro static pres sure, and ion iz ing ra di a tion. The path o gen can 
be killed through ex po sure to horse rad ishbased sauces. Application of
these sauces to raw oys ters will not make the oys ters safe to eat be cause
they do not kill bac te ria within the oys ters.

Reservoirs
V. vulnificus is wide spread in es tu a rine en vi ron ments, from the Gulf,
At lan tic, and Pacific coasts of the United States to lo ca tions around the
world. The pres ence of V. vulnificus in wa ter is not as so ci ated with the
pres ence of fe cal co li forms. Water tem per a ture does have an im pact on
the pres ence and lev els of the path o gen in wa ter. V. vulnificus is sel dom
iso lated from wa ter or oys ters when wa ter tem per a tures are low, pos si bly
as a re sult of coldinduced death of the or gan ism dur ing coldweather
months. However, it may be re lated to a coldinduced VBNC state, in
which the cells re main vi a ble but are no lon ger culturable on the rou tine
me dia nor mally em ployed for their iso la tion.

Foodborne Outbreaks
There is no re port of more than one per son de vel op ing V. vulnificus in
fec tion fol low ing con sump tion of the same lot of oys ters. Raw oys ters 
from the same lot, or even the same serv ing, may have very dif er ent lev
els of the path o gen. In fact, two oys ters taken from the same es tu a rine 
lo ca tion may have vastly dif er ent pop u la tions of V. vulnificus. In most 
cases V. vulnificus ill ness oc curs be tween April and Oc to ber, when the 
wa ter is warmer. In the Southern Hemisphere (e.g., Aus tra lia), most cases 
oc cur from Oc to ber to March. Nearly all  cases of V. vulnificus in fec tion 
re sult from con sump tion of raw oys ters, and most of these in fec tions re
sult in pri mary sep ti ce mias.

Authors’ note
Raw oys ters have been en joyed 
for cen tu ries. However, food 
mi cro bi ol o gists know that nearly 
all  cases of V. parahaemolyticus 
and V. vulnificus in fec tion re sult 
from con sump tion of raw 
oys ters. A fresh oys ter is not 
nec es sar ily un con tam i nat ed.
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Characteristics of Disease
Discussion here is lim ited to the pri mary foodborne form of in fec tion 
caused by V. vulnificus. Symptoms vary con sid er ably among cases, with 
on set times rang ing from 7 h to sev eral days, with a me dian of 26 h. 
Symptoms in clude fe ver, chills, nau sea, and hy po ten sion. Surprisingly, 
symp toms typ i cal of gas tro en ter i tis—ab dom i nal pain, vom it ing, and 
di ar rhea—are not com mon. In se vere cases, sur vival de pends to a great 
ex tent di rectly on prompt an ti bi otic ad min is tra tion. The in fec tious dose of 
V. vulnificus is not known. V. vulnificus is sus cep ti ble to most an ti bi ot ics.

Virulence Mechanisms
The po ly sac cha ride cap sule, LPS, and a large num ber of ex tra cel lu lar 
com pounds con trib ute to vir u lence. The po ly sac cha ride cap sule, which 
is pro duced by nearly all  strains of V. vulnificus, is es sen tial to the bac te
ri um’s abil ity to ini ti ate in fec tion. Elevated lev els of se rum iron ap pear 
to be es sen tial for V. vulnificus to mul ti ply in the hu man host. Avirulent 
strains pro duce “trans lu cent” acapsular col o nies (Fig. 17.3). Symptoms, 
which oc cur dur ing V. vulnificus sep ti ce mia, in clud ing fe ver, tis sue edema, 
hem or rhage, and, es pe cially, sig nifi  cant hy po ten sion, are those clas si cally 
as so ci ated with en do toxic shock caused by Gramnegative bac te ria.

V. FLUVIALIS, V. FURNISSII, V. HOLLISAE, AND V. ALGINOLYTICUS
V. fluvialis has been iso lated fre quently from brack ish and ma rine 
 wa ters and sed i ments in the United States, as well as in other coun tries. 
V. fluvialis also has been iso lated from fish and shell fish from the Pacific 
Northwest and Gulf Coast. Vibrio furnissii has been iso lated from river 
and es tu a rine wa ters, ma rine mol lusks, and crus ta ceans through out  the 
world. The dis tri bu tion of Vibrio hollisae is not well doc u mented, al
though it is likely a ma rine spe cies. It ap pears that the bac te rium pre fers 
warm wa ters. V. alginolyticus is of ten found in high num bers in sea wa
ter and seafood ob tained through out  the world. It is eas ily iso lated from 
fish, clams, crabs, oys ters, mus sels, and shrimp, as well as from wa ter. 
Human in fec tions caused by vib rios, such as V. fluvialis, V. furnissii, V. hol-
lisae, and V. alginolyticus, are less com mon and usu ally less se vere than 
are those caused by the path o gens dis cussed above, al though deaths have 
been re ported. Consumption of con tam i nated seafood is usu ally the 
source of in fec tion.

Figure 17.3

Opaque (en cap su lated) and trans lu cent 
(acapsular) col o nies of V. vulnificus. 
Virulent strains are gen er ally en cap su
lated, whereas non en cap su lated cells 
are usu ally avir u lent. (Reprinted from 
Simpson LM, White VK, Zane SF, 
Oliver JD, Infect Immun 55:269–272, 
1987, with per mis sion.)

Summary

•  Illness as so ci ated with V. cholerae is not com mon in the United States.

•  V. vulnificus and V. parahaemolyticus are most com monly as so ci ated with foodborne ill ness.

•  V. vulnificus is solely re spon si ble for 95% of all  deaths due to seafood-borne in fec tions in the United States.

•  Num bers of vib rios in wa ter are usu ally high est dur ing the warm-weather months be tween April and Oc to ber.

•  Proper ther mal pro cess ing of seafood kills Vibrio spe cies.
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Questions for crit i cal thought
1.  Which char ac ter is tics can be used to dis tin guish V. vulnificus from other Vibrio

spe cies?

 2.  Which char ac ter is tics typ i cally dif er en ti ate V. vulnificus in fec tion from V. parahae-
molyticus in fec tion?

 3.  V. mimicus out  breaks have been linked to con sump tion of con tam i nated seafood. Is
the spe cies of greater con cern in cer tain coun tries? With re spect to hu man ill ness,
would it mat ter whether a prod uct was con tam i nated with V. vulnificus, V. para-
haemolyticus, or V. mimicus? Support your an swer with fac tual in for ma tion.

 4.  Vibrio may en ter a VBNC state in wa ter. What are key char ac ter is tics of this state,
and how is this state as so ci ated with sur vival of the or gan ism?

5.  Why would treat ing the sur face of oys ters fail to en sure the mi cro bial safety of raw
oys ters in tended for hu man con sump tion?

 6.  Sanitation pro grams are of ten of lim ited value in the con trol of vib rios as so ci ated
with seafood. Why?

 7.  Explain how depuration of shell fish would aid in miti gat ing ill ness as so ci ated with
the con sump tion of raw or min i mally cooked shell fish.

 8.  Which Vibrio spe cies is as so ci ated with cu ta ne ous in fec tion? Are cu ta ne ous in fec
tions linked only with cer tain highrisk ac tiv i ties? Support your an swer. Are cu ta
ne ous in fec tions a sig nifi  cant health risk?

 9.  What do the com mon vir u lence char ac ter is tics of V. parahaemolyticus and V. vulni-
ficus in clude? How do these con trib ute to path o gen e sis?

  10.  Search gov ern ment, FAO/WHO, and other food safety web sites and International
Commission on Microbiological Specifications for Foods to de ter mine cri te ria for
pres ence of V. vulnificus or V. parahaemolyticus in food in tended for hu man con
sump tion. Do the cri te ria dif er by coun try, or ga ni za tion, etc.? Speculate why.

  11.  Outbreaks of V. cholerae typ i cally oc cur af ter large nat u ral di sas ters (hur ri canes, 
earth quakes, or floods). Explain why such out  breaks typ i cally fol low nat u ral di sas ters. 
Why do out  breaks as so ci ated with V. vulnificus and V. parahaemolyticus not oc cur with
great fre quency af ter nat u ral di sas ters?

  12.  Indicate po ten tial non ther mal meth ods that could be used to treat shell fish, which
would en sure safety of the prod uct. Compare and con trast the meth ods. Which would
re ceive great est con sumer ac cep tance? Support your an swer.
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Outbreak
Buying pas teur ized milk from a lo cal dairy farm through a home de liv ery 
ser vice is a con ve nient way to have fresh de li cious milk. Well, may be! Be-
tween March and Au gust of 2011 an out  break of foodborne ill nesses was 
caused by Yersinia enterocolitica fol low ing con sump tion of glass-bottled 
pas teur ized milk pro duced by Brunton Dairy in Penn syl va nia. At least 16 
Y. enterocolitica cul ture-positive cases were iden ti fied, and 7 pa tients (44%) 
were hos pi tal ized, in clud ing 3 in di vid u als who were trans ferred to an in-
ten sive care unit. Although Y. enterocolitica was not re cov ered from milk 
sam ples, the path o gen was iso lated from an un opened con tainer of ice 
cream and home made yo gurt made with milk from the dairy. The iso-
lates had a pulsed-field gel elec tro pho re sis ge netic fin ger print pat tern 
that matched the out  break strain. Glass bot tles of the milk were re turn-
able. The bot tles, if re used with out  proper san i tiz ing, can re sult in post-
pasteurization cross-contamination of the milk des tined for con sum ers.

Brawn is a tra di tional Christ mas time fa vor ite in Nor way, pre pared by 
lay er ing pork meat (pre cooked head mus cles), veal, lard, and spices in a 
mold (mmm, good!). The brawn mold is cooked to an as sumed core tem-
per a ture of 74°C be fore the tem per a ture is re duced, and the meat is main-
tained at a tem per a ture of 70°C for at least 30 min. After re moval from the 
mold, the brawn is packed for sale, sliced or whole. In 2006, 11 pa tients 
de vel oped yersiniosis; 4 were hos pi tal ized and 2 died. Pigs may carry 
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• iden tify en vi ron men tal sources of the or gan ism
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Yersinia in their na sal cav i ties and act as a res er voir of the or gan ism. The 
brawn con tains a sig nifi  cant amount of lard, which may ac tu ally pro tect 
the or gan ism. The prod uct may have been con tam i nated dur ing han dling, 
with cross-contamination of each piece oc cur ring dur ing slic ing. A cook-
ing ther mom e ter, which is rel a tively in ex pen sive, should have been used 
and may have saved lives.

INTRODUCTION
Y. enterocolitica first emerged as a hu man path o gen dur ing the 1930s. Y.
enterocolitica shows be tween 10 and 30% DNA ho mol ogy with other gen-
era in the fam ily Enterobacteriaceae and is ∼50% re lated to Yersinia pseu do
tu ber cu lo sis and Yersinia pestis (the cause of plague). The last two spe cies
show >90% DNA ho mol ogy, and ge netic anal y sis has re vealed that Y. pes
tis is a clone of Y. pseu do tu ber cu lo sis that evolved some 1,500 to 20,000
years ago, shortly be fore the first known pan dem ics of hu man plague.

Characteristics of the Organism
The ge nus Yersinia has 11 spe cies and is clas si fied within the fam ily 
Enterobacteriaceae. As with other mem bers of this fam ily, yersiniae are 
Gram-negative, ox i dase-negative, rod-shaped, fac ul ta tive an aer obes that 
fer ment glu cose. The ge nus in cludes three well-characterized path o-
gens of mam mals, one path o gen of fish, and sev eral other spe cies whose 
eti o logic role in dis ease is un cer tain. The four known path o genic spe-
cies are Y. pestis, the caus a tive agent of bu bonic and pneu monic plague 
(the Black Death); Y. pseu do tu ber cu lo sis, a ro dent path o gen that oc ca-
sion ally causes dis ease in hu mans; Yersinia ruckeri, a cause of en teric 
dis ease in sal mo nids and other fresh wa ter fish; and Y. enterocolitica, a 
ver sa tile in tes ti nal path o gen and the most prev a lent Yersinia spe cies 
among hu mans.

Y. pestis is trans mit ted to its host by the bites of fleas or by re spi ra tory
aero sols, whereas Y. pseu do tu ber cu lo sis and Y. enterocolitica are foodborne 
path o gens. Nevertheless, these three spe cies share a num ber of es sen-
tial vir u lence de ter mi nants that en able them to over come host de fenses. 
Analogs of these vir u lence de ter mi nants oc cur in sev eral other en tero-
bac te ria, such as en tero patho genic and enterohemorrhagic Escherichia 
coli and Salmonella and Shigella spe cies, as well as in var i ous path o gens 
of an i mals (e.g., Pseudomonas aeruginosa and Bordetella spe cies) and 
plants (e.g., Erwinia amylovora, Xanthomonas campestris, and Pseudomo
nas syringae). The presence of these determinants among diverse bacte-
rial pathogens provides evidence for the horizontal transfer of virulence 
genes. In ad di tion, yersiniae may have ac quired a num ber of hu man 
genes that en able them to un der mine key as pects of the phys i o log i cal 
re sponse to in fec tion.

Classification
Y. enterocolitica is a het ero ge neous spe cies that is di vis i ble into a large
num ber of sub groups, largely ac cord ing to bio chem i cal ac tiv ity and li po-
po ly sac cha ride (LPS) O an ti gens (Table 18.1). More than 70 se ro types of
Y. enterocolitica have been iden ti fied. Biotyping is based on the abil ity of
Y. enterocolitica to me tab o lize se lected or ganic sub strates and pro vi des a 
con ve nient means to sub di vide the spe cies into sub types of clin i cal and
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ep i de mi o log i cal sig nifi  cance (Table 18.1). Most path o genic strains of 
hu mans and do mes tic an i mals oc cur within biovars 1B, 2, 3, 4, and 5. By 
con trast, Y. enterocolitica strains of biovar 1A are com monly ob tained 
from ter res trial and fresh wa ter eco sys tems. For this rea son, they are of ten 
re ferred to as en vi ron men tal strains, al though some of them may be re-
spon si ble for in tes ti nal in fec tions. Not all  iso lates of Y. enterocolitica ob-
tained from soil, wa ter, or un pro cessed foods can be as signed to a biovar. 
These strains lack the char ac ter is tic vir u lence de ter mi nants of biovars 1B 
through 5 (see be low) and may rep re sent novel non patho genic sub types 
or even new Yersinia spe cies.

Serotyping of Y. enterocolitica, based on LPS sur face O an ti gens, co in-
cides, to some ex tent, with biovar typ ing and pro vi des a use ful ad di tional 
tool to sub di vide this spe cies in a way that re lates to its path o log i cal sig nif-
i cance. Serogroup O:3 is the va ri ety most fre quently iso lated from hu-
mans. Almost all  of these iso lates be long to biovar 4. Other serogroups 
com monly ob tained from hu mans in clude O:9 (biovar 2) and O:5,27 (bi-
ovar 2 or 3), par tic u larly in north ern Eu rope. The most fre quent Y. entero
colitica biovar ob tained from hu man clin i cal sam ples world wide is biovar 
4. Biovar 1B bac te ria are usu ally iso lated from pa tients in the United States 
and are re ferred to as Amer i can strains. They have caused sev eral food-
borne out  breaks of yersiniosis in the United States.

At least 18 fla gel lar (H) an ti gens of Y. enterocolitica, des ig nated by low-
er case let ters (a,b; b,c; b,c,e,f,k; m; etc.), have also been iden ti fied. There 
is some over lap be tween the H an ti gens of Y. enterocolitica and those of 
re lated spe cies, but com plete O and H serotyping is sel dom done.

Other schemes for subtyping Yersinia spe cies in clude bac te rio phage typ-
ing, mul ti en zyme elec tro pho re sis, and the dem on stra tion of re stric tion 
fragment length po ly mor phisms of chro mo somal and plas mid DNA. 
These tech niques can be used to fa cil i tate ep i de mi o log i cal in ves ti ga-
tions of out  breaks or to trace the sources of spo radic in fec tions.

Susceptibility and Tolerance
Y. enterocolitica is un usual be cause it can grow at tem per a tures be low 
4°C. The dou bling time at the op ti mum growth tem per a ture (ca. 28 to 

Table 18.1 Biotyping scheme for Y. enterocolitica

Test
Reaction of biovara:

1A 1B 2 3 4 5

Lipase (Tween hy dro ly sis) + + − − − −
Esculin hy dro ly sis D − − − − −
Indole pro duc tion + + (+) − − −
d-Xylose fer men ta tion + + + + − D

Voges-Proskauer re ac tion + + + + + (+)
Trehalose fer men ta tion + + + + + −
Nitrate re duc tion + + + + + −
Pyrazinamidase + − − − − −

β-d-Glucosidase + − − − − −
Proline pep ti dase D − − − − −

a +, pos i tive; (+), de layed pos i tive; −, neg a tive; D, dif er ent re ac tions.

Authors’ note
Identification of Y. enterocolitica 
is time-con sum ing since 
com mer cial rapid test kits are 
not avail  able. Media se lec tive 
for Y. enterocolitica are avail  able 
com mer cial ly.
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30°C) is ∼34 min, which in creases to 1 h at 22°C, 5 h at 7°C, and ∼40 h 
at 1°C. Y. enterocolitica read ily with stands freez ing and can sur vive in 
fro zen foods for ex tended pe ri ods even af ter re peated freez ing and thaw-
ing. Y. enterocolitica gen er ally sur vives bet ter at room tem per a ture and 
re frig er a tion tem per a ture than at in ter me di ate tem per a tures. Y. entero
colitica per sists lon ger in cooked foods than in raw foods, prob a bly due 
to in creased avail abil ity of nu tri ents in cooked foods. Also, the pres ence 
of other psychrotrophic (grow ing be tween 5 and 35°C) bac te ria, in clud ing 
non patho genic strains of Y. enterocolitica, in un pro cessed food may re strict 
bac te rial growth. The num ber of vi a ble Y. enterocolitica or gan isms may 
in crease more than a 1 mil li on-fold on cooked beef or pork within 24 h at 
25°C or within 10 days at 7°C. Growth is slower on raw beef and pork. Y. 
enterocolitica can grow at re frig er a tion tem per a ture in vac u um-packed 
meat, boiled eggs, boiled fish, pas teur ized liq uid eggs, pas teur ized whole 
milk, cot tage cheese, and tofu (soy bean curd). Growth also oc curs in re-
frig er ated sea foods, such as oys ters, raw shrimp, and cooked crab meat, 
but at a lower rate than in pork or beef. Yersiniae can also per sist for 
ex tended pe ri ods in re frig er ated veg e ta bles and cot tage cheese.

Y. enterocolitica and Y. pseu do tu ber cu lo sis can grow over a pH range of
ap prox i ma tely 4 to 10, with an op ti mum pH of ca. 7.6. They tol er ate al ka line 
con di tions ex tremely well, but their acid tol er ance is less ap par ent and de-
pends on the acidulant used, the en vi ron men tal tem per a ture, the com po si-
tion of the me dium, and the growth phase of the bac te ria. The acid 
tol er ance of Y. enterocolitica is en hanced by the pro duc tion of ure ase, which 
hy dro lyzes urea to re lease am mo nia and el e vates the cy to plas mic pH.

Y. enterocolitica and Y. pseu do tu ber cu lo sis are sus cep ti ble to heat and
are eas ily killed by pas teur i za tion at 71.8°C for 18 s or 62.8°C for 30 min. 
Exposure of sur face-contaminated meat to hot wa ter (80°C) for 10 to 20 s 
re duced bac te rial vi a bil ity by at least 99.9%. Y. enterocolitica is also eas ily 
killed by ion iz ing and ul tra vi o let (UV) ra di a tion and by so dium ni trate 
and ni trite added to food, al though it is rel a tively re sis tant to these salts 
in so lu tion. The path o gen can also tol er ate NaCl at con cen tra tions as 
high as 5%. Y. enterocolitica is sus cep ti ble to or ganic ac ids, such as lac tic 
and ace tic ac ids, and to chlo rine. However, some re sis tance to chlo rine 
oc curs among yersiniae grown un der con di tions that are sim i lar to nat-
u ral aquatic en vi ron ments.

CHARACTERISTICS OF INFECTION
Infections with Y. enterocolitica typ i cally man i fest as non spe cific, self-
lim it ing di ar rhea, but they may lead to a va ri ety of au to im mune dis eases 
(Table 18.2). The risk of these dis eases is de ter mined partly by host fac-
tors, in par tic u lar, age and im mune sta tus. Y. enterocolitica en ters the 
gas tro in tes ti nal tract af ter in ges tion of con tam i nated food or wa ter. The 
me dian in fec tious dose for hu mans is not known, but it likely ex ceeds 
104 col o ny-forming units. Stomach acid is a sig nifi  cant bar rier to in fec tion 
with Y. enterocolitica, and, in in di vid u als with de creased lev els of stom ach 
acid, the in fec tious dose may be low er.

Most symp tom atic in fec tions with Y. enterocolitica oc cur in chil dren, 
es pe cially in those <5 years of age. In these pa tients, yersiniosis causes 
di ar rhea, of ten ac com pa nied by low fe ver and ab dom i nal pain. The di ar-
rhea var ies from wa tery to mu coid. The ill ness typ i cally lasts from a few 
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days to 3 weeks, al though some pa tients de velop di ar rhea that may per-
sist for sev eral months.

In chil dren older than 5 years and in ad o les cents, acute yersiniosis of-
ten causes pain in the ab do men that is mis taken for ap pen di ci tis. This is 
re ferred to as pseudoappendicular syn drome. Some chil dren who ex pe ri-
ence this also have fe ver but lit tle or no di ar rhea. The pseudoappendicular 
syn drome hap pens more fre quently with the more vir u lent strains of 
Y. enterocolitica, no ta bly strains of biovar 1B. Y. enterocolitica is rarely found 
in pa tients with true ap pen di ci tis.

Although Y. enterocolitica is sel dom iso lated out  side the in tes tine, 
there ap pears to be no tis sue in which it can not grow. Factors that may 
make an in di vid ual more sus cep ti ble to Yersinia bac ter emia in clude de-
creased im mune func tion, mal nu tri tion, chronic kid ney dis ease, liver 
dis ease, al co hol ism, di a be tes, and acute and chronic iron over load states. 
Spread of the or gan ism in the body can lead to var i ous dis eases, in clud-
ing ab scesses, cath e ter-associated in fec tions, heart dis ease, and men in-
gi tis. Yersinia bac ter emia has a fa tal ity rate be tween 30 and 60%.

Although most in di vid u als with yersiniosis re cover with out  long-
term com pli ca tions, in fec tions with Y. enterocolitica are note wor thy for 
the large va ri ety of im mu no log i cal com pli ca tions, such as re ac tive ar thri-

Table 18.2 Clinical symp toms and dis eases as so ci ated with Y. enterocolitica in fec tions

Common symp toms and dis eas es

Diarrhea (gas tro en ter i tis), es pe cially in young chil dren

Enterocolitis

Pseudoappendicular syn drome due to ter mi nal il e i tis; acute mes en teric lymph ad e ni tis

Pharyngitis

Postinfection au to im mune se quel ae

 Arthritis, es pe cially as so ci ated with HLA-B27

 Erythema nodosum

 Uveitis, as so ci ated with HLA-B27

 Glomerulonephritis (un com mon)

 Myocarditis (un com mon)

 Hashimoto’s dis ease (thyroid)

 Graves’ dis ease (thyroid)

Less com mon symp toms and dis eas es

Septicemia

Visceral ab scesses, e.g., in liver, spleen, or lungs

Skin in fec tion (pus tu les, wound in fec tion)

Pneumonia

Endocarditis

Osteomyelitis

Peritonitis

Meningitis

Intussusception

Eye in fec tion (con junc ti vi tis)
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tis, carditis, and thy roid itis, which fol low acute in fec tion. Of these, re ac-
tive ar thri tis is the most widely rec og nized.

RESERVOIRS
Infections with Yersinia spe cies are zoo no ses (dis eases trans mit ted from 
an i mals to hu mans). The sub groups of Y. enterocolitica that com monly 
oc cur in hu mans also oc cur in do mes tic an i mals, whereas those which 
are in fre quent in hu mans gen er ally re side in wild ro dents. Y. enteroco
litica can sur vive in many en vi ron ments and has been iso lated from the 
in tes ti nal tracts of many dif er ent mam ma lian spe cies, as well as from 
birds, frogs, fish, flies, fleas, crabs, and oys ters.

Foods that are fre quently pos i tive for Y. enterocolitica in clude pork, 
beef, lamb, poul try, and dairy prod ucts (no ta bly milk, cream, and ice 
cream). Y. enterocolitica is also com monly found in ter res trial and fresh-
wa ter sys tems, in clud ing soil, veg e ta tion, lakes, riv ers, wells, and streams. 
It can sur vive for ex tended pe ri ods in soil, veg e ta tion, streams, lakes, 
wells, and spring wa ter, par tic u larly at low en vi ron men tal tem per a tures. 
Many en vi ron men tal iso lates of Y. enterocolitica lack mark ers of bac te rial 
vir u lence and may not con sti tute a risk to hu man or an i mal health.

Although Y. enterocolitica has been re cov ered from a va ri ety of wild 
and do mes ti cated an i mals, pigs are the only an i mal spe cies from which 
Y. enterocolitica of biovar 4, serogroup O:3 (the va ri ety most com monly 
as so ci ated with hu man dis ease) has been iso lated with any fre quency. 
Pigs may also carry Y. enterocolitica of serogroups O:9 and O:5,27, par-
tic u larly in re gions where hu man in fec tions with these va ri e ties are 
com mon. In coun tries with a high in ci dence of hu man yersiniosis, Y. 
enterocolitica is com monly iso lated from pigs at slaugh ter houses. The 
tis sues most fre quently cul ture-positive at slaugh ter are the ton sils, 
which ap pear to be the pre ferred site of Y. enterocolitica in fec tion in pigs. 
Yersiniae have also been iso lated from fe ces, gut tis sue, and the tongue, 
ce cum, and rec tum. Y. enterocolitica is sel dom iso lated from meat of-
fered for re tail sale. However, stan dard meth ods of bac te rial iso la tion 
and de tec tion may un der es ti mate the true in ci dence of con tam i na tion. 
Further ev i dence that pigs are a sig nifi  cant res er voir of hu man in fec-
tions is based on ep i de mi o log i cal stud ies link ing con sump tion of raw or 
undercooked pork with yersiniosis. Infection also oc curs af ter han dling 
con tam i nated pig in tes tines while pre par ing chitterlings (see Box 18.1).

Box 18.1
Pork, pathogens, and pathogenicity

Pork prod ucts have a high like li hood 
of test ing pos i tive for Y. enterocolitica. 
One study found that nearly 70% 
of raw pork chops and ground 
pork tested pos i tive for Y. entero-
colitica. However, Y. enterocolitica 
is not con sid ered an adul ter ant by 
the USDA, and the agency does not 

test for pres ence of the path o gen. 
Generally, the Y. enterocolitica 
se ro types as so ci ated with meat are 
non patho genic. Moreover, avail  able 
test ing meth ods are not re li able for 
de tect ing path o genic se ro types and 
 ge no types.
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Food an i mals are sel dom in fected with biovar 1B strains of Y. entero
colitica, the res er voir of which re mains un known. The rel a tively low in-
ci dence of hu man yersiniosis caused by these strains, de spite their high 
vir u lence, sug gests lim ited con tact be tween their res er voir and hu mans. 
Yersiniae of this biovar are path o gens of ro dents; there fore, rats or mice 
are likely the nat u ral res er voir of these strains.

FOODBORNE OUTBREAKS
Considering the wide spread oc cur rence of Y. enterocolitica in na ture and 
its abil i ties to col o nize food an i mals, to per sist within an i mals and the en-
vi ron ment, and to grow at re frig er a tion tem per a ture, out  breaks of yersini-
osis are sur pris ingly un com mon. Most foodborne out  breaks, in which a 
source was iden ti fied, have been traced to milk (Table 18.3). Y. enterocolit
ica is eas ily de stroyed by pas teur i za tion. Therefore, in fec tion re sults from 
the con sump tion of raw milk or milk that is con tam i nated af ter pas teur i-
za tion. During the mid-1970s, two out  breaks of yersiniosis, caused by 
Y. enterocolitica O:5,27, oc curred among 138 Ca na dian school chil dren 
who had con sumed raw milk, but the or gan ism was not re cov ered from 
the sus pected source. In 1976, serogroup O:8 Y. enterocolitica was re spon-
si ble for an out  break in New York State, which af ected 217 peo ple, 38 of 
whom were cul ture pos i tive. The source of in fec tion was choc o late milk, 
which ev i dently be came con tam i nated af ter pas teur i za tion.

In 1981, an out  break of in fec tion with Y. enterocolitica O:8 af ected 
35% of 455 in di vid u als at a diet camp in New York State. Seven pa tients 
were hos pi tal ized as a re sult of in fec tion, five of whom un der went ap-
pen dec to mies. The source of the in fec tion was re con sti tuted pow dered 
milk and/or chow mein. An in fected food han dler prob a bly con tam i-
nated the food dur ing prep a ra tion.

Table 18.3 Selected foodborne out  breaks of in fec tion with Y. enterocolitica

Location Year Month No. of cas es Serogroup Source(s)

Can a da 1976 April 138 O:5,27 Raw milk? a

New York 1976 Sep tem ber 38 O:8 Chocolate-flavored milk

Japan 1980 April 1,051 O:3 Milk

New York 1981 Ju ly 159 O:8 Powdered milk, chow mein

Wash ing ton 1981 De cem ber 50 O:8 Tofu and spring wa ter

Penn syl va nia 1982 Feb ru ary 16 O:8 Bean sprouts and well wa ter

Southern United States 1982 June 172 O:13a,13b Milk?

Hun ga ry 1983 De cem ber 8 O:3 Pork cheese (sau sage)

Geor gia (United States) 1989 No vem ber 15 O:3 Pork chit ter lings

Northeastern United States 1995 Oc to ber 10 O:8 Pasteurized milk?

Nor way 2006 Feb ru ary 11 O:9 RTEb pork

Nor way 2011 March 21 O:9 RTE salad mix

Penn syl va nia 2011 June 5 NDc Raw milk

Penn syl va nia 2012 ? 6 ND Pork chops

a ?, bac te ria were not iso lated from the sus pected source.
b RTE, ready to eat.
c ND, not de ter mined.
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In 1989, an out  break of in fec tion with Y. enterocolitica O:3 af ected 15 
in fants and chil dren in met ro pol i tan At lanta, Geor gia. In this in stance, 
bac te ria were trans mit ted from raw chit ter lings to the af ected chil dren 
on the hands of food han dlers. Other foods that have been re spon si ble 
for out  breaks of yersiniosis in clude pork cheese (a type of sau sage pre-
pared from chit ter lings), bean sprouts, and tofu. In the out  breaks as so ci-
ated with bean sprouts and tofu, con tam i nated well or spring wa ter was 
the prob a ble source of yersiniae. Water was also the likely source of in fec-
tion in a case of Y. enterocolitica bac ter emia in a 75-year-old man in New 
York State and a small fam ily out  break in On tario, Can ada. Y. enterocolit
ica se ro types 4/O:3, 2/O:9, and O:5,27 were linked to most out  breaks that 
oc curred in Eu rope.

MECHANISMS OF PATHOGENICITY
Y. enterocolitica is an in va sive en ter ic (in tes ti nal) path o gen whose vir u-
lence de ter mi nants have been the sub ject of in ten sive in ves ti ga tion. 
Not all  strains of Y. enterocolitica are equally vir u lent. Y. enterocolitica
strains of biovars 1B, 2, 3, 4, and 5 pos sess many in ter ac tive vir u lence
de ter mi nants.

Pathological Changes
Examination of sur gi cal spec i mens from pa tients with yersiniosis shows 
that Y. enterocolitica is an in va sive path o gen. The dis tal il eum (part of 
the in tes tine) is the main in fec tion site. Human vol un teers can not be 
used to study yersiniosis, since they may de velop other dis eases. Thus, 
most in for ma tion re gard ing the path o gen e sis of yersiniosis has been ob-
tained from an i mal mod els, in par tic u lar mice and rab bits. Studies of 
ex per i men tally in fected rab bits and pigs show that af ter pen e trat ing the 
ep i the lium of the in tes tine, the path o gens can spread through out  the 
body. If the bac te ria reach the lymph nodes, they can en ter the blood-
stream and can dis sem i nate to any or gan. However, they pref er en tially 
lo cal ize in the liver and spleen.

VIRULENCE DETERMINANTS
Chromosomal Determinants of Virulence
The abil ity of Y. enterocolitica to en ter mam ma lian cells is as so ci ated 
with invasin, an outer mem brane pro tein en coded by the chro mo somal 
inv gene. Invasins are re lated to intimin, an es sen tial vir u lence de ter mi-
nant of en tero patho genic and enterohemorrhagic strains of E. coli, which 
re quire the pro tein in or der to pro duce the dis tinc tive at tach ing-efacing 
le sions that char ac ter ize in fec tion with these bac te ria.

The amino ter mi nus of invasin is in serted into the bac te rial outer 
mem brane, while the car boxyl ter mi nus is ex posed on the sur face. The 
car boxyl ter mi nus binds the host cell integrins. The in ter nal i za tion pro-
cess is con trolled en tirely by the host cell be cause dead bac te ria, and 
even la tex par ti cles coated with invasin, are in ter nal ized. Although DNA 
se quences, the same as those of inv, oc cur in all  Yersinia spe cies (ex cept 
Y. ruckeri), the gene is func tional only in Y. pseu do tu ber cu lo sis and the
clas si cal path o genic biovars (1B through 5) of Y. enterocolitica. This sug-
gests that invasin plays a key role in vir u lence.
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Most strains of Y. enterocolitica se crete a heat-stable en tero toxin, 
known as Yst (or Yst-a), which is ac tive in in fant mice. The con tri bu tion 
of Yst to di ar rhea as so ci ated with yersiniosis is un cer tain. Some strains 
of Y. enterocolitica can pro duce Yst or other en tero tox ins over a wide range 
of tem per a tures, from 4 to 37°C. Since these tox ins are rel a tively acid 
sta ble, they could re sist in ac ti va tion by stom ach acid. If they were in-
gested pre formed in food, they could cause foodborne ill ness. In ar ti fi-
cially in oc u lated foods, how ever, these tox ins are pro duced mainly at 
25°C dur ing the sta tion ary phase of bac te rial growth. The stor age con di-
tions re quired for their pro duc tion in food gen er ally re sult in se vere 
spoil age, mak ing the in ges tion of pre formed Yst un like ly.

Under lab o ra tory con di tions, Y. enterocolitica is mo tile when grown at 
25°C but not when grown at 37°C. The ex pres sion of the genes en cod ing 
both fla gel lin and invasin ap pears to be reg u lated at the level of tran scrip-
tion. Mutants of Y. enterocolitica that are de fec tive in the ex pres sion of 
invasin are ex tremely mo tile. Flagellar pro teins are made in in di vid u als 
with yersiniosis, based on as says for the de tec tion of fla gel lar pro teins. 
Motility does not ap pear to con trib ute to the vir u lence of Y. enterocolitica 
in mice.

Other Virulence Determinants
The ob ser va tion that pa tients suf er ing from iron over load have in-
creased sus cep ti bil ity to se vere in fec tions with Y. enterocolitica sug gests 
that the avail abil ity of iron in tis sues may de ter mine the out  come of 
yersiniosis. Some iso lates of Y. enterocolitica are he mo lyt ic (they lyse 
red blood cells) due to the pro duc tion of phos pho li pase A. A strain of 
Y. enterocolitica, in which the yplA gene en cod ing this en zyme was de-
leted, had de creased vir u lence for in oc u lated mice. YplA is se creted by Y. 
enterocolitica via the same ex port sys tem as that used for fla gel lar pro teins.

In Y. enterocolitica, acid tol er ance is as so ci ated with the pro duc tion of 
ure ase. This en zyme cat a lyzes the re lease of am mo nia from urea and 
en ables the bac te ria to re sist pHs as low as 2.5. Urease also con trib utes 
to the sur vival of Y. enterocolitica in host tis sues, but the mech a nism by 
which this oc curs is not known. The ure ase of Y. enterocolitica is also un-
usual in that it dis plays op ti mal ac tiv ity at pH 3.5 to 4.5, sug gest ing a 
phys i o log i cal role in pro tect ing the bac te rium from ac id.

All fully vir u lent, highly in va sive strains of Y. enterocolitica carry a ca. 
70-kb plas mid, called pYV (for plas mid for Yersinia vir u lence), which is 
found in Y. enterocolitica, Y. pestis, and Y. pseu do tu ber cu lo sis. pYV per mits 
the bac te ria to re sist phago cy to sis (in ges tion by spe cific host cells) and 
ly sis. Thus, the path o gen can grow within tis sues. When pYV-negative 
strains of Y. enterocolitica are in cu bated with host ep i the lial cells or 
phago cytes, they pen e trate the cells in large num bers with out  caus ing 
dam age. By con trast, pYV-positive bac te ria gen er ally re main out  side host 
cells (i.e., re sist phago cy to sis).

Enteropathogenic yersiniae use a spe cial se cre tory path way (the type 
III se cre tory path way) to in ject pro teins into the cy to sol of eu kary otic cells. 
This fa cil i tates path o gen e sis. The trans port of Yersinia out  er-membrane 
pro teins from the bac te rial cy to plasm into the host-cell cy to sol may oc cur 
in one step from bac te ria that are closely bound to the host cell.
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Pathogenesis of Yersinia-Induced Autoimmunity
Following an in fec tion with pYV-positive Y. enterocolitica, a small num-
ber of pa tients de velop au to im mune (a per son’s own im mune sys tem 
starts to at tack the in di vid ual) ar thri tis. A sim i lar con di tion can also 
oc cur af ter in fec tions with Campylobacter, Salmonella, Shigella, or Chla
mydia spe cies. The path o gen e sis of re ac tive ar thri tis is poorly un der-
stood. Men and women are af ected equally. Arthritis typ i cally fol lows 
the on set of di ar rhea or the pseudoappendicular syn drome by 1 to 2 
weeks, with a range of 1 to 38 days. The joints most com monly in volved 
are the knees, an kles, toes, tar sal joints, fin gers, wrists, and el bows. The 
du ra tion of ar thri tis is typ i cally <3 months.

Many other au to im mune com pli ca tions have been linked to Y. entero
colitica in fec tion, in clud ing var i ous thy roid dis or ders, au to im mune thy-
roid itis, and Graves’ dis ease (hy per thy roid ism). The last is an im mune 
sys tem dis or der caused when an in di vid ual pro duces an ti bod ies to the 
thy ro tro pin re cep tor. The main link be tween Y. enterocolitica and thy-
roid dis eases is that pa tients with these dis or ders fre quently have el e-
vated lev els of an ti bod ies to Y. enterocolitica O:3.

Other au to im mune com pli ca tions of yersiniosis, in clud ing Reiter’s 
syn drome, uve itis, acute pro lif er a tive glo mer u lo ne phri tis, col lag e nous 
co li tis, and rheu mat ic-like carditis, have been re ported, mostly from Scan-
di na vian coun tries. Yersiniosis has also been linked to var i ous thy roid 
dis or ders, in clud ing non toxic goi ter and Hashimoto’s thy roid itis, al though 
the caus a tive role of yersiniae in these con di tions is un cer tain. In Japan, 
Y. pseu do tu ber cu lo sis has been linked to Ka wa sa ki’s dis ease.

Summary

•  Outbreaks of yersiniosis are sur pris ingly un com mon, con sid er ing the ubiq uity of Y. enterocolitica in na ture and
its abil i ties to col o nize food an i mals, to per sist within an i mals and the en vi ron ment, and to pro lif er ate at
re frig er a tion tem per a ture.

•  Y. enterocolitica ex presses fac tors, such as ure ase, fla gella, and smooth LPS, which fa cil i tate its pas sage through
the stom ach and the mu cus layer of the small in tes tine.

•  Once Y. enterocolitica be gins to rep li cate in the in tes tine at 37°C, LPS be comes rough, ex pos ing pro teins on the
bac te rial sur face that are in volved in at tach ment and in va sion.

•  The higher in fec tiv ity of Y. enterocolitica when grown at am bi ent tem per a ture, com pared with its in fec tiv ity when
grown at 37°C, may ac count for the small num ber of re ports of hu man-to-human trans mis sion of yersiniosis.

•  The well-de fined life cy cle of Y. enterocolitica, with its dis tinc tive tem per a ture-induced phases, is rem i nis cent of 
the flea-rat-flea cy cle of Y. pestis.
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Questions for crit i cal thought
  1.  Y. enterocolitica has been re cov ered from a range of en vi ron men tal sam ples (e.g., soil, 

lake wa ter, etc.) and iso lated from pigs at slaugh ter houses, yet few out  breaks oc cur 
each year in the United States. Provide a com pel ling sci en tific re sponse that may ex-
plain the min i mal num ber of out  breaks/illnesses as so ci ated with Y. enterocolitica.

  2.  Contrast Y. enterocolitica with the other foodborne path o gen that is ca pa ble of 
growth at re frig er a tion tem per a tures. Which is of greater con cern to preg nant women? 
Which has a higher mor tal ity rate?

  3.  Why is Y. enterocolitica con sid ered un usual among path o genic en tero bac te ria? 
Explain.

  4.  What do mes tic an i mal is con sid ered a res er voir for Y. enterocolitica? How was this 
con clu sion reached?

  5.  Many au to im mune dis eases are se quelae to Y. enterocolitica in fec tion. Select two 
au to im mune dis eases linked to Y. enterocolitica in fec tion. Indicate how au to im mune 
dis eases de velop and list the symp toms of each dis ease.

  6.  Characterizing the path o gen e sis of an or gan ism is im por tant for de vel op ing strat e-
gies to pre vent and treat in fec tion. Why is it that hu man vol un teers can not be used 
to study Y. enterocolitica in fec tion?

  7.  Which four key fac tors are as so ci ated with the vir u lence of Y. enterocolitica?

  8.  Y. enterocolitica se ro types com monly linked with in fec tion in Eu rope dif er from 
those found in the United States. What fac tors may drive these dif er ences? Does 
this dif er ence oc cur with other path o gens that have been dis cussed in this book? 
Provide ex am ples.

  9.  Identify unique char ac ter is tics of Y. enterocolitica that would fa cil i tate iden ti fi ca tion 
of the path o gen.

  10.  Y. enterocolitica out  breaks have been linked to con sump tion of pas teur ized milk 
and pork prod ucts. Does the path o gen pos sess unique prop er ties that per mit sur-
vival when ex posed to stan dard pro cess ing prac tices? What mea sure(s) should have 
been im ple mented to pre vent those out  breaks?

  11.  Y. enterocolitica is mo tile when grown at 25°C but not when grown at 37°C. This 
seems counter to prop er ties re quired for an en teric path o gen. Provide sev eral rea-
sons why the or gan ism would pre fer mo til ity at 25°C to mo til ity at 37°C.

  12.  Y. enterocolitica is re sis tant to β-lactam an ti bi ot ics. Why does such re sis tance not 
in ter fere with treat ment of yersiniosis?

  13.  Based on your knowl edge and in for ma tion con tained in this book (chapters 4, 5, and 
6), how would you de ter mine whether a food sam ple was pos i tive for Y. enterocolitica?

  14.  Virulent strains of Yersinia carry the plas mid for Yersinia vir u lence (pYV). What 
prop er ties that en hance vir u lence does the plas mid im part to strains? Outline a set 
of ex per i ments that could be done to prove the role of pYV in vir u lence.

  15.  You work for the CDC, and there is a large bud get cut. The di rec tor wants you to 
elim i nate one foodborne path o gen from the top-five list for which data are col lected 
in an ef ort to save money. You de cide to re move Y. enterocolitica from the list. Write 
a one-page jus ti fi ca tion for your de ci sion, based on your knowl edge of other path o-
gens dis cussed in this book.

  16.  The in ci dence of in fec tions with Y. enterocolitica re mains sim i lar to re cent years’ data 
for track ing of path o gens com monly trans mit ted through food for which Healthy 
People 2020 tar gets ex ist. The lack of re cent prog ress to wards tar gets points to gaps in 
the cur rent food safety sys tem. List five food safety in ter ven tions, with jus ti fi ca tions, 
that could be im ple mented to fur ther re duce Y. enterocolitica foodborne ill ness es.
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INTRODUCTION
“Fermentation” is a word with many mean ings. Pas teur used it to de
scribe life in the ab sence of ox y gen. A more for mal bio chem i cal def  ni
tion of fer men ta tion is the pro cess that bac te ria use to make en ergy from 
car bo hy drates in the ab sence of ox y gen. In com mon us age, fer men ta tion 
also de scribes any bi o log i cal pro cess (for ex am ple, fer men ta tions that make 
vin e gar, an ti bi ot ics, mono so dium glu ta mate, amino ac ids, cit ric acid, etc.) 
whether ox y gen is pres ent or not. With a few ex cep tions, food fer men ta
tions are bioprocesses that change food prop er ties, while the bac te ria gen
er ate en ergy in the ab sence of ox y gen. These changes go far be yond acid 
pro duc tion. Fermentations add value to foods by pro duc ing fla vor com
pounds and car bon ation, al ter ing tex ture, and in creas ing nu tri ent bio
avail abil ity (Fig. 19.1 and Table 19.1). Today fer men ta tion is as so ci ated with 
the lo cal food move ment and craft and smallproducer foods, pay ing hom
age to the tra di tional an cient rit u als of food pro duc tion. Products of fer
men ta tion also sup port the no tion of health ful eat ing through live bac te rial 
cul tures. In fact, as au thor Sandor Katz states in his book The Art of 
Fermentation, fer men ta tion is cul ture in many ways, in clud ing cul tur ing 
of bac te ria and cul ti va tion of the land and its crea tures.

This chap ter sim pli fes fer men ta tion bio chem is try for stu dents who 
have not had a bio chem is try course. These bio chem i cal prin ci ples are 
ap plied to the fer men ta tion of dairy, veg e ta ble, and meat prod ucts.

THE BIOCHEMICAL FOUNDATION OF FOOD FERMENTATION
Energy is re leased when a com pound is ox i dized (i.e., an elec tron is 
“lost”) (think back to Chemistry 101). Fermentation prod ucts, such as 
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al co hol, are more ox i dized than the start ing prod uct (usu ally a sugar), 
but they are not com pletely ox i dized. For ex am ple, sugar can be par tially 
ox i dized to al co hol. The al co hol can be fur ther ox i dized when burned, 
re leas ing ad di tional en er gy.

When one com pound is ox i dized and loses an elec tron, that elec tron 
must “go” some where. It goes to an elec tron ac cep tor, which be comes 
re duced. These re ac tions can be ex pressed as fol lows:

Reduced elec tron do nor (com pound A) → Oxidized com pound A
Oxidized elec tron ac cep tor (com pound B) → Reduced com pound B
When ox y gen is the elec tron ac cep tor, as in the ox i da tion of sug ars, 

the fol low ing re ac tions oc cur:

Sugar (C6H12O6) → CO2

O2 → H2O

Sugar + O2 → CO2 + H2O (+ energy)

This com plete ox i da tion gives the cell a lot of en ergy. This en ergy is 
stored, by mech a nisms more ap pro pri ately dis cussed in a bio chem is try 
text book, in the form of phos phor y lated com pounds, such as aden o sine 

Figure 19.1

The bread, sau er kraut, meat, and cheese in this 
sand wich, as well as any pickles on the side, are 
all  fer men ta tion prod ucts.

Table 19.1 Uses of fer men ta tion

To pre serve veg e ta bles and fruits

To de velop char ac ter is tic sen sory prop er ties, i.e., fla vor, aroma, and tex ture

To de stroy nat u rally oc cur ring tox ins and un de sir able com po nents in raw ma te ri als

To im prove di gest ibil ity, es pe cially of some le gumes

To en rich prod ucts with de sired mi cro bial me tab o lites, e.g., l-(+)-lactic acid or amino ac ids

To cre ate new prod ucts for new mar kets

To in crease di e tary val ue
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5′triphosphate (ATP). In the ex am ple above, the com plete ox i da tion of 
glu cose pro duces 34 ATP mol e cules. This en ergy can be trans ferred to 
other com pounds by mov ing the phos pho ryl group. (Biochemists call 
this “phos pho ryl group trans fer.”)

In fer mented foods, there is no ox y gen to serve as an elec tron ac cep
tor, so part of the sugar must serve as the elec tron ac cep tor. This part of 
the sugar can not be fur ther ox i dized to gen er ate more en ergy. This in
com plete ox i da tion does not yield very much en ergy (only one or two 
mol e cules of ATP from one mol e cule of glu cose). The in com pletely 
ox i dized fer men ta tion prod ucts, such as eth a nol, ace tic acid, and lac tic 
acid, are some times ox i dized by other “sal vag ing” or gan isms. Ethanol is 
ox i dized to ace tic acid with the gen er a tion of one ATP mol e cule by 
Acetobacter aceti. Propionibacterium freudenreichii subsp. shermanii makes 
one ATP mol e cule by ox i diz ing lac tic acid to pro pi onic ac id.

Catabolic Pathways
Figure 2.12 shows the de tailed, stepbystep bio chem i cal path ways used 
by fer men ta tive bac te ria. The more gen er al ized Fig. 19.2 al lows the 
path ways to be un der stood with less bio chem i cal de tail. The Emb den
MeyerhofParnas (EMP) path way from glu cose to py ru vic acid may be 
the most im por tant cat a bolic path way. One mol e cule of glu cose is con
verted to two mol e cules of py ru vic acid. At this point, the ox i da tion
reduction re ac tions are not bal anced. They can be bal anced by ox i diz ing 
py ru vate to com pounds such as lac tic acid or eth a nol. Nonfermentative 
or gan isms (like us) com pletely ox i dize the py ru vic acid to car bon di ox ide 
and wa ter, us ing ox y gen as the ter mi nal elec tron ac cep tor. In terms of 
the num ber of ATP mol e cules gen er ated per mole of glu cose used (i.e., 
two), the EMP path way is the “best” of the fer men ta tive path ways. Since 
its only prod uct is lac tic acid, or gan isms that use it are called “homolactic.”

The EntnerDoudorof and heterofermentative path ways yield only 
one ATP mol e cule per mole of glu cose. The EntnerDoudorof path way 

Yields one ATP molecule;
can use five-carbon sugars

Yields one ATP molecule;
can use lactose

Six-carbon sugar

Acetic acid

Six-carbon sugar

Aldehydes and alcohol

Five-carbon sugar

CO2

Six-carbon sugar

Yields two ATP molecules
Embden-Meyerhof-Parnas Entner-Doudoroff Heterofermentative

Pyruvic acid

Lactic acid

Three-carbon intermediate

Figure 19.2

Simplifed cat a bolic path ways used in fer mented foods.
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is im por tant in dairy fer men ta tions. Lactose, or “milk sug ar,” is a di sac
cha ride bro ken down to glu cose and ga lac tose dur ing fer men ta tion. 
Milk con tains 4.5 to 5.0% lac tose and no other free car bo hy drates. The 
EMP path way can not me tab o lize the ga lac tose por tion of lac tose. Organ
isms that use the path way ex crete ga lac tose, wast ing half of their en ergy 
source. The “wast ed” ga lac tose can be taken up and me tab o lized by or gan
isms us ing the EntnerDoudorof path way, but these or gan isms pro duce 
only one threecarbon in ter me di ate and there fore one ATP mol e cule.

The heterofermentative path way re leases a car bon di ox ide mol e cule, 
makes one threecarbon in ter me di ate, and gen er ates one ATP mol e cule. 
However, the path way al lows or gan isms to use fvecarbon sug ars (pen
toses) that other or gan isms can not use. Thus, in en vi ron ments where 
there are many pen toses but no hex oses (sixcarbon sug ars that can yield 
two ATP mol e cules), heterofermentative or gan isms have a big ad van tage.

Many fac tors de ter mine which path way an or gan ism uses. These in
clude the genes for spe cifc en zymes, their reg u la tion, and the avail  able 
sug ars. Bacteria in the gen era Lactococcus and Pediococcus are homofermen
tative, pro duc ing only lac tic acid. Some Lactobacillus spe cies are homofer
mentative, some are heterofermentative, and some can use both path ways.

Genetics of Lactic Acid Bacteria
Genes in lac tic acid bac te ria (LAB) can be lo cated on the chro mo somes 
or on in ser tions to the chro mo some (in trons), move from one lo ca tion to 
an other (by trans pos able el e ments), or be lo cated on ex tra chro mo somal 
(not on the chro mo some) pieces of DNA. These ex tra chro mo somal 
pieces of DNA are called plas mids. A plas mid lo ca tion for im por tant 
genes, such as those that reg u late lac tose me tab o lism, can be prob lem
atic. Plasmids are in de pen dent ly rep li cat ing ex tra chro mo somal cir cu lar 
DNA mol e cules. They (and the char ac ter is tics they code for) can be lost 
when plas mid rep li ca tion is not syn chro nized with bac te rial di vi sion. 
Plasmids are of par tic u lar im por tance in lactococci, in which they en code 
char ac ter is tics es sen tial for dairy fer men ta tions, in clud ing lac tose me tab
o lism, pro tein ase ac tiv ity, oligopeptide trans port, bac te rio phage re sis tance, 
exopolysaccharide pro duc tion, and cit ric acid uti li za tion.

Research on the ge net ics of LAB ini tially fo cused on plas mids and 
nat u ral gene trans fer in lactococci, but it has ad vanced to the use of ge no
mic stud ies (i.e., those deal ing with the se quence of the whole ge nome) 
to char ac ter ize im por tant phe no types. LAB ge nomes (chro mo somes) 
are rel a tively small, with 2,000 to 3,000 pro teinencoding genes on ge
nomes that range in size from 1.8 to 3.4 Mbp. (A mega base pair equals 
1,000,000 base pairs.) The large range (al most 2fold) of ge no mic sizes 
sug gests that the evo lu tion of LAB spe cies has en tailed gene loss, du pli
ca tion, and ac qui si tion at var i ous rates. The changes are im por tant on 
an evo lu tion ary ba sis. As LAB evolved into nu tri entrich en vi ron ments, 
the genes for bio syn thetic path ways were lost, and the genes for deg ra
da tive path ways (e.g., for trans port of pro te ases) were ac quired. This 
ge netic flu id ity can be seen when LAB ge nomes are com pared. When 
orthologs (genes de rived from a com mon an ces tral gene) of LAB were 
ex am ined, most of the pro teins that they code for could be de ter mined. 
However, the func tions of ∼10% could be de scribed only vaguely, and 
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the func tions for an other 10% of the ge nome are to tally un known. 
Genomics yields con sid er able in for ma tion but also re veals the ex tent of 
our ig no rance.

DAIRY FERMENTATIONS
Many mi crobes are used to make fer mented milk prod ucts (Table 19.2), 
and ex am ples of these are shown in Fig. 19.3. Note that Lactococcus spp. 
nor mally form chains in liq uid me dia rather than the clus ters when 
grown on solid me dia. Pediococcus spp. are of ten found as tet rads, while 
Leuconostoc spp. have a sin gle di vi sion plane and form chains. The main 
bac te ria used for acid pro duc tion are the homofermentative LAB. Hetero
fermentative LAB con trib ute fla vor com pounds as de scribed be low. 
The homo and heterofermentative bac te ria are of ten paired to give the 
fla vor and tex ture char ac ter is tic of a given cheese. Paired cul tures of ten 
acid ify faster than sin gle cul tures.

Pasteurization kills most of the nat u ral LAB and other bac te ria pres
ent in raw milk. This fa cil i tates the ad di tion of LAB “starter cul tures” 
that do not have to com pete with large num bers of nat u rally oc cur ring 
milk bac te ria. Starter cul tures al low man u fac tur ers to con trol the rate 
and ex tent of acid de vel op ment in the fer mented food. This re sults in 
greater pro cess con trol and a more con sis tent prod uct.

Other bac te ria, re ferred to as the sec ond ary microbiota, are added to 
some fer mented prod ucts to in flu ence fla vor and tex ture. These bac te ria 
typ i cally com prise 10 to 20% of the to tal starter cul ture. Leuconostoc spe
cies and strains of Lactococcus lactis subsp. lactis, that me tab o lize cit ric acid, 
pro duce aroma com pounds and car bon di ox ide in cul tured but ter milk 
and cheeses, such as Gouda, Edam, blue, and Ha varti. Heterofermentative 

Table 19.2 Microorganisms in volved in the man u fac ture of cheeses and fer mented milks

Product Principal acid pro duc er Intentionally in tro duced sec ond ary microbiota

Cheeses

Colby, Cheddar, cot tage, 
cream

Lactococcus lactis subsp. cremoris or lactis None

Gouda, Edam, Ha var ti Lactococcus lactis subsp. cremoris or lactis Leuconostoc spp., Lactococcus lactis subsp. lactis

Brick, Lim burg er Lactococcus lactis subsp. cremoris or lactis Geotrichum candidum, Brevibacterium lin ens, 
 Micrococcus spp.

Cam em bert Lactococcus lactis subsp. cremoris or lactis Penicillium camemberti, some times Brevibacterium lin ens

Blue Lactococcus lactis subsp. cremoris or lactis Lactococcus lactis subsp. lactis, Penicillium roqueforti

Mozzarella, pro vo lone, 
Ro mano, Par me san

Streptococcus thermophilus, Lactobacillus 
delbrueckii subsp. bulgaricus, Lactobacillus 
helveticus

None; an i mal li pases added to Ro mano for pi quant 
or ran cid fla vor

Swiss Streptococcus thermophilus, Lactobacillus 
helveticus, Lactobacillus delbrueckii subsp. 
bulgaricus

Propionibacterium freudenreichii subsp. shermanii

Fermented milks

Yogurt Streptococcus thermophilus, Lactobacillus 
delbrueckii subsp. bulgaricus

None

Buttermilk Lactococcus lactis subsp. cremoris or lactis Leuconostoc spp., Lactococcus lactis subsp. lactis

Sour cream Lactococcus lactis subsp. cremoris or lactis None
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lac to ba cilli (Lactobacillus bre vis, Lactobacillus fermentum, and Lactobacil-
lus kefiri) are part of the var ied microbiota (in clud ing sev eral yeast spe
cies) that pro duce eth a nol, car bon di ox ide, and lac tic acid in more ex otic 
cul tured milks, such as ke fr and kou miss. The eth a nol is not very vol
a tile and does not con trib ute much fla vor. However, when eth a nol is 
es ter i fed to make vol a tile com pounds, it has a ma jor im pact on taste. 
Propionibacterium freudenreichii subsp. shermanii is added to make 
Swisstype cheeses. Its scav eng ing me tab o lism con verts llactic acid to 
pro pi onic acid, ace tic acid, and car bon di ox ide. The car bon di ox ide forms 
the “eyes” (holes) in Swiss cheese. Propionibacteria also fer ment cit ric 
acid to glu tamic acid, a nat u ral fla vor en hancer. Penicillium roqueforti is 
a sec ond ary cul ture for the pro duc tion of blue cheese, while Penicillium 
camemberti is used to make Cam em bert cheese.

A ge neric scheme for mak ing cheese is shown in Fig. 19.4. It is im por
tant to note that only highquality milk should be used in the fer men ta
tion. The re moval of sed i ment, by a pro cess called clar i f ca tion, is im por tant 
for both aes thetic and safety rea sons. Pathogens like Listeria monocytogenes 
can be pres ent in side the leu ko cytes shed in the milk. Clarifcation re
moves these leu ko cytes. Other in gre di ents, such as salt, sea son ing, or even 
ad di tional milk sol ids, are added prior to heat ing, which kills any re main

Figure 19.3

LAB as so ci ated with food fer men ta tions. (A) Lactococcus; (B) Lactobacillus; (C) 
Pediococcus; (D) Leuconostoc. (Panels B and C, courtesy of the U.S. Department of 
Energy Joint Genome Institute. Panel D re printed from Kaletunç G, Lee J, Alpas H, 
Bozoglu F, Appl Environ Microbiol 70:1116–1122, 2004, with permission.)
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ing bac te ria. Homogenization sta bi lizes the prod uct to pre vent fat sep a ra
tion dur ing the fer men ta tion pro cess and to en sure an even dis tri bu tion of 
all  the prod uct in gre di ents. In the ac tual fer men ta tion step, the starter cul
tures rap idly (within 4 to 8 h) lower the pH to <5.3 in cheese and <4.6 in 
fer mented milk prod ucts. At this pH, only ac idtolerant bac te ria can grow. 
After the fer men ta tion, the prod uct may be pack aged, aged, or sub jected to 
sec ond ary fer men ta tions for fla vor de vel op ment.

Kefr is an un usual, ef er ves cent cul tured dairy prod uct that is sim i
lar to yo gurt. Kefr is a bev er age ob tained by in cu bat ing ke fr grains 
with raw milk. Kefr grains are a sym bi otic com plex of dif er ent kinds of 
yeasts and bac te ria, es pe cially lac tic acid bac te ria, which gather in a 
mostly car bo hy drate ma trix called kefran. The fer mented grains look 
some thing like cau li flower and con tain mix tures of mi crobes. While lac
tic acid bac te ria and yeast are discussed separately in this text, mixed 
mi crobe fer men ta tion is an im por tant concept. Mixed microbe cultures 
occur more often in fermented products, where there is actually a succes
sion of diferent microorganisms. A SCOBY is an example of this type 
of a mixed culture; a SCOBY is a symbiotic colony of bacteria and yeast 
used to make kefr and other fermented products. In lab o ra tory stud ies, 
ke fr has been shown to in hibit some types of can cer cells.

Preparation of milk at farm

Receipt and storage at plant

Clarification and separation

Formulation

Heat treatment

Homogenization

Inoculation and incubation

Cooling, formulation, and packing

Milk free of antibiotics is cooled in bulk tanks to 
<5°C in 2 h.

Milk quality is determined before refrigerated
storage for up to 72 h.

Sediment is removed by centrifugation, and fat 
content is standardized.

Other ingredients are blended in to form the mix.

The mix is heated at 85 to 95°C for 10 to 40 min 
to kill bacteria and improve the texture of the 
finished product.

The mix is homogenized to stabilize the product.

The mix is cooled, a starter culture is added at 0.5 
to 5%, and the product is incubated until the pH 
drops to the target value.

The coagulated product is cooled, and other 
ingredients such as fruits, flavors, or seasoning 
are mixed in before packaging.

Figure 19.4

Generic scheme for mak ing fer mented dairy prod ucts.
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Yogurt has tra di tion ally been made us ing Streptococcus thermophilus 
and Lactobacillus bulgaricus. Lactobacillus ac i doph i lus and Bifidobacte-
rium spp. are of ten added due to their pop u lar ity as pro bi ot ics. The frst 
step in yo gurt man u fac ture is to con cen trate the milk by 25% us ing a 
vac uum de hy dra tor. Milk sol ids (5%, wt/wt) are then added, and the 
mix ture is heated to 90°C for 30 to 90 min. After the mix ture is cooled to 
45°C, the starter cul ture is added at 2% (vol/vol), and the mix ture is in
cu bated for 3 to 5 h. The f nal prod uct has a ti trat able acid ity of 0.8 to 
0.9% and about 109 or gan isms/g. These may die of dur ing cold stor age 
to a pop u la tion of 106 or gan isms/g, the min i mum re quired to make a 
“live and ac tive cul ture” claim for the yo gurt.

Starter Cultures
The key to the com mer cial suc cess of fer mented milk prod ucts is con sis
tent and pre dict able rates of acid pro duc tion (Table 19.3). The ad di tion of 
de fned bac te rial cul tures, i.e., starter cul tures, to ini ti ate the fer men ta
tion guar an tees pre dict able acid i f ca tion. Acidity has pro found ef ects on 
mois ture con trol, pro tein re ten tion, min eral loss, pro tein hy dra tion, and 
in ter ac tions be tween pro tein mol e cules. These, in turn, de ter mine the 
prod uct’s sen sory char ac ter is tics. This con sis tency can be un der mined if 
bac te rio phages at tack the starter cul tures. The adul ter a tion of milk by anti
bi ot ics can also wreak havoc with starter cul tures. In coun tries where 
milk is rou tinely screened for an ti bi ot ics, this is no lon ger a big is sue.

The fla vor of cul tured milk prod ucts is de ter mined by mi cro or gan
isms used as starter cul tures and the sec ond ary microbiota. With cul
tured milks and some cheeses, such as moz za rella, cream, and cot tage 
cheeses, the short time from pro cess ing to con sump tion (1 day to 4 
weeks) is not long enough for sec ond ary or gan isms to gen er ate “rip ened” 
fla vors. In fact, cot tage cheese can be made by a “di rect set” method, in 
which acid is added di rectly to the milk, rather than fer ment ing it.

Production of Aroma Compounds
Lactic acid is the main end prod uct in dairy fer men ta tions. It con trib
utes the acid taste, but not the aroma. The main aro mas and fla vors of 
fer mented milks come from ace tic acid, ac et al de hyde, and diacetyl. In 
yo gurt, these are formed by Streptococcus thermophilus and Lactobacillus 
delbrueckii subsp. bulgaricus. In but ter milk and some cheeses, Leuconostoc 
spe cies and cit rateutilizing Lactococcus lactis subsp. lactis pro duce the 
aroma com pounds.

Milk con tains 0.15 to 0.2% cit ric acid. Because cit ric acid is con verted 
to py ru vic acid, with out  the need to re gen er ate nic o tin amide ad e nine 
di nu cle o tide (NAD), vir tu ally all  of it can be con verted to diacetyl, which 
has a but tery fla vor. Citric acid is me tab o lized by Leuconostoc spe cies, 

Table 19.3 Benefits of us ing starter cul tures in man u fac ture of fer mented food

Rapid acid pro duc tion

Decreased rate of con tam i na tion

Production of fla vor com pounds

More con sis tent prod uct

Greater pro cess pre dict abil i ty
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cit ratemetabolizing Lactococcus lactis subsp. lactis, and fac ul ta tive hetero
fermentative lac to ba cilli to make diacetyl, ace tic acid, and car bon di ox ide. 
The car bon di ox ide causes the holes (eyes) in Gouda and Edam cheeses 
and the ef er ves cent qual ity of but ter milk.

Several met a bolic path ways form ac et al de hyde. The en zyme thre o
nine al dol ase cleaves thre o nine to gly cine and ac et al de hyde. Acetalde
hyde is also formed by cit ric ac idmetabolizing Lactococcus lactis subsp. 
lactis. Fermented milks de velop a “yo gurt” or “green ap ple” fla vor de fect 
when the ra tio of diacetyl to ac et al de hyde is high. Excessive ac et al de hyde 
in yo gurt is caused by pro longed fer men ta tion and is as so ci ated with 
high acid con tent. The use of Leuconostoc, that con verts ac et al de hyde to 
eth a nol, pre vents these ex ces sive ac et al de hyde lev els from form ing. Rapid 
cool ing and re frig er ated stor age also re duce offlavor pro duc tion.

Proteolysis is re quired for the growth of many LAB. They re quire any
where from 6 to 16 amino ac ids to grow. The pro tein ca sein com prises 
80% of milk pro tein, but there are few free amino ac ids in milk. This 
makes the abil ity to break down ca sein to amino ac ids a very im por tant 
trait for LAB. The ca sein can be hy dro lyzed by ex tra cel lu lar pro te ases, 
by pro te ases in the cell mem brane, or by in tra cel lu lar pro te ases.

Proteolysis also gen er ates fla vors in rip ened cheeses. The free amino 
ac ids and pep tides pro duced by the ex tra cel lu lar pro te ases can have pos i
tive or neg a tive ef ects in the cheese. A ma jor neg a tive ef ect of pro te  ol y sis 
is bit ter ness. This is caused by the break down of ca sein into hy dro pho
bic pep tides that are 3 to 27 amino ac ids long. Other bac te rial pep ti dases 
can hy dro lyze these hy dro pho bic pep tides to nonbitter pep tides and amino 
ac ids. Therefore, the ac cu mu la tion of bit ter pep tides de pends on their 
rel a tive rates of pro duc tion and de struc tion.

VEGETABLE FERMENTATIONS
The an cients fer mented veg e ta bles to re tain their nu tri tive value. Many 
dif er ent mi cro or gan isms are used for this pur pose. LAB and yeasts are 
pref er en tially used in the West (Eu rope and Amer ica). Molds are used to 
fer ment many Eastern foods. LAB are used ex ten sively for biopreserva
tion of veg e ta bles. The mar ket for pick led veg e ta ble prod ucts is $2 bil lion 
in the United States alone.

Lactic acid fer men ta tion of veg e ta bles was prac ticed by the Chi nese 
in pre his toric times. The oldest writ ten ev i dence dates from the frst 
cen tury C.E., when Plinius de scribed the pres er va tion of white cab bage 
in earthen ves sels. This method causes a lac tic acid fer men ta tion that 
turns cab bage into sau er kraut. The de vel op ment of heat ster il i za tion 
and re frig er a tion sys tems has made fer men ta tions less im por tant as a 
pres er va tion method in in dus tri al ized coun tries. Nonetheless, in de vel op
ing coun tries, fer men ta tion is still a crit i cal means of food pres er va tion.

Vegetable fer men ta tions in volve com plex mi cro bi o log i cal, bio chem i cal, 
chem i cal, and phys i cal re ac tions. Fermentations are also influ enced by 
many ex ter nal fac tors. These are clas si fed into four groups: tech no log i cal 
fac tors, in gre di ents, raw ma te rial qual ity, and na tive microbiota (i.e., 
or gan isms that are nat u rally as so ci ated with the veg e ta ble).

Table 19.4 shows a ge neric pro cess for manufactur ing fer mented 
veg e ta bles. It is im por tant to start with sound veg e ta bles. Bruised or 
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dam aged veg e ta bles can have high lev els of nat u ral microbiotas. Uni
form siz ing fa cil i tates pro cess ing and pack ag ing. Blanching or cook ing 
may be re quired to in ac ti vate en zymes or to de gas the veg e ta bles. The 
place ment of the veg e ta bles in a fer men ta tion ves sel is straight for ward. 
Starter cul tures are not usu ally added be cause they can not com pete with 
the veg e ta bles’ nat u ral microbiota. Anaerobic con di tions (i.e., the ex clu
sion of ox y gen) are re quired since, biochemically, this is a fer men ta tion. 
Anaerobiosis is eas ily achieved by cov er ing the fer men ta tion ves sel. Any 
re sid ual dis solved ox y gen is re moved by the res pi ra tion of the veg e ta bles 
and any aer o bic bac te ria pres ent. The fer men ta tion pro ceeds at what ever 
speed is dic tated by the nat u ral microbiota. The fn ished prod uct can be 
dis trib uted in many forms. Because the bo tan i cal, phys i cal, and chem i
cal prop er ties of var i ous veg e ta bles dif er, the pro cess de scribed above 
must be tai lored to spe cifc prod ucts.

Ingredients and Additives Used dur ing Fermentations
Salt is added to fer men ta tions for many rea sons. Salty fla vors are es sen tial 
to many fer mented foods. The amount of salt used de pends on the veg e ta
ble and on con sumer pref er ence. In sau er kraut pro duc tion, salt en hances 
fluid re lease from shred ded cab bage. It also helps cre ate an aer o bic con di
tions in fer men ta tion ves sels. In ad di tion, salt has a se lec tive ef ect on 
the veg e ta bles’ nat u ral microbiota. Increasing amounts of salt fa vor the 
growth of LAB and in hibit the un de sir able bac te ria and fungi. In sau er
kraut fer men ta tions, heterofermentative LAB are fa vored by the low salt 
con cen tra tion (∼1%) and are greatly in hib ited at 3%. Higher salt con cen
tra tions fa vor homofermentative spe cies, ac cel er at ing the fer men ta tion. 
Salt con tent be low 0.8% of ten re sults in un de sir able fer men ta tion, as 
well as in soft sau er kraut. Stinky tofu, another example of a dish fer
mented with salt and various other additives, is described in Box 19.1.

Other food ad di tives are used in spe cifc fer mented veg e ta bles and 
are reg u lated by law in most coun tries. The ad di tion of ascor bic acid to 
sau er kraut pre vents gray or brown dis col or ation. Citric acid or sul fur 
di ox ide is also used for this pur pose. Sorbic acid pre vents the growth of 
yeasts, molds, and other mi crobes.

Sauerkraut Fermentation
The over all mi cro bial pop u la tion, as well as the pop u la tion of LAB, 
changes dur ing the course of a veg e ta ble fer men ta tion. The fer men ta tion 
of cab bage, for ex am ple, has four stag es:

Table 19.4 Steps in a typ i cal veg e ta ble fer men ta tion

1.  Select veg e ta bles that are sound, un dam aged, uni formly sized, and at the proper
ripe ness.

2. Pretreat, for ex am ple, by peel ing, blanch ing, or cook ing.

3.  Place whole, pierced, shred ded, or sliced veg e ta bles in fer men ta tion ves sels.
These can hold from 100 li ters to 100 tons. Starter cul tures can also be add ed.

4.  Completely cover the veg e ta bles with brine. Seal the fer men ta tion ves sels to
ex clude ox y gen and en sure an aer o bic con di tions.

5.  Let the fer men ta tion take its nat u ral course. The fer men ta tion time de pends on the
tem per a ture, the type of prod uct, and the bac te ria pres ent.

6. Distribute the fi nal fer mented prod uct fresh, unpackaged, pack aged, or pas teur ized.
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  1.  Fermentation starts as soon as chopped cab bage is placed into 
ves sels. In com mer cial pro cess ing, these ves sels can con tain 100 
tons of chopped cab bage. Salt is added to an equi lib rium con cen
tra tion of 2%. The cab bage is tightly packed to form a bowlshape 
at the top of the ves sel. To cre ate an an aer o bic en vi ron ment, the 
cab bage is cov ered with a plas tic sheet, which is then flled with 
wa ter. Under the an aer o bic con di tions, the num ber of strictly aer
o bic bac te ria de creases, while fac ul ta tively an aer o bic en tero
bac te ria grow for the frst 2 or 3 days. During this pe riod, 
dis solved ox y gen is con sumed by the mi cro or gan isms and by 
plant res pi ra tion. The for ma tion of lac tic, ace tic, for mic, and suc
cinic ac ids low ers the pH. Carbon di ox ide may gen er ate foam.

  2.  During the sec ond stage of fer men ta tion, nonLAB are sup
pressed by an aer o bic con di tions and are over grown by the LAB. 
Cabbage typ i cally con tains 4 to 5% sugar, with about half glu cose 
and half fruc tose. The fer men ta tion of these sug ars to lac tic acid 
is ini ti ated by heterofermentative LAB, namely, Leuconostoc mes-
enteroides, fol lowed by Lactobacillus bre vis. This suc ces sion of 
mi cro or gan isms is com pleted af ter 3 to 6 days, and the lac tic 
acid con cen tra tion in creases to ∼1%.

  3.  The third stage of fer men ta tion is dom i nated by homofermenta
tive LAB. Their growth is fa vored by the com plete lack of ox y gen, 
low pH, and high salt con tent. The homofermentative LAB in
crease the to tal acid con tent to 1.5 to 2.0%. Most sau er kraut is 
pas teur ized when it reaches pH 3.8 to 4.1.

  4.  The fourth stage of fer men ta tion is op tional. For eco nomic rea sons, 
sau er kraut may be stored in the fer men ta tion ves sel for as long as 
a year. During the stor age pe riod, Lactobacillus bre vis and some 
heterofermentative spe cies me tab o lize the pen toses re leased by 
the break down of cell walls. The acid con tent may in crease to 2.5%.

Pickle Fermentation
Pickles are made from cu cum bers. Although more than 40 fla vor com
pounds have been iso lated from pick les, most of them orig i nate from 
the cu cum ber. Indeed, pick les made by di rect acid i f ca tion out  sell those 
made by fer men ta tion. Dill pick les pro vide the veg e ta ble com po nent sold 
in the res tau rants that feed the fast food na tion (un less they hold the 
pick les and hold the let tuce).

Commercial cu cum ber fer men ta tions are con ducted out  doors in ves
sels that con tain 8 to 10,000 gal of prod uct. Starter cul tures are rarely used. 
After the cu cum bers are cov ered with brine, the ves sel is sealed with a 
wooden head board. Cucumbers con tain glu cose and fruc tose at about 1% 
each; these un dergo a homofermentation, typ i cally by nat u rally oc cur ring 
Lactobacillus plantarum. The f nal pH of ∼3.7 is well be low the reg u la tory 
cut of for highacid foods (i.e., pH 4.6). This level of acid gives a 5log re
duc tion of path o gens and en sures prod uct safety. Like sau er kraut, pick les 
can be stored in their ves sels for as long as a year.

“Sweet” pick les are fer mented in a sim i lar fash ion us ing small cu
cum bers. After the fer men ta tion, the cu cum bers are washed and then 
soaked in 25 to 30% sug ar.

Authors’ note
By chang ing a few things, the 
fer mented cab bage here could 
be kim chi. Add chil ies, gar lic, 
and fish sauce, use 3% salt and  
less acid, and in cu bate for 1–3 
weeks at just above refrigerator 
tem per a tures.
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The car bon di ox ide pro duced by cu cum ber res pi ra tion or ex ces sive 
growth of heterofermentative Leuconostoc mesenteroides can ac cu mu late 
in the pick les and cause “float ers,” also known as “bloat ers.” Bloater for
ma tion is a se ri ous prob lem in cu cum ber fer men ta tion. Damage is 
worse with larger cu cum bers, at higher fer men ta tion tem per a tures, and 
when the dis solved car bon di ox ide con cen tra tion in the brine is high. 
The brine’s car bon di ox ide con tent can be re duced by lim it ing growth of 
heterofermentative LAB and re mov ing car bon di ox ide from the brine by 
purg ing with ni tro gen or other gas es.

MEAT FERMENTATIONS
Fermented meats are not as pop u lar as fer mented veg e ta bles or dairy 
prod ucts but are still a ma jor class of fer mented food worth bil li ons of 
dol lars. The nat u ral microbiota of meat is Gramnegative, aer o bic
putrefying spoil agebacteria. Fermentation by LAB pre vents spoil age 
and turns the raw meat into a to tally dif er ent prod uct. The most com
mon types of fer mented meats are dry and semi dry fer mented sau sag es.

The U.S. Department of Agriculture’s Food Safety Inspection Service 
re quires that shelfstable sau sages con tain ni trite and cur ing agents, be 
fer mented to a pH of <5.0, and have a mois ture/protein ra tio of ≤3.1:1.0. 
The pro duc tion of such a sau sage is straight for ward (Table 19.5). Grind
ing the meat re duces its par ti cle size. It is then blended with  ni trites, 
cur ing agents, spices, a fer ment able car bo hy drate, and some times glu
conodeltalactone. The ni trite in hib its Clostridium bot u li num, con trib utes 
to the cured meat taste, and con verts myo glo bin to nitrosomyoglobin (the 
pink color of cured meat). Fermentable sug ars are added be cause meat 
does not con tain much fer ment able car bo hy drate. Gluconodeltalactone 

Table 19.5 Steps in the man u fac ture of fer mented sau sag es

1. Reduce par ti cle size of high-quality meat by grind ing.

2.  Add cur ing salts (ni trite at <150 ppm), 3% glu cose as a fer ment able sugar, spices, 
and starter cul ture at ∼107 CFU/g.

3. Blend the in gre di ents.

4. Vacuum-stuff the meat into the cas ing.

5. Incubate (also re ferred to as “rip en”) the sau sag es.

6. Heat to in ac ti vate the starter cul ture and path o gens.

7. Age (dry) the sau sag es.

Box 19.1
Stinky to fu

Soybeans have a long his tory as a 
great di e tary pro tein source. It is 
still un known when the man u fac-
ture of tofu be gan in China. Over 
the cen tu ries, the Chi nese have 
used diff er ent mi cro or gan isms 

and have de vel oped many fer-
mented prod ucts. Those meth ods 
not only pre serve but also im prove 
the qual ity of a wide range of 
soy bean-based prod ucts, such as 
soy sauce, sufu, and stinky to fu.

Stinky tofu (Choudoufu [“chaw-tofu”] 
in Mandarin) is a pop u lar and 
tra di tional street snack, com monly 
pro vided at night mar kets in China. 
It is a form of fer mented tofu with a 
strong, off en sive odor. Many peo ple 

(continued)
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be lieve stinky tofu is sufu tofu 
be cause both of them are fer mented 
bean curd with ac rid smells. 
However, the two are quite diff er ent. 
Sufu (Fu-ru in Mandarin) has a soft 
creamy cheese-type tex ture with an 
intense sa vory fla vor. It serves as a 
side dish or as a sea son ing in gre di-
ent mainly with break fast (e.g., 
con gee or steamed bread and other 
foods with bland taste). The sufu 
manufactur ing pro cess in cludes 
prep a ra tion of tofu and prep a ra tion 
of pehtze (pizi) by fer men ta tion, 
salt ing, and rip en ing (1).

Stinky tofu is most com monly 
pre pared as a deep-fried snack of 
larger size, dipped into chili and 
soy sauces be fore con sump tion. It 
has a crunchy/chewy tex ture, and 
the color var ies from the golden 
(Zhe jiang-style) to black (Hu nan-
style), due to diff er ent fer men ta tion 
meth ods. Historically, stinky tofu is 
made by im mers ing hard tofu in a 
fer mented brine. The brine is a 
mix ture of veg e ta bles (e.g., bam boo 
shoots, cab bage, gin ger slices, 

spiny am a ranth) in clud ing Chi nese 
herbs sealed with NaCl so lu tion 
(ap prox i ma tely 2%). Very rarely, the 
brine con tains meat (e.g., shrimp, 
fish) (2, 3). Traditionally, the mix ture 
is al lowed to fer ment nat u rally for 6 
months or lon ger. The hard tofu is 
then soaked in the stinky fer mented 
brine for a few hours to sev eral days. 
The sponge-like struc ture in side the 
tofu ab sorbs the strong stinky odor, 
giv ing the “stinky to fu” its name.

The stinky fer men ta tion is con sid ered 
an al ka line fer men ta tion be cause 
am mo nia is pro duced, and the pH 
in creases (4, 5) as the fer men ta tion 
pro gresses. By study ing the 
mi cro or gan isms in stinky fer mented 
brine, it was found that the bac te rial 
strains de pend on the in gre di ents, 
as well as the pro cess. Generally, 
LAB and the Bacillus ge nus have 
been iden ti fied as the two dom i nant 
types of strains (6). The brine 
pro vi des fa vor able con di tions for 
bac te ria to grow be cause the 
veg e ta bles used in the brine can 
re lease sug ars and soy bean pro vi-

des amino ac ids. However, it is still 
un clear which mi crobes are mainly 
re spon si ble for the fer men ta tion. 
Therefore, stinky tofu is still a 
smelly mys tery.
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Fermented foods are an es sen tial part of all  cul tures. Stinky tofu is de scribed here by Dr. Qing Wang, who is orig i nally 
from China and com pleted her grad u ate work in food mi cro bi ol ogy. Here she is in Changsha, Hunan, en joy ing some 
stinky to fu.
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is con verted to glu conic acid. This is con verted by LAB to lac tic and ace
tic ac ids and ac cel er ates acid i f ca tion. The starter cul tures (107 col o ny
forming units [CFU]/g) are also added at this point. The mix ture is stufed 
into ox y genimpermeable cas ings to en sure an an aer o bic fer men ta tion. 
The sau sage links are in cu bated to pro mote mi cro bial growth. The starter 
cul tures de crease the pH from 5.6 to 4.8 within 8 h. The lac tic acid co ag
u lates the pro tein. This fa cil i tates dry ing. The fn ished sau sage is some
times given a heat treat ment.

There are sev eral ways to start a meat fer men ta tion. The na tive bac te
ria of lac to ba cilli, co ag u lasenegative staph y lo cocci, and mi cro cocci and 
yeasts can be used. Unfortunately, be cause their pres ence on a given lot 
of meat is var i able, the use of in dig e nous bac te ria makes pro cess con trol 
dif  cult. A slight ly more so phis ti cated ap proach is us ing some of the last 
batch to in oc u late the next batch. Defned starter cul tures are rel a tively 
new to the meat in dus try and rep re sent the third way to start a fer men
ta tion. Attempts to use the na tive meat LAB were un suc cess ful be cause 
they did not tol er ate the freezedrying pro cess used to make starter cul
tures. The next step in the starter cul ture pro gres sion was the use of 
freezedried Pediococcus acidilactici, an or gan ism not nor mally as so ci
ated with meat. However, it is homofermentative, can tol er ate 6% salt, 
and is not pro teo lytic or li po lytic. It also has the ad van tage of grow ing at 
43 to 50°C, a tem per a ture that pre cludes the growth of path o gens. 
However, freezedried cul tures were hard to dis solve and had long lag 
times, so in the 1980s, man u fac tur ers started us ing fro zen cul tures. 
When in oc u lated into the meat at 107 CFU/g, they shorten the lag time 
and acid ify very rap id ly.

Summary

•  Fermentation is an in com plete ox i da tion of sug ars in the ab sence of ox y gen, us ing an in ter nal or ganic com pound
as an elec tron ac cep tor.

•  “Fermentation” can also mean “bioprocess.”

•  Fermentative me tab o lism yields only one or two ATP mol e cules per mole of glu cose, much less than ox i da tive
me tab o lism.

•  Homofermentative bac te ria make only lac tic ac id.

•  Heterofermentative bac te ria make lac tic acid, eth a nol, car bon di ox ide, and ace tic ac id.

•  Homofermentative bac te ria are used to make acid, whereas heterofermentative bac te ria con trib ute fla vor.

•  Starter cul tures in crease the speed and con sis tency of fer men ta tions.

•  LAB have sev eral meth ods for trans fer ring genes.

•  Plasmids carry the genes for many traits im por tant to fer men ta tions.

•  Vegetable fer men ta tions rely on in dig e nous microbiotas.
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Questions for crit i cal thought
  1.  How is the say ing “In the land of the blind, the oneeyed man is king” rel e vant to 

en ergy pro duc tion by fer men ta tive me tab o lism? Can you think of an other folk say
ing that cap tures the same con cept?

  2.  If you were a Lactobacillus spe cies  able to use pen toses and hex oses and landed in 
an en vi ron ment with both, which would you use? Why?

  3.  What are three gen eral us ages of the word “fer men ta tion”?

  4.  During cheese man u fac ture, why does pH have pro found ef ects on mois ture con
trol, re ten tion of co ag u lants, and hy dra tion of pro teins?

  5.  Why are com mer cial starter cul tures rarely used for pickle fer men ta tion? If you 
wanted to rev o lu tion ize the pickle in dus try by us ing starter cul tures, what would 
you need to do?

  6.  The year is 2020, and you are an as so ci ate pro fes sor at Big State University. The 
Peanut Producers and Packers want to de velop a fer mented pea nut prod uct that 
will add value and in crease the de mand for pea nuts. The Peanut Producers and 
Packers will al lo cate $300,000 to this pro ject and have emailed sev eral uni ver si
ties re quest ing onepage re search pro pos als. You would like the money. Write the 
pro pos al.

  7.  Why is the ox i da tion of eth a nol and lac tic acid re ferred to as “scav eng ing me ta
bo lism”?

  8.  Identify the mi cro or gan isms as so ci ated with each com po nent of the sand wich 
shown in Fig. 19.1.

  9.  It is es ti mated that about onethird of all  food pro duced along with re sources used 
in growth and pro duc tion is wasted. Describe how fer men ta tion can be used as a 
means to re duce food waste.
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INTRODUCTION

Enthusiasm is the yeast that makes your hopes shine to the stars.

Henry Ford

Yeasts raise, fer ment, car bon ate, and oth er wise trans form a wide va ri ety 
of ag ri cul tural prod ucts. This chap ter ex am ines these abil i ties of yeast 
in the con text of mak ing bread, beer, and wine. Bread uses the car bon 
di ox ide pro duced by the yeast to leaven or raise it. This fer men ta tion 
takes some time, so those in a hurry (e.g., the Is ra el ites dur ing their ex
o dus from Egypt) eat un leav ened bread. The pro duc tion of beer is more 
com plex and in volves sev eral steps. Enzymes must be made, and they 
must break down starch to fer ment able car bo hy drates be fore the car bo
hy drates can be fer mented to al co hol. Since wine grapes con tain sim ple 
sug ars that are eas ily fer mented, wine mak ing is, in some ways, sim pler 
than beer mak ing, but in other ways, due to the com plex ity of grapes and 
their chem is try, it is more com plex. Vinegar pro duc tion is, in the ory, 

20 YeastBased and Other
 Fermentations

Introduction

Fermentations That Use 
Yeast
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Beer

Wine

Vinegar Fermentation

Cocoa and Coffee 
Fermentations

Cocoa

Coffee

Fermented Foods of 
Non-Western Societies

Summary

Suggested read ing

Questions for crit i cal 
thought

Learning Objectives

The in for ma tion in this chap ter will help the stu dent to:

• ap pre ci ate the role of yeast in sev eral fer men ta tions

• re late the steps of bread mak ing to its fer men ta tion and
fi nal char ac ter is tics

• de scribe the bio chem i cal ba sis of beer and wine fer men
ta tions

• iden tify the sim i lar i ties be tween beer and wine mak ing

• un der stand the roles of dif er ent in gre di ents and pro cess
steps in the pro duc tion of beer

• de scribe the dif er ences and sim i lar i ties in the pro duc
tion of red and white wines

• put the evo lu tion of vin e gar pro cess ing tech nol o gies into 
his tor i cal con text

• de scribe the role of fer men ta tion in the pro duc tion of
 co coa, cof ee, and in dig e nous fer men ta tions

doi:10.1128/9781555819392.ch20
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very easy, since it in volves only a sin gle ox i da tion step. In re al ity, get
ting enough ox y gen into the fer ment ing liq uid can be quite chal leng
ing. Finally, the mi cro bi ol ogy of some nonWest ern fer mented food is 
briefly dis cussed.

FERMENTATIONS THAT USE YEAST
Bread

He who has no bread has no au thor i ty.

Turk ish prov erb

As an cient so ci e ties be came more so phis ti cated, their ce real food pro
gressed from por ridges and gru els to un leav ened flatbreads and, fi nally, 
to breads leav ened with yeast. This oc curred as early as 2700 BCE, as 
ev i denced by archeological re mains of Egyp tian bak ing ov ens (Fig. 20.1). 
In those early times, bak er ies were of ten at tached to brew er ies so that 
the yeast byprod uct of brew ing (Saccharomyces cerevisiae) could be used 
in bread mak ing. Today, spe cial ized strains of yeast are used for each 
pur pose.

The first step in bread mak ing is to mix flour, sugar (as a fer ment able 
car bo hy drate), fat (for tex ture), salt, and other in gre di ents. The yeast 
S. cerevisiae (bak er’s yeast) is added in the form of dried pow der, block, 
or cream at 1 to 6% on a weight ba sis per weight of flour. The yeast’s main 
role in bread pro duc tion is to pro duce the car bon di ox ide that makes the 
bread rise. However, the yeast also pro duces am y lases that break down 
starch to the more fer ment able glu cose. Water is added, and the dough is 
kneaded so that glu ten pro tein in the flour stretches and the dough forms 

Figure 20.1

Scenes of Egyp tian bread mak ing from 
an ex ca va tion by Georg Steindorf. Note 
the knead ing of the bread in the first 
two rows and the fill ing of con i cal bread 
molds in the next two rows. The 
fin ished bread is re moved from the 
molds in the bot tom panel. The scribes 
may be early food mi cro bi ol o gists 
doc u ment ing the pro cess.

“I’m afraid you have a yeast infection.”

Like many other microbes, yeasts can be 
“good” or “bad.” reprinted with permis
sion from CartoonStock.
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a vis co elas tic (i.e., both vis cous and elas tic) mass. The bread is fer mented 
or “proofed” at 28 to 32°C for sev eral hours. The dough is then re mixed (or 
“punched” in home us age) to evenly dis trib ute the gas cells, por tioned 
into loaves, and fer mented again so that the loaves dou ble in vol ume. Dur
ing the bak ing at around 200°C for ∼30 min, car bon di ox ide ex pands to 
in crease the bread vol ume by ∼40%. The gas is cap tured by the pro tein as 
it “sets” by heat de na tur ation.

For sour dough breads, a sta ble mix ture of heterofermentative lac tic 
acid bac te ria (LAB) is also added, at lev els of 107 to 109 col o nyforming 
units (CFU)/g. The Lactobacillus spe cies, pri mar ily Lactobacillus san-
franciscensis, add a char ac ter is tic “bite” to the bread, im prove tex ture, 
and pre vent spoil age. When sour dough breads are made by ar ti sans, the 
in oc u lum is usu ally made us ing some of the last batch. The se quen tial 
trans fer of the cul tures can prop a gate the starter cul ture for de cades.

Beer

Beer is proof that God loves us and wants us to be hap py.

Attributed to Ben ja min Franklin

Beer pro duc tion, us ing meth ods re mark ably sim i lar to those we use to
day, has been traced to an cient times (Box 20.1). Beer mak ing has be
come a large in dus try, pro duc ing more than 100 mil lion gal lons per day 
world wide. In 2015 the over all beer mar ket, as es ti mated by the Brewers 
Association, was $105.9 bil lion, with $22.3 bil lion in the craft beer 
mar ket, and that in cludes a 16% dol lar sales growth com pared to the 
pre vi ous year. The es sen tial in gre di ents of beer are hops (for fla vor and 
an ti mi cro bial ac tiv ity; see Box 20.2), yeast (to pro duce al co hol and car bon 
di ox ide), wa ter (for ob vi ous rea sons), and malt (to pro vide the fer ment
able car bo hy drate). Ger man pu rity laws used to for bid the use of any 
other in gre di ents. Other coun tries (in clud ing the United States) al low 
less ex pen sive grains, in clud ing corn, to be used as “ad juncts” to aug
ment or re place the malt as the source of the fer ment able car bo hy drates.

The brew ing pro cess con sists of malt ing, mash ing, wort boil ing, fer
men ta tion, and postfermentation treat ments (Fig. 20.2). Wort is the liquid 
extracted from the mashing process; it contains the sugars that will be 
critical for the fermentation performed by the yeast. The yeast can not fer
ment the starch in the bar ley, so it is “malt ed” and mashed. During malt
ing, the grain is steeped in wa ter for 24 to 48 h to in duce ger mi na tion. 
This breaks down the cell wall and pro tein ma trix that con tains the starch 
gran ules and lib er ates am y lases. During mash ing, the am y lases break the 
starch into fer ment able car bo hy drates. At the end of this pro cess, the liq
uid malt is al most ready to fer ment. Herbs, usu ally hops, are added at this 
point for fla vor and an ti mi cro bial ac tiv ity. Diferent hops give beers their 
dis tinc tive fla vors. The mix ture of hops and liq uid malt is boiled and then 
cooled to ∼20°C be fore the yeast is add ed.

Diferent spe cies of yeast are used to pro duce dif er ent types of beer. 
Specific yeasts are added to en sure that the good guys will dominate over 
wild yeasts that may not de liver the de sired re sults. S. cerevisiae, which 
grows on top of the fer men ta tion mix, is used for ales. Saccharomyces 
carlsbergensis, which set tles to the bot tom, is used for la gers. In both cases, 

Authors’ note
This possibly apocryphal 
state ment ap plies to those of 
us who are at least 21 years old. 
God’s love is man i fest to 
mi nors as ice cream.



Box 20.1
The Hymn to Ninkasi shows that the co pro duc tion of bread and beer pre dates the 19th cen tury BCE

The Hymn to Ninkasi Contemporary Process

Borne of the flow ing wa ter, Bread

Tenderly cared for by the Ninhursag,

Borne of the flow ing wa ter,

Tenderly cared for by the Ninhursag,

You are the one who han dles the dough [and] with a big shov el, Preparing dough for bak ing

Mixing in a pit, the bappir with sweet ar o mat ics,

Ninkasi, you are the one who han dles the dough [and] with a big shov el,

Mixing in a pit, the bappir with [date]-honey,

You are the one who bakes the bappir in the big ov en, Baking the bread

Puts in or der the piles of hulled grains,

Ninkasi, you are the one who bakes the bappir in the big ov en,

Puts in or der the piles of hulled grains,

You are the one who wa ters the malt set on the ground, Beer

The no ble dogs keep away even the po ten tates,

Ninkasi, you are the one who wa ters the malt set on the ground,

The no ble dogs keep away even the po ten tates,

You are the one who soaks the malt in a jar, Malting

The waves rise, the waves fall.

Ninkasi, you are the one who soaks the malt in a jar,

The waves rise, the waves fall.

You are the one who spreads the cooked mash on large reed mats, Mashing

Coolness over comes,

Ninkasi, you are the one who spreads the cooked mash on large reed mats,

Coolness over comes,

You are the one who holds with both hands the great sweet wort, Making the wort

Brewing [it] with honey [and] wine

(You the sweet wort to the ves sel)

Ninkasi, (. . .)

(You the sweet wort to the ves sel)

The fil ter ing vat, which makes a pleas ant sound, Brewing

You place ap pro pri ately on a large col lec tor vat.

Ninkasi, the fil ter ing vat, which makes a pleas ant sound,

You place ap pro pri ately on a large col lec tor vat.

When you pour out  the fil tered beer of the col lec tor vat, Filtering

It is [like] the on rush of Ti gris and Eu phra tes.

Ninkasi, you are the one who pours out  the fil tered beer of the col lec tor vat,

It is [like] the on rush of Ti gris and Eu phra tes. Bottling

Translation by Mi guel Civil
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the in oc u lum level is quite high, ∼107/ml, and in creases 8fold over the 
course of the fer men ta tion; i.e., growth con sists of three dou blings. The 
yeast from one fer men ta tion is used to in oc u late the next 10 to 15 fer
men ta tion batches. Then, a new de fined in oc u lum from a stan dard 
source is in tro duced. This pre vents ge netic drift, which would change 
the beermaking qual i ties of the yeast. The yeast uses the var i ous sug ars 
in the wort se quen tially, with sim ple sug ars be ing fer mented first and 
maltotriose later. Ethanol pro duc tion con tin ues af ter the yeast stops 

Box 20.2
Hops can add more than flavor

Today’s mod ern brew ing equip ment 
goes way be yond sim ple fer men ta-
tion of fruit and wet grain in clay or 
wood con tain ers. Cultured yeast, 
doz ens of grains, diff er ent hop 
va ri e ties, fla vor ings, ex tracts, spices, 
herbs, and en zymes lead to the 
de vel op ment of craft brews across 
the world. A fa vor ite type of brew 
in cludes a pale ale, which has a 
more bit ter fla vor from the ad di tion 
of hops (Humulus lupulus), which are 
small, green cones cov ered with a 
pa pery coat ing and filled with al pha 
ac ids that pro vide bit ter fla vors and 
aro mas rang ing from fruity to spicy 
to herby. The al pha ac ids are 
in sol u ble and are re leased in the 
wort dur ing the boil ing pro cess. 
Alpha ac ids have been shown to 

in ac ti vate beer-spoiling bac te ria. 
Hops con tain humulones and 
lupulones that have an ti mi cro bial 

and an ti-inflammatory com pounds. 
Historically, hops were used to treat 
ear or tooth pain. Likewise, there are 
po ly phe nols, flavonoids, 
prenylflavonoids, and phe no lic ac ids 
in hops that have var i ous health-
promoting an ti ox i dant prop er ties.

Karabın M, Hudcova T, Jel i nek L, Dostalek P. 
2016. Biologically active compounds from 
hops and prospects for their use. Comp Rev 
Food Sci Food Safety 15: 542–567.

These hops are being grown in a greenhouse 
at the University of Delaware College of 
Agriculture and Natural Resources in Newark 
to be used in fermentation science studies. 
Students will assess the flavor and other 
active compounds of locally grown hops.

Malting

Mashing

Wort boiling

Fermentation

Postfermentation processing

During germination of the barley, the cell wall is 
degraded, starch granules are liberated, and enzymes
that make fermentable sugars are produced.

The starch in the barley or adjunct is converted to
fermentable carbohydrates. Hot water is used to
solubilize nutrients and enzymes to make “sweet” wort.

Boiling the wort and hops extracts flavor compounds.

The yeasts convert the fermentable sugars to alcohol 
and carbon dioxide.

(Optional) The beer is aged, clarified, pasteurized,
and bottled.

Figure 20.2

Schematic for mak ing beer. (Adapted 
from Campbell I, p 735–745, in Doyle MP, 
Beuchat LR, Montville TJ, ed, Food 
Microbiology: Fundamentals and Frontiers, 
2nd ed, ASM Press, Washington, DC, 2001.)
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grow ing, and fla vor com pounds, such as al de hydes and higher al co hols, 
are pro duced.

The postfermentation pro cess ing of beer in cludes ag ing to re move 
the “green” fla vors caused by diacetyl and ac et al de hyde. These com
pounds are pres ent in low con cen tra tions but have a low fla vor thresh old 
(i.e., hu mans can taste them at very low con cen tra tions) and cause of
flavors. Aging in casks, stor age in the pres ence of yeast at 15°C, and avoid
ing ex po sure to ox y gen help re move these fla vor de fects. Most beers are 
fil tered un til clear, al though the cloud i ness of bou tique beers is part of 
their charm. Filter aids, such as cel lu lose fi ber or pum ice, en hance the 
re moval of the yeast by fil tra tion. Membrane fil tra tion can be used as a 
means of “cold pas teur i za tion.” This re tains the beer’s “draft” taste and 
avoids the en ergy ex pense of heat pas teur i za tion. For heat pas teur i za
tion, the beer is held for 5 to 30 min at 60°C to kill any yeast which 
re mains af ter fil tra tion. The pas teur ized beer is then dis pensed into 
san i tized bot tles. Draft beer, which is dis pensed into kegs, is not heated 
and must be re frig er ated dur ing ship ping and stor age.

Wine

No na tion is drunken where wine is cheap; and none so ber, where the dear ness of 
wine sub sti tutes ar dent spir its as the com mon bev er age. It is, in truth, the only 
an ti dote to the bane of whis key.

Thomas Jef fer son

Wine mak ing also started in an cient times, prob a bly when nat u ral 
yeasts con tam i nated grape juice and fer mented it to an al co holic bev er
age. It was not un til the late 19th cen tury that the French mi cro bi ol o gist 
Louis Pas teur dis cov ered the role of mi crobes in this fer men ta tion. He 
also dis cov ered the role of bac te ria in wine spoil age. Pasteurization was 
in vented to kill these bac te ria in wine. Only later was it ap plied to milk. 
Together, France It aly, Spain, and the United States pro duce more than 
15 mil lion tons of wine per year.

Figure 20.3 out  lines the winemaking pro cess. Many im por tant as
pects of wine mak ing come be fore the ac tual fer men ta tion. The most 
ob vi ous is the grapes. Diferent va ri e ties of grape are used for white and 
red wines. Ries ling, char don nay, and sau vi gnon blanc are among the 
grape va ri e ties used for white wines. Merlot, pi not noir, and shiraz can 
be used to make red wines. The sug ar/acid ra tios, cli mate, soil, vine age, 
and other fac tors con trib ute to the fla vor of the grape. The fla vor of the 
grape, of course, is trans mit ted to the wine. The crush ing and pre treat
ments are dif er ent for red and white wines. For white wines, the juice is 
drained away from the skins im me di ately af ter the grapes are crushed. 
The juice is then clar i fied and sent to the fer men ta tion tank. For red 
wines, the juice and skins go di rectly to the fer men tor. The skins float, 
and the juice is pumped over them to ex tract the pur ple and red an tho
cy a nins and phe no lics that give red wines their color, as trin gency, and, 
pos si bly, their health ben e fit. After the fer men ta tion has started, the liq
uid is pressed through the skins into a fer men ta tion tank.

Grapes can be fer mented in bar rels, but large stain less steel tanks are 
more com monly used for massproduced wines. To in oc u late or not to 
in oc u late grape juice with a de fined in oc u lum of yeast is a sub ject of 



Yeast-Based and Other  Fermentations  | 333

on go ing de bate. As with other fer men ta tions, us ing a de fined in oc u lum 
gives a more con sis tent prod uct and a faster pro cess. S. cerevisiae or 
Saccharomyces bayanus is used at lev els of 106 to 107 CFU/g. However, 
S. cerevisiae does not nat u rally oc cur at high lev els on grapes. If the
wine is not in oc u lated and na tive yeasts are used, the pro cess is less pre
dict able. The wine can be ex traor di narily good or very bad. These na tive
yeasts can come from the grapes or the equip ment in the win ery. The
na tive grape yeasts that cause wine fer men ta tions are mostly Kloeckera
and Hansenia spe cies, with some Candida, Pichia, and Hansenula or
gan isms. Although these yeasts oc cur in low num bers (∼10 to 1,000
CFU/g) on im ma ture fruit, the pop u la tion in creases to 104 to 106 CFU/g
as the grapes rip en.

The fer men ta tion of white wines usu ally takes 1 to 2 weeks at 10 to 
18°C. The rel a tively low tem per a ture re tains im por tant vol a tile fla vors. 
Red wines are fer mented for a shorter pe riod (∼7 days) at a higher tem
per a ture (20 to 30°C) to ex tract the red color. As with the growth of other 
mi cro or gan isms, yeast growth is influ enced by in trin sic and ex trin sic 
fac tors of the grape juice. These in clude the pH, ox y gen con cen tra tion, 
sugar con cen tra tion, tem per a ture, ad di tional in gre di ents, and other in
dig e nous mem bers of the microbiota. The fer men ta tion ends when glu
cose and fruc tose are com pletely uti lized. In ad di tion to eth a nol and 
car bon di ox ide, the fer men ta tion can pro duce glyc erol (which smooths 
the taste and im parts vis cos ity) and high eralcohol es ters and al de hydes 

Fining, clarification, and bottling

Aging

Optional malolactic fermentation

Crushing and addition 
of sulfur dioxide

Red wine White wineGrapes

Wine

Pretreatment and
pressing to remove skins

Optional inoculation 
with yeast

Alcoholic fermentation

Juice and skins

Optional inoculation 
with yeast

Maceration to extract 
color and tannin and 
partial fermentation

Pressing to remove skins

Completion of fermentation

Figure 20.3

Schematic for mak ing wines. Seven 
hun dred eightyfour mil lion gal lons of 
wine were con sumed in the United 
States in 2010. (Adapted from Fleet GH, 
p 747–772, in Doyle MP, Beuchat LR, 
Montville TJ, ed, Food Microbiology: 
Fundamentals and Frontiers, 2nd ed, 
ASM Press, Washington, DC, 2001.)
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as fla vor com pounds. The pro duc tion of suc cinic and ace tic ac ids causes 
wine de fects.

Malic acid oc curs nat u rally in some grapes and can give wine a very 
sour taste. In fact, it is used to man u fac ture SweeTarts and Jolly Ranch
ers. Malic acid is a byprod uct of the tri car box ylic acid cy cle, and the 
amount gen er ally de creases as the fruit rip ens. Wines with too much 
ma lic acid are bit ter. The ma lo lac tic fer men ta tion is used to de crease the 
acid ity of these wines. This sec ond ary fer men ta tion starts 1 to 3 weeks 
af ter the al co hol fer men ta tion is fin ished. It is car ried out  by Oenococcus 
oeni (for merly clas si fied as a leuconostoc), which de car box yl ates ma lic 
acid to lac tic ac id.

HOOC-C(OH)-CH2-COOH  →  HOOC-C(OH)-CH3  +  CO2

 Malic acid Lactic acid  Carbon  
dioxide

In ad di tion to cre at ing a mel lower fla vor, the ma lo lac tic fer men ta tion 
in creases the pH by 0.3 to 0.5 units.

The postfermentation pro cesses for wines are straight for ward. Red 
wines are stored in oak bar rels for 1 to 2 years for fla vor de vel op ment. Some 
of the fla vor comes from the bar rels, which may be made with smoked 
woods, res ins, or other fla vorinducing mech a nisms. White wines are not 
usu ally aged. Potassium sor bate at 100 to 200 µg/ml can be added to red 
or white wine to con trol yeast spoil age. The wine is then fil tered to clar
ity and bot tled.

VINEGAR FERMENTATION

Men are like wine—some turn to vin e gar, but the best im prove with age.

Pope John XXiii

Vinegar fer men ta tion is al most as an cient as that of wine. It had to come 
af ter the dis cov ery of wine, since vin e gar is made from wine (or, these 
days, from other al co holic sub strates). Vinegar was un doubt edly dis cov
ered ac ci den tally when Gluconobacter or Acetobacter spp. con tam i nated 
wine and turned it to vin e gar. This turned out  to be not such a bad thing, 
since the vin e gar could then be used to pre serve other foods.

Vinegar is made by ox i diz ing eth a nol to ace tic ac id:

CH3CH2OH + O2 → CH3COOH + H2O

This is a twostep bioprocess. The first step in vin e gar pro duc tion is 
the al co holic fer men ta tion by yeast to pro duce al co hol. Ethanol from 
wine or hard ci der is fre quently used, but vin e gar can be made by the 
fer men ta tion of al most any fruit or starchy ma te rial. In the sec ond step, 
the eth a nol is ox i dized to ace tic acid. Since the Gluconobacter oxydans 
used in mak ing vin e gar is a strict aer obe, and the eth a nol must be ox i
dized to ace tic acid, ox y gen trans fer is the ratelimiting step in the pro
cess. The oldest pro ces sors sim ply left wine in wooden bar rels ex posed 
to the air, in oc u lated it with Gluconobacter, and waited. In sev eral weeks, 
or per haps months, the wine be came vin e gar. The “trick ling” fer men tor 
de scribed be low rad i cally re duced this time to a day or two by in creas ing 

Figure 20.4

A largescale fer men tor used in the 
mod ern pro duc tion of vin e gar.
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the ox y gen trans fer rate. The trick ling fer men tor is a large wooden box 
with slat ted sides to al low ox y gen a tion. The box is filled with wood shav
ings, on which the Gluconobacter grows as bio films. A ro tat ing sprayer at 
the top of the cham ber sprays the al co holic liq uid on the top of the chips, 
and it trick les down over the im mo bi lized Gluconobacter, be ing con verted 
to ace tic acid in the pro cess. The large sur face area of the bac te ria on the 
wood shav ings ex posed to ox y gen makes this method very ef  cient. Its 
de mise oc curred not due to tech ni cal lim i ta tions but be cause the crafts
men who could build trick ling fer men tors re tired or died. The trick ling 
fer men tor is prob a bly the first bio re ac tor us ing im mo bi lizedcell tech nol
ogy. The most mod ern method of vin e gar pro duc tion is the sub merged 
cul ture re ac tor (Fig. 20.4). By pump ing ox y gen through these very large 
fer men tors, at rates equal to the vol ume of the fer men tor, large quan ti ties 
of vin e gar can be made in a very short time.

COCOA AND COFFEE FERMENTATIONS
Cocoa

Cocoa? Cocoa! Damn mis er a ble puny stuff, fit for kit tens and un washed boys. Did 
Shake speare drink co coa?

Shir ley Jack son

Good co coa fla vor is the re sult of a com plex fer men ta tion in volv ing mi
cro bial suc ces sion. Cocoa is made from the plant Theobroma ca cao. It is 
na tive to South Amer ica and grows within 15° north and south of the 
equa tor. The ca cao “beans” or seeds are con tained in pods about the size 
of a co co nut (Fig. 20.5). The pods are filled with mu ci lage (a thick gooey 
sub stance) and seeds, much like a pump kin. Without the fer men ta tion, 

Figure 20.5

(Left) Cacao tree with pods at various stages of ripening. (Right) Cacao beans in the pod (Keith Weller, USDAARS).
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the ca cao seeds are bit ter and as trin gent. To over come this, the seeds 
and mu ci lage are re moved from the pods, put into heaps or con tain ers, 
and fer mented for 2 to 8 days. The ma te rial is turned pe ri od i cally to in
tro duce ox y gen. The ace tic acid and heat gen er ated by the fer men ta tion 
keep the seeds from ger mi nat ing.

The mu ci lage con tains su crose and other sug ars at a level of 10 to 12%. 
The mu ci lage also con tains cit ric acid, which con trib utes to a pH of 3.4 to 
4.0. The fer men ta tive mi crobes come from the en vi ron ment, the plants, 
and the work ers. During the first phase of the fer men ta tion, which lasts 2 
or 3 days, the yeasts are the most im por tant mi crobes. They pro duce al co
hols and al de hydes and cre ate an aer o bic con di tions that fa vor the growth 
of LAB to lev els as high as 107 CFU/ml. This phase lasts up to 3 days. The 
LAB pro duce large amounts of hy dro lytic en zymes, in ver tases, gly co si
dases, and pro te ases. The mi cro bial pop u la tion is pri mar ily homofermen
tative but con tains some heterofermentative LAB. The turn ing of the 
fer ment ing mass in tro duces air that fa vors ace tic acid bac te ria in the fi nal 
stage of the fer men ta tion. Levels of Gluconobacter spe cies and Acetobacter 
spe cies can reach 106 CFU/g. The fer men ta tion pro vi des fla vor pre cur sors 
that are con verted to choc o late fla vors dur ing dry ing and roast ing.

There are two main meth ods of fer ment ing the co coa. In Ghana and 
other smallscale co coaproducing coun tries, the seeds are put into 
heaps on the ground, cov ered with ba nana leaves, and turned by hand 
(Fig. 20.6). All of this is very la borintensive but pro duces very high qual
ity seed. These seeds yield the very best choc o late. The sec ond fer men ta
tion method, fa vored on large plan ta tions and es tates, uses large boxes 
in stead of heaps to con tain the fer ment ing mass. These boxes range 
from 1 × 1 × 1 m to 7 × 5 × 1 m. These are fre quently grouped or ar ranged 
in ti ers to make turn ing eas ier. In both meth ods, a liq uid fermentate 
called “sweats” is pro duced and is drained away from the beans. This 

Figure 20.6

Krysta Harden (pink blazer), U.S. 
Department of Agriculture Deputy 
Secretary, before a table with cocoa 
beans spread for the drying and 
fermentation process (with sunlight) 
at a cocoa farm in Ghana, near Accra 
(courtesy U.S. Embassy, Ghana).
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Box 20.3
Pulque, the en dur ing drink of the Mex i can high des ert

Pulque is the nec tar of the Az tecs. 
Its con sump tion dates back to the 
Me so amer i can pe riod (the 1500s). 
It is still con sumed by the older 
gen er a tion of cam pe si nos (farm ers 
and farm work ers) in a small area of 
south-central Me xico, though folks 
of col lege age pre fer beer. Pulque 
may be avail  able in diff er ent town 
mar kets on diff er ent days of the 
week.

Pulque is a vis cous, acidic (pH 4), 
al co holic (3 to 6%) drink. It is 
made by in dig e nous bac te ria that 
fer ment the aguamiel (sap) of the 
agave cac tus. LAB make the acid, 
Zymomonas (not yeast) pro duces 
the al co hol, and Leuconostoc 
gen er ates vis cos ity. Pulque 
con tains more than 20 spe cies of 
bac te ria. No one knows ex actly 
which spe cies are re spon si ble for 
the fer men ta tion or are en vi ron-
men tal con tam i nants. Pulque is 
con sid ered a very healthy drink. It 
is a good source of vi ta min B1 and 
may have pre bi otic (stim u lates the 
growth of pro bi otic), pro bi otic 
(see chap ter 26), and an ti di a betic 
prop er ties. It also con tains cal o ries 
and is a source of liq uid, no 
small thing in the arid Mex i can 
high lands.

Pulque can taste good, but in a way 
that is dif  cult to de scribe; it is 
slightly acidic, al co holic, and 
eff er ves cent. Pulque that is start ing 
to go bad may burn the back of the 
throat. Pulque can com pletely spoil 
in a day due to the ac tion of 

Acetobacter spp., pu tre fac tion from 
the ac tion of pro te ases, and 
pro duc tion of many off-flavors. It 
was noted in the 1500s that no 
dead an i mal smelled as bad as 
spoiled pul que. The ab sence of 
de fined starter cul tures, vary ing 
cli matic con di tions, diff er ences in 
the agave plants, and the id i o syn-
cratic prac tices of in di vid ual 
ran che ros (farm ers) make ev ery 
batch unique. This lack of con sis-
tency lim its pul que to an ar ti sanal 
bev er age. Other im por tant var i-
ables in pul que pro duc tion are the 
same as those for wine and craft 
brews, in clud ing ter roir or the 
lo ca tion where the agave plant is 
grown, what the soil is like, and 
how old the plant is when it is 
tapped. Other im por tant fac tors 

in clude when the sap was ob tained 
af ter the plant was tapped, since 
sap pro duc tion con tin ues for 3 
months; the pop u la tion of nat u rally 
oc cur ring bac te ria; the time and 
tem per a ture of the fer men ta tion; 
and whether the fer men ta tion 
ves sel was a ce ramic pot or a 
plas tic jug. Finally, there is no 
agree ment as to what con sti tutes 
“good” pul que.

Perhaps you might ad dress this 
ques tion. The year is 2020. You have 
been hired by a ma jor al co holic 
bev er age com pany to com mer cial ize 
pul que as its next big-hit niche drink. 
Your boss asks for a one-page out  line 
of your pro posed pul que pro ject. How 
would you go about do ing com plet ing 
this ven ture?

Author Thomas Montville and a Mex i can col league draw ing sam ples from an agave plant in 
Oa xaca State, Me xi co.

makes dry ing eas ier. The larger scale of the box fer men ta tion makes the 
seed fer men ta tion quicker and cheaper than that of heap fer men ta tion, 
but the box fer men ta tion yields a lower qual ity. What choc o late man u
fac tur ers would like, of course, is a fer men ta tion that is quick and cheap, 
like the box fer men ta tion, but that yields a highquality seed like the 
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heap fer men ta tion. Solving this prob lem will re quire con sid er able re
search on the mi cro bial ecol ogy of both sys tems.

The de vel op ment of good co coa fla vor is still very much an art. The 
com plex ity of the mi cro bial suc ces sion pre vents the use of starter cul tures. 
The fla vors are also dic tated by the ge netic po ten tial of the plant. While 
a good fer men ta tion can not up grade an in fe rior prod uct, a bad fer men
ta tion can ruin a su pe rior co coa.

Table 20.1 Other re gion ally im por tant food fer men ta tionsa

Product Organism(s) Description Product

Fermentations based on yeasts and molds

Soy 
sauce

Aspergillus oryzae, 
Aspergillus sojae, yeast, 
pediococci

Soy and roasted wheat are fer mented at 35–40°C for 2–4 
mo with 12–19% salt, pH 4.6–4.8, and pas teur ized at 
70–80°C.

Flavoring agent

Miso A. oryzae and sec ond-
ary fer men ta tion of 
yeasts and pediococci

Rice and/or soy bean paste is fer mented for 1 wk–1 yr at 
25–30°C with 4–14% salt.

Soup base

Sake Yeast, mold, and LAB Rice is fer mented by a mold called koji to lib er ate the 
sugar from the starch. The sugar is then fer mented by 
yeast to pro duce al co hol. Some types of sake also 
un dergo a lac tic acid fer men ta tion.

Alcoholic bev er age

Sufu Mucor spe cies, 
Rhizopus chinensis, 
Actinomucor elegans

Curd of soy bean milk is pressed, cubed, boiled in brine, 
and in oc u lated. Then it is aged for 1–12 mo.

Condiment

Tempeh Molds and bac te ria Soybeans are soaked and in oc u lated with Rhizopus 
oligosporus. Incubation is for 24 h at 37°C. Bacteria are 
some times added as a prefermentation to lower pH or 
pro duce fla vors.

Mold-penetrated and 
-covered cake yields a 
high-quality pro tein 
that can be deep-fried 
or used in soup.

Lao-chao Rhizopus oryzae, R. 
chinensis, Endomycopsis 
spp.

Inoculated rice is in cu bated for 1 or 2 days at room 
tem per a ture to yield a juicy, sweet, slightly al co holic 
prod uct.

Dessert

Oncom Neurospora intermedia, 
R. oligosporus

Deoiled pea nut cakes are in oc u lated and in cu bated at 
25–30°C for 1 or 2 days. The sur face be comes cov ered 
with col ored co nidia or spores.

Fermented pea nut 
press cake

Fermentations based on LAB

Gari LAB and yeast Cassava is peeled, washed, and grated and then 
fer mented for 2 days as wa ter is pressed out .

Staple in stews or eaten 
with cold sweet wa ter

Kimchi LAB Natural fer men ta tion of cab bage or rad ish tap root and 
gar lic. A va ri ety of sea son ings can also be add ed.

Ko rean sta ple as sour 
car bon ated veg e ta ble

Poi Initially lac to ba cilli and 
lactococci, fol lowed by 
yeast

Corns of taro plants are ground, hy drated, and fer mented 
by the na tive microbiota for 1–3 days.

Eaten as main or side 
dish

Fermentations based on other bac te ria

Kefir Bacteria and yeast Cow or goat milk is in oc u lated with ke fir grains. The ke fir 
grains con tain a va ri ety of yeasts and bac te ria, pro teins, 
lip ids, and car bo hy drates. The lac tose is fer mented 
over night at room tem per a ture to yield a sour, car bon-
ated, and slightly al co holic bev er age.

Beverage

Nattō Bacillus subtilis Whole soy beans are fer mented at 25–40°C for 12 h–2 wk. Eaten as food

a Adapted from Beuchat LR, p 701–720, in Doyle MP, Beuchat LR, Montville TJ, ed, Food Microbiology: Fundamentals and Frontiers, 2nd ed, ASM 
Press, Washington, DC, 2001.
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Coffee

Coffee, the fin est or ganic sus pen sion ever de vi sed.

Captain Kathryn Janeway, Star Trek: Voyager

Cofee is made from sev eral spe cies of Coffea, in clud ing Coffea arab i ca, 
C. ro bus ta, and C. canephora, which are grown in South Amer ica, Central
Amer ica, Ha waii, Ethi o pia, and In dia. It takes about a year from the time a
tree flow ers un til it bears ripe “cof ee cher ries.” Cofee cher ries, which are
much smaller than co coa pods, con tain cof ee beans sur rounded by fleshy
mu ci lage. The mu ci lage must be re moved to lib er ate the beans. This can
be done me chan i cally, by en zymes, by de hy dra tion, or by fer men ta tion.

The fer men ta tion plays a much less crit i cal role in cof ee pro duc tion 
than in co coa pro duc tion. Its main role is to lib er ate the beans. The fer
men ta tion con trib utes lit tle to bean fla vor or qual ity. When the beans are 
fer mented, they are first me chan i cally depulped. The beans, cov ered with 
re sid ual mu ci lage, are sub merged in tanks of wa ter. Native yeast, molds, 
LAB, and Gramneg a tive bac te ria fer ment the mu ci lage to wa tersoluble 
prod ucts that can then be washed away. Since the main com po nent of mu
ci lage is pec tin, the fer men ta tion is dom i nated by a pectinolytic pop u la tion. 
During the fer men ta tion, which takes 12 to 60 h, the pH of the beans drops 
to ∼3.7 from the pH of 5.4 to 6.4 char ac ter is tic of the na tive bean. The beans 
are then sub jected to 10 to 25 days of sun dry ing char ac ter ized by an ill
defined mi cro bial suc ces sion. The beans can then be roasted and ground.

FERMENTED FOODS OF NON-WESTERN SOCIETIES
There are doz ens of fer mented foods that play im por tant roles through
out  Asia, Af rica, and Latin Amer ica (Box 20.3). Fermented foods play 
very im por tant roles in coun tries that lack re frig er a tion, en er gyintensive 
meth ods of food pres er va tion, or the ru di men tary tech nol ogy re quired 
for an in dig e nous food in dus try. The fer men ta tion may be used for pres
er va tion (as in the acid i fi ca tion of kim chi or gari), to im prove nu tri tional 
value or health (as in the case of tem peh or ke fir), or sim ply to cre ate a 
plea sur able ef ect (as in the case of sa ke).

Figure 20.7

A Korean family enjoying a typical meal 
that includes doenjangjigae (soybean 
paste stew), kimchi (fermented cabbage), 
and jangiorim (soy saucebraised beef 
and eggs).  These are fermented foods or 
made with fermented food items. Photo 
courtesy Karl Matthews and Yangjin 
Jung. 
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In Table 20.1, these fer men ta tions have been loosely or ga nized ac cord
ing to their main microbiotas. The sub strates for these fer men ta tions are 
usu ally lo cal crops that are starchy or have some nat u rally oc cur ring fer
ment able car bo hy drate. In al most all  cases, na tive microbiotas serve as 
the in oc ula, al though some fer men ta tions, like tem peh and sake, are in
oc u lat ed.

The fre quent use of molds and fungi, usu ally as so ci ated with spoil age, 
may strike you as “un nat u ral.” But it is no more un nat u ral than the use of 
LAB, which spoil meat, to ini ti ate dairy fer men ta tions. LAB are im por tant 
in many in dig e nous veg e ta ble fer men ta tions in which their acid ity im
parts a dis tinc tive taste and serves as a pre ser va tive (Fig. 20.7). Many tra di
tional fer men ta tions use mixed, of ten uncharacterized, microbiotas.

Summary

•  Beer and bread use yeast fer men ta tions to pro duce car bon di ox ide and eth a nol.

•  The pro duc tion of beer in volves malt ing to lib er ate hy dro lytic en zymes, mash ing to lib er ate fer ment able 
car bo hy drates, the ac tual fer men ta tion, clar i fi ca tion, pas teur i za tion, and bot tling.

•  The pro duc tion of wine is tech ni cally sim pler than that of beer be cause the fer ment able sug ars are nat u rally 
pres ent in the grapes.

•  A sec ond ary fer men ta tion by Oenococcus oeni can be used to re move ma lic acid from wines.

•  Vinegar pro duc tion is an ox i da tive fer men ta tion, which has used bar rels, trick ling wooden boxes, and large 
fer men tors to over come ox y gen a tion as the rate-limiting step.

•  Mucilage is fer mented in coff ee and co coa fer men ta tions to lib er ate the beans for fur ther pro cess ing.

•  Fermentation is much more im por tant to co coa qual ity than to coff ee qual i ty.

•  Indigenous fer men ta tions use the sub strates in lo cal crops to pre serve them and/or make new prod ucts with 
im proved nu tri tional char ac ter is tics.

Suggested read ing
Camp bell I. 2007. Beer, p 851–862. In Doyle MP, Beuchat LR (ed), Food Microbiology: 
Fundamentals and Frontiers, 3rd ed. ASM Press, Wash ing ton, DC.

Fleet GH. 2007. Wine, p 863–890. In Doyle MP, Beuchat LR (ed), Food Microbiology: 
Fundamentals and Frontiers, 3rd ed. ASM Press, Wash ing ton, DC.

Nout MJR, Sarkar PK, Beuchat LR. 2007. Indigenous fer mented foods, p 817–835. In 
Doyle MP, Beuchat LR (ed), Food Microbiology: Fundamentals and Frontiers, 3rd ed. 
ASM Press, Wash ing ton, DC.

Thomp son SS, Mil ler KB, Lo pez AS. 2007. Cocoa and cof ee, p 837–850. In Doyle MP, 
Beuchat LR (ed), Food Microbiology: Fundamentals and Frontiers, 3rd ed. ASM Press, 
Wash ing ton, DC.

Questions for crit i cal thought
  1.  Why are dif er ent types of yeast used in the fer men ta tion of bread and beer?

  2.  Why is mash ing re quired in the pro duc tion of beer but not wine?
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 3.  What is an ad junct? Why is it used? Compare this to the use of ad junct pro fes sors at 
col le ges and uni ver si ties.

 4.  Why are fresh, “de fined” in oc ula used to start beer fer men ta tions af ter us ing the
“prior batch” in oc u la tion method for the 10 to 15 prior batch es?

 5.  Why is re frig er ated stor age re quired for draft beer but not bot tled beer?

 6.  Research the dif er ences be tween beer, ale, and stout. Briefly de scribe these. (If older
than 21, which do you pre fer? Why?)

 7.  What are the pros and cons of us ing de fined in oc ula in wine fer men ta tions? If you
used all  of your sav ings to buy a win ery, which would you use?

 8.  What is the ter mi nal elec tron ac cep tor in the fer men ta tion of wine to vin e gar?

 9.  What com mon role does fer men ta tion play in co coa and cof ee pro duc tion?

  10.  Choose one of the in dig e nous fer men ta tions shown in Table 20.1 and re search it to
write a onepage re port that de scribes its his tory, mi cro bi ol ogy, and cu li nary us es.
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INTRODUCTION
The phone rings, and your friend from out  of town asks if she can drop 
by for a visit. You go so far as to sug gest that you will make din ner. You 
open the re frig er a tor to gather the nec es sary in gre di ents to make a de li
cious meal. Upon open ing a jar of spa ghetti sauce, you no tice a green ish 
white fuzzy mass on the sur face of the sauce. The lun cheon meat that you 
re move to make an ti pasto has a green sheen and a strange odor, and it 
feels slimy. For a salad, you take out  let tuce, but it has turned brown, 
and the pep pers have large dark spots. In or der to gather your thoughts, 
you de cide to sit down and have a glass of milk. When pour ing the milk, 
you no tice that it is lumpy and a bit smelly. You start to re al ize that you 
should have paid more at ten tion in the food mi cro bi ol ogy course that 
you at tended as an un der grad u ate.

A prod uct (meat, dairy, fruit, or seafood) is con sid ered spoiled if sen sory 
changes make it un ac cept able to the con sumer. Products stored un der the 
same con di tions spoil at dif er ent rates de pend ing on prod uct com po si tion 
and microbiota (Table 21.1). Factors as so ci ated with food spoil age in clude 
color de fects or changes in tex ture, the de vel op ment of offlavors or of
odors, slime, or any other char ac ter is tic that makes the food un de sir able 
for con sump tion. While en zy matic ac tiv ity within a food con trib utes to 
changes dur ing stor age, or gan o lep ti cal ly de tect able (i.e., de tect able through 
a change in odor or color) spoil age is gen er ally a re sult of de com po si tion 
and the for ma tion of me tab o lites re sult ing from mi cro bial growth. This 
chap ter dis cusses spoil age of many foods, from meat to dairy prod ucts to 
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The in for ma tion in this chap ter will en able the stu dent to:
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spoil age of a wide range of food prod ucts

• dis cuss in trin sic mech a nisms that in hibit spoil age of 
food

• un der stand the im pact of food pro cess ing on mi cro bial 
spoil age

• iden tify the sources of mi cro or gan isms re spon si ble for 
spoil age of spe cific prod ucts

• dis cuss pro ce dures that can be im ple mented to min i
mize con tam i na tion of raw ma te ri als
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pro duce. The types of mi cro or gan isms in volved, con di tions con du cive to 
spoil age, and de fects as so ci ated with spoil age are cov ered.

MEAT, POULTRY, AND SEAFOOD PRODUCTS
Origin of the Microbiota in Meat
The lev els of bac te ria in mus cle tis sues of healthy live an i mals are ex
tremely low. High num bers of bac te ria are pres ent on the hide, hair, 
and hooves of redmeat an i mals, as well as in the gas tro in tes ti nal tract. 
Microorganisms on the hide in clude bac te ria, such as Staphylococcus, 
Micrococcus, and Pseudomonas spe cies, and fungi, such as yeasts and molds, 
which are nor mally as so ci ated with the skin microbiota, as well as spe cies 
con trib uted by fe cal ma te rial and soil. The num bers and com po si tion of 
these microbiotas are influ enced by en vi ron men tal con di tions.

The ma jor ity of bac te ria on a dressed redmeat car cass orig i nate from 
the hide. During hide re moval, bac te ria are car ried from the hide onto the 
un der ly ing tis sue with the ini tial in ci sion. Unlike those of cat tle and sheep, 
the skin of hogs is usu ally not re moved but is scalded and left on the car
cass. Recontamination can also oc cur dur ing dehairing due to the pres
ence of de bris in dehairing ma chines. Contamination can oc cur if the 
in tes ti nal tract is pierced or if fe cal ma te rial is in tro duced from the rec tum 
dur ing the re moval of the ab dom i nal con tents. Handling can re sult in 
crosscontamination of other car casses. In ad di tion to the hide and vis cera, 
the pro cess ing en vi ron ment, such as floors, walls, con tact sur faces, knives, 
and work ers’ hands, can be a source of con tam i na tion in red meats.

Origin of the Microbiota in Poultry
The skin, feath ers, and feet of poul try har bor mi cro or gan isms res i dent 
on  the skin, as well as from lit ter and fe ces. Although pres ent on the 
skin, psychrotrophic bac te ria, con sist ing pri mar ily of Acinetobacter and 

Table 21.1 Typical shelf lives of food prod ucts found in many col lege stu dents’ 
re frig er a torsa

Food prod uct Typical shelf life Food prod uct Typical shelf life

Dairy Drinks

Milk 7 days Juice 7–10 days

Butter 1–3 mo Beer 6 wk

Cream cheese 2 wk Wine 1 wk, un corked

Yogurt 7–14 days Condiments

Eggs Ketchup 5 mo

Fresh 5 wk Mustard 8 mo

Liquid egg 3–10 days Mayonnaise 3 mo

Meat Hummus 1 wk

Ground beef 2 days Pickles 6 mo

Ground tur key 2 days Chocolate syr up 8 mo

Hot dogs 2 wk Peanut but ter 4 mo

Bacon 1 wk Jelly 5 mo

Chicken nug gets 2 days

aBased on http:// www. fda. gov/ downloads/ Food/ ResourcesForYou/ HealthEducators/ ucm109315. pdf.
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Moraxella, are pri mar ily as so ci ated with the feath ers. Contamination 
and crosscontamination with fe cal ma te rial may oc cur dur ing trans
por ta tion of birds from grow ing houses to slaugh ter fa cil i ties and dur
ing pro cess ing, when the birds are hung and bled. Following pro cess ing, 
car casses are chilled rap idly to limit the growth of mi crobes. Slush ice, 
con tin u ousimmersion, spray, air, and car bon di ox ide chill ing sys tems 
have been uti lized or pro posed for this pur pose. Potable wa ter should be 
used in these sys tems, since bac te ria pres ent in un treated wa ter can con
trib ute to spoil age.

Origins of the Microbiota in Finfish
The num bers and composition of the microbiota on fin fish are influ enced 
by the en vi ron ment from which the fish are taken, the sea son, and the con
di tions of har vest ing, han dling, and pro cess ing. Water tem per a ture has a 
sig nifi  cant in flu ence on the ini tial num ber and types of bac te ria on the 
sur faces of the fish. Higher num bers of bac te ria are gen er ally pres ent on 
fish from warm sub trop i cal or trop i cal wa ters than on fish from colder 
wa ters. Fish taken from tem per ate wa ters har bor pre dom i nantly psy
chrotrophic bac te ria, while mesophilic bac te ria pre dom i nate on fish taken 
from trop i cal ar eas. Bacteria from the gen era Acinetobacter, Aeromonas, 
Cytophaga, Flavobacterium, Moraxella, Pseudomonas, Shewanella, and 
Vibrio dom i nate on fish and shell fish taken from tem per ate wa ters, while 
Bacillus, co ryn e forms, and Micrococcus fre quently pre dom i nate on fish 
taken from sub trop i cal and trop i cal wa ters. The ini tial microbiota on fish 
is influ enced by the method of har vest ing. Trawled fish gen er ally have 
higher mi cro bial lev els than those that are line caught. In trawl ing, the 
drag ging of fish and de bris along the ocean bot tom stirs up mud that con
tam i na tes the fish. In ad di tion, the com pac tion of fish in trawl ing nets 
may cause ex pres sion of in tes ti nal con tents, with sub se quent con tam i na
tion of the fish sur face. A de lay in chill ing fish also en hances the pos si bil
ity of rapid mi cro bial growth. In some fish in the fam i lies Scombridae and 
Scomberesocidae (tuna, mack erel, and skip jack), de layed chill ing can 
lead to the gen er a tion of toxic lev els of his ta mine by Morganella morganii 
and re lated Gramnegative bac te ria that pro duce his ti dine decarboxylase. 
Photobacterium phosphoreum may pro duce his ta mine dur ing lowtemper
ature stor age of these fish.

Origins of the Microbiota in Shellfish
Unlike other crus ta cean shell fish (lob sters, crabs, or cray fish) that are 
kept alive un til they are heat pro cessed, shrimp die soon af ter har vest
ing. Decomposition be gins soon af ter death and in volves bac te ria on the 
shrimp sur face that orig i nate from the ma rine en vi ron ment or from 
con tam i na tion dur ing han dling and wash ing. Molluscan shell fish (oys
ters, clams, scal lops, and mus sels) are sta tion ary fil ter feed ers, and thus, 
their microbiota depends greatly on the qual ity of the wa ter in which they 
re side, the qual ity of the wash wa ter, and other fac tors. Bacteria, in clud ing 
Pseudomonas spp., Shewanella putrefaciens, Acinetobacter, and Moraxella, 
that spoil fin fish also cause spoil age of shell fish.

Bacterial Attachment to Food and Food Contact Surfaces
Spoilage of meat, poul try, and seafood gen er ally oc curs as a re sult of 
the growth of bac te ria that have col o nized mus cle sur faces. Bacterial 
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at tach ment and growth on food con tact sur faces can re sult in de vel op ment 
of bio films which can slough of, in crease prod uct mi cro bial load, and de
crease shelf life. For mus cle tis sue, the first stage in col o ni za tion and growth 
in volves the at tach ment of mi cro bial cells to the mus cle sur face. Bacterial 
at tach ment to mus cle sur faces in volves two stages. The first is a loose, re
vers ible sorp tion that may be re lated to van der Waals forces or other phys
i co chem i cal fac tors. One of the fac tors that in flu ences at tach ment at this 
point is the pop u la tion of bac te ria in the wa ter film. The sec ond stage 
con sists of an ir re vers ible at tach ment to sur faces in volv ing the pro duc tion 
of an ex tra cel lu lar po ly sac cha ride layer known as a glycocalyx. Many fac
tors can in flu ence bac te rial at tach ment, in clud ing sur face char ac ter is tics, 
growth phase, tem per a ture, and the mo til ity of the bac te ria. The stages 
of biofilm development on a food con tact sur face are shown in Fig. 21.1.

Microbial Progression dur ing Storage
The ini tial microbiota of mus cle foods is highly var i able. These organ
isms come from the mi cro or gan isms res i dent in and on the live an i mal; 
en vi ron men tal sources, such as veg e ta tion, wa ter, and soil; in gre di ents 
used in meat prod ucts; work ers’ hands; and con tact sur faces in pro cess
ing fa cil i ties. Most per ish able meat, poul try, and seafood prod ucts are 
stored at re frig er a tion tem per a tures to pro long their shelf life. As mi cro
bial growth oc curs dur ing stor age, the com po si tion of the microbiota is 
al tered so that it is dom i nated by a few, or of ten a sin gle, mi cro bial spe cies, 
usu ally of the gen era Pseudomonas, Lactobacillus, Moraxella, and Acineto
bacter or the spe cies Brochothrix thermosphacta. Pseudomonas spe cies are 
 able to com pete suc cess fully on aer o bi cally stored re frig er ated mus cle foods, 
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Stages in biofilm de vel op ment on a food contact sur face.
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since they have a com pet i tive growth rate, but Moraxella and Acinetobacter 
spe cies are less ca pa ble of com pet ing at re frig er a tion tem per a tures and 
lower pH. The growth of the aer o bic spoil age microbiota is sup pressed 
dur ing stor age un der vac uum and mod i fied at mo spheres. Under these 
con di tions, lac tic acid bac te ria are fa vored be cause of their growth rate, 
their fer men ta tive me tab o lism, and their abil ity to grow at the pH range of 
meat. At higher pHs, B. thermosphacta and S. putrefaciens may grow and 
con trib ute to spoil age. The wa ter ac tiv ity (aw) of some types of pro cessed 
meats is low ered by de hy dra tion or the ad di tion of sol utes, such as salt or 
sugar. When low aw re stricts the growth of bac te ria, growth of fungi may 
oc cur. Microbial growth does not oc cur on prod ucts with aw val ues of <0.60.

Muscle Tissue as a Growth Medium
The com po si tion (per cent ad i pose, lean, and car bo hy drate) of the meat 
in flu ences the mi cro bial growth and type of spoil age. Research sug gests 
that spoil age de fects in meat be come ev i dent when the num ber of spoil
age bac te ria on the sur face reaches 107 col o nyforming units (CFU)/cm2. 
During aer o bic spoil age, ofodors are first de tected when lev els reach 107 
CFU/cm2. When num bers reach 108 CFU/cm2, the mus cle tis sue sur face 
be gins to feel tacky, the first stage in slime for ma tion.

Composition and Spoilage of Red Meats
The aw of redmeat lean mus cle tis sue is 0.99, with a cor re spond ing wa ter 
con tent of 74 to 80%. The pro tein con tent may vary from 15 to 22% on a 
wetweight ba sis. The lipid con tents of in tact red meats vary from 2.5 to 
37%, and the car bo hy drate com po si tions range from 0 to 1.2%. Glycolysis 
leads to the ac cu mu la tion of lac tic acid, and, as a re sult, the pH of the mus
cle tis sue de creases. The spoil age of meats stored at am bi ent tem per a ture 
re sults from the growth of mesophiles, pre dom i nantly Clostridium perfrin
gens and mem bers of the fam ily Enterobacteriaceae. Spoilage deep within 
mus cle tis sue, known as “sours” or “bone taint,” has been at trib uted to a 
slow cool ing of car casses, re sult ing in the growth of an aer o bic mesophiles 
thought to be pres ent al ready in the mus cle tis sues. If the sur faces of whole 
car casses or fresh meat cuts be come dry, bac te rial growth may be re
stricted, and fun gal spoil age may oc cur. Thamnidium, Mucor, and Rhizo
pus may pro duce a whis kery, airy, or cot tony gray to black growth on beef 
due to the pres ence of my ce lia. Black spot has been at trib uted to the growth 
of Cladosporidium, white spot has been at trib uted to the growth of Sporo
trichum and Chrysosporium, and green patches have been at trib uted to 
Penicillium. Molds do not grow on beef held at tem per a tures be low −5°C.

Composition and Spoilage of Poultry Muscle
The mech a nism of mi cro bial spoil age of poul try mus cle is sim i lar to that 
of red meat. Spoilage is gen er ally re stricted to the outer sur faces of the skin 
and cuts and has been char ac ter ized by ofodors and slim i ness, as well 
as by var i ous types of dis col or ation. Skin may pro vide a bar rier to the in tro
duc tion of spoil age mi cro or gan isms to the un der ly ing mus cle tis sue. Al
though the pH of breast mus cle (pH 5.7 to 5.9) dif ers from that of leg 
mus cle (pH 6.4 to 6.7), the or gan isms that cause spoil age are sim i lar and 
in clude Pseudomonas, Aeromonas, and S. putrefaciens. For poul try car
casses pack aged in ox y genimpermeable films, spoil age may be caused 
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by Shewanella, B. thermosphacta, and atyp i cal lac to ba cilli. The abil ity to 
make sul fide com pounds, such as hy dro gen sul fide, di methyl sul fide, and 
methyl mer cap tan, makes S. putrefaciens an im por tant com po nent of the 
spoil age microbiota.

Composition and Spoilage of Finfish
The in ter nal mus cle tis sue of a healthy live fish is gen er ally ster ile. Bacteria 
are pres ent on the outer slime layer of the skin and gill sur faces and in the 
in tes tines in the case of feed ing fish. The com po si tions of fish mus cle are 
highly var i able among spe cies and may fluc tu ate widely, de pend ing upon 
size, sea son, fish ing grounds, and diet. The av er age com po si tion of non fatty 
fish, such as cod, has been char ac ter ized as 18% pro tein and <1% lipid, 
whereas in fatty fish, such as her ring, the lipid con tent may range from 1 
to 30%, with the wa ter con tent vary ing, so that fat and wa ter con sti tute 
∼80% of the mus cle tis sue. As with other mus cle foods, the spoil age
microbiota of fresh, icestored fish con sists largely of Pseudomonas spp.
S. putrefaciens may also con trib ute to the spoil age of seafood, and Acineto
bacter and Moraxella may con sti tute a smaller por tion of the spoil age mi
crobes. The spoil age char ac ter is tics of fresh fish can be di vided into four
stages. Stage I oc curs from 0 to 6 days af ter death and in volves shift ing of
bac te rial pop u la tions with out  odor. Stage II oc curs from 7 to 10 days af ter
death, with bac te rial growth be com ing ap par ent and the de vel op ment of a
slightly fishy odor. Stage III oc curs from 11 to 14 days af ter death and is
char ac ter ized by rapid bac te rial growth, a sour and fishy odor, and the
start of slime for ma tion on the skin. Stage IV oc curs >14 days af ter death,
at which point bac te rial num bers are sta tion ary, pro te  ol y sis be gins, the 
skin is ex tremely slimy, and the odor is of en sive.

Composition and Spoilage of Shellfish
Crustacean and mol lus can shell fish gen er ally con tain larger amounts 
of free amino ac ids than fin fish. Trimethylamine ox ide is pres ent in 
crus ta cean shell fish, with the ex cep tion of ceph a lo pods, scal lops, and 
cock les, and is ab sent in mol lus can tis sue. Crustaceans pos sess po tent 
ca thep sinlike en zymes, which rap idly break down pro teins, lead ing to 
tis sue soft en ing and the de vel op ment of vol a tile ofodors. Removal of 
the head af ter har vest can ex tend shelf life by elim i nat ing an or gan that 
re leases deg ra da tive en zymes. Some crus ta cean meats (pri mar ily shrimp) 
suf er from a vi sual de fect known as black spot melanosis, which is due 
to po ly phe nol ox i dase ac tiv ity and not to mi cro bial ac tion.

Molluscan shell fish con tain a lower to tal ni tro gen con cen tra tion in 
their flesh than do fin fish or crus ta cean shell fish and much more car bo
hy drate, mostly in the form of gly co gen. As a re sult, the spoil age pat tern 
of mol lus can shell fish dif ers from that of other sea foods and is gen er ally 
fer men ta tive, with the pH of tis sues de clin ing as spoil age pro gresses, 
yield ing a pre dom i nance of lac to ba cilli and strep to coc ci.

Factors Influencing Spoilage
Proteolytic and Lipolytic Activities
Although Pseudomonas and other aer o bic spoil age bac te ria are  able to pro
duce pro teo lytic en zymes, their pro duc tion is de layed un til the late log a
rith mic phase of growth. Proteolysis oc curs only in pop u la tions of >108 
CFU/cm2, when spoil age is well ad vanced and the bac te ria are ap proach
ing their max i mum cell den si ty.
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Oxidative ran cid ity of fat oc curs when un sat u rated fatty ac ids re act 
with ox y gen from the stor age en vi ron ment. Stable com pounds, such as 
al de hydes, ke tones, and shortchain fatty ac ids, are pro duced, re sult ing in 
the even tual de vel op ment of ran cid fla vors and odors. Autoxidation, in
de pen dent of mi cro bial ac tiv ity, oc curs in mus cle foods stored in aer o bic 
en vi ron ments. The rate is influ enced by the pro por tion of un sat u rated 
fatty ac ids in the fat. Generally, li pase pro duc tion is re stricted while car
bo hy drate sub strates in mus cle tis sue are be ing uti lized; it is un likely 
that mi cro bial li po lytic ac tiv ity would oc cur un til glu cose on the mus cle 
sur face is de pleted. At this point, amino ac ids would also be de graded, 
and the re sult ing spoil age char ac ter is tics would pos si bly mask the ef
fects of ran cid ity. Generation of de fects and the chem i cal agents that 
im part ofodors and fla vors as so ci ated with mi cro bial growth are listed 
in Table 21.2.

Spoilage of Adipose Tissue
Adipose tis sue con sists pre dom i nantly of in sol u ble fat, which can not be 
used for mi cro bial growth un til it is bro ken down and emul si fied. While 
the spoil age pro cesses and growth rates of spoil age bac te ria are sim i lar for 
ad i pose and mus cle tis sues, the low level of car bo hy drates in ad i pose tis sue 
means that spoil age odors are de tected when lower num bers of bac te ria 
are pres ent and most, if not all , avail  able glu cose is de pleted. Spoilage 
of this nature oc curs when pop u la tions ex ceed 106 CFU/cm2. The growth 
rates of some psychrotrophic mi cro or gan isms, such as Hafnia alvei, Ser
ratia liquefaciens, and Lactobacillus plantarum, are higher on fat than on 
lean beef and pork tis sues. Spoilage bac te ria, such as S. putrefaciens, may 
also grow. In prac tice, spoil age of fat be fore lean tis sue is un likely, given 
the pres ence of mus cle tis sue flu ids in vac u umpackaged cuts and the 
re stric tion of bac te rial growth due to the dry ing of car cass sur fac es.

Spoilage un der Anaerobic Conditions
Lactic acid bac te ria dom i nate the spoil age microbiota of mus cle foods 
when ox y gen is ex cluded from the stor age en vi ron ment. If the pH of the 
mus cle tis sue is high or re sid ual amounts of ox y gen are pres ent, other 

Table 21.2 Some de fects of foods caused by mi cro bial growth

Flavor/aroma Food Chemical cause Organism involved

Nitrogenous 
(bad eggs)

Meat, eggs, fish Trimethylamines, 
am mo nia, H2S

Pseudomonads, 
acinetobacters, 
clostridia

Alcoholic Fruit juices, 
mayonnaise-dressed 
sal ads

Ethanol Yeasts

Mustiness Bread, cake Chloroanisoles Molds

Garlic Various Bis(methylthio)-
methane 
Trimethylarsine

Unknown

Fruity Meat Esters of short-  
chain fatty ac ids

Pseudomonas fragi

Potato-like Meat, eggs, milk 2-Methoxy- 
3-isopropyl 
pyrazine

Pseudomonads
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mi cro or gan isms, such as B. thermosphacta and S. putrefaciens, may 
cause spoil age. The growth rate of bac te ria un der an aer o bic con di tions 
is con sid er ably lower than that un der aer o bic con di tions. In ad di tion, the 
max i mum cell den sity achieved un der an aer o bic con di tions (∼108 CFU/cm2) 
is con sid er ably less than that achieved un der aer o bic con di tions (>109 
CFU/cm2). The sour, acid, cheesy odors or cheesy and dairy fla vors that 
de velop in mus cle tis sue un der an aer o bic con di tions can be at trib uted, at 
least in part, to the ac cu mu la tion of shortchain fatty ac ids and amines. 
The pres ence of B. thermosphacta in sig nifi  cant num bers causes more 
rapid spoil age than do lac tic acid bac te ria.

Other Meat Characteristics Associated with Spoilage
Animals sub jected to ex ces sive stress or ex er cise be fore slaugh ter can 
have de pleted lev els of mus cle gly co gen, which re sults in a con di tion 
known as dark, firm, and dry. Spoilage of dark, firm, and dry meat oc curs 
more quickly than spoil age of meat with a nor mal pH. Rapid spoil age is 
caused by the ab sence of glu cose, and hence, lack of lac tic ac id, in the 
tis sues. Pale, soft, ex u da tive mus cle tis sue is a con di tion that oc curs in 
pork and tur key, and to a lesser ex tent in beef, in which sugar uti li za tion 
de creases the mus cle pH to its ul ti mate level, while the mus cle tem per a
ture is still high. There is de bate over whether pale, soft, ex u da tive meats 
spoil more slowly than meats with a nor mal pH.

Comminuted Products
The lim ited shelf life of com mi nuted (ground and blended) mus cle foods 
has been at trib uted to (i) a higher ini tial mi cro bial load due to use of a 
low erquality prod uct for grind ing, (ii) con tam i na tion dur ing pro cess ing, 
and (iii) the ef ects of the com mi nu tion of the mus cle tis sue. Pseudomonas, 
Acinetobacter, and Moraxella spe cies make up the main microbiota on the 
sur faces of aer o bi cally stored com mi nuted prod ucts, while in the in te rior, 
due to the lim ited avail abil ity of ox y gen, lac tic acid bac te ria are dom i nant. 
Occasional con tam i nants, such as Aeromonas spp. or mem bers of the fam
ily Enterobacteriaceae, oc cur more of ten on com mi nuted prod ucts than on 
in tact tis sue.

Cooked Products
Cooking mus cle foods de stroys veg e ta tive bac te rial cells, al though en do
spores may sur vive. In per ish able, cooked, un cured meats, spoil age is 
caused by bac te ria that sur vive heat pro cess ing or by postprocessing con
tam i nants. Microorganisms re spon si ble for spoil age of these prod ucts 
in clude psychrotrophic mi cro cocci, strep to cocci, lac to ba cilli, and B. 
thermosphacta.

Processed Products
Microbial spoil age of pro cessed prod ucts de pends on the na ture of the 
prod uct and the in gre di ents used. Spoilage of pro cessed meats may be 
char ac ter ized as slimy spoil age, sour ing, or green ing. Slimy spoil age, 
which is usu ally con fined to the out  side sur faces of prod uct cas ings, re
sults from the growth of some yeasts, two gen era of lac tic acid bac te ria, 
Lactobacillus and Enterococcus, and B. thermosphacta (Fig. 21.2). Souring 
oc curs, typ i cally be neath cas ings, when bac te ria, such as lac to ba cilli, en
tero cocci, and B. thermosphacta, uti lize lac tose and other sug ars to pro duce 
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ac ids. While green ing of fresh meats may be the re sult of hy dro gen sul
fide pro duc tion by cer tain bac te ria, green ing of cured meat prod ucts 
may also de velop in the pres ence of hy dro gen per ox ide, which may form 
on the sur faces of vac uum or mod i fiedatmospherepackaged meats 
when they are ex posed to air. Lactobacillus viridescens is the most com
mon cause of this type of green ing, but spe cies of Streptococcus and Leu
conostoc may also pro duce the de fect. The pres ence of these bac te ria is 
of ten a re sult of poor san i ta tion.

Cured meats are spoiled by mi cro or gan isms that tol er ate low aw, such 
as lac to ba cilli or mi cro cocci. If su crose is added to cured meats, a slimy 
dex tran layer may form due to the ac tiv ity of Leuconostoc spp. or other 
bac te ria, such as L. viridescens. B. thermosphacta may also be in volved in the 
spoil age of these prod ucts. If dried meats are prop erly pre pared and stored, 
their low aw ren ders them mi cro bi o log i cally sta ble. To re strict the growth of 
some spe cies of mi crobes that can grow at low aw, the wa ter con tent of dried 
meat prod ucts must be suf  ciently re duced. Microbial spoil age of these 
prod ucts should not oc cur un less ex po sure to high rel a tive hu mid ity or 
other highmoisture con di tions re sults in an up take of mois ture. The ad di
tion of an ti fun gal agents may re tard the growth of mi crobes in these 
prod ucts.

Control of Spoilage of Muscle Foods
Modifying in trin sic char ac ter is tics of prod ucts or ex trin sic char ac ter is tics 
of the stor age en vi ron ment can con trol the growth of spoil age mi cro 
organ isms on mus cle foods. The shelf life of pro cessed meats can be ex
tended by pro cess ing pro ce dures and in gre di ents that ei ther pre vent 
the growth of spoil age mi cro or gan isms or se lect for a less of en sive spoil
age microbiota. For fresh meats, the ex ten sion of shelf life has be come 
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es pe cially im por tant as the food in dus try moves to ward the cen tral i za
tion of pro cess ing ac tiv i ties, with prod ucts dis trib uted to more dis tant 
do mes tic and in ter na tional mar kets. Specific meth ods to pre vent spoil
age and pro long the shelf life of mus cle foods in clude ef ec tive good 
manufactur ing prac tices at lower lev els for prod ucts en ter ing stor age and 
dis tri bu tion; rins ing by wa ter, im mer sion, and spray sys tems to re move 
phys i cal and mi cro bial con tam i nants from car cass es; and in cor po ra tion 
of an ti mi cro bial com pounds, such as chlo rine and or ganic ac ids, in wash 
wa ter. The use of lac tic, ace tic, pro pi onic, and cit ric ac ids has been in ves
ti gated, al though lac tic and ace tic ac ids are most of ten used to re duce 
mi cro bial lev els on car cass sur faces. The ef ec tive ness of or ganic ac ids is 
influ enced by fac tors such as the type of acid, con cen tra tion, tem per a
ture, and point of ap pli ca tion in pro cess ing.

Temperature is the most im por tant en vi ron men tal pa ram e ter influ enc
ing the growth of mi cro or gan isms in mus cle foods. As the tem per a ture is 
de creased be low the op ti mum for the growth of mi cro or gan isms, gen er a
tion times and lag times are ex tended, and growth is there fore slowed 
(Fig. 21.3). Under aer o bic stor age con di tions, the com par a tively high growth 
rate of Pseudomonas spp. al lows suc cess ful com pe ti tion with mesophiles 
and other psychrotrophs at tem per a tures be low 20°C. Likewise, un der an
aer o bic con di tions at tem per a tures be low 20°C, the rapid growth rate of 
psychrotrophic lac to ba cilli al lows suc cess ful com pe ti tion with other 
psychrotrophic spoil age mi cro or gan isms. Storage of foods at tem per a
tures at which mesophiles can grow al lows these mi cro or gan isms to con
trib ute to spoil age. Higher stor age tem per a tures may also al low the 
growth of psychrotrophic spoil age mi cro or gan isms that would oth er wise 
be re stricted by the pH or lac tic acid con cen tra tion of mus cle tis sue at re
duced tem per a tures. Likewise, the min i mum tem per a ture for the growth 
of psychrotrophic spoil age mi cro or gan isms may be in creased by other fac
tors that in flu ence growth, e.g., pH, aw, or ox i da tionreduction po ten tial, or 
by in hib i tory agents, such as food ad di tives or in creased car bon di ox ide.

The shelf life of mus cle foods can be ex tended by stor age un der vac
uum or mod i fied at mo spheres. Modifiedatmosphere pack ag ing (MAP) 
in volves the stor age of prod ucts un der a highoxygen bar rier film with a 
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head space con tain ing gas with a com po si tion dif er ent from that of air. 
Typically, this head space con tains el e vated amounts of car bon di ox ide, 
and it may also con tain ni tro gen and ox y gen in var i ous pro por tions. Much 
of the ex tended shelf life of such prod ucts re sults from a mod i fi ca tion of 
the spoil age microbiota from an aer o bic psychrotrophic pop u la tion, con
sist ing of bac te ria, such as Pseudomonas, Moraxella, and Acinetobacter, to 
one con sist ing pre dom i nantly of lac tic acid bac te ria and B. thermosphacta. 
Carbon di ox ide is com monly used in mod i fiedatmosphere en vi ron ments 
due to its bac te rio static ac tiv ity. Carbon di ox ide in creases the lag phases 
and gen er a tion times of many mi cro or gan isms. Oxygen is oc ca sion ally 
in cluded in mod i fied at mo spheres used to pack age fresh red meats to 
main tain the oxymyoglobin re spon si ble for the fresh red, or “bloomed,” 
color de sired by the con sumer. However, if sig nifi  cant amounts of ox y
gen are pres ent, aer o bic mi cro or gan isms and B. thermosphacta may grow, 
re sult ing in spoil age. Nitrogen may also be in cluded to dis place ox y gen 
and de lay ox i da tive ran cid ity and to in hibit the growth of aer o bic mi cro
or gan isms.

Irradiation of meats en hances mi cro bi o log i cal safety and qual ity by 
sig nifi  cantly re duc ing pop u la tions of path o genic and spoil age bac te ria. At 
pres ent, rel a tively low doses of ir ra di a tion, i.e., <5 kilograys (kGy), are re
ceiv ing the most in ter est. The doses of ra di a tion re quired to in ac ti vate 
90% of the veg e ta tive cells of path o genic bac te ria vary with pro cess ing 
con di tions (tem per a ture and pres ence or ab sence of air) but typ i cally 
range from a low of <0.2 kGy for Aeromonas and Campylobacter to as high 
as 0.77 kGy for Listeria and Salmonella. Although there is some var i a tion 
among spe cies, the doses re quired to in ac ti vate 90% of the veg e ta tive cells 
of spoil age bac te ria typ i cally fall in the range of 0.2 to 0.8 kGy. In con trast, 
the dose re quired for 90% in ac ti va tion of Clostridium spores is as high as 
3.5 kGy. Lowdose ir ra di a tion (<5 kGy) is ef ec tive in ex tend ing the shelf 
life of fresh meats. Because of sig nifi  cant re duc tions in both path o genic 
and spoil age bac te ria, lowdose ir ra di a tion has been sug gested as a pas
teur i za tion pro cess for fresh meats. One of the ma jor draw backs to ir ra di
a tion is con sumer hes i ta tion to pur chase ir ra di ated foods.

Highpressure processing (HPP) is an other al ter nate tech nol ogy that 
has re ceived con sid er able at ten tion for pro cess ing of meat prod ucts. In 
HPP, foods are ex posed to static pres sure at ≥ 100 MPa by means of a liq
uid trans mit ter. The HPP has the ad van tage for pro cess ing of pack aged 
com mod i ties, thus elim i nat ing the po ten tial for postpack ag ing con tam i
na tion. Consumer ac cep tance of HPP prod ucts is greater com pared to ir
ra di ated foods, and sen sory qual i ties re main es sen tially un changed. HPP 
re tains fresh qual i ties of a com mod ity, de na tures en zymes, ex tends shelf 
life, and re duces the need for pre ser va tives. Typically, meat prod ucts are 
treated at ≥400 MPa for 3 to 15 min utes to achieve ≥5 log re duc tions in 
spoil age and path o genic bac te ria.

MILK AND DAIRY PRODUCTS
This sec tion fo cuses on spoil age de fects in dairy prod ucts that re sult 
from mi cro bial growth. Modern dairy pro cess ing uti lizes pas teur i za
tion, heat ster il i za tion, fer men ta tion, de hy dra tion, re frig er a tion, and 
freez ing as pres er va tion treat ments. Combining a pres er va tion method 
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with com po nent sep a ra tion pro cesses (i.e., churn ing, fil tra tion, cen tri fu
ga tion, and co ag u la tion) re sults in an as sort ment of dairy foods hav ing 
vastly dif er ent tastes and tex tures and a com plex va ri ety of spoil age micro
organisms. Spoilage of dairy foods is man i fested as offlavors and odors 
and changes in tex ture and ap pear ance (Box 21.1). Some de fects of dairy 
prod ucts caused by mi cro or gan isms are listed in Table 21.3.

Milk and Dairy Products as Growth Media
Milk
Milk is a good growth me dium for many mi cro or gan isms be cause of its 
high wa ter con tent, nearneutral pH, and va ri ety of avail  able nu tri ents. Al
though milk is a good growth me dium, the ad di tion of yeast ex tract or 
pro tein hy dro ly sates of ten in creases growth rates, sug gest ing that milk is 
not an ideal growth me dium. Even though milk has a high fat con tent, few 
spoil age mi cro or gan isms uti lize it as a car bon or en ergy source be cause 
the fat is in the form of glob ules sur rounded by a pro tec tive mem brane 
com posed of gly co pro teins, li po pro teins, and phos pho lip ids. Moreover, 
many mi cro or gan isms can not uti lize lac tose and there fore must rely on 
pro te  ol y sis or li pol y sis to ob tain car bon and en ergy. Finally, freshly col
lected raw milk con tains var i ous mi cro bial growth in hib i tors.

The ma jor nu tri tional com po nents of milk are lac tose, fat, pro tein, 
min er als, and var i ous non pro tein ni trog e nous com pounds. Carbon 
sources in milk in clude lac tose, pro tein, and fat. The cit rate in milk can be 
uti lized by many mi cro or gan isms but is not pres ent in amounts suf  cient 
to sup port sig nifi  cant growth. Sufcient glu cose is pres ent in milk to al
low the ini ti a tion of growth by some mi cro or gan isms, but for fer men ta
tive mi cro or gan isms to con tinue growth, they must have the trans port 
sys tem and hy dro lytic en zymes for lac tose uti li za tion. Other spoil age mi
cro or gan isms may ox i dize lac tose to lactobionic acid. The lac tose in milk 
is pres ent in large quan ti ties and is more than suf  cient to sup port ex ten
sive mi cro bial growth.

There are pri mar ily two types of pro teins in milk, ca seins and whey 
pro teins. Caseins are pres ent in the form of highly hy drated mi celles and 

Table 21.3 Common types of spoil age in dairy prod ucts

Spoilage type Organisms in volved Sign(s) of spoil age

Souring Lactobacillus spp.
Streptococcus spp.

Sour milk
Curd for ma tion

Sweet curd ing Bacillus spp.
Pro teus spp.

Alkaline pH
Curd for ma tion

Gas pro duc tion Clostridium spp.
Coliform bac te ria

Explosion of slimy milk

Ropiness Alcaligenes spp.
Klebsiella spp.
Enterobacter spp.

Stringy or slimy milk

Red rot Serratia marcescens Red col or a tion

Gray rot Clostridium spp. Gray col or a tion

Dairy mold Penicillium spp.
Geotrichum spp.

Moldy ap pear ance

Box 21.1
Is it re ally spoiled?

Milk is spoiled when it starts 
to look like yo gurt. Yogurt is 
spoiled when it starts to look 
like cot tage cheese. Cottage 
cheese is spoiled when it starts 
to look like reg u lar cheese. 
Regular cheese is noth ing but 
spoiled milk any way and can not 
get any more spoiled than it is 
al ready.



Spoilage Organisms  | 355

are read ily sus cep ti ble to pro te  ol y sis. Whey pro teins (βlactoglobulin, α
lactalbumin, se rum al bu min, and im mu no glob u lins) re main sol u ble in 
milk af ter the pre cip i ta tion of ca sein. They are less sus cep ti ble to mi cro bial 
pro te  ol y sis than ca seins. Milk also con tains non pro tein ni trog e nous com
pounds, such as urea, pep tides, and amino ac ids, that are read ily avail  able 
for mi cro bial uti li za tion, but these com pounds are pres ent in in suf  cient 
quan tity to sup port the ex ten sive growth re quired for spoil age.

The ma jor mi cro bial in hib i tors in raw milk are lactoferrin and the 
lacto peroxidase sys tem. Natural in hib i tors of less im por tance in clude ly
so zyme, spe cific im mu no glob u lins, fo late, and vi ta min B12 bind ing sys
tems. Lactoferrin, a gly co pro tein, acts as an an ti mi cro bial agent by bind ing 
iron. Psychrotrophic aer obes that com monly spoil re frig er ated milk are 
in hib ited by lactoferrin, but the pres ence of cit rate in cows’ milk lim its its 
ef ec tive ness, as the cit rate com petes with lactoferrin for bind ing the iron. 
The most ef ec tive nat u ral mi cro bial in hib i tor in cows’ milk is the lacto
peroxidase sys tem. Lactoperoxidase cat a lyzes the ox i da tion of thio cy a nate 
and the si mul ta neous re duc tion of hy dro gen per ox ide, re sult ing in the 
ac cu mu la tion of hypothiocyanite. Lactic acid bac te ria, co li forms, and 
var i ous path o gens are in hib ited by this sys tem.

The min i mum heat treat ment re quired for fluid milk to be sold for 
con sump tion in the United States is 72°C for 15 s, al though most pro ces
sors use slightly higher tem per a tures and lon ger hold ing times. Pasteuri
zation af ects the growth rate of spoil age mi cro or gan isms by de stroy ing 
in hib i tor sys tems. More se vere heat treat ments af ect mi cro bial growth by 
in creas ing avail  able ni tro gen through pro tein hy dro ly sis and by the lib er a
tion of in hib i tory sulf hy dryl com pounds. Lactoperoxidase is only par tially 
in ac ti vated by nor mal pas teur i za tion treat ments.

Dairy Products
Dairy prod ucts are very dif er ent growth en vi ron ments than fluid milk be
cause they have nu tri ents re moved or con cen trated and may have a lower 
pH or aw. Yogurt is es sen tially acid i fied milk and there fore pro vi des 
a nu tri entrich lowpH en vi ron ment. Cheeses are less acid i fied than yo
gurt, but they have added salt and less wa ter, re sult ing in a lower aw. In 
ad di tion, the solid na ture of cheeses lim its the mo bil ity of spoil age mi cro
or gan isms. Liquid milk con cen trates, such as evap o rated skim milk, do 
not have a suf  ciently low aw to in hibit spoil age and must be canned or 
re frig er ated for pres er va tion. Milkderived pow ders have suf  ciently low aw 
to com pletely in hibit mi cro bial growth. Butter is a wa terinoil emul sion, so 
mi cro or gan isms are trapped within se rum drop lets. If but ter is salted, the 
mean salt con tent of the wa ter drop lets is 6 to 8%, suf  cient to in hibit 
Gramnegative spoil age or gan isms that could grow dur ing re frig er a tion. 
Unsalted but ter is usu ally made from acid i fied cream and re lies on low pH 
and re frig er a tion for pres er va tion.

Psychrotrophic Spoilage
The pres er va tion of fluid milk re lies on ef ec tive san i ta tion, pas teur i za
tion, timely mar ket ing, and re frig er a tion. Immediately fol low ing col lec
tion, raw milk is rap idly cooled and is re frig er ated un til it is con sumed 
(ob vi ously, dur ing pas teur i za tion, the milk is heated). There is of ten 
enough time be tween milk col lec tion and con sump tion for psychrotrophic 
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bac te ria to grow. Many of the fla vor de fects de tected by milk drink ers re
sult from this growth. Pasteurized milk is ex pected to have a shelf life of 
14 to 20 days, so con tam i na tion of the con tents of a con tainer with even 
one rap idly grow ing psychrotrophic mi cro or gan ism can lead to spoil age.

Psychrotrophic Bacteria in Milk
Psychrotrophic bac te ria that spoil raw and pas teur ized milk are pri mar ily 
aer o bic Gramnegative rods in the fam ily Pseudomonadaceae, with oc ca
sional rep re sen ta tives from the fam ily Neisseriaceae and the gen era Flavo
bacterium and Alcaligenes. Representatives of other gen era, in clud ing 
Bacillus, Micrococcus, Aerococcus, and Staphylococcus, and the fam ily Entero
bacteriaceae, may be pres ent in raw milk and may be psychrotrophic, but 
these are usu ally out  grown by the Gramnegative ob li gate aer obes (es pe
cially Pseudomonas spp.) when milk is held at its typ i cal stor age tem per a ture 
of 3 to 7°C. The psychrotrophic spoil age microbiota of milk is gen er ally pro
teo lytic, with many iso lates  able to pro duce ex tra cel lu lar li pases, phos pho li
pase, and other hy dro lytic en zymes, but un able to uti lize lac tose. The 
bac te rium most of ten as so ci ated with fla vor de fects in re frig er ated milk is 
Pseudomonas fluorescens, with Pseudomonas fragi, Pseudo monas putida, and 
Pseudomonas lundensis also com monly en coun tered. Psychrotrophic bac te
ria com monly found in raw milk are in ac ti vated by pas teur i za tion.

Sources of psychrotrophic bac te ria in milk. Soil, wa ter, an i mals, and plant 
ma te rial con sti tute the nat u ral hab i tat of psychrotrophic bac te ria found 
in milk. Plant ma te ri als may con tain >108 psychrotrophs per g, and farm 
wa ter usu ally con tains low lev els of psychrotrophic mi cro or gan isms. 
The use of wa ter to clean and rinse milk ing equip ment pro vi des a di rect 
means for their en try into milk. Psychrotrophic bac te ria iso lated from 
wa ter are of ten very ac tive pro duc ers of ex tra cel lu lar en zymes and grow 
rap idly at re frig er a tion tem per a tures. Milking equip ment, uten sils, and 
stor age tanks are the ma jor source of psychrotrophic con tam i na tion of 
raw milk. Pasteurized milk prod ucts be come con tam i nated with psy
chrotrophic bac te ria by ex po sure to con tam i nated equip ment or air. Al
though the lev els of psychrotrophic bac te ria in air are gen er ally quite 
low, only one vi a ble cell per con tainer can spoil the prod uct.

Growth char ac ter is tics and prod uct de fects. Generation times (in milk) of 
the most rap idly grow ing psychrotrophic Pseudomonas spp. iso lated 
from raw milk are 8 to 12 h at 3°C and 5.5 to 10.5 h at 3 to 5°C. These 
growth rates are suf  cient to cause spoil age within 5 days if the milk 
ini tially con tains only one cell per mil li li ter. However, most psychrotro
phic pseu do mo nads pres ent in raw milk grow much more slowly, caus
ing re frig er ated milk to spoil in 10 to 20 days. Defects of fluid milk 
as so ci ated with the growth of psychrotrophic bac te ria are caused by the 
ex tra cel lu lar en zymes they make. Sufcient en zyme to cause de fects is 
usu ally pres ent when the pop u la tion of psychrotrophs reaches 106 to 107 
CFU/ml. Bitter, pu trid fla vors and co ag u la tion re sult from pro te  ol y sis. 
Lipolysis leads to the for ma tion of ran cid and fruity fla vors.

Proteases and their con tri bu tion to spoil age. P. fluorescens and other psychro
trophs that may be pres ent in raw milk gen er ally pro duce pro te ase dur ing 
the late ex po nen tial and sta tion ary phases of growth. The tem per a ture 
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for op ti mum pro te ase pro duc tion by psychrotrophic Pseudomonas spp. 
is lower than the tem per a ture for op ti mum growth. Relatively large 
amounts of pro te ase are pro duced at tem per a tures as low as 5°C, and 
pro duc tion is in hib ited in milk held at 2°C. The ef ects of cal cium and 
iron ions on pro te ase pro duc tion by Pseudomonas spp. are rel e vant to 
dairy spoil age. Ionic cal cium is re quired for pro te ase syn the sis. Iron, 
which may be at a growthlimiting con cen tra tion in milk, re presses pro
te ase pro duc tion by Pseudomonas spp. when added to milk.

The prop er ties of the pro tein ases pro duced by P. fluorescens that are 
most rel e vant to dairy prod uct spoil age in clude tem per a ture op tima from 
30 to 45°C with sig nifi  cant ac tiv ity at 4°C and a pH op ti mum that is near 
neu tral or al ka line, and all  are metalloenzymes con tain ing ei ther Zn2+ or 
Ca2+. Perhaps the most im por tant char ac ter is tic of these en zymes in re
gard to dairy prod uct spoil age is their ex treme heat sta bil i ty; they re tain 
sig nifi  cant ac tiv ity af ter ul tra hightemperature (UHT) milk pro cess ing.

Proteases of psychrotrophic bac te ria cause prod uct de fects ei ther at the 
time they are pro duced in the prod uct or as a re sult of the en zyme sur viv
ing a heat ing pro cess. Degradation of ca sein in milk by en zymes pro duced 
by psychrotrophs re sults in the lib er a tion of bit ter pep tides. Bitterness is a 
com mon offlavor in pas teur ized milk that has been sub ject to postpas
teurization con tam i na tion with psychrotrophic bac te ria. Continued pro te 
ol y sis re sults in pu trid offlavors as so ci ated with lowmolecularweight 
deg ra da tion prod ucts, such as am mo nia, amines, and sul fi des. Bitterness 
in UHTprocessed (com mer cially ster ile) milk de vel ops when suf  cient 
psychrotrophic bac te rial growth oc curs in raw milk (es ti mated at 105 to 107 
CFU/ml), leav ing be hind re sid ual en zymes af ter heat treat ment. Lowlevel 
pro te ase ac tiv ity in UHTprocessed milk can also re sult in co ag u la tion or 
sed i ment for ma tion.

Lipases and their con tri bu tion to spoil age. Lipases of psychrotrophic pseu do
mo nads, like pro te ases, are pro duced in the late log a rith mic or sta tion
ary phase of growth. As with pro te ase, op ti mal syn the sis of li pase 
gen er ally oc curs be low the op ti mum tem per a ture for growth. Milk is an 
ex cel lent me dium for li pase pro duc tion by pseu do mo nads. Ionic cal
cium is re quired for li pase ac tiv ity, as the ac tiv ity in hib ited by eth yl ene
di amine tet ra ace tic acid (EDTA) is re versed by the ad di tion of Ca2+. 
Supplementation of milk with iron de lays the on set of li pase pro duc tion 
by P. fluorescens in raw milk.

Temperatures for op ti mal ac tiv ity of li pases pro duced by Pseudomonas 
spp. range from 22 to 70°C, with most be tween 30 and 40°C. The op ti mal 
pH for ac tiv ity is from 7.0 to 9.0, with most li pases hav ing op tima be tween 
7.5 and 8.5. P. fluorescens li pase in milk is ac tive at re frig er a tion tem per a
tures and has sig nifi  cant ac tiv ity at sub freez ing tem per a tures and low aw. 
The heat sta bil ity of li pases from psychrotrophic pseu do mo nads is sim i lar 
to that of their pro te ases. Lowtemperature in ac ti va tion is mark edly af
fected by milk com po nents, with milk salts in creas ing sus cep ti bil ity and 
ca sein in creas ing sta bil i ty.

The tri glyc er ides in raw milk are pres ent in glob ules that are pro tected 
from en zy matic deg ra da tion by a mem brane. Milk be comes sus cep ti ble to 
li pol y sis if this mem brane is dis rupted by ex ces sive shear force (from 



|  Chapter 21358

pump ing, ag i ta tion, freez ing, etc.). Raw milk con tains com po nents that 
de grade the fat glob ule mem brane and cause ran cid ity in raw and pas teur
ized milk. This deg ra da tion pro cess is in de pen dent of mi cro or gan isms. 
The ran cid fla vor and odor re sult ing from li pase ac tion are usu ally due to 
the lib er a tion of C4 to C8 fatty ac ids. Fatty ac ids of higher mo lec u lar weight 
pro duce a “soapy” fla vor. Low lev els of un sat u rated fatty ac ids lib er ated by 
en zy matic ac tiv ity may be ox i dized to ke tones and al de hydes to pro duce 
an ox i dized, or “card boardy,” offlavor. P. fragi pro duces a fruity offlavor 
in milk by es ter i fy ing free fatty ac ids with eth a nol. Lipolytic offlavors in 
UHTprocessed prod ucts gen er ally take sev eral weeks to months to de
velop due to the small amounts of li pase pres ent or ap pear in prod ucts 
made from raw milk with ex ces sively high pop u la tions of psychrotrophs 
(>106 CFU/ml).

A ran cid de fect in but ter may re sult from the growth of li po lytic mi cro
or gan isms, re sid ual heatstable mi cro bial li pase, or milk li pase ac tiv ity in 
the raw milk. The typ i cal odor of ran cid but ter is as so ci ated with low
molecularweight fatty ac ids (C4 to C8). Microbial li pases in but ter are ac
tive even if the prod uct is stored at −10°C. Growth of psychrotrophic 
bac te ria in but ter oc curs only if the prod uct is made from sweet rather 
than rip ened (sour) cream. Sweet cream but ter is pre served by salt and 
re frig er a tion. Butter is a wa terinfat emul sion, so mois ture and salt do 
not equil i brate dur ing stor age. If salt and mois ture are not evenly dis trib
uted in the prod uct dur ing man u fac ture, then li po lytic psychrotrophs will 
grow in pock ets of high aw pres ent in the prod uct.

Cheese is more sus cep ti ble to de fects caused by bac te rial li pases than 
to those caused by pro te ases be cause most pro te ases are con cen trated 
along with the fat in the curd. The acidic en vi ron ment of most cheeses 
lim its, but may not elim i nate, li pase ac tiv ity. Some cheeses, such as Cam
em bert and Brie, in crease in pH to near neu tral ity dur ing rip en ing. More 
acidic cheeses, e.g., Cheddar, are sus cep ti ble if cured for sev eral months 
or if large amounts of li pase are pres ent. Psychrotrophic bac te ria do not 
grow in cured cheeses be cause of the low pH and salt con tent, but they 
may grow in highmoisture fresh prod ucts, such as cot tage cheese.

Control of Product Defects Associated with Psychrotrophic Bacteria
Preventing de fects caused by psychrotrophic bac te ria in raw milk in volves 
lim it ing con tam i na tion lev els, rapid cool ing im me di ately af ter milk ing, 
and main te nance of cold stor age tem per a tures. Rapid cool ing of milk af
ter col lec tion is im por tant. Fresh milk from the cow en ters the farm stor
age tank (e.g., a bulk tank) at 30 to 37°C. Sanitary stan dards in the United 
States re quire raw milk to be cooled to 7°C within 2 h af ter milk ing, but 
most farm sys tems achieve rapid cool ing to <4°C. Since milk is of ten 
picked up from the farm ev ery 48 h, three ad di tional milkings can be 
added to the pre vi ously col lected milk. The sec ond milk ing should not 
warm the pre vi ously col lected milk to >10°C.

Preventing con tam i na tion of pas teur ized dairy prod ucts with psychro
trophic bac te ria is pri mar ily a mat ter of equip ment clean ing and san i ta
tion, al though air borne psychrotrophs may also limit prod uct shelf life. 
Even when fill ing equip ment is ef ec tively cleaned and san i tized, it can 
still be come a source of psychrotrophic mi cro or gan isms, which ac cu mu
late dur ing the nor mal hours of con tin u ous use.
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Spoilage by Fermentative Nonsporeformers
Fluid milk, cheese, and cul tured milks are the ma jor dairy prod ucts sus
cep ti ble to spoil age by nonsporeforming fer men ta tive bac te ria. Nonspore
forming bac te ria re spon si ble for fer men ta tive spoil age of dairy prod ucts 
are mostly ei ther in the lac ticacidproducing or the co li form group. The 
gen era of lac tic acid bac te ria in volved in spoil age of milk and fer mented 
prod ucts in clude Lactococcus, Lactobacillus, Leuconostoc, Enterococcus, 
Pediococcus, and Streptococcus. Coliforms can spoil milk, but this is sel
dom a prob lem, since ei ther the lac tic acid or psychrotrophic bac te ria usu
ally out  grow them. Members of the gen era Enterobacter and Klebsiella are 
most of ten as so ci ated with co li form spoil age, while Escherichia spp. only 
oc ca sion ally ex hibit suf  cient growth to pro duce a de fect. Lacticacid
producing bac te ria are nor mal in hab i tants of the skin of the cow’s teat 
and the en vi ron ment. Coliform bac te ria are pres ent on ud der skin and are 
also as so ci ated with milk res i due buildup on in ad e quately cleaned milk ing 
equip ment.

Defects of Fluid Milk Products
The most com mon fer men ta tive de fect in fluid milk prod ucts is sour ing. 
This is caused by the growth of lac tic acid bac te ria. Lactic acid by it self has 
a clean, pleas ant acid fla vor and no odor. The un pleas ant sour odor and 
taste of spoiled milk re sult from small amounts of ace tic and pro pi onic 
ac ids. Sour odor can be de tected be fore a no tice able acid fla vor de vel ops. 
Other de fects may oc cur in com bi na tion with acid pro duc tion. A malty 
fla vor re sults from growth of Lactococcus lactis subsp. lactis bv. maltigenes. 
Malty fla vor is pri mar ily due to 3methylbutanol.

Another de fect as so ci ated with the growth of lac tic acid bac te ria in 
milk is “ropy” tex ture. Most dairyassociated spe cies of lac tic acid bac te ria 
pro duce exocellular po ly mers that in crease the vis cos ity of milk, caus ing 
the ropy de fect. The po ly mer is a po ly sac cha ride con tain ing glu cose and 
ga lac tose with small amounts of man nose, rham nose, and pen tose. Some 
po ly merproducing strains are used to pro duce highviscosity fer mented 
prod ucts, such as yo gurt and Scan di na vian ropy milk.

Defects in Cheese
Some strains of lac tic acid bac te ria pro duce fla vor and ap pear ance de fects 
in cheese. Lactobacilli are a nor mal part of the dom i nant microbiota of 
aged Cheddar cheese. If heterofermentative lac to ba cilli pre dom i nate, the 
cheese is prone to de velop an open tex ture or fis sures, a re sult of gas pro
duc tion dur ing ag ing. Gassy de fects in aged Cheddar cheese are more 
of ten as so ci ated with the growth of lac to ba cilli than with the growth of 
co li forms, yeasts, or sporeformers. Lactobacillus bre vis and Lactobacillus 
casei subsp. pseudoplantarum have been as so ci ated with gas pro duc tion in 
re tail moz za rella cheese. Lactobacillus casei subsp. casei pro duces a soft
body de fect in moz za rella cheese. Some cheese va ri e ties oc ca sion ally ex
hibit a pink dis col or ation, which is due to the growth of pig mented strains 
of propionibacteria and cer tain strains of Lactobacillus delbrueckii subsp. 
bulgaricus. A fruity offlavor in Cheddar cheese is usu ally a re sult of the 
growth of lac tic acid bac te ria (usu ally Lactococcus spp.) that pro duce es ter
ase. The ma jor es ters con trib ut ing to fruity fla vor in cheese are ethyl hex
anoate and ethyl bu ty rate.
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Growth of co li form bac te ria usu ally oc curs dur ing the cheese
manufacturing pro cess or dur ing the first few days of stor age and is 
there fore re ferred to as early gas (or early blow ing) de fect. In hard 
cheeses, such as Cheddar, this de fect oc curs when slow lac tic acid fer
men ta tion fails to lower the pH rap idly or when highly con tam i nated raw 
milk is used. Soft, moldripened cheeses, such as Cam em bert, in crease in 
pH dur ing rip en ing, with a re sult ing sus cep ti bil ity to co li form growth. 
Coliform growth in re tail cheese of ten man i fests as swell ing of the plas tic 
pack age. Approximately 107 CFU of co li form bac te ria/g are needed to pro
duce a gassy de fect in the prod uct.

Control of Defects Caused by Lactic Acid and Coliform Bacteria
Defects in fluid milk caused by co li forms and lac tic acid bac te ria are con
trolled by good san i ta tion prac tices dur ing milk ing, main tain ing raw milk 
at tem per a tures be low 7°C, pas teur i za tion, and re frig er a tion of pas teur ized 
prod ucts. These mi cro or gan isms sel dom grow to sig nifi  cant lev els in re
frig er ated pas teur ized milk be cause of their low growth rates com pared to 
those of psychrotrophic bac te ria. Control of co li form growth in cheese is 
achieved by us ing pas teur ized milk, en cour ag ing rapid fer men ta tion of 
lac tose, and good san i ta tion dur ing man u fac ture. Controlling de fects pro
duced by un de sir able lac tic acid bac te ria in cheese and fer mented milks is 
more dif  cult, since the growth of lac tic acid bac te ria must be en cour aged 
dur ing man u fac ture, and the fi nal prod ucts of ten pro vide suit able growth 
en vi ron ments. Undesirable strains of lac tic acid bac te ria are read ily iso
lated from the manufactur ing en vi ron ment, so their con trol re quires at ten
tion to plant clean li ness and pro tect ing the prod uct dur ing man u fac ture.

Spore-Forming Bacteria
Spoilage by sporeforming bac te ria can oc cur in lowacid fluid milk prod
ucts that are pre served by substerilization heat treat ments and pack aged 
with lit tle chance for re con tam i na tion with veg e ta tive cells. Products in 
this cat e gory in clude asep ti cally pack aged milk and cream and sweet ened 
and un sweet ened con cen trated canned milks. Nonaseptic pack aged re
frig er ated fluid milk may spoil due to growth of psychrotrophic Bacillus 
ce re us and Bacillus polymyxa in the ab sence of more rap idly grow ing Gram
negative psychrotrophs. Hard cheeses, es pe cially those with low in te rior 
salt con cen tra tions, are also sus cep ti ble to spoil age by sporeforming bac te
ria. Sporeforming bac te ria that spoil dairy prod ucts usu ally come from 
the raw milk. The sporeforming bac te ria in raw milk are pre dom i nantly 
Bacillus spp., with Bacillus licheniformis, B. ce re us, Bacillus subtilis, and Ba
cillus megaterium most com monly iso lated. Clostridium spp. are pres ent in 
raw milk at such low lev els that en rich ment and mostprobablenumber 
tech niques must be used for their quan ti fi ca tion. Populations of spore
forming bac te ria in raw milk vary sea son al ly; in tem per ate cli ma tes, Bacil
lus and Clostridium spp. are at higher lev els in raw milk col lected in the 
win ter than in the sum mer.

Defects in Fluid Milk Products
Pasteurized milk can spoil due to the growth of psychrotrophic B. ce re us. 
Germination of spores in raw milk oc curs soon af ter pas teur i za tion, in di
cat ing that they were heat ac ti vated. The de fect pro duced by sub se quent 
growth is de scribed as sweet cur dling, since it first ap pears as co ag u la tion 
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with out  sig nifi  cant acid or offlavor be ing formed. Coagulation is caused 
by a chymosinlike pro te ase. Eventually, the en zyme de grades ca sein suf
fi ciently to pro duce a bit tertasting prod uct. Growth may be come vis i ble as 
“but tons” at the bot tom of the car ton; these are ac tu ally bac te rial col o
nies. Psychrotrophic B. ce re us also pro duces phos pho li pase C (lec i thin ase), 
which de grades the fat glob ule mem brane, re sult ing in the ag gre ga tion of 
the fat in cream. The re sult is de scribed as bitty cream de fect. Psychrotro
phic Bacillus spp. other than B. ce re us, in clud ing Bacillus circulans and 
Bacillus mycoides, are also ca pa ble of spoil ing heattreated milk. The ma jor 
heatresistant spe cies in milk is Bacillus stearothermophilus. Other, less 
heatresistant Bacillus spp. have been iso lated from UHTprocessed milk, 
es pe cially B. subtilis and B. megaterium.

Defects in canned con densed milk. Canned con densed milk may be ei ther 
sweet ened with su crose and glu cose to lower the aw or left un sweet ened. 
The un sweet ened prod uct must be ster il ized by heat treat ment. Sweet 
 co ag u la tion is caused by growth of Bacillus coagulans, B. stearothermophi
lus, or B. ce re us. This de fect is sim i lar to the sweetcurdling de fect caused 
by psychrotrophic B. ce re us in pas teur ized milk. Protein de struc tion, in 
ad di tion to cur dling, can also oc cur and is usu ally caused by the growth of 
B. subtilis or B. licheniformis. Swelling or burst ing of cans can be caused 
by the growth of Clostridium sporogenes. Flat sour de fect (acid i fi ca tion with
out  gas pro duc tion) can re sult from the growth of B. stearothermophilus, B. 
licheniformis, B. coagulans, Bacillus macerans, and B. subtilis. Sweetened 
con densed milk should have suf  ciently low aw to in hibit bac te rial spore 
ger mi na tion. However, if the aw is not well con trolled, Bacillus spp. may 
pro duce acid or ac idproteolytic spoil age. Methods for con trol ling the 
growth of sporeformers in fluid prod ucts mainly in volve the use of ap pro
pri ate heat treat ments, in clud ing UHT treat ments.

Defects in Cheese
The ma jor de fect in cheese caused by sporeforming bac te ria is gas for ma
tion, usu ally re sult ing from the growth of Clostridium tyrobutyricum and, 
oc ca sion ally, C. sporogenes and Clostridium butyricum. This de fect is of ten 
called late blow ing or late gas be cause it oc curs af ter the cheese has aged 
for sev eral weeks. Em men tal, Swiss, Gouda, and Edam cheeses are most 
of ten af ected be cause of their rel a tively high pH and mois ture con tent, in 
ad di tion to their low in te rior salt lev els. The de fect can also oc cur in Ched
dar and Ital ian cheeses. Processed cheeses are sus cep ti ble to late blow ing 
be cause spores are not in ac ti vated dur ing heat pro cess ing. Lategas de fect 
re sults from the fer men ta tion of lac tate to bu tyric acid, ace tic acid, car bon 
di ox ide, and hy dro gen gas.

Yeasts and Molds
Growth of yeasts and molds is a com mon cause of spoil age of fer mented 
dairy prod ucts, be cause these mi cro or gan isms grow well at low pH. Yeast 
spoil age is man i fested as a fruity or yeasty odor and/or gas for ma tion. 
Hard (or cured) cheeses, when prop erly made, have very small amounts of 
lac tose, thus lim it ing the po ten tial for yeast growth. Cultured milks, such 
as yo gurt and but ter milk, and fresh cheeses, such as cot tage cheese, nor
mally con tain fer ment able lev els of lac tose. They are prone to yeast spoil
age. A fer mented or yeasty fla vor ob served in Cheddar cheese spoiled by 
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growth of a Candida sp. is as so ci ated with el e vated lev els of eth a nol, ethyl 
ac e tate, and ethyl bu ty rate. The af ected cheese has a high mois ture con
tent (as so ci ated with low starter ac tiv ity and there fore high re sid ual 
lac tose) and a low salt con tent, which con trib ute to yeast growth. Yeast 
spoil age can also oc cur in dairy foods with a low aw, such as sweet ened 
con densed milk and but ter. The most com mon yeasts pres ent in dairy 
prod ucts are Kluyveromyces marxianus and Debaryomyces hansenii and their 
coun ter parts, Candida famata, Candida kefyr, and other Candida spp. Also 
prev a lent are Rhodotorula mucilaginosa, Yarrowia lipolytica, and Torulospora 
and Pichia spp. Candida yeasts have been iso lated from vac u umpackaged 
cheese. Mold spores do not sur vive pas teur i za tion. Fermented dairy prod
ucts pro vide a highly spe cial ized eco log i cal niche for yeasts, se lect ing for 
those that can uti lize lac tose or lac tic acid and that tol er ate high salt con
cen tra tions. Yeasts  able to pro duce pro teo lytic or li po lytic en zymes may also 
have a se lec tive ad van tage for growth in dairy prod ucts.

The most com mon molds found on cheese are Penicillium spp. Others, 
such as Aspergillus, Alternaria, Mucor, Fusarium, Cladosporium, Geotri
chum, and Hormodendrum, are oc ca sion ally found. Mold spe cies com
monly iso lated from pro cessed cheese in clude Penicillium roqueforti, 
Penicillium cyclopium, Penicillium viridicatum, and Penicillium crustosum. 
Vacuumpackaged Cheddar cheese sup ports the growth of Cladosporium 
cladosporioides, Penicillium com mune, Cladosporium herbarum, Penicillium 
glabrum, and Phoma spp. Antimycotic chem i cals, such as sor bate, pro pi o
nate, and natamycin (pimaricin), are used to con trol mold growth. Some 
Penicillium spp. not only are re sis tant to sor bate but also can de grade it by 
de car box yl ation, pro duc ing 1,3pentadiene, which im parts a ker o se nelike 
odor to the cheese.

SPOILAGE OF PRODUCE AND GRAINS
This sec tion fo cuses on changes in color, fla vor, tex ture, or aroma brought 
about by the growth of mi cro or gan isms on fruits, veg e ta bles, and grains. 
For the pur pose of this chap ter, plant pa thol ogy, as it re lates to the deg ra
da tion of plant ma te ri als, is re stricted to spoil age prob lems that arise 
be fore har vest, whereas food mi cro bi ol ogy deals with spoil age af ter har
vest. Although, ac cord ing to sci en tific defi  ni tions, there are dif er ences 
be tween fruits and veg e ta bles, some con fu sion does oc ca sion ally oc cur, 
es pe cially in the minds of con sum ers. Fruits are de fined as the seedbear
ing or gans of plants and in clude not only wellknown com mod i ties such 
as ap ples, cit rus fruits, and ber ries but also items some times thought of 
as veg e ta bles, such as to ma toes, bell pep pers, and cu cum bers. In con trast, 
veg e ta bles are de fined as all  other ed i ble por tions of plants, in clud ing 
leaves, roots, and seeds.

Types of Spoilage
In gen eral, three broad types of spoil age ex ist in plant prod ucts. The first 
type is ac tive spoil age, caused by plantpathogenic mi cro or gan isms ac tu
ally ini ti at ing in fec tion of oth er wise healthy and uncompromised prod
ucts. This re duces sen sory qual ity. A sec ond type of spoil age is pas sive, or 
woundinduced, spoil age, in which op por tu nis tic mi cro or gan isms gain ac
cess to in ter nal tis sues via dam aged epi der mal tis sue, i.e., peels or skins. 
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This type of spoil age of ten oc curs soon af ter the prod uct has been dam
aged by har vest ing, pro cess ing equip ment, or in sects. Similarly, pas sive 
spoil age can oc cur when op por tu nis tic spoil age mi cro or gan isms gain en
try into in ter nal tis sues via le sions caused by plant path o gens or via nat u ral 
open ings, such as sto ma ta.

Spoilage of plant prod ucts can be man i fested in a va ri ety of ways, de
pend ing on the spe cific prod uct, the en vi ron ment, and the mi cro or gan
isms in volved. Traditionally, spoil age has been de scribed by the symp toms 
most of ten as so ci ated with a par tic u lar prod uct. Listed in Table 21.4 are 
types and lev els of mi cro or gan isms as so ci ated with spoil age of fruits and 
veg e ta bles. Caution should be ex er cised in us ing this sys tem, since more 
than one type of mi cro or gan ism may pro duce iden ti cal or sim i lar symp
toms. For ex am ple, the bestknown type of spoil age in veg e ta bles is soft rot, 
which is usu ally ev i denced by ob vi ous soft en ing of the plant tis sue. The 
dis ease can be caused by var i ous plantpathogenic bac te ria, most no ta bly 
Erwinia carotovora; how ever, other bac te ria, such as Bacillus and Clostrid
ium spp., and yeasts and molds are also oc ca sion ally im pli cated in softrot 
spoil age. Types of spoil age are also known by the names of the mi cro 
or gan isms that cause them. For ex am ple, Fusarium rot and Rhizopus soft 
rot de scribe not only the symp toms of the spoil age but also the mold 
that causes them.

Mechanisms of Spoilage
Intact healthy plant cells pos sess a va ri ety of de fense mech a nisms to re sist 
mi cro bial in va sion. Thus, be fore mi cro bial spoil age can oc cur, these de
fense mech a nisms must be over come. Fruits, veg e ta bles, grains, and le
gumes have an epi der mal layer of cells, i.e., skin, peel, or testa, that pro vi des 

Table 21.4 Microbiological pro files of se lected fresh fruits and veg e ta bles

Commodity

Range of mi cro bial load (log CFU/g)
Psychrotrophic 

bac te ria
Yeasts and 

molds
Lactic acid 

bac te ria Enterobacteriaceae

Freshly cut 
veg e ta bles

4.3–8.9 2.0–7.8 <1.0–8.5 <1.0–8.0

 Arugula 5.7–8.2 5.7–6.1 3.0–5.9 4.3–5.9

 Carrot 6.6–8.9 4.7–7.2 4.3–7.6 4.5–7.2

 Endive 4.3–7.1 2.0–5.5 <1.0–4.6 3.2–6.2

 Lettuce 4.9–7.8 2.9–6.4 1.7–6.3 <1.0–7.1

 Spinach 6.1–8.1 4.0–6.0 3.7–6.9 4.7–8.0

 Mixed sal ads 5.2–8.5 3.8–7.8 <1.0–8.5 2.7–7.9

Freshly cut fruits 1.7–7.1 1.7–4.9 1.7–4.8 1.7–4.8

Sprouts 6.3–8.9 2.8–7.6 3.4–7.5 6.3–8.1

Whole veg e ta bles 3.0–7.8 2.2–6.1 <1.0–3.3 <1.0–6.0

 Iceberg let tuce 3.2–5.9 2.2–4.5 <1.0–1.2 <1.0–3.3

 Lettuce hearts 3.0–5.2 2.6–4.6 <1.0–2.0 1.8–3.6

 Romaine let tuce 5.3–6.5 3.7–5.2 <1.0–1.9 <1.0–3.0

 Endive 6.2–7.2 4.3–6.1 1.7–2.7 3.9–6.0
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a pro tec tive bar rier against in fec tion of in ter nal tis sues. The com po si tions 
of the epi der mal tis sues vary, but the walls of cells in the tis sue usu ally 
con sist of cel lu lose and pec tic ma te ri als, and the out  er most cells are cov
ered by a layer of waxes (cu tin). Damage due to rel a tively un con trol la ble 
fac tors, such as in sect in fes ta tion, wind blown sand, or rub bing against 
neigh bor ing sur faces, can oc cur be fore har vest. Postharvest dam age is of
ten the re sult of poorly de signed or main tained pro cess ing equip ment. 
Some mi cro or gan isms, es pe cially plantpathogenic molds, pos sess mech a
nisms to pen e trate ex ter nal tis sues of plants. Once ex ter nal bar ri ers are 
pen e trated, not only do these mi cro or gan isms quickly in vade in ter nal tis
sues, but also other op por tu nis tic mi cro or gan isms of ten take ad van tage of 
the avail abil ity of nu tri ents pres ent in dam aged tis sue and cause ad di tional 
spoil age. Once mi cro or gan isms pen e trate the outer tis sues of fruits, veg e
ta bles, or grains, they still must gain ac cess to in ter nal ar eas and in di vid ual 
cells to ex tract nu tri ents. Plant tis sues are held to gether by the mid dle la
mella, which is com posed pri mar ily of pec tic sub stances. The cell wall 
con sists of the pri mary layer, com posed of cel lu lose and pectates, and the 
sec ond ary layer, which con sists al most en tirely of cel lu lose.

Degradative en zymes play an im por tant role in the post har vest spoil
age of plant prod ucts. Five clas ses of mi cro bial en zymes are pri mar ily 
re spon si ble for the deg ra da tion of plant ma te ri als. These are pectinases, 
cel lu lases, pro te ases, phosphatidases, and de hy dro ge nases. Because 
pec tin and cel lu lose con sti tute the main struc tural com po nents of plant 
cells, pectinases and cel lu lases are the most im por tant deg ra da tive en
zymes in volved in spoil age. Pectinases are en zymes that cause de po ly mer
iza tion of the pec tin chain. Although pectinases are of ten dis cussed as a 
sin gle en zyme, three main types are rec og nized for their roles in plant 
spoil age. Pectinases are pro duced by sev eral plant path o gens, in clud ing 
Botrytis cinerea, Monilinia fructicola, Penicillium citrinum, and E. carotovora. 
Some pectinases are chainsplitting and re duce the over all length of the 
pec tin chain. The ul ti mate deg ra da tion of the pec tin chain re sults in liq ue
fac tion of the pec tin and com plete break down of plant tis sues. Cellulases 
are the sec ond ma jor class of deg ra da tive en zymes that can lead to spoil
age. Cellulases func tion by de grad ing cel lu lose (glu cose po ly mer) to glu
cose. Like pectinases, sev eral types of cel lu lases ex ist, some of which at tack 
na tive cel lu lose by cleav ing crosslink ages be tween chains, while oth ers act 
by break ing the cel lu lose into shorter chains. Cellulases are of less im por
tance in post har vest spoil age of plant prod ucts than pectinases.

Influence of Physiological State
The phys i o log i cal state of plant prod ucts, es pe cially those con sist ing of 
fruits or veg e ta bles, can have a dra matic ef ect on sus cep ti bil ity to mi cro
bi o log i cal spoil age. Fruits, veg e ta bles, and grains usu ally pos sess some 
sort of de fense mech a nism to re sist in fec tion by mi cro or gan isms. Usually 
these mech a nisms are most ef ec tive when the plant is at peak phys i o log
i cal health. Once plant tis sues be gin to age or are in a sub op ti mal phys i o
log i cal state, re sis tance to in fec tion di min ishes. Fruits and veg e ta bles 
dif er in the ways in which they change phys i o log i cally af ter de tach ment 
from the plant. Nonclimacteric (i.e., no lon ger ex hib it ing a burst in res pi
ra tion rate) fruits and veg e ta bles, such as straw ber ries, beans, and let tuce, 
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cease to ripen once they have been har vested. In con trast, cli mac teric 
fruits and veg e ta bles, such as ba nanas and to ma toes, con tinue to ma ture 
and ripen af ter har vest. Ripening can con tinue to the point where nor mal 
cell in teg rity be gins to di min ish and tis sues de te ri o rate. This pro cess, 
known as se nes cence, arises from the ac cu mu la tion of deg ra da tive en
zymes pro duced by the fruit or veg e ta ble and is un re lated to mi cro bial 
de cay. However, the loss of cel lu lar in teg rity brought about by se nes cence 
makes fruits and veg e ta bles even more sus cep ti ble to mi cro bial in fec tion 
and spoil age. Consequently, cli mac teric fruits and veg e ta bles are usu ally 
among the most per ish able of plant prod ucts.

Microbiological Spoilage of Vegetables
Although veg e ta bles, fruits, grains, and le gumes are all  plantderived 
prod ucts, they pos sess in her ent dif er ences that in flu ence both the nat u
ral microbiota and the type of spoil age en coun tered. Important in trin sic 
factors that in flu ence the microbiotas that de velop on plant prod ucts in
clude the pH and the aw. In gen eral, the nat u ral microbiota of veg e ta bles 
includes bac te ria, yeasts, and molds that rep re sent many gen era. Examples 
of the wide va ri ety of mi cro or gan isms as so ci ated with fruit and veg e ta ble 
prod ucts are shown in Table 21.4. However, microbiotas can vary con sid er
ably, de pend ing on the type of veg e ta ble, en vi ron men tal con sid er ations, 
seasonality, and whether the veg e ta bles were grown in close prox im ity to 
the soil. Both Grampositive and Gramnegative bac te ria are nor mally 
pres ent on veg e ta bles at the time of har vest.

Microbiota of Organically Grown Vegetables
The an nual sales of or ganic foods have in creased dra mat i cally in the 
past de cade in the United States. The mi cro bial qual ity of or gan i cally 
grown veg e ta bles has come un der in creased scru tiny in re cent years, 
since such prod ucts have been linked to a num ber of out  breaks of food
borne ill ness. Aside from the hu man safety fac tor, lev els of mi crobes as so
ci ated with a prod uct can de crease shelf life. The meth ods used in the 
pro duc tion of or ganic veg e ta bles are thought to have a neg a tive ef ect on 
the mi cro bial load of the com mod ity. Although a wide range of mi crobes 
are found to be as so ci ated with or gan i cally grown veg e ta bles, the num
bers are sim i lar to those as so ci ated with con ven tion ally grown veg e ta bles 
(Table 21.5). Therefore, the types of mi cro bial spoil age and shelf life are 
sim i lar for or gan i cally and con ven tion ally grown veg e ta bles.

Spoilage Microbiota
A va ri ety of mi cro or gan isms can cause spoil age of veg e ta bles. Yeasts, molds, 
and bac te ria cause spoil age of veg e ta bles; how ever, bac te ria are more fre
quently iso lated from ini tial spoil age de fects be cause bac te ria are  able to 
grow faster than yeasts or molds in most veg e ta bles and there fore have a 
com pet i tive ad van tage, par tic u larly at re frig er a tion tem per a tures.

Spoilage can be influ enced by the his tory of the land on which veg e
ta bles are grown. For ex am ple, re peated plant ing of one type of veg e ta ble 
on the same land over sev eral sea sons can lead to the ac cu mu la tion of 
plant path o gens in the soil and in creased po ten tial for spoil age. Soil can 
also be con tam i nated by flood wa ter or poorquality ir ri ga tion wa ter.

Virtually all  veg e ta bles re ceive at least some pro cess ing or han dling 
be fore they are con sumed. It is im por tant to re al ize that many com mon 
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pro cess ing steps in crease the like li hood of spoil age. In most cases, pro ces
sors of veg e ta bles, des tined to be sold as fresh pro duce, add chlo rine to 
wash wa ter to achieve a con cen tra tion of 5 to 250 mg/liter. Chlorine is 
an ef ec tive an ti mi cro bial agent. However, wash ing with chlo ri nated 
wa ter and other dis in fec tants has only a lim ited an ti mi cro bial ef ect on 
the micro biota of the pro duce. Many pro ces sors con sider wash ing fresh 
pro duce with chlo ri nated wa ter a dis in fec tion step, but this is not the real 
pur pose of the in clu sion of chlo rine. Rather, chlo rine is more ef ec tive in 
kill ing mi cro or gan isms in the wa ter and min i miz ing con tam i na tion of the 
veg e ta bles by the rinse wa ter.

Cutting, slic ing, chop ping, and mix ing are other im por tant pro cess ing 
steps for fresh veg e ta bles. These op er a tions are be com ing even more im
por tant as the de mand for readytoeat prod ucts in creases. The pro cesses 
can re sult in in creases in pop u la tions of mi cro or gan isms on fresh veg e ta
bles through the trans fer of mi cro or gan isms from the equip ment to the 
prod uct.

Storage, pack ag ing, MAP, and trans por ta tion are other im por tant 
pro cess ing steps that can in flu ence the de vel op ment of mi cro bi o log i cal 
spoil age of veg e ta bles. Most mod i fiedatmosphere tech niques in volve re
duc ing the con cen tra tion of ox y gen while in creas ing the con cen tra tion of 
car bon di ox ide. MAP func tions by re duc ing the res pi ra tion and se nes
cence pro cesses of fresh fruits and veg e ta bles, thereby de lay ing un de sir
able changes in sen sory qual ity. The re duc tion of se nes cence in pro duce 
usu ally re quires car bon di ox ide con cen tra tions of at least 5%; how ever, 
con cen tra tions in ex cess of 20% can be det ri men tal to food qual ity. In 
gen eral, aer o bic Gramnegative bac te ria are most sen si tive to car bon di ox
ide. Obligate and fac ul ta tive an aer o bic mi cro or gan isms are more re sis

Table 21.5 Levels of mesophilic and psychrotrophic bac te ria, yeasts, molds, lac tic acid bac te ria, and co li forms on veg e ta bles from 
con ven tional and or ganic grow ersa

Study and 
type of farm Coliforms

Escherichia 
coli Yeasts Molds

Psychrotrophic 
bac te ria

Mesophilic 
bac te ria

Hetero- 
fermentative

Homo- 
fermentative

Study 1

Conventional 2.75 NDb 5.18 3.54 5.84 5.76 5.10 4.80

Organic 2.97 ND 5.19 3.54 5.85 5.78 5.22 4.79

Study 2

Conventional 1.5 2.0 ND ND ND ND ND ND

Organic, 
cer ti fied

2.3 2.3 ND ND ND ND ND ND

Organic, 
non cer ti fied

2.3 2.4 ND ND ND ND ND ND

Study 3

Conventional 2.9

Organic, 
cer ti fied

2.9

Organic, 
non cer ti fied

2.9

aValues are in log CFU/gram.
bND, not de ter mined.
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tant. Likewise, molds are more sen si tive to car bon di ox ide than are 
fer men ta tive yeasts.

Mo re extensive pro cess ing tech niques, such as ther mal pro cess ing 
(can ning) and freez ing, have been used for years to pre serve veg e ta bles. 
Improper stor age tem per a tures are the pri mary cause of mi cro bi o log i cal 
spoil age of fro zen veg e ta bles. The microbiota in fro zen veg e ta bles is es sen
tially the same as in raw prod ucts. Therefore, the spoil age pat terns can be 
ex pected to be sim i lar to those of raw prod ucts if the prod ucts are not 
prop erly main tained in a fro zen state.

Preservation of veg e ta bles by can ning is ac com plished by plac ing the 
veg e ta bles in her met i cally sealed con tain ers and then heat ing them suf 
ciently to de stroy mi cro or gan isms. For most veg e ta bles, pro cess ing tem
per a tures ex ceed 120°C. This elim i na tes all  but the most heatresistant 
bac te rial spores. Consequently, spoil age of canned veg e ta bles is usu ally 
caused by ther mo philic sporeforming bac te ria un less the con tainer in
teg rity has been com pro mised in some way. Acidification with out  gas pro
duc tion is one of the most com mon types of spoil age ob served in canned 
veg e ta bles. This de fect, called flat sour, is caused by B. stearothermophilus 
or B. coagulans. The de fect or di nar ily oc curs when cans re ceive a mar gin
ally ad e quate ther mal treat ment or if they are stored at tem per a tures above 
40°C. Another type of spoil age seen with canned veg e ta bles is gas pro duc
tion and con se quent swell ing of cans. Swelling is caused by ther mo philic 
sporeforming an aer obes, such as Clostridium thermosaccharolyticum, 
which grow and pro duce large amounts of hy dro gen and car bon di ox ide. 
The pro duc tion of hy dro gen sul fide in some canned veg e ta bles can lead to 
a spoil age prob lem known as “sul fide stink er.” This type of spoil age usu ally 
oc curs in the ab sence of can swell ing.

Microbiological Spoilage of Fruits
Fresh fruits are sim i lar to veg e ta bles in that they usu ally have a high enough 
aw to sup port the growth of all  but the most xerophilic (grow ing best at low 
aw) or osmophilic (grow ing best at high aw) fungi. However, most fruits dif
fer from veg e ta bles in that they have a more acidic pH (<4.4), the ex cep tion 
be ing mel ons. Fruits also have a higher sugar con tent. In ad di tion, fruits 
usu ally pos sess more ef ec tive de fense mech a nisms, such as thicker epi
der mal tis sues and higher con cen tra tions of an ti mi cro bial or ganic ac ids.

Normal and Spoilage Microbiota
As with veg e ta bles, the nor mal microbiotas of fruits are var ied and in clude 
both bac te ria and fungi. The sources of mi cro or gan isms in clude all  those 
men tioned for veg e ta bles, such as air, soil, and in sects. Unlike that of veg e
 ta bles, how ever, spoil age of fruits is most of ten due to yeasts or molds, al
though bac te ria are also im por tant. Examples of bac te rial spoil age are 
Erwinia rots of pears or the pro duc tion of but ter milklike fla vors in or ange 
juice by lac tic acid bac te ria. Many of the same han dling and pro cess ing 
tech niques for fresh veg e ta bles also ap ply to fresh fruits. Fruits are usu ally 
washed or rinsed im me di ately af ter har vest and then are usu ally packed 
into ship ping car tons. The wash ing step can play an im por tant role in re
duc ing mi cro bial con tam i na tion by as much as 3 log CFU/g.

Freshly cut or min i mally pro cessed fruit prod ucts have be come in
creas ingly pop u lar in re cent years and will likely be come more pop u lar 
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due to their con ve nience. Both molds and yeasts have the abil ity to cause 
spoil age; the lat ter are more of ten as so ci ated with spoil age of cut fruits 
due to their abil ity to grow faster than molds. However, bac te ria also play 
a role in the spoil age of fruits.

Several types of fruit are dried to yield in ter me di atemoisture prod
ucts, which nor mally rely on low aw as the main mech a nism for pres er va
tion. Raisins and prunes, and usu ally dates and figs, are con sumed as 
dried fruit prod ucts. Dried ap ples, apri cots, and peaches are also pop u lar 
with con sum ers. Depending on the means by which fruits are de hy drated, 
mois ture lev els can range from <5 to 35%. In gen eral, most dried fruits 
have suf  ciently low aw to in hibit bac te rial growth. Spoilage is usu ally lim
ited to osmophilic yeasts or xerotolerant molds. Populations of yeasts and 
molds on dried fruit usu ally av er age <103 CFU/g. Yeasts nor mally as so ci
ated with spoil age of dried fruits in clude Zygosaccharomyces rouxii and 
Hanseniaspora, Candida, Debaryomyces, and Pichia spe cies. Molds ca pa ble 
of growth be low an aw of 0.85 in clude sev eral Penicillium and Aspergillus 
spe cies (es pe cially the Aspergillus restrictus se ries), Eurotium spp. (the As
pergillus glaucus se ries), and Wallemia sebi.

Fruit con cen trates, jel lies, jams, pre serves, and syr ups are re sis tant to 
spoil age due to their low aw. Unlike that of dried fruits, how ever, the re
duced aw of these prod ucts is achieved by add ing suf  cient sugar to achieve 
aw val ues of 0.82 to 0.94. In ad di tion to re duced aw, these prod ucts are also 
usu ally heated to tem per a tures of 60 to 82°C, which kills most xerotolerant 
fungi. Consequently, spoil age of these prod ucts usu ally oc curs when con
tain ers have been im prop erly sealed or af ter con sum ers open them.

Various heat treat ments are used to pre serve fruit prod ucts. Fruits gen
er ally re quire less se vere treat ment than veg e ta bles due to the en hanced 
le thal ity brought about by their acidic pH. Many canned fruits, whether 
halved, sliced, or diced, are pro cessed by heat ing the prod ucts to a can 
cen ter tem per a ture of 85 to 90°C. Some pro cessed fruit juices and nec
tars are rap idly heated to 93 to 110°C and then asep ti cally placed into 
con tain ers. In ei ther case, the pro cesses are suf  cient to kill most veg e
ta tive bac te ria, yeasts, and molds. However, sev eral gen era of molds 
pro duce heatresistant as co spores or scle ro tia. Molds typ i cally as so ci
ated with spoil age of ther mally pro cessed fruit prod ucts in clude Bysso
chlamys fulva, Byssochlamys nivea, Neosartorya fischeri, and Talaromyces 
flavus. Signs of spoil age for heatprocessed fruit prod ucts in clude vis i ble 
mold growth, ofodors, break down of fruit tex ture, or sol u bi li za tion of 
starch or pec tin in the sus pend ing me di um.

In re cent years, food mi cro bi ol o gists have be come aware that a thermo
tolerant sporeforming bac te rium, Alicyclobacillus acidoterrestris, can be a 
prob lem in pas teur ized juices. This bac te rium is suf  ciently acid and heat 
tol er ant to sur vive the pas teur i za tion con di tions that kill most other bac te
ria. A. acidoterrestris pro duces 2methoxyphenol (guaiacol), which im parts 
a med i cinelike or phe no lic offlavor to sev eral types of juices, most no ta
bly ap ple and or ange juic es.

Microbiological Spoilage of Grains and Grain Products
Although grains are sim i lar to fruits and veg e ta bles in that they are of 
plant or i gin, they dif er in many ways. Unlike fruits and veg e ta bles, grains 
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are typ i cally thought of as pri mar ily ag ro nomic or field crops rather than 
hor ti cul tural crops. Grains des tined for hu man food are ground into flour 
or meal for bak ery or pasta prod ucts or fur ther pro cessed into snacks or 
break fast ce re als. The fi nal prod ucts, ex cept doughs, of ten have aw val ues 
of <0.65, be low which most mi cro or gan isms can not grow.

Natural Microbiota
Grains and grain prod ucts nor mally con tain sev eral gen era of bac te ria, 
molds, and yeasts. The spe cific spe cies de pend on the con di tions en coun
tered dur ing pro duc tion, har vest ing, stor age, and pro cess ing. Although 
the low aw of grains and grain prod ucts might lead one to be lieve that 
fungi, es pe cially molds, are the pre dom i nant mem bers of the nat u ral 
microbiota, this is not al ways the case. Indeed, de pend ing on the stor age 
con di tions, type of grain, and mois ture con tent, bac te rial lev els may far ex
ceed mold pop u la tions. Of the many dif er ent types of mi cro or gan isms 
pres ent on grains, only a few in vade the ker nel it self. Molds such as Alter
naria, Fusarium, Helminthosporium, and Cladosporium are pri mar ily re
spon si ble for in vad ing wheat in the field. However, in fec tion by these 
molds is min i mal and does lit tle dam age un less the grains are al lowed to 
be come too moist.

Effects of Processing
Grains in tended for hu man con sump tion are rarely used in their na tive 
state; they un dergo var i ous pro cess ing treat ments. Each step in the pre
treat ment and mill ing op er a tions re duces pop u la tions of mi cro or gan isms 
so that the flours usu ally con tain smaller pop u la tions than the grains 
from which they are made. Aside from fewer mi cro or gan isms be ing pres
ent in flour, the pro file of the microbiota in milled grains is sim i lar to that 
of whole grains. The fi nal pro cess ing step, to which most grain prod ucts, 
spe cifi  cally flours, are sub jected, is the ad di tion of liq uids (e.g., wa ter 
or milk) and other in gre di ents to pro duce doughs.

Types of Spoilage
Properly dried and stored grains and grain prod ucts are in her ently re sis
tant to spoil age due to their low aw. However, de spite at tempts to pro tect 
grains from the up take of wa ter dur ing stor age, the aw can in crease to a 
level that en ables xerotolerant molds to grow. Moreover, it should be kept in 
mind that re duced aw of ten only slows the growth of fungi and that spoil
age does ul ti mately oc cur given enough time. A sub tle change in tem per a
ture in large bulk quan ti ties of grains can cause con den sa tion to de velop in 
some ar eas, in creas ing mois ture lev els suf  ciently to al low mold growth. 
In such cases, molds such as Aspergillus and Eurotium spp. and W. sebi may 
grow and cause spoil age. Molds are the pri mary spoil age mi cro or gan isms 
in grains due to their abil ity to grow at re duced aw. The pri mary con cern 
with mold spoil age is the po ten tial pro duc tion of my co tox ins. Molds can 
also cause ad verse changes in the color, fla vor, and aroma of grain prod ucts 
due to the pro duc tion of ar o matic vol a tile com pounds. The pro duc tion of 
vol a tile me tab o lites de pends more on the fun gal spe cies than on the grain 
type. Another im por tant ad verse ef ect of mold growth on grains is an in
crease in the free fatty acid value (FAV). Increases in the FAV can re sult 
from fun gal li pase ac tiv ity. Because some of these li pases are heat sta ble, 
the FAV is some times used as an in di ca tion of fun gal spoil age of grains.
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Most grainbased foods re ceive some type of heat treat ment be fore they 
are eaten. These treat ments are usu ally suf  cient to in ac ti vate all  but the 
most heatresistant mi cro or gan isms. However, de vel op ment of a spoil age 
con di tion known as rop i ness, caused by the ger mi na tion of spores of B. 
subtilis or B. licheniformis, and a de fect re ferred to as bloody bread, re sult ing 
from the growth of the redpigmented bac te rium Serratia marcescens, may 
oc cur, al beit rarely, in com mer cially pro duced breads.

Summary

•  Pseudomonas spp. are in volved in spoil age of dairy, meat, poul try, and pro duce.

•  Attachment of bac te ria to mus cle tis sue is a two-step pro cess.

•  Processing equip ment can be a ma jor source of spoil age mi cro or gan isms.

•  Good manufactur ing prac tices are es sen tial in lim it ing pop u la tions of spoil age mi cro or gan isms as so ci ated with 
raw ma te ri als and the fin ished prod uct, thereby ex tend ing shelf life.

•  Control of tem per a ture is crit i cal to pre vent spoil age and ex tend shelf life.

•  Proteolytic spoil age oc curs prior to li po lytic spoil age.

•  Food com po si tion (per cent ad i pose, car bo hy drate, and pro tein) in flu ences mi cro bial growth and ul ti mately 
spoil age.

•  Growth of one type of mi cro or gan ism may in flu ence the growth of other mi cro or gan isms and re sult in spoil age.

•  The shelf lives of prod ucts vary widely de pend ing on com po si tion and pro cess ing (Table 21.1).
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Questions for crit i cal thought
 1.  The shelf life of a prod uct is dic tated by a num ber of fac tors. Explain why milk has a

shelf life of only 7 days, whereas but ter has a shelf life of >1 month.

 2.  The microbiotas of fish de pend on the tem per a ture of the wa ters from which the fish
are har vested. What types of mi cro or gan isms might be ex pected to be as so ci ated
with fish har vested from tem per ate wa ters? From trop i cal wa ters? What other fac tors
in flu ence the spoil age of fish?

 3.  Raw milk is pro tected from spoil age by at least three in trin sic sys tems. Name the
three sys tems and the ba ses on which they in hibit spoil age.

 4.  Chemical sanitizer is of ten added to wa ter used to rinse veg e ta bles. How does the
type of sanitizer in flu ence con trol of bac te ria in the pro cess wa ter and on the mi cro
bial load of the treated prod uct?
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  5.  Milk is pas teur ized to elim i nate foodborne path o gens and im prove shelf life. Based 
on in for ma tion con tained in this chap ter and out  side read ing, how do the meth ods 
of pas teur i za tion dif er? Are all  meth ods equal with re spect to types and pop u la
tions of bac te ria that are in ac ti vated? Explain.

  6.  The aws of many prod ucts de ter mine how re sis tant to spoil age the prod ucts are. 
Explain how aw af ects spoil age.

  7.  Why is it likely that a prod uct will un dergo pro teo lytic spoil age be fore li po lytic 
spoil age?

  8.  What com mod i ties are more likely to be spoiled by yeast and molds rather than by 
bac te ria?

  9.  What is the cause of the ran cid de fect in but ter? How does the spoil age of rip ened
cream but ter dif er from that of sweetcream but ter?

  10.  Irradiation is ap proved for use on leaf spin ach and ice berg let tuce. Why would or
ganic grow ers/sellers be op posed to the use of ir ra di a tion if it im proved shelf life? 
Comment on the use of ir ra di a tion to en hance the mi cro bi o log i cal safety of meats.

  11.  Alicyclobacillus acidoterrestris is a sig nifi  cant con cern in shelfsta ble fruit juices. 
Based on your knowl edge and search of the lit er a ture, in di cate five meth ods that 
could be used to con trol the mi crobe.

  12.  Bacterial growth on a prod uct can re sult in or gan o lep tic changes. Changes in clude 
the de vel op ment of ofodor and slime. What com pounds would con trib ute to of
odor? Where is the slime com ing from and why?

  13.  How does spoil age dif er be tween cli mac teric and nonclimacteric fruits? What is 
se nes cence, and how can it be con trolled?

  14.  Production (farm ing prac tices) meth ods for con ven tional and or ganic veg e ta bles 
dif er. What fac tors may result in dif er ences in mi cro bial load of or gan i cally grown and 
con ven tion ally grown veg e ta bles? Would meth ods de signed to re duce the mi cro bial 
load on or gan i cally grown veg e ta bles be ef ec tive in re duc ing the mi cro bial load of 
con ven tion ally grown veg e ta bles? Explain.

  15.  Bonus ques tion: Is spa ghetti sauce that has mold grow ing on its sur face con sid ered 
spoiled? Is it safe to eat? If mold is grow ing only on the sur face, can it be re moved 
and the re main ing vol ume con sumed?
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INTRODUCTION
We have known for cen tu ries that eat ing cer tain mush rooms can cause 
ill ness or even be fa tal. That some com mon food spoil age molds cause dis
ease and death is a newer re al i za tion. Indeed, in 1940, a Penicillium spe cies 
was iden ti fied as the source of tox ic ity in “yel low” rice in Japan. Mycotoxins 
came to the at ten tion of sci en tists in the Western world in the early 1960s 
with the out  break of tur key “X” dis ease in En gland. This dis ease killed 
about 100,000 tur keys and other farm an i mals. The cause of the dis ease 
was traced to pea nut meal in the feed, which was heavily con tam i nated 
with Aspergillus flavus. Analysis of the feed re vealed that a group of fluo res
cent com pounds, later named afl a tox ins, were re spon si ble for the out  break. 
Aflatoxins also killed large num bers of duck lings in Kenya and caused 
hep a toma in hatch eryreared trout in Cal i for nia. International reg u la tions 
and guid ance have been es tab lished for my co tox ins in foods and feeds to 
limit or pre vent hu man and live stock ill ness (Table 22.1). This chap ter 
fo cuses on molds that are com monly as so ci ated with the spoil age of foods.

ISOLATION, ENUMERATION, AND IDENTIFICATION
Bacteria grow much faster than molds and are of ten found in con tam i
nated sam ples. Therefore, me dia for the enu mer a tion of fungi con tain 
an ti bac te rial com pounds and com pounds to in hibit mold col ony spread
ing, such as dichloranrose bengalchloramphenicol agar or dichloran–18% 
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glyc erol agar. Czapek agar, a de fined me dium based on min eral salts, or 
a de riv a tive such as Czapek yeast ex tract agar and malt ex tract agar are 
used for the iden ti fi ca tion of Aspergillus spe cies from foods. Growth on 
Czapek yeast ex tract–20% su crose agar can also be a use ful aid in iden
ti fy ing spe cies of Aspergillus. The most eff ec tive me dium for rapid de
tec tion of aflatoxigenic molds is A. flavus and Aspergillus parasiticus agar. 
Under in cu ba tion at 30°C for 42 to 48 h, A. flavus and A. parasiticus pro
duce a bright or angeyellow col ony re verse (the sur face of the col ony has 
a dis tinct color code, while the re verse [in side] has a diff er ent color code), 
which is di ag nos tic and read ily rec og nized. The struc tures of Aspergillus 
are shown in Fig. 22.1.

Unlike Penicillium spe cies, Aspergillus spe cies are con ve niently “color 
cod ed,” and the color of the co nid ia (non mo tile spores) serves as a very use ful 
start ing point in iden ti fi ca tion. The mi cro scopic mor phol ogy is also im por

Table 22.1 International reg u la tions and guid ance on my co tox ins in food and feeda

Country, re gion, or en ti ty Mycotoxin(s) Food or feed Action lev el

United States Patulin Apple juice, ap ple juice con cen trate, ap ple juice prod ucts 50 ppb

Fumonisins B1, B2,  
and B3

Popcorn 4 ppmb

Dry-milled corn bran 4 ppm

Poultry be ing pro cessed for slaugh ter 100 ppb

Aflatoxins B1, B2, G1,  
and G2

Foods 20 ppb

Peanuts, pea nut prod ucts 20 ppb

Bra zil nuts, pis ta chio nuts 20 ppb

Aflatoxin M1 Milk 0.5 ppb

Aflatoxins B1, B2, G1,  
and G2

Corn and pea nut prod ucts in tended for:

Finishing beef cat tle 300 ppb

Finishing swine ≥100 lb 200 ppb

Eu ro pean Union Patulin Apple juice and other foods de rived from ap ples 50 ppb

Aflatoxin B1 Spices (nut meg, gin ger, and tur mer ic) 5 ppb

Aflatoxins B1, B2, G1,  
and G2

Spices (nut meg, gin ger, and tur mer ic) 10 ppb

Aflatoxin B1 Groundnuts, nuts, dried fruit in tended for di rect 
con sump tion

2 ppb

Cereals and pro cessed prod ucts there of prod ucts 2 ppb

Aflatoxin M1 Milk 0.05 ppb

Ochratoxin A Raw ce real grains 5 ppb

Dried vine fruit (cur rents, rai sins) 10 ppb

Zearalenone Breads, pas tries, bis cuits, break fast ce re als 50 ppb

Codex Alimentarius 
Commission

Patulin Apple juice and ap ple juice in gre di ents in other 
bev er ag es

50 ppb

Aflatoxins B1, B2, G1,  
and G2

Peanuts in tended for fur ther pro cess ing 15 ppb

Aflatoxin M1 Milk 0.5 ppb

appm, parts per mil li on.
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tant in iden ti fi ca tion. Phialides (cells pro duc ing co nidia) may be pro duced 
di rectly from the swol len apex (ves i cle) of long stalks (sti pes), or there may 
be an in ter me di ate row of sup port ing cells (metulae). Correct iden ti fi ca tion 
of Aspergillus spe cies is an es sen tial pre req ui site to as sess ing the po ten tial 
for my co toxin con tam i na tion in a com mod ity, food, or feed stuff.

Ge ne ral enu mer a tion pro ce dures suit able for foodborne molds are 
eff ec tive for enu mer at ing all  com mon Penicillium spe cies. Many an ti bac
te rial me dia give sat is fac tory re sults. However, some Penicillium spe cies 
grow rather weakly on very di lute me dia, such as po tato dex trose agar. 
Therefore, dichloranrose bengalchloramphenicol and dichloran–18% 
glyc erol agars are rec om mend ed.

Identification of Penicillium iso lates to the spe cies level is not easy 
and is pref er a bly car ried out  un der care fully stan dard ized con di tions of 
me dium, in cu ba tion time, and tem per a ture. In ad di tion to the mi cro
scopic mor phol ogy, gross phys i o log i cal fea tures, in clud ing col ony di am e
ters and the col ors of co nidia and col ony pig ments, are used to dis tin guish 
spe cies. A se lec tive me dium, dichloranrose bengalyeast ex tractsucrose 
agar, is used for the enu mer a tion of Penicillium verrucosum and Penicil-
lium viridicatum. P. verrucosum pro duces a vi o letbrown re verse col or a
tion on this agar. Figure 22.2 shows pen i cil lia of Penicillium.

Fusarium spe cies are most of ten as so ci ated with ce real grains; seeds; 
milled ce real prod ucts, such as flour and corn meal; bar ley malt; an i mal 
feeds; and dead plant tis sue. To iso late Fusarium spe cies from these prod
ucts, it is nec es sary to use se lec tive me dia. The ba sic tech niques for the 

Figure 22.1

Aspergillus fungi. (Left) Colonies of A. fumigatus on potato dextrose agar showing typical 
bluegreen surface pigmentation with a suedelike surface consisting of a dense felt of 
condiophores. (Center) Conidiophores of A. fumigatus are columnar (up to 400 × 50 μm) 
but may be shorter and are uniseriate. The vesicle is conical shaped and sports a singe 
row of phialides on the upper two thirds. Conidia are produced in basipetal succession 
with long chains and are globose to subglobose. (Right) Biseriate head of A. flavus.

Figure 22.2

Penicillium fungi. (Left) Two condiphores 
of Penicillium frequentants; (Center) 
Penicillium chrysogenum; (Right) Penicillium 
mul ti col or condiphores, the dis tal end of 
which pro duces the asex ual spores, known 
as co nidia, through a pro cess of bud ding.
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de tec tion and iso la tion of Fusarium em ploy plat ing tech niques, ei ther plate 
counts of se rial di lu tions of prod ucts or the place ment of seeds or ker nels 
of grain di rectly on the sur face of agar me dium in pe tri dishes, i.e., di rect 
plat ing. Since many Fusarium spe cies are plant path o gens and are found 
in fields where crops are grown, these molds re spond to light. Growth, 
pig men ta tion, and spore pro duc tion are most typ i cal when cul tures are 
grown in al ter nat ing light and dark cy cles of 12 h each. Fluorescent light or 
diff use sun light from a north win dow is best. Fluctuating tem per a tures, 
such as 25°C (day) and 20°C (night), also en hance growth and spor u la tion.

Several cul ture me dia have been used to de tect and iso late Fusarium 
spe cies. These in clude NashSnyder me dium, mod i fied Czapek Dox 
agar, Czapek iprodionedichloran (CZID) agar, po tato dex troseiprodione
dichloran agar, and dichloranchloramphenicolpeptone agar. NashSnyder 
me dium and mod i fied Czapek Dox agar con tain pentachloronitroben
zene, a known car cin o gen, and are not fa vored for rou tine use in food mi
cro bi ol ogy lab o ra to ries. However, these me dia can be use ful for eval u at ing 
sam ples that are heavily con tam i nated with bac te ria and other fungi. The 
most com monly used me dium for iso lat ing Fusarium from foods is CZID 
agar, but rapid iden ti fi ca tion of Fusarium iso lates to the spe cies level is 
dif  cult, if not im pos si ble, on this me dium. Isolates must be sub cul tured 
on other me dia, such as car na tion leaf agar (CLA), for iden ti fi ca tion. How
ever, CZID agar is a good se lec tive me dium for Fusarium. Most molds are 
in hib ited on CZID agar, and Fusarium spe cies can be read ily dis tin guished.

Identification of Fusarium spe cies is based largely on the pro duc tion 
and mor phol ogy of macroconidia and microconidia (Fig. 22.3). Fusar-
ium spe cies do not read ily form co nidia on all  cul ture me dia, and co
nidia formed on highcarbohydrate me dia, such as po tato dex trose agar, 
are of ten more var i able and less typ i cal. CLA is a me dium that sup ports 
abun dant and con sis tent spore pro duc tion. Carnation leaves from ac
tively grow ing, dis bud ded young car na tion plants free of pes ti cide res i
dues are cut into small pieces (5 mm2), dried in an oven at 45 to 55°C for 
2 h, and ster il ized by ir ra di a tion. CLA is pre pared by plac ing a few pieces 
of car na tion leaf on the sur face of 2.0% wa ter agar. Fusarium iso lates are 
then in oc u lated onto the agar and leaf in ter face, where they form abun

Figure 22.3

Examples of ul tra struc tural mor phol ogy ex hib ited by Fusarium spe cies. (Left) Fusarium oxysporum bearing 
micro conidia on short monophialides. A few macroconidia are also present. (Center) Fusarium spe cies sep tate 
fil a men tous hy phae and the flo ral ar range ment of the fu si formshaped macroconidia. (Right) Macroconidia of 
Fusarium dimerum. Note that conidia are twocelled and that the septum is in the middle.
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dant and typ i cal co nidia and co nid i o phores in sporodochia (Fig. 22.3). 
CLA is low in car bo hy drates and rich in other com plex, nat u rally oc cur
ring sub stances that ap par ently stim u late spore pro duc tion.

ASPERGILLUS SPECIES
Aspergillus was first de scribed nearly 300 years ago and is an im por tant 
ge nus in foods. Although a few spe cies have been used to make food 
(e.g., Aspergillus oryzae in soy sauce man u fac ture), most Aspergillus spe
cies oc cur in foods as spoil age or bio de te ri o ra tion fungi. They are ex
tremely com mon in stored com mod i ties, such as grains, nuts, and spices, 
and oc cur more fre quently in trop i cal and sub trop i cal than in tem per ate 
cli ma tes. The ge nus Aspergillus con tains sev eral spe cies ca pa ble of pro
duc ing my co tox ins, al though the my co toxin lit er a ture of the past 35 years 
has been dom i nated by pa pers on afl a tox ins. Since foods con tain many 
tox inproducing Aspergillus spe cies, it is im por tant to iden tify them and 
de ter mine if they can pro duce toxin in a par tic u lar food. Estimates of di
e tary in take of afl a tox ins for se lect coun tries are listed in Table 22.2.

The ge nus Aspergillus is large, con tain ing >100 rec og nized spe cies, 
most of which grow well in lab o ra tory cul ture. Within the ge nus Asper-
gillus, spe cies are grouped into six subgenera that are sub di vided into 
sec tions. There are a num ber of teleomorphic (sex ual sporeproducing) 
gen era that have Aspergillus co nid ial states (anamorphs, i.e., asex ual 
states or stages), but the only two of real im por tance in foods are the 
 xerophilic (grow ing at low wa ter ac tiv ity [aw]) Eurotium and Neosartorya 
spe cies. They pro duce heatresistant as co spores and cause spoil age in 
heatprocessed foods, mainly fruit prod ucts. The most widely used tax
on omy for Aspergillus is based on tra di tional mor pho log i cal tax o nomic 
tech niques. However, chem i cal tech niques, such as iso en zyme pat terns, 
sec ond ary me tab o lites, and ubi qui none sys tems, and mo lec u lar tech
niques have been used to clar ify re la tion ships within the ge nus.

Almost 50 Aspergillus spe cies can pro duce toxic me tab o lites, but the As-
pergillus my co tox ins (Table 22.1) of great est sig nifi  cance in foods and feeds 
are afl a tox ins (pro duced by A. flavus, A. parasiticus, and Aspergillus no-
mius); ochratoxin A from Aspergillus ochraceus and re lated spe cies and from 

Table 22.2 Estimates of di e tary in take of af a tox ins, zearalenone, and patulin in 
se lected coun tries

Mycotoxin(s) Country Population
Exposure es ti ma tes 
(ng/kg bw/day)a

Aflatoxin France Children 0.323–0.89

Japan Children 0.006–0.007

Spain Infants 0.08–37.47

Zearalenone France Children 42–84

Can a da Not avail  able 50–100

Spain Children 2–17

Patulin France Children 29–106

Swe den Children 5–24

Spain Children 155

ang/kg bw/day, nano grams/kilogram body weight/day.
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Aspergillus carbonarius and oc ca sion ally Aspergillus niger; sterigmatocystin, 
pro duced pri mar ily by Aspergillus versicolor but also by Emericella spe cies; 
and cyclopiazonic acid (A. flavus is the pri mary source, but it is also 
re ported to be pro duced by Aspergillus tamarii). Tremorgenic (i.e., pro duc ing 
in vol un tary trem bling of the body) tox ins are pro duced by Aspergillus ter-
reus (territrems), Aspergillus fumigatus (fumitremorgins), and Aspergillus 
clavatus (tryptoquivaline). Citrinin, patulin, and penicillic acid may also be 
pro duced by cer tain Aspergillus spe cies. Appropriate tem per a ture and aw 
must ex ist for pro duc tion of afl a tox ins (Table 22.3).

Aspergillus spe cies pro duce tox ins that ex hibit a wide range of tox ic i
ties and cause sig nifi  cant longterm eff ects. Aflatoxin B1 is per haps the 
most po tent liver car cin o gen known for a wide range of an i mal spe cies, 
in clud ing hu mans. Both ochratoxin A and ci tri nin aff ect kid ney func
tion. Cyclopiazonic acid has a wide range of eff ects. Tremorgenic tox ins, 

Table 22.3 Optimal con di tions for my co toxin pro duc tion

Mycotoxin Species Temp (°C) aw

Aflatoxin Aspergillus flavus, A. parasiticus 33 0.99

Ochratoxin Aspergillus ochraceus 30 0.98

Aspergillus carbonarius 15–20 0.85–0.90

Penicillium verrucosum 25 0.90–0.98

Fumonisin Fusarium verticillioides, F. proliferatum 10–30 0.93

Patulin Penicillium expansum 0–25 0.95–0.99

Table 22.4 Significant my co tox ins pro duced by Aspergillus spe cies and their toxic 
ef ects

Mycotoxin(s) Species Toxicity

Aflatoxins B1 and B2 A. flavus, A. parasiticus, 
A. nomius

Cause acute liver dam age and 
cir rho sis; car ci no genic (liver), 
ter a to genic, 
im mu no sup pres sive

Aflatoxins G1 and G2 A. parasiticus, 
A. nomius

Effects sim i lar to B afl a tox ins; 
G1 tox ic ity is less than that of B1 
but greater than that of B2

Cyclopiazonic ac id A. flavus, A. tamarii Degeneration and ne cro sis of 
var i ous or gans, tremorgenic, 
low oral tox ic i ty

Ochratoxin A A. ochraceus and 
re lated spe cies, A. 
carbonarius, A. niger 
(oc ca sion al)

Causes kid ney ne cro sis 
(es pe cially in pigs); ter a to-
genic, im mu no sup pres sive, 
prob a bly car ci no gen ic

Sterigmatocystin A. versicolor,  
Emericella spp.

Causes acute liver and kid ney 
dam age; car ci no genic (liv er)

Fumitremorgins A. fu mi gates Tremorgenic (rats and mice)

Territrems A. terreus Tremorgenic (rats and mice)

Tryptoquivalines A. clavatus Tremorgenic

Cytochalasins A. clavatus Cytotoxic

Echinulins Eurotium chevalieri, 
Eurotium amstelodami

Feed re fusal (pigs)
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such as territrems, aff ect the cen tral ner vous sys tem. Table 22.4 lists the 
most sig nifi  cant tox ins pro duced by Aspergillus spe cies and their toxic 
eff ects.

A. flavus and A. parasiticus
Undoubtedly, the most im por tant group of toxi genic as per gilli are the
aflatoxigenic molds, A. flavus, A. parasiticus, and the re cently de scribed
but much less com mon spe cies A. nomius, all  of which are clas si fied in
Aspergillus sec tion Flavi. Although these three spe cies are closely re lated
and show many sim i lar i ties, many char ac ter is tics may be used in their
diff er en ti a tion (Table 22.5). The tox ins pro duced by these three spe cies
are spe cies spe cific. A. flavus can pro duce afl a tox ins B1 and B2 and cyclo
piazonic acid, but only some iso lates are toxi genic. A. parasiticus pro
duces afl a tox ins B1, B2, G1, and G2 but not cyclopiazonic acid, and al most 
all  iso lates are toxi genic. A. nomius is mor pho log i cally sim i lar to A. fla-
vus, but like A. parasiticus, it pro duces B and G afl a tox ins with out  cyclo
piazonic acid. Because this spe cies ap pears to be un com mon, it has 
been lit tle stud ied. The po ten tial toxi ge nic i ties of iso lates are not known, 
and the prac ti cal im por tance of the spe cies is hard to as sess. A. oryzae 
and Aspergillus sojae are re lated to A. flavus and A. parasiticus and are 
used to make fer mented foods, but they do not pro duce tox ins. A. tama-
rii pro duces afl a toxin B and cyclopiazonic acid. Obviously, ac cu rate dif
fer en ti a tion of re lated spe cies within the sec tion Flavi is im por tant in 
or der to de ter mine the po ten tial for toxin pro duc tion and the types of 
tox ins likely to be pres ent.

Detection and Identification
A. flavus and A. parasiticus are eas ily dis tin guished from other Aspergillus
spe cies by us ing ap pro pri ate me dia and meth ods. The tex ture of the co nid
ial walls is a re li able diff er en ti at ing fea ture: co nidia of A. flavus are usu ally
smooth to finely rough ened, while those of A. parasiticus are clearly rough
when ob served un der an oil im mer sion lens. The com bi na tions of char
ac ter is tics most use ful in diff er en ti at ing among the three aflatoxigenic 
spe cies are sum ma rized in Table 22.5.

Afatoxins
Aflatoxins are difuranocoumarin de riv a tives. Aflatoxins B1, B2, G1, and 
G2 are pro duced in na ture by the molds dis cussed above. The let ters B 
and G re fer to the fluo res cent col ors (blue and green, re spec tively) 
 ob served un der longwave ul tra vi o let (UV) light, and the sub scripts 1 
and 2 re fer to their sep a ra tion pat terns on thinlayer chro ma tog ra phy 

Table 22.5 Distinguishing fea tures of A. flavus, A. parasiticus, and A. nomius

Species Toxins Conidia Sclerotia

A. flavus Aflatoxins B1 and B2, 
cyclopiazonic ac id

Smooth to mod er-
ately rough ened, 
var i able in size

Large, glo bose

A. parasiticus Aflatoxins B and G Conspicuously 
rough ened, lit tle 
var i a tion in size

Large, glo bose

A. nomius Aflatoxins B and G Similar to A. flavus 
(bul let shaped)

Small, 
elon gat ed
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plates. Aflatoxins M1 and M2 are pro duced from their re spec tive B afl a
tox ins by hy drox yl ation in lac tat ing an i mals and are ex creted in milk at 
a rate of ∼1.5% of in gested B afl a tox ins.

Aflatoxins are syn the sized through the poly ke tide path way, be gin
ning with con den sa tion of an ace tyl unit with two malonyl units and 
the loss of car bon di ox ide. Intermediate steps re sult in the for ma tion 
of norsolorinic acid. Norsolorinic acid un der goes sev eral met a bolic 
con ver sions to form afl a toxin B1. G group afl a tox ins are formed from 
the same sub strate as B group afl a tox ins, namely, Omethylsterigmato
cystin, but by an in de pen dent path way. Most of the genes in volved in the 
bio syn the sis of afl a tox ins are con tained within a sin gle gene clus ter in 
the ge nomes of A. flavus and A. parasiticus, and their reg u la tion and ex
pres sion are now rel a tively well un der stood.

Toxicity. Aflatoxins are both acutely and chron i cally toxic in an i mals 
and hu mans, pro duc ing acute liver dam age, liver cir rho sis, and tu mor 
in duc tion. Even more im por tant to hu man health are the im mu no sup
pres sive eff ects of afl a tox ins, ei ther alone or in com bi na tion with other 
my co tox ins. Immunosuppression can in crease sus cep ti bil ity to in fec
tious dis eases, par tic u larly in pop u la tions where afl a toxin in ges tion is 
chron ic (con tin u ous), and can in ter fere with the pro duc tion of an ti bod ies 
in re sponse to im mu ni za tion in an i mals, and per haps also in chil dren.

Acute aflatoxicosis in hu mans is rare; how ever, sev eral out  breaks 
have been re ported. In 1967, 26 peo ple in two farm ing com mu ni ties in 
Tai wan be came ill with ap par ent food poi son ing. Nineteen were chil
dren, three of whom died. Although post mor tems were not per formed, 
rice from the aff ected house holds con tained ∼200 µg of afl a toxin B1/kg, 
which was prob a bly re spon si ble for the out  break. An out  break of hep a ti
tis in In dia in 1974 that aff ected 400 peo ple, 100 of whom died, was al
most cer tainly caused by afl a tox ins. The out  break was traced to corn 
heavily con tam i nated with A. flavus and con tain ing up to 15 mg of afl a
tox ins per kg. It was cal cu lated that the aff ected adults may have con
sumed 2 to 6 mg on a sin gle day, im ply ing that the acute le thal dose for 
adult hu mans is on the or der of 10 mg. The deaths of 13 Chi nese chil
dren in the north west ern Ma lay sian state of Pe rak were re port edly due 
to in ges tion of con tam i nated noo dles. Aflatoxins were con firmed in 
post mor tem tis sue sam ples. A case of sys temic as per gil lo sis caused by 
an afl a tox inproducing strain of A. flavus, in which afl a tox ins B1, B2, 
and M1 were de tected in lung le sions and were con sid ered to have 
played a role in dam ag ing the im mune sys tem of the pa tient, has been 
re ported. A se vere out  break of aflatoxicoses oc curred in Kenya in 2002. 
More than half of the maize sam ples (maize flour and maize grains) had 
afl a toxin B1 lev els of >20 parts per bil lion (ppb). Nearly 12% had afl a toxin 
lev els of >1,000 ppb (range, 20 to 8,000 ppb). A to tal of 317 cases were re
ported, with 125 deaths.

The great est di rect im pact of afl a tox ins on hu man health is their po
ten tial to in duce liver can cer. Human liver can cer has a high in ci dence in 
cen tral Af rica and parts of Southeast Asia. Studies in sev eral Af ri can 
coun tries and Thai land have shown a cor re la tion be tween afl a toxin in
take and the oc cur rence of pri mary liver can cer. No such cor re la tion could 
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be dem on strated for pop u la tions in ru ral ar eas of the United States, de
spite the oc cur rence of afl a tox ins in corn. However, ev i dence sup ports 
the hy poth e sis that high afl a toxin in takes are caus ally re lated to high in
ci dences of can cer, even in the ab sence of hep a ti tis B. In an i mals, afl a tox
ins cause var i ous syn dromes, in clud ing can cer of the liver, co lon, and 
kid neys. Regular lowlevel in take of afl a tox ins can lead to poor feed con
ver sion, low weight gain, and poor milk yields in cat tle.

Mechanism of action. Aflatoxin B1 is me tab o lized in the liver, lead ing to 
the for ma tion of highly re ac tive in ter me di ates, one of which is 2,3 
epoxyaflatoxin B1. Binding of these re ac tive in ter me di ates to DNA re sults 
in dis rup tion of tran scrip tion and ab nor mal cell pro lif er a tion, lead ing to 
mu ta gen e sis or car ci no gen e sis. Aflatoxins also in hibit ox y gen up take in 
the tis sues by act ing on the elec tron trans port chain and in hib it ing var
i ous en zymes, re sult ing in de creased pro duc tion of aden o sine tri phos
phate (ATP).

Toxin detection. Mycotoxins can be de tected by chem i cal or bi o log i cal 
meth ods. Chemical de ter mi na tion of afl a tox ins has be come fairly stan
dard ized. Samples are ex tracted with or ganic sol vents, such as chlo ro form 
or meth a nol, in com bi na tion with small amounts of wa ter. The rep re sen
ta tive sam ple size(s) de pends on the par ti cle size; there fore, a 500g sam
ple is ac cept able for oils or milk pow der, but 3 kg of flour or pea nut but ter 
is nec es sary. Extracts can be fur ther cleaned up by pas sage through a 
sil ica gel col umn, con cen trated, and then sep a rated by thinlayer chro ma
tog ra phy or highperformance liq uid chro ma tog ra phy. Following thin
layer chro ma tog ra phy, afl a tox ins are vi su al ized un der UV light and 
quan ti fied by vi sual com par i son with known con cen tra tions of stan dards. 
Highperformance liq uid chro ma tog ra phy with de tec tion by UV light or 
ab sorp tion spec trom e try pro vi des a more read ily quan ti fi able (al though 
not nec es sar ily more ac cu rate or sen si tive) tech nique.

Immunoassay tech niques, in clud ing en zymelinked im mu no sor bent 
as says and dip stick tests, for afl a toxin de tec tion have been de vel oped. 
These kits are com mer cially avail  able. Immunoafnity and fluo ri met ric 
de tec tion have been com bined in de vel op ing bio sen sors  able to de tect af
la toxin down to 50 µg/kg in as lit tle as 2 min. The PCR has been ap plied 
to de tect the pres ence of aflatoxigenic fungi in foods, tar get ing afl a toxin 
bio syn thetic genes.

Occurrence of aflatoxigenic molds and aflatoxins. While A. flavus is widely 
dis trib uted in na ture, A. parasiticus is less wide spread. The ac tual ex tent 
of A. parasiticus oc cur rence in na ture is likely greater than re ported, since 
both spe cies are re ported in dis crim i nately as A. flavus. A. flavus and A. 
parasiticus have a strong af n ity for nuts and oil seeds. Corn, pea nuts, and 
cot ton seed are the most im por tant crops in vaded by these molds, and in 
many in stances, in va sion takes place be fore har vest, not dur ing stor age as 
was once be lieved (Fig. 22.4). Peanuts are in vaded while still in the ground 
if the crop suff ers drought stress or re lated fac tors. In corn, in sect dam age 
to de vel op ing ker nels al lows the en try of aflatoxigenic molds, but in va sion 
can also oc cur through the silks of de vel op ing ears. Cottonseeds are in
vaded through the nec tar ies.
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Significant amounts of afl a tox ins can oc cur in pea nuts, corn, and 
other nuts and oil seeds, par tic u larly in some trop i cal coun tries, where 
crops may be grown un der mar ginal con di tions and where dry ing and 
stor age fa cil i ties are lim ited. A. flavus grows well on ce re als and spices, 
but afl a toxin pro duc tion in these com mod i ties can be pre vented with 
proper dry ing, han dling, and stor age.

Control and inactivation. Control of afl a tox ins in com mod i ties gen er ally 
re lies on screen ing tech niques that sep a rate the aff ected nuts, grains, or 
seeds. In corn, cot ton seed, and figs, screen ing for afl a tox ins can be done 
by ex am i na tion un der UV light: those par ti cles which fluo resce may be 
con tam i nated. All pea nuts fluo resce when ex posed to UV light, so this 
method is not use ful for de tect ing ker nels that are con tam i nated with 
afl a tox ins. Peanuts con tain ing afl a tox ins are re moved by elec tronic col
orsorting ma chines, which de tect dis col ored ker nels.

Aflatoxins can be par tially de stroyed by chem i cal treat ments. Oxidiz
ing agents, such as ozone and hy dro gen per ox ide, re move afl a tox ins from 
con tam i nated pea nut meals. Although ozone is eff ec tive in de stroy ing 
afl a tox ins B1 and G1 af ter ex po sure at 100°C for 2 h, there is no eff ect on 
afl a toxin B2. The treat ment also de creases the ly sine con tent of the meal. 
Treatment with hy dro gen per ox ide de stroys 97% of afl a toxin in de fat ted 
pea nut meal. The most prac ti cal chem i cal method of afl a toxin de struc
tion is the use of an hy drous am mo nia gas at el e vated tem per a tures and 
pres sures, with a 95 to 98% re duc tion in to tal afl a toxin in pea nut meal. 
This tech nique is used com mer cially for de tox i fi ca tion of an i mal feeds 
in Sen e gal, France, and the United States.

The ul ti mate method for the con trol of afl a tox ins in com mod i ties, 
par tic u larly pea nuts, is to pre vent the plants from be com ing in fected 
with the molds. Progress to ward this goal is be ing made through a bi o
log i cal con trol strat egy, which is the early in fec tion of plants with non
toxigenic strains of A. flavus to pre vent the sub se quent en try of toxi genic 
strains.

Aflatoxins are among the few my co tox ins cov ered by leg is la tion. Stat
utory lim its are im posed by some coun tries on the amounts of afl a toxin 

Figure 22.4

Aspergillus ear rot in corn be fore har vest. If the corn is con sumed by 
live stock, it may ad versely aff ect the an i mals’ health.
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that can be pres ent in par tic u lar foods. The limit im posed by most West
ern coun tries is 5 to 20 µg of afl a toxin B1/kg (parts per bil lion) in sev eral 
hu man foods, in clud ing pea nuts and pea nut prod ucts. The amount al
lowed in an i mal feeds var ies, but up to 300 µg/kg is al lowed in feed stuffs 
for beef cat tle and sheep in the United States. There are no stat u tory lim its 
for afl a tox ins in foods or feeds in Southeast Asia.

Other Toxigenic Aspergilli
Although afl a tox ins are of great est con cern, there are other tox ins pro
duced by other Aspergillus spe cies. A. ochraceus is a widely dis trib uted 
mold that is par tic u larly com mon in dried foods, such as nuts (e.g., pea
nuts and pe cans), beans, dried fruit, bil tong (a South Af ri can dried 
meat), and dried fish. A. ochraceus pro duces ochratoxin. Ochratoxin A is 
the ma jor toxin, with mi nor com po nents of lower tox ic ity des ig nated 
ochratoxins B and C. Other re ported toxic me tab o lites are xanthomeg
nin and viomellein. Other Aspergillus spe cies closely re lated to A. ochra-
ceus can also pro duce ochratoxin A. Aspergillus sclerotiorum, Aspergillus 
alliaceus, Aspergillus melleus, and Aspergillus sulphureus have all  been re
ported to pro duce ochratoxins, but in A. ochraceus and re lated spe cies, 
only a por tion of iso lates are toxi genic. Production of ochratoxin A by 
Aspergillus niger var. niger was re ported in 1994. A. carbonarius also pro
duces ochratoxin A.

A. versicolor is the most im por tant food spoil age and toxi genic spe cies
in Aspergillus sec tion Versicolores. A. versicolor is the ma jor pro ducer of ste
rigmatocystin, a car ci no genic com pound that is a pre cur sor of the afl a tox
ins. Surprisingly, A. versicolor does not pro duce afl a tox ins, but it pro duces 
ochratoxin A. Sterigmatocystin has been re ported to oc cur nat u rally in 
rice in Japan, wheat and bar ley in Can ada, ce realbased prod ucts in the 
United Kingdom, and Ras cheese. Sterigmatocystin has low acute oral 
tox ic ity be cause it is rel a tively in sol u ble in wa ter and gas tric juices. As a 
liver car cin o gen, sterigmatocystin is about 1/150 as po tent as afl a toxin B1 
but is still much more po tent than most other known liver car cin o gens.

A. fumigatus, clas si fied in the sec tion Fumigati, is best rec og nized as
a hu man path o gen that causes as per gil lo sis of the lung. Its prime hab i
tat is de cay ing veg e ta tion. A. fumigatus is iso lated fre quently from foods, 
par tic u larly stored com mod i ties, but is not re garded as a se ri ous spoil
age mold.

A. fumigatus is ca pa ble of pro duc ing sev eral tox ins that aff ect the cen
tral ner vous sys tem, caus ing trem ors. Fumitremorgins A, B, and C are 
toxic cy clic di pep tides that are pro duced by A. fumigatus and Aspergillus 
caespitosus. Verruculogen, also pro duced by these spe cies, has a struc ture 
sim i lar to that of the fumitremorgins but with a diff er ent side chain. Ver
ruculogen is tremorgenic and ap pears to cause in hi bi tion of the al pha mo
tor cells of the an te rior horn.

A. terreus oc curs com monly in soil and in foods, par tic u larly stored ce
re als and ce real prod ucts, beans, and nuts, but is not re garded as an im por
tant spoil age mold. A. terreus can pro duce a group of tremorgenic tox ins 
known as territrems. A. clavatus is found in soil and de com pos ing plant 
ma te ri als. Although A. clavatus has been re ported to be pres ent in var i ous 
stored grains, it is es pe cially com mon in malt ing bar ley, an en vi ron ment 

Authors’ note
Aflatoxin B1 is con sid ered the 
most toxic mem ber of the 
af la toxin fam ily. The toxin is a 
po tent car cin o gen, linked to 
var i ous types of can cer that are 
prev a lent in China, sub-Sa ha ran 
Af rica, and Southeast Asia.
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par tic u larly suited to its growth and spor u la tion. A. clavatus pro duces patu
lin, cy to cha la sins, and the tremorgenic my co tox ins tryptoquivaline, trypto
quivalone, and re lated com pounds.

PENICILLIUM SPECIES
The dis cov ery of pen i cil lin in 1929 pro vided im pe tus to search for other 
Penicillium me tab o lites with an ti bi otic prop er ties and ul ti mately led to 
the rec og ni tion of ci tri nin, patulin, and gris eo ful vin as “toxic an ti bi ot
ics,” later called my co tox ins. The lit er a ture on toxi genic pen i cil lia is now 
quite vast. In a com pre hen sive re view of the lit er a ture on fun gal me tab
o lites, ∼120 com mon mold spe cies were re ported as de mon stra bly toxic 
to higher an i mals. Fortytwo toxic me tab o lites are pro duced by one or 
more Penicillium spe cies. At least 85 Penicillium spe cies are listed as 
toxi genic. Classification within the ge nus Penicillium is based pri mar ily 
on mi cro scopic mor phol ogy (Fig. 22.2). The ge nus is di vided into sub
genera based on the num ber and ar range ment of phialides and metulae 
and ra mi (el e ments sup port ing phialides) on the sti pes.

Significant Penicillium Mycotoxins
As al ready noted, >80 Penicillium spe cies are re ported to be toxin pro
duc ers. The range of my co toxin clas ses pro duced by Penicillium spe cies 
is broader than for any other fun gal ge nus. Toxicity due to Penicillium 
spe cies is very di verse. However, most tox ins can be placed in two broad 
groups, those that aff ect liver and kid ney func tion and those that are neu
ro tox ins. Generally, the Penicillium tox ins that aff ect liver or kid ney func
tion are asymp tom atic or can cause gen er al ized de bil ity in hu mans or 
an i mals. In con trast, the tox ic ity of the neu ro tox ins in an i mals is of ten 
char ac ter ized by sus tained trem bling. However, in di vid ual tox ins show 
wide var i a tions from these gen er al iza tions.

In fact, the most im por tant toxin pro duced by a Penicillium spe cies, 
ochratoxin A, is de rived from isocoumarin linked to the amino acid phe
nyl al a nine. The tar get or gan of tox ic ity in all  mam ma lian spe cies is the 
kid ney. The le sions can be pro duced by both acute and chronic ex po
sure. Ochratoxin A is pro duced by P. verrucosum, which grows in bar ley 
and wheat crops in cold cli ma tes, es pe cially Scan di na via, cen tral Eu rope, 
and west ern Can ada. P. verrucosum grows most strongly at rel a tively low 
tem per a tures, down to 0°C, with a max i mum near 31°C. The ma jor source 
of ochratoxin A in foods is bread made from bar ley or wheat in which P. 
verrucosum has grown. Because ochratoxin A is fat sol u ble and not read ily 
ex creted, it also ac cu mu lates in the de pot fat of an i mals that eat feeds con
tain ing the toxin, and from there it is in gested by hu mans eat ing, for ex
am ple, pig meat. It has been sug gested that ochratoxin A is a causal agent 
of Bal kan en demic ne phrop a thy, a kid ney dis ease with a high mor tal ity 
rate in cer tain ar eas of Bul garia, the for mer Yu go sla via, and Ro ma nia.

Citrinin is a sig nifi  cant re nal toxin aff ect ing do mes tic an i mals, such 
as pigs and dogs. It is also an im por tant toxin in do mes tic birds, in 
which it pro duces wa tery di ar rhea, an in crease in wa ter con sump tion, 
and re duced weight gain due to kid ney de gen er a tion. The im por tance of 
ci tri nin in hu man health is dif  cult to as sess. Primarily rec og nized as a 
me tab o lite of Penicillium citrinum, ci tri nin is pro duced by more than 20 
other fun gal spe cies. P. citrinum is a ubiq ui tous (i.e., found in many en
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vi ron ments) mold and has been iso lated from nearly ev ery kind of food 
sur veyed for fungi. The most com mon sources are ce re als, es pe cially 
rice, wheat, and corn; milled grains; and flour. Citrinin is pro duced over 
most of the growth tem per a ture range, but the eff ect of aw is un known.

Patulin is a lac tone, and it pro duces ter a to genic eff ects (that is, it 
causes fe tal mal for ma tions [birth de fects]) in ro dents, as well as neu ro
log i cal and gas tro in tes ti nal eff ects. The most im por tant Penicillium spe
cies pro duc ing patulin is Penicillium expansum, best known as a fruit 
path o gen but also wide spread in other fresh and pro cessed foods. P. ex-
pansum pro duces patulin as it rots ap ples and pears. Patulin ap pears to 
lack chronic toxic eff ects in hu mans, and there fore, low lev els in juices 
are per haps of lit tle con cern. However, be cause ap ple juice is widely con
sumed by chil dren as well as adults, some coun tries have set an up per 
limit of 50 µg/l for patulin in ap ple juice and other ap ple prod ucts. It is 
also im por tant as an in di ca tor of the use of poorquality raw ma te ri als in 
juice man u fac ture. Patulin is pro duced by sev eral other Penicillium spe
cies be sides P. expansum (e.g., Penicillium griseofulvum and Penicillium 
roqueforti), but the po ten tial for pro duc tion of un ac cept able lev els in 
foods ap pears to be much lower. Patulin is quite sta ble in ap ple juice 
dur ing stor age; pas teur i za tion at 90°C for 10 s caused a <20% re duc tion 
in lev els of patulin. Estimates of di e tary in take of patulin for se lect coun
tries are listed in Table 22.2.

Cyclopiazonic acid, a highly toxic com pound, causes fatty de gen er a tion 
and he patic cell ne cro sis in the liver and kid neys of do mes tic an i mals. 
Cyclopiazonic acid is pro duced by A. flavus and at least six Penicillium spe
cies (e.g., Penicillium camemberti Thom, P. com mune, and P. griseofulvum). 
Along with A. flavus, P. com mune, a fre quent cause of cheese spoil age, is 
prob a bly the most com mon source of cyclopiazonic acid in foods. Other 
spe cies pro duc ing this toxin have a wide range of hab i tats.

Acute car diac beri beri was a com mon dis ease in Japan in the sec ond 
half of the 19th cen tury and has been linked to citreoviridin. The symp
toms are heart dis tress, la bored breath ing, nau sea, and vom it ing, fol
lowed by an guish, pain, rest less ness, and some times ma ni a cal be hav ior. 
In ex treme cases, pro gres sive pa ral y sis lead ing to re spi ra tory fail ure oc
curred. The ma jor source of citreoviridin is Penicillium citreonigrum 
(syn o nyms, Penicillium citreoviride and Penicillium toxicarium), a spe cies 
which usu ally oc curs in rice, less com monly in other ce re als, and rarely 
in other foods. Citreoviridin is pro duced at tem per a tures from 10 to 
37°C, with a max i mum near 20°C.

Several tremorgenic my co tox ins are pro duced by Penicillium spe cies. 
The most im por tant is the highly toxic penitrem A. Verruculogen, 
which is equally toxic, is not pro duced by spe cies com mon in foods. Less 
toxic com pounds in clude fumitremorgin B, paxilline, verrucosidin, and 
janthitrems. At doses of ∼1 mg/kg of body weight, penitrem A causes 
brain dam age and death in rats, but the mech a nism re mains un clear. 
The only com mon foodborne spe cies pro duc ing penitrem A is P. crus-
tosum. Nearly all  iso lates of P. crustosum pro duce penitrem A at high 
lev els, so the pres ence of this spe cies in food or feed is a warn ing sig nal. 
Penitrem A ap pears to be pro duced only at high aw. P. crustosum is a 
ubiq ui tous spoil age mold, oc cur ring al most uni ver sally in ce real and 
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an i mal feed sam ples. P. crustosum causes spoil age of corn, pro cessed 
meats, nuts, cheese, and fruit juices, as well as be ing a weak path o gen 
on po ma ceous fruits and cu cur bits.

P. roqueforti, a spe cies which is used in cheese man u fac ture but 
which can also be a spoil age mold, pro duces two tox ins of in ter est. 
Roquefortine has a rel a tively high 50% le thal dose (340 mg/kg in tra per
i to ne ally in mice), but it has been re ported to be the cause of the deaths 
of dogs in Can ada, with symp toms sim i lar to strych nine poi son ing. PR 
toxin (pro duced by P. roqueforti) is ap par ently much more toxic (50% 
le thal dose, 6 mg/kg in tra per i to ne ally in mice) than roquefortine, but it 
has not been im pli cated in an i mal or hu man dis ease. Due to their po
ten tial oc cur rence in sta ple foods, PR toxin and roquefortine are of con
sid er able pub lic health sig nifi  cance.

Secalonic ac ids are di meric xan thones pro duced by a range of tax o
nom i cally dis tantly re lated molds. Secalonic acid D, the only secalonic 
acid pro duced by Penicillium spe cies, has sig nifi  cant an i mal tox ic ity. 
Secalonic acid D is pro duced as a ma jor me tab o lite of Penicillium oxali-
cum. A ma jor hab i tat for P. oxalicum is corn at har vest. However, the role 
of secalonic acid D in hu man or an i mal dis ease re mains un clear.

FUSARIA AND TOXIGENIC MOLDS OTHER  
THAN ASPERGILLI AND PENICILLIA
The most im por tant group of mycotoxigenic molds other than Aspergil-
lus and Penicillium spe cies are spe cies of the ge nus Fusarium. Fusarium 
spe cies are most of ten found as con tam i nants of plantderived foods, 
es pe cially ce real grains. Many Fusarium spe cies are plant path o gens, 
while oth ers are sap ro phyt ic; most can be found in the soil. Consequently, 
these molds and their toxic me tab o lites (my co tox ins) find their way into 
an i mal feeds and hu man foods (Table 22.6). In terms of hu man foods, 
Fusarium spe cies are most of ten en coun tered as con tam i nants of ce real 
grains, oil seeds, and beans. Another mold ge nus, other than Aspergil-
lus and Penicillium, whose mem bers can pro duce my co tox ins is Alter-
naria. Alternaria spe cies are widely dis trib uted in the en vi ron ment and 
can be found in soil, de cay ing plant ma te ri als, and dust.

Table 22.6 Major my co tox ins that may be pro duced by Fusarium spe cies of im por tance 
in ce real grains and grain-based foods

Section Species Potential my co tox in(s)

Sporotrichiella F. poae Type A tricho the cenes, T-2 toxin, 
diacetoxyscirpenol

F. sporotrichioides T-2 tox in

Gibbosum F. equiseti Unknown

Discolor F. graminearum Deoxynivalenol (vomitoxin),  
3-acetyldeoxynivalenol, 15-acetyldeoxynivalenol, 
zearalenone, pos si bly oth ers

F. culmorum Nivalenol, zearalenone

Liseola F. verticillioides Fumonisins and oth ers

F. proliferatum Fumonisins, moniliformin, and oth ers

F. subglutinans Moniliformin and oth ers

Authors’ note
Saprophytic or gan isms live on 
dead plant tis sue. They do not 
af fect the health of a plant.
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Toxigenic Fusarium Species
The most com mon toxic spe cies, dis cussed be low, be long to the sec tions 
Sporotrichiella (Fusarium sporotrichioides and Fusarium poae), Gibbosum 
(Fusarium equiseti), Discolor (Fusarium graminearum and Fusarium 
culmorum), and Liseola (Fusarium verticillioides, Fusarium moniliforme, 
Fusarium proliferatum, and Fusarium subglutinans). The ma jor my co
tox ins pro duced by these spe cies are sum ma rized in Table 22.6. The 
ge nus Fusarium is char ac ter ized by pro duc tion of sep tate hy phae that 
gen er ally range in color from white to pink, red, pur ple, or brown due to 
pig ment pro duc tion. The most com mon char ac ter is tic of the ge nus is 
the pro duc tion of large sep tate, cres centshaped, fu si form, or sick le
shaped spores known as macroconidia. The macroconidia ex hibit a foot
shaped basal cell and a beakshaped or snoutlike api cal cell (Fig. 22.3B). 
Some spe cies also pro duce smaller one or twocelled co nidia known as 
microconidia (Fig. 22.3C), and some pro duce swol len, thickwalled chla
mydo spores in the hy phae or in the macroconidia.

F. poae and F. sporotrichioides are in the sec tion Sporotrichiella. F. poae
is wide spread in soils of tem per ate re gions and is found on grains, such 
as wheat, corn, and bar ley. It ex ists pri mar ily as a sap ro phyte but may be 
weakly par a sitic. It is most com monly found in tem per ate re gions of 
Rus sia, Eu rope, Can ada, and the north ern United States. F. poae has also 
been found in warmer re gions, such as Aus tra lia, In dia, Iraq, and South 
Af rica. F. sporotrichioides is found in soil and a wide va ri ety of plant ma te
ri als. The mold is found in the tem per ate to colder re gions of the world, 
in clud ing Rus sia, north ern Eu rope, Can ada, the north ern United States, 
and Japan. It can grow at low to very low tem per a tures, e.g., at −2°C on 
grain over win ter ing in the field.

Of the spe cies in the sec tion Gibbosum, only F. equiseti is dis cussed 
here. F. equiseti has been found in soils from Alaska to trop i cal re gions 
and has been iso lated from ce real grains and over win tered ce re als in 
Eu rope, Rus sia, and North Amer ica. However, F. equiseti is par tic u larly 
com mon in trop i cal and sub trop i cal ar eas. For the most part, F. equiseti 
is sap ro phytic, but it may be path o genic to plants such as ba nanas, av o
ca dos, and cu cur bits. F. equiseti may con trib ute to leu ke mia in hu mans 
by aff ect ing the im mune sys tem.

F. graminearum, clas si fied in the sec tion Discolor, is a plant path o gen
found world wide in the soil and is the most widely dis trib uted toxi genic 
Fusarium spe cies. It causes var i ous dis eases of ce real grains, in clud ing 
gibberella ear rots in corn and fu sar ium head blight or scab in wheat 
and other small grains. These two dis eases are im por tant to food mi cro
bi ol ogy and food safety be cause the mold and its ma jor toxic me tab o
lites, deoxynivalenol and zearalenone, may con tam i nate grain and food 
prod ucts made from the grain.

F. culmorum is also widely dis trib uted in soil and causes dis eases of
ce real grains, among which ear rot in corn is im por tant in food mi cro 
bi ol ogy and food safety, since the mold and its tox ins may con tam i nate 
cornbased foods. F. culmorum pro duces the my co tox ins deoxynivalenol, 
zearalenone, and acetyldeoxynivalenol.

The sec tion Liseola con tains four Fusarium spe cies of in ter est; F. verticil-
lioides, F. moniliforme, F. proliferatum, and F. subglutinans. F. verticillioides 

Authors’ note
Hyphae are branched or 
un branched fil a ments. A mass 
of hy phae is re ferred to as a 
my ce li um.
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is a soil borne plant path o gen that is found in corn grow ing in all  re gions 
of the world. It is the most prev a lent mold as so ci ated with corn. It of ten 
pro duces symp tom less in fec tions of corn plants but may in fect the grain 
as well and has been found world wide on foodgrade and feedgrade 
corn. The pres ence of F. verticillioides in corn is a ma jor con cern be cause 
of the pos si ble wide spread con tam i na tion of corn and cornbased foods 
with its toxic me tab o lites, es pe cially the fumonisins. The main hu man 
dis ease as so ci ated with F. verticillioides is esoph a geal can cer. Mycotoxins 
pro duced by F. verticillioides in clude fumonisins, fusaric acid, fusarins, 
and fusariocins.

F. proliferatum is closely re lated to F. verticillioides, yet less is known 
about this spe cies, pos si bly be cause of its fre quent mis iden ti fi ca tion as 
F. moniliforme. It is also fre quently iso lated from corn, in which it prob a
bly oc curs in much the same way as F. verticillioides. F. proliferatum is 
ca pa ble of pro duc ing fumonisins but has not been as so ci ated with an i
mal or hu man dis eas es.

F. subglutinans is very sim i lar to F. verticillioides and F. proliferatum. 
It is widely dis trib uted on corn and other grains. Little in for ma tion is 
avail  able about this mold, prob a bly be cause of its mis iden ti fi ca tion as 
F. moniliforme. F. subglutinans has not been spe cifi  cally as so ci ated with 
any re ported an i mal or hu man dis eases, but it has been found in corn 
from re gions with high in ci dences of hu man esoph a geal can cer.

Detection and Quantitation of Fusarium Toxins
Fusarium spe cies pro duce sev eral toxic or bi o log i cally ac tive me tab o lites. 
The tox ins are tricho the cenes, a group of closely re lated com pounds. 
The tricho the cenes are di vided into three groups; type A (diacetoxyscir

Even refrigerated food can 
become moldy. (Reprinted with 
permission from CartoonStock.)

“Today’s St. Patrick’s day. It’ll be a good time to eat 
up this stuff with the green mold on it.”
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penol, T2 toxin, HT2 toxin, and neosolaniol), type B (deoxynivalenol, 
3acetyldeoxynivalenol, 15acetyldeoxynivalenol, nivalenol, and fusare
nonX), and type C (satratoxins). Of these, the toxin most com monly
found in ce real grains and most of ten as so ci ated with hu man ill ness is
deoxynivalenol. Other Fusarium tox ins as so ci ated with dis eases are 
zearalenone and the fumonisins. The most com mon chro mato graphic
sep a ra tion tech niques used to iden tify these tox ins are thinlayer chro
ma tog ra phy and highperformance liq uid chro ma tog ra phy. Gas chro
ma tog ra phy also has some ap pli ca tions, par tic u larly when cou pled with 
mass spec trom e try. Immunoassays have been de vel oped for Fusarium
tox ins. Qualitative kits for screen ing, as well as kits for quan ti ta tive anal
y sis, are avail  able for deoxynivalenol, zearalenone, T2 toxin, and fumoni
sins. Estimates of di e tary in take of zearalenone for se lect coun tries are
listed in Table 22.2.

Other Toxic Molds
Other po ten tially toxic molds that may con tam i nate foods in clude spe
cies of the gen era Acremonium, Alternaria, Chaetomium, Cladosporium, 
Claviceps, Myrothecium, Phomopsis, Rhizoctonia, and Rhizopus, as well 
as the spe cies Diplodia maydis, Phoma herbarum, Pithomyces chartarum, 
Stachybotrys chartarum, and Trichothecium roseum. However, most of 
these molds are more likely to be pres ent in an i mal feeds, and their sig
nifi  cance for food safety may be min i mal. Some have been shown to 
pro duce toxic sec ond ary me tab o lites in vi tro which have yet to be found 
to oc cur nat u ral ly.

The er got mold Claviceps purpurea is the cause of the ear li est rec og
nized hu man mycotoxicosis, known as er got ism. Convulsive er got ism 
may have been the cause of the be hav ior that led to the witch craft tri als 
of 1692 in Sa lem, Mas sa chu setts. Alternaria spe cies in fect plants in the 
field and may con tam i nate wheat, sor ghum, and bar ley. Alternaria spe
cies also in fect var i ous fruits and veg e ta bles, in clud ing ap ples, pears, 
cit rus fruits, pep pers, to ma toes, and po ta toes.

Summary

•  Aspergillus, Penicillium, and Fusarium are the mold gen era most com monly as so ci ated with foods.

•  Toxigenic molds are most of ten found as con tam i nants of plant-derived foods.

•  The char ac ter is tics used to diff er en ti ate and iden tify molds are mi cro scopic mor phol ogy and gross phys i o log i cal 
fea tures, in clud ing col ony di am e ters and the col ors of co nidia and col ony pig ments.

•  Specific growth me dia that in hibit the growth of bac te ria are re quired for molds.

•  Hydrogen per ox ide is used com mer cially for de tox i fi ca tion of grains and other com mod i ties.

•  Molds can grow at low to very low tem per a tures, e.g., at −2°C on grain over win ter ing in the field.
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Questions for critical thought
  1.  Select two pa ram e ters that would have the great est in flu ence on mold growth and 

my co toxin pro duc tion. Select a food (raw or pro cessed) and in di cate how you would 
ap ply those pa ram e ters to con trol the growth of most molds and the my co tox ins 
they pro duce. Justify your an swer and whether it would be fea si ble to im ple ment in 
de vel op ing coun tries.

  2.  The pres ence of patulin in ap ple juice is a hu man health risk. Why? Detection of 
patulin may in di cate qual ity con trol prob lems. Explain.

  3.  Select a given my co toxin in which ac tion level diff ers by coun try or re gion. Specu
late why ac tion lev els may diff er.

  4.  How would you iden tify and diff er en ti ate Aspergillus and Penicillium? How would 
you diff er en ti ate the my co tox ins they pro duce and de ter mine quan tity pro duced?

  5.  Indicate the stan dard methods used by reg u la tory agencies to de ter mine the con cen
tra tion of afl a toxin M1 in milk sam ples. Is there a reg u la tory guide line for afl a toxin 
M1 in milk? If so, what is it?

  6.  Food mi cro bi ol o gists are con cerned with the pres ence of F. verticillioides in corn 
be cause of the pos si ble wide spread con tam i na tion of corn and cornbased foods 
with its toxic me tab o lites. What toxic me tab o lites does this mi cro or gan ism pro
duce, and what is the main dis ease of con cern for hu mans?

  7.  Since molds may rep re sent a po ten tial hu man health con cern, spec u late why mold 
ge nus and spe cies are not typ i cally de ter mined dur ing rou tine yeast and mold pro
duc tion of food.

  8.  In iden ti fy ing mem bers of the ge nus Fusarium, what com mon (dis tinct) char ac ter
is tics of the mi cro or gan ism are used?

  9.  What mea sures could be ini ti ated to pre vent the growth of molds dur ing stor age of 
grains?

  10.  Compare the char ac ter is tics and prop er ties of sterigmatocystin and afl a tox in.

  11.  List meth ods that can be used to de tox ify grains. Focus on meth ods that could be 
im ple mented in de vel op ing coun tries.

  12.  In 2013, a yo gurt man u fac turer re called prod uct that was mak ing peo ple ill. The 
mold in volved was Mucor circinelloides. Describe the unique growth char ac ter is tics 
of this mold that ini tially made it dif  cult to define whether the or gan ism was a 
mold or yeast. No fa tal i ties oc curred in the out  break; spec u late why, since my co tox
ins are so ex tremely tox ic.
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Outbreak
Reports of school and work place ab sen tee ism in creased in Mil wau kee 
County, Wis con sin. Hospital and lab o ra tory tests on stool spec i mens in
creased by the hun dreds, but sur pris ingly, they all  came back neg a tive for 
bac te rial en teric path o gens. More than 200 tests were per formed in only 
one lab in just a cou ple of days, ex haust ing the test ing re agent sup plies. 
The stores were ad ver tis ing Imodium and other antidiarrhea med i cines 
in fullpage ads in the news pa pers and on bill boards (Fig. 23.1), and over 
this Eas ter hol i day no one was look ing for ward to the Eas ter bunny. What 
hap pened? The Mil wau kee Health Department lab di rec tor re quested wa
ter qual ity and treat ment data from the Mil wau kee Water Works. Results 
in di cated spikes in tur bid ity of treated wa ter at one of the two wa ter treat
ment fa cil i ties. Researchers started think ing “out  side the box” a bit and 
re quested that stool spec i mens be tested for Cryptosporidium. Tests came 
back pos i tive for Cryptosporidium. People were suf er ing with be tween 5 
and 12 bouts of di ar rhea each day ac com pa nied by ab dom i nal cramps, 
vom it ing, fe ver, and mus cle aches. The wa ter treat ment plant closed, and 
that even ing Mil wau kee’s mayor is sued a boilwater ad vi sory. This is the 
story that un folded rather quickly in Mil wau kee in early April 1993. When 
the story was over, 14 lab o ra to ries were test ing stool and wa ter sam ples, 
403,000 in di vid u als were sick, 4,400 were hos pi tal ized, and more than 100 
died. What led to these events? It was the wa ter treat ment plant where the 
con tam i na tion orig i nated, but it was not as so ci ated with the an i mal pro
cess ing plant nearby, as many had tried to sug gest. Analysis of the wa ter 
treat ment pro cess in the Mil wau kee Water Works iden ti fied sev eral char
ac ter is tics that re ally led to the “per fect storm” of events for the larg est 
wa ter borne out  break of cryp to spo rid i o sis. After this out  break, wa ter 
qual ity stan dards and lab o ra tory test ing changed, re in forc ing the most 
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im por tant as pects of out  break in ves ti ga tions, con trol and pre ven tion dur
ing and af ter the out  break.

INTRODUCTION
The term par a sites in cludes or gan isms that live the par a sitic way of life, 
by liv ing of their hosts in some way. In fact, more or gan isms in this 
world are par a sitic than are hosts, a fact that is most un der ap pre ci ated by 
the gen eral pop u la tion. The par a sitic way of life is quite suc cess ful, and 
there are par a sites that can live with ev ery phy lum of an i mals and plants. 
Humans can be in fected with myr iad dif er ent kinds of par a sites, from 
cil i ates and amoe bae to worms. While vi ruses and the rick ett sial bac te ria 
are par a sitic, we do not in clude them in our dis cus sion of par a sites. At 
the ba sic bi  ol ogy level, par a sites are eu kary otes, while the bac te ria you 
have been learn ing about are pro kary otes. The big dif er ence here is the 
pres ence of mem branebound or gan elles, in clud ing an en closed nu cleus, 
in the eu kary otic par a sites.

The sci ence of par a si tol ogy grew up along side bac te ri  ol ogy, and as 
with bac te ria, there are many dif er ent types of par a sites. The tax on omy 
changes for par a sites on a reg u lar ba sis as par a si tol o gists learn more 
about the or gan isms through DNA anal y sis and ep i de mi o log i cal char ac
ter is tics. The par a sites that are dis cussed here are the ones that are most 
im por tant in trans mis sion via food and wa ter. Parasites are not a prob
lem only within de vel op ing coun tries, which is a pop u lar mis con cep tion. 
In fact, as more in di vid u als live with com pro mised im mune sys tems, due 
in part to med i cal ad vances, in the de vel oped world, we see an in crease in 
dis eases caused by pro to zoa, in clud ing Cryptosporidium and Toxoplasma. 
The av er age per son liv ing in the United States is prob a bly un der the il lu sion 
that worms (or hel minths, as we call them here) are not found in lo cally 
pro duced foods or wa ter. Epidemiologists es ti mate that 55 mil lion chil dren 
may be in fected with hel minths in the United States, and this is likely an 
un der es ti ma tion. These hel minths may not be ac quired as read ily through 
food and wa ter in the United States as they are in other coun tries. There 
are sev eral reg u la tions in place within the United States that at tempt 
to re duce the trans mis sion of par a sites through our food (Fig. 23.2).

Parasites have unique and com pli cated life cy cles. In fact, some par a
sites have two dif er ent types of hosts, de fin i tive and in ter me di ate hosts. 

Figure 23.1

In 1993 the larg est wa ter borne out  break of cryp to spo rid i o sis was 
ev i dent through out  Mil wau kee, as can be seen from this bill board 
ad ver tise ment. The sign sug gests the grand scale of this 
out  break, in which 403,000 peo ple had di ar rhea in one city. The 
pic ture was pub lished on the front page of the Mil wau kee Sentinel 
news pa per on the morn ing of Thurs day, 8 April 1993. The 
head line noted the boilwater ad vi sory in voked by Mayor John 
Norquist the pre vi ous even ing. The photo is cour tesy of Jef rey 
Da vis and is re pro duced with per mis sion of the Mil wau kee 
Journal Sentinel/ JSOnline. com.

Authors’ note
When peo ple are sick with 
gas tro en ter i tis and fe cal tests 
come back neg a tive for com
mon bac te rial path o gens and 
vi ruses (you can imag ine what 
those are, right?), the next thing 
to look for with lab o ra tory tests 
are pro to zoan par a sites and 
helminths.

Authors’ note
Epidemiologists study the 
as so ci a tion of so cio log i cal 
fac tors, cli mate, lo cal tra di
tions, and global eco nom ics as 
well as phar ma col ogy, pa thol
ogy, bio chem is try, and clin i cal 
med i cine to un der stand the 
trans mis sion of path o gens, 
in clud ing par a sites, and ways to 
bet ter con trol them.
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A de fin i tive host is one in which the par a site reaches sex ual ma tu rity. 
An in ter me di ate host is one that is re quired for par a site de vel op ment, 
but the par a site does not reach sex ual ma tu rity in this host. Intermedi
ate hosts are not nec es sary for all  par a sites. Toxoplasma gondii has these 
two dif er ent types of hosts, with fe lines be ing the de fin i tive host. Parasitic 
life cy cles truly are com plex; you will no tice that some life cy cle in for ma
tion is dis cussed or terms are men tioned, while sev eral points are omit ted 
from this in tro duc tory dis cus sion. This is by no means done for any rea son 
other than our fo cus on the role of par a sites that are more com monly trans
mit ted by foods within the United States. Parasites are truly ex cit ing and 
in ter est ing or gan isms, and if you think so too, we en cour age you to read 
more in a par a si tol ogy text book.

Some par a sites ex hibit host spec i fic ity and may in fect only hu mans, 
for ex am ple, as ap pears to be the case for Cyclospora cayetanensis, while 
oth ers may be zoo notic or in fect a wide range of an i mal hosts, like cer tain 
tape worms. An an i mal that har bors the or gan ism and may trans mit it to 
hu mans is known as a res er voir. In some cases, these are elu sive to ep i de
mi  ol o gists who try to de ter mine causes of foodborne out  breaks. While 
some par a sites may live in wa ter and be trans mit ted by vec tors and be ex
tremely im por tant, they are not dis cussed here. This chap ter is lim ited to 
the pro to zoa and hel minths that are the big gest play ers in terms of risk in 
food and wa ter borne ill ness iden ti fied by ep i de mi o log i cal da ta.

PROTOZOA
Protozoa are small but gen er ally larger than bac te ria. They were first 
de tected by Antonie van Leeu wen hoek (Fig. 23.3) be tween 1674 and 1716 
when he re corded ob ser va tions of oo cysts of a par a site in rab bit liv ers, 
later known to be Eimeria stiedai. This pro to zoan is a close rel a tive of some 
of to day’s most im por tant food and wa ter borne pro to zoa. Over 45,000 
spe cies of pro to zoa have been iden ti fied. The or gan isms within this group 

Figure 23.2

The application of “night soil” (raw sewage) as 
fertilizer for agricultural lands is an ancient 
custom still practiced in many places around the 
world. This practice may be theoretically logical, 
but the use of night soil or raw manure is not 
recommended in the United States, in particular 
for raw agricultural commodities. This practice 
serves as a significant means of distribution of 
helminth eggs and protozoan cysts. (Scavenger of 
night soil, Chinese watercolor, courtesy Wellcome 
Images.)

Authors’ note
Leeu wen hoek was an ex cel lent 
par a si tol o gist, and as any good 
par a si tol o gist knows, you never 
let an op por tu nity pass to find 
new par a sites. He iden ti fied a 
sec ond pro to zo an, Giardia 
lamblia, in his own di ar rhetic 
stools. Today some par a si tol o
gists give “road kill” a re newed 
pur pose and make ep i de mi o
log i cal find ings and iden tify 
or gan isms from a va ri ety of 
an i mals that they find on their 
trav els.
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cause more dis ease and death around the world than any other group of 
or gan isms. Again, our dis cus sion here is lim ited to a spe cific few. Collec
tively we re fer to them as pro to zoa, but tax o nom i cally they be long to the 
king dom Protista and then are fur ther di vided into dif er ent phyla and 
or ders based on form and func tion.

Protozoa are sin glecelled or gan isms. Their dif er ences in struc ture, life 
cy cles, and ap pear ance are vast and are what in part make them such fas ci
nat ing crea tures. While each con tains dif er ent spe cific struc tures, there 
are a few of great im por tance. The bod ies of pro to zoa are cov ered with a 
strong plasma mem brane. In fact, most pro to zoa have more than one mem
brane as part of the ex te rior pel li cle. These mem branes are im por tant for 
their abil ity to re sist en vi ron men tal pres sures and al low pro to zoal cysts to 
sur vive in the en vi ron ment—in soil, ma nure, and wa ter. Cyst for ma tion is 
par tic u larly com mon among pro to zoa that sur vive in the en vi ron ment. Pro
tozoa may also have ad di tional coats, such as a thick glycocalyx or gly co
pro tein sur face coat, that may have im mu no log i cal im por tance.

An elec tron mi cro scope re veals the com plex lay ers within the cyst 
wall, which may con tain cel lu lose or chi tin. In some clas ses of pro to zoa, 
the cyst is ac tu ally called an oo cyst, which is formed af ter sex ual re pro
duc tion of dif er ent life stages. These serve as the en vi ron men tally re sis
tant stage that is trans mit ted to new hosts. The oo cyst or cyst con tains 
the ma te rial that will de velop into the in fec tive stages dur ing a pro cess 
called spor u la tion, a se ries of fis sion events (spo rog ony) with cy to ki ne sis 
to pro duce spo ro zo ites (Fig. 23.4). Oocysts (or cysts) are in gested and un
dergo excystation, which is the re lease of the in fec tive life stages con tained 
within the oo cyst, in the gut of the new host. Excystation is trig gered by a 
se ries of fac tors, in clud ing a change in pH and the pres ence of host di ges
tive en zymes that re sult in swell ing of the cyst, se cre tion of lytic en zymes, 
and ul ti mately the re lease of in fec tive life stag es.

Protozoa have a va ri ety of other im por tant struc tures, in clud ing those 
for struc tural sup port and lo co mo tion, like fla gella. Of course, there are 
many changes of struc ture along the life cy cle of each or gan ism. As al

Authors’ note
Recall your tax on omy from ba sic 
bi  ol ogy class as the way in which 
sci en tists group or gan isms on 
lev els of form and func tion. 
Starting from the larg est 
group ing down to the small est, 
we have king dom, phy lum, class, 
or der, fam ily, ge nus, and 
spe cies. You prob a bly know that 
you are in the king dom Animalia, 
phy lum Chordata, class Mam
malia, or der Primates, fam ily 
Hominidae, ge nus Homo, and 
spe cies sa pi ens. Or at least you 
know now!

Figure 23.3

Antonie van Leeuwenhoek pondered protozoa 
during his early work in 1686. 
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luded to in this brief dis cus sion, the pro cesses of cyst for ma tion, spor u la
tion, excystation, and in fec tion are com plex. It can not be over em pha sized 
that the num bers and types of pro to zoa are im mense, and only a few types 
are de scribed here. Just a brief walk through a par a si tol ogy text will in tro
duce you to the doz ens of phyla and or ders within the pro to zoan phy la.

Cryptosporidium spp.
As you read in the out  break de scrip tion at the be gin ning of the chap ter, 
Cryptosporidium was the cause of the larg est wa ter borne out  break in the 
United States, in 1993 in Mil wau kee. Improvements to drink ing wa ter 
re duced this in ci dence; how ever, we still have sev eral out  breaks as so ci
ated with wa ter each year in the United States. Cryptosporidiosis is a gas
tro in tes ti nal ill ness that is dis trib uted world wide; ap prox i ma tely 51% of 
re ported global pro to zoan wa ter borne di ar rheal out  breaks are as so ci ated 
with Cryptosporidium. Now these out  breaks are more likely as so ci ated 
with rec re a tional wa ter, and a sea sonal prev a lence is cer tainly pres ent 
dur ing the sum mer months. In fact, the in ci dence of dis ease trans mit ted 
by rec re a tional wa ter has in creased steadily over the years since the mid
1990s. Cryptosporidiosis is now the lead ing cause of out  breaks due to 
rec re a tional wa ter (Box 23.1). In 2011, the Centers for Disease Control and 
Prevention (CDC) con sid ered cryp to spo rid i o sis an en demic dis ease in 
the United States and es ti mated that there are ap prox i ma tely 748,123 
cases each year in the United States. Some cases may be foodborne as 
well, as so ci ated with readytoeat foods and fresh pro duce. It is es ti mated 

Figure 23.4

The pro to zoa de scribed here all  share sim i lar ba sic as pects of their life cy cles. These are 
shown here with step 1 rep re sented by the zy gote (like an egg, called an oo cyst or cyst), 
step 2 show ing in fec tious life forms called spo ro zo ites found in side a spor u lated or 
in fec tious (oo)cyst, step 3 show ing the mer o zo ites which are formed from asex ual 
re pro duc tion, and, lastly, step 4 show ing the gam etes form ing from sex ual re pro duc tion 
from the lat ter mer o zo ites. There may be sev eral types of mer o zo ites within a given life 
cy cle, and these may have dif er ent names de pend ing on the or gan ism. This fig ure is 
in tended to give an over view of the ba sic steps in the life cy cle.
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Box 23.1
Recreational water cryptosporidiosis

Cryptosporidium ap pears to be more 
prev a lent now in rec re a tional wa ter 
than it used to be. Illness is cer tainly 
sea sonal, and each sum mer pools 
close due to con tam i na tion and 
ill ness of cryp to spo rid i o sis as so ci
ated with wave pools, foun tains, 
and swim ming. Perhaps it is not as 
easy to keep one’s mouth closed 
when swim ming as one might 
think. The fig ure be low is an 
ep i de mi o log i cal curve that shows 
the num ber of cases of lab o ra to ry
confirmed cryp to spo rid i o sis by date 
of ill ness on set in a swim ming pool 
in Utah from May through No vem
ber 2007. This ep i de mi o log i cal 
curve also pro vi des de tails of when 
con trol mea sures were adopted. 
The most im por tant parts of an 
out  break are the con trol and 
pre ven tion steps to re duce ill ness 
and stop it from re cur ring. Within 
this one out  break there were more 
than 2,000 cases of ill ness. Why? 

We can think about this by put ting 
some num bers with the sit u a tion. 
On a hot sum mer day, hun dreds of 
peo ple may swim in a goodsized 
pool. The me dian du ra tion of ill ness 
is 9 or 10 days, with a range from 3 
to 28 days. While the in fec tious 
dose is not known, it may be as few 
as 10 to 30 oo cysts, but gen er ally 
<100. Animal stud ies in di cate that 
in fected calves may ex crete up to 
1010 oo cysts daily for up to 14 days 
dur ing ac tive in fec tion. Now 
imag ine that one tod dler in that 
swim ming pool is sick or an ill 
per son us ing the pool did not 
fol low the best hy gienic prac tices. 
There could be many hun dreds of 
oo cysts in that pool wa ter. But what 
about the chlo rine and the pool 
fil tra tion sys tems? It is im por tant 
that these two pre ven tion mea sures 
be in good stand ing; how ever, the 
nor mal chlo rine lev els for a swim
ming pool are 1.0 to 3.0 parts per 

mil lion, which does not eas ily 
in ac ti vate Cryptosporidium oo cysts. 
And with a large pool, it takes 
many hours to fil ter all  the wa ter in 
the pool. As oo cysts are about 5 
µm in size, they can be re moved by 
di a to ma ceous earth fil tra tion 
sys tems. Here is a stag ger ing 
thought: in a pool with 1.0 parts 
per mil lion of chlo rine at pH 7.5 
and wa ter at 77°F, in ac ti va tion of 
Cryptosporidium would take about 
9,600 min (which is 6.7 days). To 
in ac ti vate Escherichia coli O157:H7 
un der the same con di tions would 
take less than 1 min, and to 
in ac ti vate hep a ti tis A vi rus would 
take about 16 min. Even the 
pro to zoan par a site Giardia could be 
in ac ti vated in less than 1 h un der 
these con di tions. Public health 
ser vices cur rently rec om mend that 
in di vid u als who have di ar rhea or 
who have had di ar rhea within the 
last 14 days do not use a pool.
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Figure 23.5

Oocysts of Cryptosporidium hominis (4 to 6 μm) stained by the 
modified ZiehlNeelsen acidfast stain. (From Xiao L, Cama V, p 
2435–2447, in Jorgensen JH et al, ed, Manual of Clinical 
Microbiology, 11th ed, ASM Press, Washington, DC, 2015.)

Figure 23.6

The cen ter of this im age shows a 
parasitophorous vac u ole hold ing sev eral 
asex ual life stages of Cryptosporidium 
parvum (meront, in di cated by the star). 
The in tes ti nal cells are dis rupted and 
blunted villi are vis i ble (in di cated by the 
ar row). You can see how these villi 
would not be  able to have reg u lar fluid 
ab sorp tion, so the host would have 
tre men dous di ar rhea.

that cryp to spo rid i o sis costs the United States $44 mil lion each year from 
2,725 hos pi tal i za tions with an av er age stay of 5.8 to 9.3 days and an av er
age cost of $16,203 per hos pi tal i za tion.

Cryptosporidiosis is trans mit ted in hu mans by in gest ing oo cysts of 
Cryptosporidium parvum or Cryptosporidium hominis (Fig. 23.5). There are 
19 other spe cies that are spe cies spe cific and in fect spe cific mam mals, 
birds, rep tiles, am phib i ans, and fish. C. parvum is zoo notic, and oo cysts 
may be shed by in fected cat tle, deer, and other ru mi nants. C. hominis is 
in fec tious only to hu mans and is a fairly newly named spe cies. Until re
cently, there were be lieved to be two dif er ent ge no types of C. parvum, one 
of which is now known as C. hominis. Cryptosporidium oo cysts are shed 
al ready spor u lated and in fec tive. There is great ge netic di ver sity in Crypto
sporidium spe cies, which is now be ing tracked by the CDC through a 
new mo lec u lar sur veil lance pro gram in the United States and in the United 
Kingdom. Through this pro gram sim i lar i ties will be noted be tween an i
mal and hu man iso lates, in clud ing en vi ron men tal and clin i cal sam ples. 
This sys tem has al ready been suc cess ful in source track ing by link ing 
cases with sus pected swim ming pool out  breaks within the United States.

The spher i cal oo cysts of Cryptosporidium are quite small, only about 
4 to 5 µm wide. When in gested, the spo ro zo ite life stages excyst in the 
in tes tine and in vade the ep i the lial cells of the re spi ra tory sys tem or the 
in tes tine from the il eum to the co lon. The cur rent life stage un der goes 
sev eral stages of asex ual re pro duc tion safely within the con fi nes of what 
is termed a parasitophorous vac u ole. Here the or gan isms are safe and 
cause a blunt ing of the villi which re sults in di ar rhea in the host, but 
they do not in vade the cells (Fig. 23.6). The asex ual life stages lead to the 
pro duc tion of mi cro ga metes, which then, through sex ual re pro duc tion, 
pro duce oo cysts, which are shed in the fe ces as early as 5 days post in fec
tion. This se ries of steps is de picted in the life cy cle in Fig. 23.7. Clinical 
symp toms in clude a pro fuse wa tery di ar rhea rang ing from 6 to 25 bowel 
move ments each day, with 1 to 17 li ters per day in to tal. Thinking back to 
the out  break at the be gin ning of the chap ter, now you can un der stand 
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Figure 23.7

Life cy cle of Cryptosporidium, the caus a tive agent of cryp to spo rid i o sis. Redrawn from 
a CDC il lus tra tion.

Contamination of water
and food with oocysts
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how the im prop erly work ing wa ter treat ment sys tem was over whelmed 
by con tam i nated stools con tain ing Cryptosporidium oo cysts. Additionally, 
Cryptosporidium oo cysts are re sis tant to nor mal lev els of chlo rine. Efec
tive wa ter treat ment strat e gies in clude phys i cal re moval by floc cu la tion 
and fil tra tion and per haps treat ment with ul tra vi o let (UV) light or ozone.

As you can see, the life cy cle de scribed above is quite com plex. Let’s 
add two ad di tional points which in crease the in fec tiv ity of this path o
gen. The first deals with the shed ding of oo cysts. Approximately 20% of 
the oo cysts that are formed are thinwalled oo cysts. These oo cysts never 
exit the host and re sult in a con tin u ous re in fec tion. The sec ond point is 
that only re cently were drugs dis cov ered that could re duce in fec tion by 
Cryptosporidium. These two facts, cou pled with the fact that im mu nity is 
largely of the cellme di ated type, al low Cryptosporidium to wreak havoc 
es pe cially on in di vid u als with com pro mised im mune sys tems. Immuno
competent per sons would nor mally be  able to pass the dis ease af ter 
mount ing a strong im mune sys tem; how ever, the im mu no com pro mised 
may suf er from cryp to spo rid i o sis for long pe ri ods.

In terms of trans mis sion via foods, cryp to spo rid i o sis has been as so ci
ated with sev eral food prod ucts. Surveys of fresh pro duce through out  the 
world have iden ti fied Cryptosporidium oo cysts at dif er ent lev els. Several 
readytoeat foods and sal ads have been con tam i nated by in fected food han
dlers, in clud ing pre pared salmon, noo dle salad, fruit salad, and sand wich es.

During the 1990s and early 2000s, sev eral out  breaks of cryp to spo rid
i o sis were as so ci ated with con sump tion of un pas teur ized ap ple ci der. 
Cryptosporidium was an im por tant or gan ism of con sid er ation in the ad
ap ta tion of the juice Hazard Analysis and Critical Control Point (HACCP) 
rule, which was im ple mented in 2002. Cryptosporidium can be suc cess
fully in ac ti vated when ap ple ci der is treated us ing UV light and pas teur
i za tion, when the pro cesses are val i dated. Outbreaks con tinue to oc cur 
as so ci ated with ap ple ci der. At a fall fes ti val in Il li nois in 2015 an out 
break of ill ness oc curred in 30 to 70 in di vid u als where the ap ple ci der 
was con tam i nated with Cryptosporidium and path o genic Escherichia coli.

Cryptosporidiosis is a dis ease of sub stan tial eco nomic and health bur
den within the United States. While its in ci dence var ies sea son ally and 
geo graph i cally, the ma jor ity of cases are re lated to con tam i nated rec re a
tional wa ter. Changes in pool fil tra tion and dis in fec tion prac tices are 
needed. Food and wa ter con tain ing Cryptosporidium have con tam i nated 
readytoeat foods, mol lus can shell fish, and fresh pro duce. Outbreaks of 
cryp to spo rid i o sis in creased in the late 2000s. You may see signs from the 
CDC in the bath rooms of your out  door pools bring ing aware ness to 
“Crypto spread by pools.” These out  breaks oc cur with fre quency in part 
due to the in her ent chlo rine re sis tance of Cryptosporidium oo cysts (see 
Box 23.1 for more in for ma tion).

Cyclospora cayetanensis
Cyclospora cayetanensis be came in fa mous in the United States af ter be ing 
as so ci ated with raw rasp ber ries and black ber ries im ported from Gua te mala 
that were linked to sev eral large out  breaks of gas tro in tes ti nal ill ness in the 
late 1990s and early 2000s. In 2011, the CDC es ti mated that there are ap
prox i ma tely 19,808 cases each year in the United States. C.  cayetanensis is a 

Authors’ note
It is es sen tial that a food 
pro cess be tested for the 
pa ram e ters used by the spe cific 
pro ducer, in clud ing the mix ture 
of in gre di ents. Process val i da
tion should be per formed each 
time a pa ram e ter is changed.
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food and wa ter borne pro to zoan par a site that in fects the up per small in tes
tine of hu mans and can cause se vere di ar rhea, stom ach cramps, and nau
sea, which may be ac com pa nied by fe ver. Other com mon symp toms in clude 
loss of ap pe tite, weight loss, stom ach cramps/pain, bloat ing, in creased gas, 
nau sea, and fa tigue. Vomiting, body aches, head ache, fe ver, and other flu
like symp toms may oc cur. Some in fected in di vid u als may not have any 
symp toms. If not treated, the ill ness may last from a few days to a month or 
lon ger. Symptoms may seem to go away and then re turn one or more times.

Cyclosporiasis is treat able with the sul fon amide an ti bi otic tri meth o
primsulfamethoxazole. Cyclospora oo cysts were first ob served in stool 
sam ples in Pa pua New Guinea in the 1970s and were re ferred to as cy a no
bac te ri umlike bod ies. Interestingly, Cyclospora is still of ten re ferred to as 
an emerg ing path o gen due to the many un knowns re gard ing its trans
mis sion. Cyclosporiasis is not thought to be as so ci ated pri mar ily with im
mu no com pro mised in di vid u als like other hu man pro to zoan path o gens. 
C. cayetanensis was iden ti fied as a new coccidian spe cies in 1993 at Cayet
ano He re dia University in Lima, Peru, by Ynes Or tega and col leagues 
when they suc cess fully in duced oo cyst spor u la tion and excystation of the 
spo ro zo ites in vi tro.

C. cayetanensis oo cysts are quite large, 7.5 to 10 µm in di am e ter. The 
spe cies was once re ferred to as large Cryptosporidium and may be con
fused with Cryptosporidium when oo cysts from food sam ples are viewed 
mi cro scop i cally. These oo cysts have a strong outer mem brane com posed 
of com plex car bo hy drates and lip ids which make these oo cysts ac idfast. 
The oo cyst mem brane pro tects two ob long spo ro cysts that sur round the 
in fec tive life stages, with four spo ro zo ites in each spo ro cyst (Fig. 23.8). 
The oo cyst and spo ro cyst mem branes are strong struc tures that pro vide 
great sta bil ity to en vi ron men tal pres sures and en sure that the spo ro zo ites 
re main vi a ble along their jour ney to the small in tes tine. Like many pro to
zoa but dif er ent from Cryptosporidium, Cyclospora oo cysts are shed un
sporulated and spor u late out  side the host within 7 to 10 days un der 
fa vor able en vi ron men tal con di tions. Sporulation is var i able. Compare this 
with Cryptosporidium oo cysts, which are shed al ready spor u lated and in
fec tious, or with Toxoplasma gondii oo cysts, which spor u late within 48 to 
72 h of be ing in the en vi ron ment. The in fec tion pro cess be gins when the 
oo cysts are in gested by the host. Coccidian oo cyst outer mem branes re
spond to the acidic pH of the stom ach. When the spo ro cysts reach the in
tes ti nal tract of the host, the spo ro cyst wall breaks down and the spo ro zo ites 
that are re leased in vade host ep i the lial cells and un dergo mul ti ple cy cles of 
asex ual mul ti pli ca tion. This is fol lowed by sex ual de vel op ment for the for
ma tion of the unsporulated oo cysts that are shed in the host fe ces. The life 
cy cle of C. cayetanensis is shown in Fig. 23.9.

The first re ported out  break of cyclosporiasis in the United States in
volved con tam i nated wa ter in Chi cago, Il li nois, in 1990. Cyclosporiasis has 
been as so ci ated with fresh fruits, veg e ta bles, and herbs likely con tam i
nated by wa ter, soil, or pro duce han dlers (Fig. 23.10). In par tic u lar, rasp
ber ries, ba sil, pars ley, snow peas, and leafy greens have been im pli cated 
as prob a ble trans mis sion ve hi cles in 19 out  breaks of cyclosporiasis in the 
United States. As with the hep a ti tis A vi rus, C. cayetanensis oo cysts are shed 
by hu mans and con tam i na tion can oc cur at both pre har vest points (soil, 

Figure 23.8

Oocysts of Cryptosporidium (4–6 μm) 
(circle) and Cyclospora cayetanensis 
(8–10 μm) (arrows); one of the Cyclospora 
oocysts has not retained the stain. The 
smallest structure (square) is an artifact 
and measures approximately 1–2 μm. 
Modified acidfast stain. (From Garcia 
LS, Diagnostic Medical Parasitology, 6th 
ed, ASM Press, Washington, DC, 2016.)

Author’s note
You might imag ine that food 
ser vice work ers or food 
han dlers who may be in fected 
with out  symp toms may be at 
risk for spread ing Cyclospora 
oo cysts via foods. Similarly, 
peo ple who re lapse into an 
in fec tion may also be at risk 
for spread ing oo cysts. And 
re mem ber that cyclosporiasis 
is only trans mit ted by hu mans. 
Can you re call path o genic 
bac te ria and vi ruses that are 
also only shed by hu mans? 
(Hint. . .do Shigella and 
hep a ti tis A ring any bells?)
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fe ces, ir ri ga tion wa ter, dust, in sects, or an i mals) and post har vest points (hu
man han dling, equip ment, or trans port con tain ers).

In to tal, the 10 events that have in volved C. cayetanensis and con tam i
nated rasp ber ries ac counted for 2,864 ill nesses and sub se quently eight 
traceback in ves ti ga tions, in clud ing five farm in ves ti ga tions, four of these 
in Gua te mala and one in Chile. The first re ported out  breaks of cyclospo
riasis as so ci ated with rasp ber ries were in New York and Flo rida in 1995. 
These out  breaks did not in volve traceback in ves ti ga tions of any kind, and 
ap prox i ma tely 71 in di vid u als were in volved. In New York, drink ing wa ter 
from por ta ble cool ers at a coun try club and rasp ber ries that were served 
dur ing the out  break pe riod were sus pected. In Flo rida, rasp ber ries were 
sus pected but were a com po nent of a fruit cup and des serts served at var
i ous so cial events. During 1996, more than 1,660 in di vid u als in the United 
States be came ill from rasp ber ries con tam i nated with Cyclospora. There 
were traceback and farm in ves ti ga tions as so ci ated with these three large 

Sporulated

Figure 23.9

Life cy cle of Cyclospora cayetanensis. Redrawn from a CDC il lus tra tion.
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out  breaks. Together, these events in volved 20 states and the District of 
Co lum bia. Raspberries were traced back to Gua te mala for many of the 
events, and ber ries that were im pli cated had been har vested from be
tween 3 and 30 farms. In the large mul ti state out  break in 1996, a ma jor ity 
of the rasp ber ries were traced to one ex port er; how ever, noth ing con crete 
came of the farm in ves ti ga tions, as ex port ers had in cluded rasp ber ries 
from dif er ent farms in a sin gle ship ment. Another large mul ti state out 
break oc curred the fol low ing year, again as so ci ated with Gua te ma lan 
rasp ber ries. Several farms were iden ti fied dur ing the in ves ti ga tion by the 
Food and Drug Administration (FDA). In 1998, an out  break of cyclospo
riasis oc curred in Mas sa chu setts and no farm in ves ti ga tion was pur sued, 
as it was not pos si ble to de ter mine if the rasp ber ries orig i nated from Chile 
or from Gua te mala. In 2000, rasp ber ries as so ci ated with a cake were in
volved in an out  break and the ber ries were traced to three sources (one 
Gua te ma lan farm, one Chil ean farm, and one un known U.S. farm). The 
farm in Gua te mala was later im pli cated in the Penn syl va nia out  break 
men tioned pre vi ously and was also found to be as so ci ated with an out 
break in the state of Geor gia the same year. Raspberries from Chile were 
also sus pected in the lat ter out  break in 2000. In 2002, rasp ber ries from 
Chile were again sus pected in an out  break that in volved 22 in di vid u als.

The role of wa ter has been ques tioned in the trans mis sion of oo cysts to 
ber ries and other foods, in clud ing mes clun let tuce (1997), ba sil (1997, 1999, 
2004, and 2005), and snow peas (2004), which were as so ci ated with out 
breaks. The wa ter used to mix pes ti cides was pre vi ously iden ti fied as a pos
si ble source of con tam i na tion in the out  breaks of cyclosporiasis as so ci ated 
with con tam i nated rasp ber ries. Water and soil are of con cern in many parts 
of the world where cyclosporiasis is en demic and in di vid u als who shed 
 oo cysts may be asymp tom atic. Contact with soil among health care and 
farm work ers in Gua te mala was a risk fac tor for cyclosporiasis in fec tion.

Another se ries of out  breaks oc curred dur ing the sum mer months of 
2012, 2013, 2014, and 2015. Illness dur ing these 4 years oc curred in many 
states across the U.S. dur ing the months of April to Au gust. The ill nesses 
were as so ci ated with con sump tion of con tam i nated salad greens or herbs 

Figure 23.10

Even though Cyclospora is about 10 times the size of 
a bac te rium, you still can not tell with the na ked eye 
whether these foods are con tam i nat ed.
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like ci lan tro. The FDA considered it un likely that these out  breaks were due 
to iso lated con tam i na tion events, due to the recurrence and re peated as so
ci a tion with pro duce grown in the Mex i can state of Puebla. No sin gle sup
plier or dis tri bu tion cen ter was linked to all  in ci dents, mak ing it likely that 
the problem could be at trib uted to a broader source of con tam i na tion. 
Sources of con tam i na tion may in clude fe cal con tam i na tion of grow ing ar
eas or ir ri ga tion wa ter, and lack of ad e quate clean ing or san i tiz ing of equip
ment that comes in con tact with the prod uct. Given that pro to zoan in fec tion 
is fairly com mon in peo ple liv ing in parts of Central and South America, 
what is the next step? In No vem ber 2015, the U.S. FDA and or ga ni za tions 
from the Mex i can gov ern ment en tered into a part ner ship to en hance the 
safety of fresh ci lan tro (Coriandrum sativum). This part ner ship es tab lished 
a for mal frame work pol icy to pro mote the safety of fresh and min i mally 
pro cessed ag ri cul tural prod ucts. International in ter ac tions like this one 
are needed to en sure food safety pri or i ties in fields and pack ing houses 
around the world in our global food pro duc tion and dis tri bu tion net work.

Understanding the risk as so ci ated with in fec tion may help us to 
 un der stand where con tam i na tion may be more likely. In sev eral doc u
mented out  breaks rasp ber ries were the likely ve hi cle of con tam i na tion, 
but ill ness was as so ci ated with other foods, in clud ing wed ding cake and 
lemon tart. While stud ies at tempt ing to de ter mine the in fec tious dose 
have not been suc cess ful, ep i de mi o log i cal in ves ti ga tions have sug gested 
that the in fec tive dose is low or that in the ber ryassociated out  breaks the 
num ber of oo cysts per berry was high. Compared to other coccidians, 
Cyclospora oo cysts re quire a great amount of time to spor u late in the en vi
ron ment. C. cayetanensis is dif  cult to study in the lab o ra tory, as hu mans 
are its only known host, mak ing ac cess to oo cysts and meth ods to eval u
ate vi a bil ity dif  cult and lim ited. It is im por tant to note that spor u la tion 
can be in ac ti vated by ex pos ing oo cysts to ex treme tem per a tures that 
would be used at home in food prep a ra tion or in the food in dus try.

Toxoplasma gondii
In 2011, the CDC es ti mated that there are ap prox i ma tely 173,995 cases of 
T. gondii in fec tion each year in the United States. Exactly how much of this
in ci dence is di rectly foodborne is not well un der stood at this time; how
ever, toxo plas mo sis is the fourth lead ing cause of hos pi tal i za tions due to
foodborne ill ness and the sec ond lead ing cause of mor tal ity as so ci ated
with foodborne ill ness. The last two sta tis tics cer tainly sug gest that toxo
plas mo sis is a se ri ous dis ease. In fact, toxo plas mo sis is re ferred to as a ne
glected par a sitic in fec tion in the United States. In gen eral, soil con tam i nated
with cat fe ces, undercooked meat, and congenital trans mis sion are the
principal sources of in fec tion.

As you may have guessed, toxo plas mo sis is caused by the pro to zoan 
par a site T. gondii, which was first ob served in 1908 in a des ert ro dent called 
the gondi found in Tu ni sia. This pro to zoan is dif er ent from the oth ers dis
cussed here so far in that it causes an extraintestinal dis ease, has a more 
com pli cated life cy cle, and can be trans mit ted to hu mans in three dif er ent 
ways. Oocysts (10 to 13 µm by 9 to 11 µm) are ex creted unsporulated into 
the en vi ron ment by cats, which are the de fin i tive hosts, and then spor u late 
and be come in fec tive in about 24 h (Fig. 23.11). These oo cysts are in gested 

Figure 23.11

Unsporulated (A) and spor u lated (B) 
Toxoplasma gondii oo cysts. Courtesy 
of the CDC.
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Figure 23.12

Life cy cle of Toxoplasma gondii show ing the role of the fe line de fin i tive host that sheds 
the oo cysts and the role of the var i ous po ten tial in ter me di ate hosts. Redrawn from an 
il lus tra tion sup plied by J. P. Dubey (Agricultural Research Service, USDA).

by wild an i mals, do mes tic an i mals, or hu mans, who serve as the in ter
me di ate hosts in which the or gan ism un der goes a se ries of asex ual re
pro duc tion stages that be come en cysted within mus cle tis sue (Fig. 
23.12). These tis sue cysts can con tain large num bers of life stages called 
bradyzoites (Fig. 23.13). As in fec tion be comes chronic, tis sue cysts de
velop in the brain, heart, and skel e tal mus cles. Cysts may per sist for 
months or even years af ter the ini tial in fec tion. A healthy im mune sys
tem is  able to keep an in fec tion in check, so to speak. If im mu nity 
lapses, re leased bradyzoites can boost im mu nity to its prior level, pro
tect ing the body against an other in fec tion, and this is called pre mu ni
tion. Immunity for Toxoplasma, like other pro to zoan par a sites, in volves 
both an ti body and cellme di ated im mu nity types. This is one rea son 
why there has been an in crease in pro to zoan par a sitic dis eases as more 
peo ple live lon ger, health ier lives with sup pressed im mune sys tems. 
(See Box 23.2 for a discussion on the potential role that toxoplasmosis 
infection plays on adult mental health.) These la tent in fec tions may 
cause se vere health prob lems in per sons with com pro mised im mune 
sys tems if the tis sue cysts be come re ac ti vated. This may oc cur if tis sue 
cysts break down and the im mune sys tem can not keep the bradyzoites 
at bay. How are cysts in volved in trans mis sion? Tissue cysts can form in 
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do mes tic an i mals af ter they in gest oo cysts in their feed or on the pas
ture. Tissue cysts can form in swine and cat tle. If a hu man in gests con
tam i nated meat that is undercooked, that per son in gests tis sue cysts 
which con tain vi a ble life stages. From the above in for ma tion, the first 
two ways in which Toxoplasma can be trans mit ted is through in ges tion 
of oo cysts or tis sue cysts.

Another form of this dis ease is quite tragic in na ture. Congenital 
toxo plas mo sis oc curs when a preg nant woman con tracts acute toxo plas
mo sis at the time of con cep tion or dur ing preg nancy. The or gan isms 
can in fect the de vel op ing fe tus by cross ing the pla cen tal bar rier. Neonatal 
in fec tions may be asymp tom atic, but some are not. A sig nifi  cant num
ber of these in fec tions cause death or dis abil ity to new borns. Stillbirths 
or spon ta ne ous abor tions may oc cur. The rate of trans mis sion to the fe
tus dur ing a ma ter nal in fec tion is ap prox i ma tely 45%. Of these cases, the 
ma jor ity are sub clin i cal; how ever, around 10% of fe tuses may die and 30% 
may suf er se vere dam age, in clud ing hy dro ceph a lus, in tra ce re bral cal ci fi
ca tion, retinocarditis, and de vel op men tal de lay. These is sues oc cur not 
only in hu mans but also in sheep, which ap pear to be par tic u larly sus cep
ti ble to con gen i tal toxo plas mo sis. Early di ag no sis and treat ment are im
por tant. This is why it is es sen tial that women of child bear ing age be 
aware of their toxo plasma se rol ogy. If a woman is se ro pos i tive be fore preg
nancy, she is pro tected from con gen i tal in fec tion. Pyrimethamine and 
sul fon amides can be given to gether against Toxoplasma.

Much work has been done to re duce the risk of trans mis sion of oo
cysts and tis sue cysts to an i mals via con tam i nated feed and wa ter. It is 
dif  cult to re duce this risk to ze ro; how ever, the ma jor ity of cases of 
toxo plas mo sis now in the United States do not orig i nate from in gest ing 
con ven tion ally raised meat. The or i gin of the ma jor ity of cases of toxo
plas mo sis to day is un known. Some have orig i nated from the in ges tion 
of im prop erly cooked meats, in clud ing wild boar and other wild game 
meats (in clud ing cou gars, black bears, and po lar bears—oh, my!). In 
two dif er ent stud ies of black bears in Penn syl va nia, 35.7% of 28 bears 
were se ro pos i tive for T. gondii in a 1995 pub lished study and 70% of 10 
bears were se ro pos i tive in a 2004 study. Prevalence stud ies as sess ing 
T. gondii an ti bod ies in swine pop u la tions in the United States have been
con ducted (Table 23.1). It is dif  cult to come to con clu sions based on these
data and those from the CDC, which place toxo plas mo sis as the sec ond
lead ing cause of foodborne mor tal ity and the fourth lead ing cause of hos
pi tal i za tions due to foodborne ill ness. Perhaps wild game an i mals play a
larger role than once thought. Or per haps oo cysts are more prev a lent in
the en vi ron ment and are con sumed with wa ter or fresh pro duce. How
ever, the U.S. Department of Agriculture (USDA) es ti ma tes that onehalf
of T. gondii in fec tions are caused by the in ges tion of raw or undercooked
in fected meat. An ex ten sive na tion wide sur vey of re tail meats was con
ducted by the Agricultural Research Service of the USDA. In this study
pub lished by Dubey et al., 2005, sci en tists found a prev a lence of 0.3%
pos i tive pork sam ples from the 2,094 sam ples an a lyzed, 0% pos i tive of the
2,094 beef sam ples an a lyzed, and 0% pos i tive of the 2,094 chicken breast
meat sam ples an a lyzed. In a dif er ent study of 112 goat hearts avail  able at
re tail, 25.8% were found to be pos i tive for T. gondii.

Figure 23.13

T. gondii, toxoplasmosis. (Top) Toxoplasma
tachyzoites (actively proliferating form).
(Bottom) Toxoplasma bradyzoites
(resting forms).
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According to the CDC in 2000, the pres ence of im mu no glob u lin G 
an ti bod ies to T. gondii is about 15 to 20% in per sons 12 to 49 years of age. 
In other places around the world seroprevalance is much higher, for ex
am ple, at about 80 to 90% among peo ple in France and Aus tria. Most of 
the peo ple that are se ro pos i tive are asymp tom atic. As you read ear lier, a 
healthy im mune sys tem is  able to keep this pro to zoan par a site in check. 
Might poul try play a role in toxo plas mo sis? Freerange poul try were tested 
for the pres ence of an ti bod ies to T. gondii and found to have seropreva
lence rates of 86% in Nic a ra gua, 64% in Ghana, 24% in In do ne sia, 12.5% 
in It aly, 30% in Po land, and 24% in Viet nam. Chickens were also found 

Authors’ note
Perhaps this is a good time to 
re mind you that it is im por tant 
to cook meat prop erly and 
thor oughly, be sure to wash 
hands well af ter han dling meat, 
and avoid crosscontamination.

Box 23.2
Toxoplasmosis and mental health?

While toxo plas mo sis in fec tion 
seems to be life long, clin i cal 
prob lems as so ci ated with the 
dis ease af ter the ini tial acute 
in fec tion don’t oc cur of ten in 
peo ple who be come in fected 
out  side of in fancy. This is for tu nate, 
given some of the rel a tively high 
seroprevalence rates around the 
world. However, re cent stud ies have 
re vealed in ter est ing as so ci a tions 
be tween toxo plas mo sis in fec tion 
and psy chi at ric dis or ders in 
hu mans, in clud ing schizo phre nia, 
bi po lar ill ness, sui cide at tempts, 
selfdi rected vi o lence, and mem ory 
im pair ment. Several re search ers are 
study ing the ba sic bi  ol ogy and 
clin i cal as pects of toxo plas mo sis 
in fec tion to un ravel its im pact on 
men tal health. Psychotic con di tions 
may be influ enced through the 
host’s im mune re sponse to 
toxo plas mo sis, in clud ing pro duc tion 
of spe cific cy to kines and other 
im mune mod u la tors. The com plete 
re la tion ship be tween T. gondii 
in fec tion and men tal ill ness, 
in clud ing for ma tion and lo ca tion of 
tis sue cysts and the im mune 
re sponse, is not well un der stood.

One in ter est ing fact that has been 
no ticed in re search stud ies re lates 
back to the ba sic prin ci ple of 

par a site rep li ca tion. Keep in mind 
that the ba sic def  ni tion of a par a site is 
an or gan ism that lives and ben e fts at 
the ex pense of its host. Scientific 
stud ies have ob served that mice 
in fected with T. gondii dis play men tal 
changes. Rodents in fected with  
T. gondii, com pared with sham 
inoculated an i mals (i.e., a con trol 
in fec tion in which an an i mal is 
“in fect ed” with sa line wa ter in stead 
of the par a sitic life stages), ex hib ited 
dif er ences in mo tor co or di na tion, 
mem ory, anx i ety, and re sponse to 
cat odor. One of the most pub li cized 
ef ects of T. gondii on ro dent 
be hav ior is that it causes ro dents 
that are nor mally fear ful of cats to 
be come at tracted to cat odor. 
Imagine the im pact of the dis ease  

on the in fected mouse, which might 
run to ward a cat (the de fin i tive host 
of T. gondii)—with the re sult that  
T. gondii would com plete its life cy cle 
and gen er ate oo cysts, its rep li ca tive 
life stage, which the cat would shed. 
Read the pub lished sci en tific ar ti cles 
listed be low by Dr. Berdoy and 
col leagues (2000) and Dr. Worth and 
col leagues (2014) to learn more 
about this fa tal at trac tion and how 
aver sion is mea sured in dif er ent 
are nas.

Berdoy M, Webster JP, Mac don ald DW. 
2000. Fatal at trac tion in rats in fected with 
Toxoplasma gondii. Proc R Soc B 267:1591–1594.

Worth AR, Thomp son RCA, Lymbery AJ. 
2014. Reevaluating the ev i dence for Toxo-
plasma gondiiinduced behavioural changes 
in ro dents. Adv Parasitol 85:109–142.

Here cats eye this mouse. What could the mouse be think ing? 
(“Playing Cat and Mouse,” by John Henry Dolph [18351903].)
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to be se ro pos i tive within the United States, but rates var ied by farm, from 
16 to 100% pos i tive for freerange birds and 30 to 50% in or gan i cally raised 
chick ens. These data were ob tained by the USDA.

Giardia intestinalis
Giardia is the most com mon par a sitic cause of di ar rhea in the United 
States. The highly con ta gious di ar rheal dis ease giar di a sis con sti tutes 
about 40% of re ported wa ter borne di ar rheal out  breaks, and to com pli cate 
mat ters, Giardia may be pres ent in asymp tom atic car ri ers. The dis ease 
ap pears to be more prev a lent in chil dren than in adults. It is com monly 
spread in day care cen ters and, like other gas tro in tes ti nal dis eases, can 
be spread eas ily in in sti tu tional en vi ron ments. While over all prev a lence is 
not too high, in fec tion in the United States is es ti mated at 2% of the pop
u la tion. Giardia it self can be found around the globe.

In 2011, the CDC es ti mated that there are ap prox i ma tely 1.3 mil lion 
cases each year in the United States. Giardiasis in mam mals (in clud ing 
hu mans) is trans mit ted by a spe cies known by the names Giardia lamblia, 
G. intestinalis, and G. duodenalis. While more than 40 spe cies have been
de scribed, five are con sid ered valid, and the one above, along with G. muris,

Table 23.1 Prevalence of T. gondii an ti bod ies in sera of pigs from the United Statesa

Yr(s) sam pled Type Source of se ra No. test ed % Positiveb

1983–1984 Market hogs Nationwide 11,229 23

Sows 623 42

1989–1992 Sows Io wa 1,000 22.2

1989–1990 All ag es Ha waii (31 farms) 509 48.5

1990 Sows Nationwide 3,479 20

1991–1992 Sows Ten nes see (343 herds) 3,841 36

1992 Market hogs Il li nois (179 herds) 1,885 3.1

Sows 5,080 20.8

1992–1993 Market hogs Il li nois (47 herds) 4,252 2.3

Sows 2,617 15.1

1994–1995 Market hogs North Ca ro lina (14 herds) 2,238 0.5

1994–1995 Market hogs Nationwide 4,712 3.2

Sows 3,236 15

1998 Various ag es New En gland states (Con nect i cut, Mas sa chu setts, 
New Hamp shire, Rhode Is land)

1,897 47.5

2000 Market hogs Nationwide 8,086 0.9

Sows 5,720 6

2002 Market hogs Mas sa chu setts (1 herd) 55 87.2

2006 Market hogs Mary land (1 herd) 48 68.7

2008 Market hogs Mary land (1 herd) 38 36.8

2012 Organic pigs Mich i gan 33 51.5

aAdapted from Dubey JP, Jones JL, Int J Parasitol 38:1257–1278, 2008, and Jones JL and Dubey JP, Clin Infect Dis 55:845–851, 2012.
b A pos i tive test was in di cated by ob tain ing a 1:20 di lu tion or higher of an ti bod ies us ing the mod i fied ag glu ti na tion test. This type of test uses di luted 
se rum sam ples taken from the pigs and mixes with a known amount of T. gondii an ti gen and vi su ally iden ti fies a pos i tive test through a bind ing of 
the an ti bodyantigen com plex. You might re mem ber this from your ba sic bi  ol ogy course.
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in fects mam mals. The other three are spe cific to birds (G. ardeae and 
G. psittaci) and am phib i ans (G. agilis). Why does the in fec tive agent of giar
di a sis in hu mans have three names? That is a good ques tion, one with 
which par a si tol o gists and tax on o mists are still wres tling. It ap pears that the 
con fu sion oc curred some time ago and con tin ues to day; how ever, now the 
or gan ism is more rou tinely re ferred to as G. intestinalis. As men tioned 
above, G. lamblia has been known since 1681, when it was dis cov ered by 
Leeu wen hoek in his own di ar rhetic stools.

Giardia is unique in that it is a flag el lated pro to zoan par a site that ex
ists in two forms; im mo bile cysts when out  side the host and mo bile tro
pho zo ites when in side the in tes tine (Fig. 23.14). The cysts are ex tremely 
hardy and pro vide pro tec tion from var i ous de grees of heat, cold, and 
des ic ca tion. Cysts are re sis tant to con ven tional wa ter treat ment meth ods 
such as nor mal lev els of chlo ri na tion. Water treat ment fa cil i ties rely on 
floc cu la tion and phys i cal re moval, which is ef ec tive be cause of the large 
size of the cysts (8 to 12 µm in length and 7 to 10 µm in di am e ter). Like 
Cryptosporidium oo cysts, Giardia cysts are im me di ately in fec tious when 
shed. Once the cyst is in gested with con tam i nated wa ter or food, tro pho
zo ites are re leased into the small in tes tine of the host. The tro pho zo ites 
are unique in shape and struc ture, which eases their iden ti fi ca tion in 
di ar rhetic stools. Trophozoites di vide by bi nary fis sion, sim i lar to bac te
ria. This oc curs so rap idly that one di ar rhetic stool can con tain up to 14 
bil lion par a sites, with the av er age at about 300 mil lion. As you can imag
ine, one in fected in di vid ual can spread dis ease to many oth ers. After mul
ti ple di vi sions within the host, the ac tive life stages en cyst them selves 
within the co lon, de hy drate, and are passed in the fe ces of the in fected in
di vid ual. The life cy cle con tin ues when cysts are swal lowed by a new host, 
safely pass through the stom ach, excyst in the du o de num, com plete mul ti
ple cy cles of di vi sion, grow fla gella, and mul ti ply. The in fec tious dose is 
es ti mated at be tween 10 and 25 cysts. The in cu ba tion pe riod be fore on set 
of clin i cal symp toms is be tween 3 and 25 days, with a me dian of 7 to 10 
days, and gas tro in tes ti nal ill ness may last for weeks with out  treat ment. 
Positive iden ti fi ca tion may be made by mi cros copy anal y sis of tro pho zo
ites in the stool or by di rect fluo res cent an ti body de tec tion of an ti gens in 
the stool. Metronidazole is most com monly pre scribed for treat ment.

Figure 23.14

Diagram of a Giardia cyst (left) and tro pho zo ite (right). Redrawn from a CDC 
il lus tra tion.
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Humans are a ma jor res er voir for Giardia, but wild and do mes tic an i
mals, in clud ing cat tle, are also doc u mented as pos si ble res er voirs. Giar
diasis was once re ferred to as bea ver fe ver due to its as so ci a tion with 
camp ers and drink ing wa ter from con tam i nated streams. This may have 
cat a lyzed the de vel op ment of the many wa ter fil tra tion units avail  able for 
camp ers to day. The dis ease has been most fre quently as so ci ated with the 
con sump tion of con tam i nated wa ter. Foodborne out  breaks have been 
traced to fresh pro duce and also to readytoeat foods (cold sal ads and 
sand wiches) con tam i nated by in fected food han dlers.

Giardiasis cer tainly has a great im pact world wide. Giardia is re spon si ble 
for ap prox i ma tely 40% of re ported wa ter borne di ar rheal out  breaks world
wide. As the num bers re ported above sug gest, it is the most com mon par a
site di ag nosed in the United States. Estimated costs within the United 
States are at $33.8 mil lion per year. This num ber in cludes 3,581 hos pi tal i za
tions per year, with an av er age stay of 3.9 to 4.4 days at a cost of $9,445 per 
hos pi tal i za tion, as de ter mined by the CDC. Interestingly, if we look at the 
num bers of cases of giar di a sis each year since 1992, the num bers are sta ble. 
There is a sea sonal in crease in the sum mer months each year, but the av er
age num ber of case re ports has re mained con sis tent over the past 10 years. 
The num ber of large drink ing wa terassociated out  breaks has de creased 
due to the reg u la tory changes that oc curred in the late 1980s. Scientists are 
at tempt ing to bet ter un der stand the trans mis sion of Giardia by as sess ing 
the zoo notic po ten tial through mo lec u lar genotyping of the strains in the 
seven rec og nized as sem blages (A to G). In this ge netic rank ing, as sem
blages C to G show a marked host spec i fic ity (cats and dogs, hoofed live
stock, cats, and ro dents) and A and B are a bit broader and in clude hu mans.

While giar di a sis is no lon ger a ma jor drink ing wa ter is sue, it is an en
demic ill ness within the United States and places a sub stan tial eco nomic 
and health bur den, par tic u larly for young chil dren. The great est risk fac
tors are us ing un treated drink ing wa ter, con tam i nated rec re a tional wa ter, 
and per sontoperson trans mis sion. Animal con tact may also be a risk 
fac tor. Food can be come con tam i nated through in fected food han dlers 
and nonpotable wa ter used for ir ri gat ing or wash ing fresh pro duce.

Other Protozoa of Interest
Of course, the few pro to zoa men tioned above are not the only pro to zoa 
that may be trans mit ted by wa ter and food. There are sev eral pro to zoa 
that cause hu man ill ness and may cause the trav el er’s di ar rhea that you 
have likely heard about and which elicit warn ings not to drink the wa ter 
or eat fresh pro duce when trav el ing. Several types of amoe bae may cause 
gas tro en ter i tis. This dis ease is also called amoe bic dys en tery. Freeliv
ing amoe bae are uni cel lu lar pro to zoa com mon to most soil and aquatic 
en vi ron ments. You may re mem ber watch ing them in sixth or sev enth 
grade un der a light mi cro scope. The or gan ism Entamoeba histolytica pre
dom i nantly in fects hu mans and other pri ma tes and is es ti mated to in fect 
about 50 mil lion peo ple world wide; how ever, it is much less prev a lent in 
the United States and af ects only <5% of the pop u la tion. Amoebic cysts 
are in gested with con tam i nated food or wa ter and in fect the in tes ti nal 
cells, sim i lar to Giardia. The cysts ma ture and un dergo a se ries of asex ual 
re pro duc tive cy cles (Fig. 23.15). Life stages, known as tro pho zo ites, vary 



|  Chapter 23410

with in va sive (in vad ing the in tes ti nal cells) or non in va sive in fec tions. 
Amoebic dys en tery can be suc cess fully treated with met ro ni da zole, but it is 
bet ter to avoid in gest ing amoe bae if pos si ble. Food may be con tam i nated 
by in fected food han dlers, ir ri ga tion wa ter, in sects, an i mals, ma nure, or 
night soil fer til iz ers.

Another group of pro to zoa that should be men tioned here are the mi
crosporidia. This group in cludes ap prox i ma tely 150 gen era and 1,200 spe
cies. These are zoo notic pro to zoa and can in fect a wide ar ray of in ver te brate 
and ver te brate hosts. The main ge nus that is of con cern for foodborne con
tam i na tion is Encephalitozoon. Microsporidia in gen eral are quite dif er ent 
from the pro to zoa de scribed above. The tiny spores (1 to 4 µm) are highly 
re sis tant to en vi ron men tal pres sures. The ill ness is trans mit ted by spores 
cov ered by a wall of pro tein and chi tin, so they are sim i lar to fun gal spores. 
The spores in fect host cells by shoot ing out  a po lar tube which car ries the 
ge netic ma te rial. Microsporidial in fec tions oc cur more of ten in im mu no
com pro mised per sons, and clin i cal symp toms in clude di ar rhea, fe ver, mal
aise, and nau sea. The ba sic life cy cle of two spe cies of microsporidia is 
shown in Fig. 23.16. In 2009 there was an out  break of gas tro in tes ti nal ill
ness as so ci ated with cu cum bers con tam i nated by Enterocytozoon bieneusi. 
Contaminated cu cum ber slices were served in cheese sand wiches and in a 
salad that were de ter mined to be the prob a ble ve hi cles of trans mis sion 
based on ep i de mi o log i cal data. In this out  break the clin i cal sam ples were 

Figure 23.15

(Top row) Entamoeba histolytica trophozoites. Note the ingested 
RBCs in the cytoplasm. (Middle row) E. histolytica/E.dispar tropho
zoites. Note the absence of RBCs in the cytoplasm. (Bottom row) E. 
histolytica/E. dispar cysts. These cysts cannot be identified to the 
species level on the basis of morphology. Wheatley’s trichrome 
stain. (From NovakWeekley S, Leber AL, p 2399–2424, in Jorgensen 
JH et al, ed, Manual of Clinical Microbiology, 11th ed, ASM Press, 
Washington, DC, 2015.)
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Encephalitozoon hellem
Encephalitozoon cuniculi
Encephalitozoon intestinalis

Enterocytozoon bieneusi
Enterocytozoon intestinalis

Figure 23.16

Life cy cle of two com mon agents of microsporidiosis. The steps are as fol lows. (1) The 
in fec tive spore can sur vive for a long time in the en vi ron ment. (2) The spore ex trudes 
its po lar tu bule and in fects the host cell. (3) The spore in jects the in fec tive sporoplasm 
into the host cell through the po lar tube. (4) Inside the cell, the sporoplasm un der goes 
ex ten sive mul ti pli ca tion through fis sion and asex ual re pro duc tion stages. (5) Further 
de vel op ment into ma ture spores can oc cur ei ther in di rect con tact with the host cell 
cy to plasm (Enterocytozoon bieneusi) or in side a parasitophorous vac u ole (Encephalito
zoon intestinalis). (6) A thick wall is formed around the spore, which pro vi des re sis
tance to ad verse en vi ron men tal con di tions; as spores in crease in num ber and 
com pletely fill the host cell cy to plasm, the cell mem brane is dis rupted and re leases 
the spores into the sur round ings. (7) The free ma ture spores can in fect new cells, 
thus con tinu ing the cy cle. Redrawn from a CDC il lus tra tion.
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col lected 7 months af ter the out  break oc curred. In this case it is not known 
if con tam i na tion oc curred pre har vest or by an in fected food han dler. This 
is the first doc u mented pro ducelinked out  break due to microsporidia. It is 
likely that the con tam i na tion lev els were quite high, so that wash ing was 
un suc cess ful at re mov ing all  the spores from the cu cum bers. Another 
point that is pos si ble and has been shown with other pro to zoa is that cysts 
and oo cysts ad here quite strongly to fresh pro duce. While a zoo notic link 
can not be com pletely elim i nated, it is likely that since all  cases were traced 
ge net i cally to Enterocytozoon bieneusi ge no type C, the ini tial con tam i na tion 
source was hu man. It is im por tant to re it er ate that wash ing of fresh pro
duce re mains an im por tant point in the pre ven tion of foodborne ill ness.

HELMINTHS
The world of par a sites is vast. Perhaps there are more hel minths than 
there are pro to zoa. Helminths in clude the round worms, tape worms, and 
flukes. While there are myr iad hel minth gen era that cause ill ness in hu
mans, just a hand ful are dis cussed here. These are ones that have been of 
im por tance in an i mal pro duc tion within the United States. For the most 
part, the re moval of these from con ven tional an i mal pro duc tion within 
the United States is a pub lic health achieve ment. There are still risks for 
some of these or gan isms as we con sider the global land scape for food pro
duc tion, and an i mals raised in out  door sys tems in her ently con front 
higher risks of ex po sure to foodborne par a sites. Other hel minths dis
cussed here may be risk con sid er ations for pro duc tion of fruits, veg e ta
bles, or seafood. Each type of hel minth has its own char ac ter is tics. The 
life cy cles of foodborne hel minths are still com plex but dif er from those 
of the pro to zoa in the num bers of asex ual re pro duc tive cy cles. Typically 
an egg de vel ops into one or more lar val stages which grow into adult 
worms. Sexual re pro duc tion within the de fin i tive host leads to pro duc tion 
of eggs that are shed in the fe ces of the in fected host.

Roundworms (Nematodes)
The round worms, or nem a todes, are the most abun dant an i mals on the 
planet. In gen eral, nem a todes are elon gated, cy lin dri cal worms that are 
ta pered at both ends and have a thick cu ti cle to help them sur vive en vi ron
men tal pres sures. Roundworms gen er ally feed on blood, cel lu lar tis sues, 
and flu ids. Only a few cause dis eases in hu mans and do mes tic an i mals; 
three of these that can be trans mit ted by foods are dis cussed be low.

Trichinella spiralis
The most im por tant round worm from a food mi cro bi ol ogy per spec tive is 
Trichinella spiralis. To start of, this or gan ism is of his tor i cal im por tance 
be cause it is the main rea son why pork was be lieved to be “un clean.” In 
sto ries through out  his tory, many peo ple be came ill af ter eat ing under
cooked con tam i nated pork. This is likely part of the sci en tific ba sis for 
why some re li gions still pro hibit eat ing pork. In the United States, there 
has been a con tin ual de crease in the in ci dence of T. spiralis. In the 1940s 
there were more than 400 cases each year. In the 1980s this de creased to 
30 to 40 each year, but in the 1990s there were >100 cases each year. The 
fairly re cent in crease was likely a re sult of in creased con sump tion of wild 
game, foods from other cul tures, and or gan i cally pro duced or freerange 
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Figure 23.17

This coiled firststage T. spiralis larva is 
in a “nurse cell.” Note the hyaline, 
amorphous appearance of the external 
aspect of the nurse cell and the sur
rounding chronic inflammatory 
infiltrate. The worm diameter is 35 μm. 
Hematoxylin and eosin stain; original 
magnification, ×30. (From Procop GW, 
Neafie RC, p 2493–2304, in Jorgensen JH 
et al, ed, Manual of Clinical Microbiology, 
11th ed, ASM Press, Washington, DC, 
2015.)

pork. Trichinella is zoo notic and can have a va ri ety of hosts, in clud ing 
pigs, sheep, wild boars, bears, cou gars, horses, and dogs. Nearly all  of 
these types of meats have been ep i de mi o log i cally linked to cases of trich i
no sis within the United States. In 2011, the CDC es ti mated that there are 
ap prox i ma tely 162 cases each year in the United States.

To be come ill, the host must in gest the en cysted lar vae that are wound 
up tightly in con tam i nated and undercooked meat (Fig. 23.17). The lar vae 
are re leased from the nurse cells in the stom ach in re sponse to the host’s 
di ges tive en zymes and pH and de velop into adult worms in the small in
tes tine of the de fin i tive host. Over a pe riod of 4 to 16 weeks the fe male 
adult worm (1.4 to 1.6 mm long) may re lease many lar vae that then mi
grate, en ter the lymph or blood sys tem, and pen e trate the tis sues. Even
tually the spent male and fe male worms die and pass out  of the body. 
Newborn lar vae are car ried through out  the blood stream and may en ter 
skel e tal mus cle. Most ju ve niles are car ried away by the hepatoportal 
sys tem through the liver and then to the heart, lungs, and ar te rial sys tem, 
which dis trib utes them through out  the body. During this mi gra tion, the 
lar vae may be dis trib uted to any mus cle within the body. The larva ma
tures in the mus cle and forms what are called nurse cell com plexes and 
be come en cysted. The de dif er en ti a tion of the mus cle cell and for ma tion 
of the nurse cell, also re ferred to as a cyst, con sti tute a com plex cel lu lar 
pro cess that in volves a re rout ing of a net work of tiny blood ves sels to the 
cyst. This pro cess is not com pletely un der stood.

Trichinellosis has some what vague clin i cal symp toms, which is one 
rea son for the un der re port ing of this dis ease. Newborn lar vae cause an 
in flam ma tory re sponse be gin ning about 48 h post in fec tion. Pain may ac
com pany the mi gra tion of the lar vae to the skel e tal tis sues, di a phragm, or 
eyes. The en cysted lar vae be come cal ci fied within 9 to 12 months. Clinical 
symp toms in clude edema, mus cle at ro phy, and po ten tial re spi ra tory prob
lems, de pend ing on the mi gra tion of the lar vae.

The re duc tion in tri chi nae is a suc cess story for swine pro duc tion 
and pork safety within the United States (Fig. 23.18). This is such a great 
story that most re cently the USDA re duced the rec om mended cook ing 
tem per a ture to 145°F, since the risk of par a site con tam i na tion (Trichinella 
or Toxoplasma) is al most zero. The tri chi nafree cer ti fi ca tion pro gram 

Figure 23.18

Trichinafree pigs are a great suc cess story for 
con ven tion ally raised swine in the United States. 
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has been in de vel op ment since the mid1990s and was part of the 2008 
farm bill. Voluntary pi lot pro grams were launched in 1995, 1997, and 
2000. Certification in cludes four el e ments de scribed be low.

 1.  Accredited vet er i nar i ans (trained in good pro duc tion prac tices for 
tri chi nae) work with pro duc ers to min i mize in fec tion rates on 
their farms.

 2.  Onfarm au dits are per formed to doc u ment tri chi nafree sta tus, 
with pe ri odic au dits to prove that good pro duc tion prac tices for 
tri chi nae are be ing ob served.

 3.  A sta tis ti cal sam ple of the herd is tested reg u larly at slaugh ter 
us ing en zymelinked im mu no sor bent as say or di a phragm di ges
tion test to ver ify the ab sence of tri chi nae.

 4.  USDA Animal and Plant Health Inspection Service vet er i nar i ans 
con duct ran dom spot au dits to en sure com plete ness and cred i bil
ity of cer ti fi ca tions with trad ing part ners.

It makes sense that the tri chi nafree cer ti fi ca tion sys tem is based on 
cer ti fy ing man age ment prac tices rather than test ing ev ery pig.

Ascaris lumbricoides
The op po site of the tri chi nae, which are the small est nem a todes, the as
ca rids are the larg est in tes ti nal round worms (Fig. 23.19). The adults grow 
up to 18 inches long and wreak havoc on their hu man hosts as they block 
bile and pan cre atic ducts. An adult A. lumbricoides worm can pro duce up to 
200,000 eggs daily and up to 2.7 mil lion eggs in a life time. As the eggs 
hatch, ju ve niles pen e trate the in tes ti nal wall and en ter the cir cu la tory sys
tem. If the worms en ter the lungs they can cause the dis ease known as as
ca ris pneu mo nia.

From a his tor i cal per spec tive, Ascaris was first de scribed by the an
cient Greeks, with de tails of the dis ease from A. lumbricoides and A. su
um writ ten on pa py rus. Infection in North Amer ica is es ti mated at 
3 mil lion hu mans, and in fec tion world wide is es ti mated at 600 mil lion. 
It is be lieved that A. lumbricoides was orig i nally a par a site of pigs and 
be came in fec tious to hu mans when pigs and hu mans lived in close con

Figure 23.19

A. lumbricoides adult worm with typical cylindrical body with tapering ends 
and thick cuticle. The A. lumbricoides adult worm is the largest of the human 
pathogenic nematodes, 15 to 35 cm in length. (From Sheorey H, Biggs BA, 
Ryan R, p 2448–2460, in Jorgensen JH et al, ed, Manual of Clinical Microbiology, 
11th ed, ASM Press, Washington, DC, 2015.)
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tact with one an other. This is a good ex am ple of evo lu tion, as to day there 
are two sep a rate spe cies, A. su um in pigs and A. lumbricoides in hu mans. 
You can imag ine that with many eggs be ing shed, con tam i na tion events 
can be huge. It is dif  cult to de ter mine the spe cific num ber of food and 
wa ter borne cases for sev eral rea sons, in clud ing the facts that the eggs 
are voided with fe ces into the soil, the eggs can re main in fec tious in the 
soil for months, and soil may be used in the pro duc tion of fresh pro duce 
(Fig. 23.20). The lon gev ity of the eggs and their ex traor di nary chem i cal 
re sis tance con trib ute to the suc cess of the par a site. A higher prev a lence 
was noted in Asia, and it is likely that con tam i na tion oc curs more of ten 
with the use of night soil in ag ri cul ture. Due to their abil ity to sur vive, 
when the en vi ron ment has been so heavily seeded it is dif  cult to re duce 
in ci dence even when proper san i ta tion hab its are ini ti ated at a later date. 
Children are more likely to be come in fected, es pe cially if they have con
di tions like pica (a con di tion of low lev els of min er als that pro pels one to 
eat dirt). Blowflies and cock roaches have also been shown to carry Ascaris 
and other eggs.

Anisakis
The cod fish worm, a mem ber of the ge nus Anisakis, is a small round worm. 
This worm may be small but is still vis i ble with the na ked eye and has sur
prised many seafood con nois seurs. Anisakis (Fig. 23.21) is also known as a 
su shi par a site in Japan, The Neth er lands, and the United States; how ever, 
the round worm is prev a lent world wide. There are fewer than 10 cases of 
in fec tion in the United States each year, but once you have met Anisakis, it 
is dif  cult to for get the ex pe ri ence. One spe cific species, Anisakis simplex, 
is associated with foodborne anisakiasis. There are sev eral hun dred to 
1,000 cases each year re ported from Japan. Some re search ers spec u late 
that cases may in crease in the United States as the su shi trend in creases as 
well. Cooking kills the ju ve niles, but the in creas ing pop u lar ity of raw fish 
dishes, such as su shi, sa shimi, and ce vi che, en sures a con tin ued risk for 

Figure 23.20

Fertile egg of A. lumbricoides (magnification, ×850). (From 
Sheorey H, Biggs BA, Ryan R, p 24482460, in Jorgensen JH et al, 
ed, Manual of Clinical Microbiology, 11th ed, ASM Press, Washington, 
DC, 2015.)
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hu man in fec tion. The good news is that freez ing in a com mer cial blast
freezer kills the or gan isms and en sures the safety of the raw fish prod uct.

Clinically, there are two dif er ent types of dis ease caused by Anisakis. 
The first is per haps the most mem o ra ble. This non in va sive form does not 
dis play many spe cific symp toms, and the host is typ i cally asymp tom at ic—
that is, un til the worm makes its move and mi grates up the esoph a gus into 
the phar ynx of the host. This is where the name “tin gling throat dis ease” 
orig i na tes. An in fected host may spit up the worm due to the tin gling 
in the throat. This is why it is a most mem o ra ble dis ease. The sec ond form 
of this dis ease is the in va sive form. In this case the worm Anisakis pen e
trates the stom ach or the small in tes tine and causes nau sea, pain, vom it
ing, and di ar rhea in the host. What is in ter est ing about the sci ence re lated 
to A. sim plex is that A. sim plex ex tracts are now in cluded in the stan dard 
sets of al ler gens for the in ves ti ga tion of food al ler gies. While rheu matic 
symp toms are rare, ex po sure to even very small doses of A. sim plex an ti
gens with out  the in volve ment of a liv ing par a site appears to be in volved in an 
al ler genic or im mu no logic re sponse. It even seems that al ler gic re ac tions 

Figure 23.21

(Top) Anisakis simplex in cod; (bottom) Anisakis in fish flesh. (From Garcia 
LS, Diagnostic Medical Parasitology, 6th ed, ASM Press, Washington, DC, 
2016.)
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Figure 23.22

Drawing of a typ i cal tape worm. 

at trib uted to A. sim plex sen si tiv ity can come from con sump tion of chicken 
meat; the think ing is that the birds were fed fish meal that was con tam i
nated with ma te rial from Anisakis (see the study by Armentia et al., 2006, 
for more in for ma tion). More re search is needed to bet ter un der stand the 
al ler gic re sponse and the over all prev a lence of Anisakis.

Tapeworms (Cestodes)
The ma jor ity of tape worms in fect wild and do mes tic an i mals, but a few in
fect hu mans or do mes tic an i mals. Many tape worms, also called ces todes, 
cause no med i cal or eco nomic prob lems; how ever, tape worms are quite in
ter est ing, and this sec tion serves as an in tro duc tion to them. In some cases, 
the life cy cles of ces todes are not com pletely un der stood, and there is still 
much room for re search on ces todes, in clud ing those de scribed be low.

Tapeworms have a dis tinct body pro file (Fig. 23.22). The head, called a 
sco lex, has suc tion cups for ad her ing to the host. The body is com posed of 
many seg ments called pro glot tids. Each pro glot tid has a com plete set of sys
tems, in clud ing re pro duc tive or gans, and can grow into its own or gan ism 
in time. Like the round worms, tape worms feed on blood and cel lu lar tis sue.

Taenia spp.
The ge nus Taenia con tains two spe cies of zoo notic im por tance. For Tae
nia solium the in ter me di ate hosts are pigs, and for T. saginata the in ter
me di ate hosts are cat tle. The lar val stage in beef cat tle is re ferred to as 
Cysticercus bovis or beef mea sles. The dis ease pro duced in cat tle is 
known as cys ti cer co sis bovis, and the flesh that is rid dled with the ju ve
nile life stages is called mea sly beef. A per son who eats in fected beef 
that is not cooked suf  ciently to kill the ju ve niles be comes in fected. The 
folded sco lex and neck of the cys ti cer cus excyst (in a way) in re sponse to 
bile salts in the host. As the adult worm grows (Fig. 23.23), the sco lex 
ab sorbs to the in tes ti nal cells, and within 2 to 12 weeks the worm be gins 
to shed gravid pro glot tids. USDA in spec tors check each cat tle head in 
fed er ally in spected ab at toirs for the vis i ble pres ence of beef mea sles in 
the in ner cheek meat of the an i mal. Humans are the de fin i tive host for 
these two spe cies, so the hu man host is the one who sheds eggs in the 
fe ces. The dis ease be gins with the in ges tion of raw or undercooked con
tam i nated meat that con tains the cysts or en cysted lar vae. The en cysted 
lar vae are re leased by the di ges tion pro cess of the hu man host, and adult 
worms grow and at tach to the in tes ti nal cells. Humans shed the eggs or 
pro glot tids that break of and re lease with the fe ces. Some pro glot tids 
de velop into lar vae, grow, and mi grate to tis sues, caus ing dis ease there. 
Cattle and pigs are the in ter me di ate hosts and be come in fected by in
gest ing veg e ta tion con tam i nated by eggs or gravid pro glot tids.

In terms of clin i cal dis ease, mild in fec tions may be asymp tom atic. 
Human hosts may feel diz zi ness and ab dom i nal pain and have di ar rhea. 
As the adult worms grow, they may cause in tes ti nal ob struc tion and 
pain. Some in di vid u als re act more strongly to the an ti gens on the worms 
and may dis play what looks like an al ler gic re ac tion. It is be lieved that 
T. solium is the most dan ger ous adult tape worm of hu mans be cause of
the pos si bil i ties of selfinfection with the ju ve nile cys ti cerci. Unlike those
of T. saginata, the cys ti cerci of T. solium can de velop read ily in hu mans.
Infection oc curs when shelled lar vae pass through the stom ach and hatch
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in the in tes tine. Virtually ev ery or gan and tis sue in the body may har bor 
cys ti cerci, but es pe cially con nec tive tis sue, eyes, brain, heart, liver, and 
lungs. As men tioned above, some in di vid u als have an al ler gic re ac tion, 
which may be wors ened with the death of a cys ti cer cus. This elic its a strong 
in flam ma tory re sponse, re sult ing in the even tual cal ci fi ca tion of the par a
site. If this oc curs in the eye, there is lit tle chance for cor rec tive sur gery.

The rate of hu man in fec tion is high est in ar eas of the world where 
beef is a ma jor food and san i ta tion is de fi cient. In sev eral de vel op ing 
na tions in South Amer ica and Af rica, it is more com mon for peo ple to in
gest meat that is charred on the out  side but raw in side. It is al ways im por
tant to cook meat thor oughly and at tem per a tures rec om mended by the 
USDA. Prevention of cys ti cer co sis with T. solium de pends on early de tec
tion and per sonal hy giene. The risk of fe cal con tam i na tion of food and 
wa ter must be re duced, in clud ing con tam i na tion by in fected food han
dlers. The ep i de mi  ol ogy of neurocysticercosis in di cates that cases are de
creas ing, in part due to the ma jor pub lic health ed u ca tional cam paigns 
around the world. The ma jor ity of cases within the United States are as so
ci ated with travel or im mi grant work ers. For additional details on the pork 
tapeworm T. solium, see Box 23.3.

Diphyllobothrium latum
The larg est hu man tape worm, also known as the broad fish tape worm, is 
Diphyllobothrium latum. This worm grows up to 10 m in length! Like 
Anisakis, this worm is found in raw or undercooked fish and is cer tainly 
mem o ra ble when found in a hu man host. It is unique in par tic u lar for its 

Figure 23.23

An adult Taenia solium tape worm.
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Box 23.3
Cysticercosis

Cysticercosis is an in fec tion of 
peo ple and pigs caused by the lar val 
cysts of the pork tape worm Taenia 
solium. Cysticercosis is the lead ing 
cause of adult ep i lepsy. The CDC 
states that peo ple liv ing in the same 
house hold with some one who has a 
tape worm have a higher risk of 
get ting cys ti cer co sis com pared to 
peo ple who don’t. How does a 
per son get cysticercosis, you might 
ask? By in gest ing the eggs found in 
the fe ces of a per son who is in fected 
with an in tes ti nal tape worm. A 
per son in fected with a tape worm 
who does not wash his or her hands 
could ac ci den tally con tam i nate food 
with tapeworm eggs if us ing 
un hy gienic food prac tices.

This is the stuf of night mares, but 
un for tu nately cysticercosis oc curs 
glob ally, with the high est rates of 
in fec tion in Latin Amer ica, Asia, 
and Af rica as so ci ated with poor 
san i ta tion and freerange pigs that 
have ac cess to hu man fe ces. 
Sometimes lar vae encyst in the 
brain, re sult ing in a dis ease called 
neurocysticercosis which makes the 
brain look like what is referred to as 
“a starry sky.” In a study of cysticer
cosisrelated deaths, neurocysticer
cosis resulted in 1,829 deaths in 
Brazil from 2000 to 2011 (Martins
Melo FR, et al, Acta Trop 153: 
128–136, 2016). The authors defined 
the disease as a neglected and 
preventable cause of death in Brazil.

= Infective stage

= Diagnostic staged
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The tape worm Taenia solium (pork tape worm) is the main cause of hu man cys ti cer co sis.

Magnetic res o nance im age of a pa tient 
with neurocysticercosis dem on strat ing 
mul ti ple cys ti cerci within the brain. (From 
Evans C et al, J Infect Dis 3:403–405, 1997.)
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size. The lar vae first de velop in a crus ta cean and then may be found in 
white fish, trout, pike, or salmon (Fig. 23.24). Its prev a lence has been doc
u mented across Eu rope (in clud ing the Bal tic area), within the Great Lakes 
in the United States, and in Can ada. This ces tode is most com mon in fish
eating car ni vores, par tic u larly in north ern Eu rope. The worm may have 
hitched a ride to the other ar eas where it has been iso lated, per haps in a fish 
or in a dol phin. It is not sur pris ing that clin i cal symp toms in clude nau sea, 
pain, and di ar rhea. Interestingly, some in fected in di vid u als are left with a 
vi ta min B12 de fi ciency fol low ing in fec tion. This ces tode ap par ently can ab
sorb up to 44% of the vi ta min B12 avail  able to a hu man host. This fail ure of 
ab sorp tion of vi ta min B12 in the in tes tine leads to per ni cious ane mia.

Again, the hu man is a de fin i tive host through which the adult worms 
de velop and eggs are passed in the fe ces. An adult worm can shed up to 
a mil lion eggs a day. The eggs de velop into lar vae, which live in crus ta
ceans that are in gested by fish, which are then undercooked or pick led 
and in gested by hu mans. This worm is not picky in its de fin i tive hosts; 
bears and other mam mals can also fill this spot in the life cy cle. Epide
miologically speak ing, cases oc cur more of ten in coun tries where raw fish 

Figure 23.24

Life cy cle of Diphyllobothrium latum. Redrawn from a CDC il lus tra tion.
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Figure 23.25

Life cy cle of Fasciola he pat i ca. Life stages in vade the snail in ter me di ate host and un dergo 
sev eral de vel op men tal stages. The cer car iae are re leased from the snail and en cyst as 
metacercariae on aquatic veg e ta tion or other sur faces. Mammals ac quire the in fec tion by 
eat ing veg e ta tion con tain ing metacercariae. In hu mans, mat u ra tion from metacercariae 
into adult flukes takes ap prox i ma tely 3 to 4 months. The adult flukes re side in the large 
bil i ary ducts of the mam ma lian host. Redrawn from a CDC il lus tra tion.

is con sumed on a reg u lar ba sis. D. latum builds up in lo cal fish in com
mu ni ties that dis pose of sew age by drain ing it into lakes or riv ers. These 
worms have been shown to sur vive prep a ra tion of ge filte fish and may be 
trans mit ted in su shi.

Flukes (Trematodes)
Trematodes are flukes and are among the most abun dant par a sites (sec
ond only to nem a todes, but that’s an other story). There is a fluke to ev ery 
an i mal spe cies on the planet. Flukes have com pli cated life cy cles, with at 
least two hosts, one of which tends to be a mol lusc. The typ i cal life cy cle 
(Fig. 23.25) in volves a cil i ated freeswim ming larva that hatches from its 
shell and pen e trates the first in ter me di ate host, which is the snail. Within 
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the snail the mi ra cid ium un der goes cy cles of asex ual re pro duc tion and 
erupts from the snail as cer car iae, which af ter more asex ual re pro duc tion 
stages be come metacercariae and can in fect the de fin i tive host. Recall 
that sex ual re pro duc tion can only oc cur within the de fin i tive hosts and 
that they are the ones to shed the eggs in their fe ces.

Fasciola he pat i ca
Fasciola he pat i ca is rare in hu mans in many coun tries, but it is an im por
tant par a site of sheep and cat tle and has been for hun dreds of years. The 
first re corded ac count of F. he pat i ca was in 1379 by Jean de Brie in his de
scrip tion of the sheep dis ease called liver rot. The spe cies name he pat i ca 
comes from the fact that this or gan ism in fects the liver of its host. These 
flukes are large and leaf shaped and in fect mainly her bi vores, as they re
quire veg e ta tion for en cyst ing. F. he pat i ca is one of the larg est flukes in 
the world, reach ing 30 mm in length and 13 mm in width (Fig. 23.26). 
The adult flukes live in the bile pas sages of the liver of many kinds of 
mam mals, caus ing dam age with the small sucker lo cated on their an te
rior end. Their eggs are passed out  of the liver with the bile and into 
the in tes tine and mixed with fe ces. In the United States, it seems that 
two spe cific snail spe cies (Fossaria modicella and Stagnicola bulimoides) 
are in volved in this life cy cle. These snails pre fer warm wa ters, such 
as those found in the south east ern United States.

While hu man in fec tions are rare, they do oc cur and more of ten are 
as so ci ated with con sump tion of wa ter cress. Cases are more com mon in 
Eu rope, the Middle East, and Asia and may be as so ci ated with other 
types of veg e ta tion. While sheep in fec tions tend to be more com mon, 
beef cat tle within the United States may show var i able in fec tion rates. In 
Cal i for nia 58% of beef cat tle were pos i tive, in Flo rida 68% were pos i tive, 
and in Mon tana 17% were pos i tive as de ter mined by liver bi opsy at 
slaugh ter. Acutephase symp toms in clude ab dom i nal pain, he pa to meg
aly, fe ver, vom it ing, and di ar rhea. Infections can per sist for months. The 
chronic phase oc curs when the adult flukes block the bile ducts in the 
liver. In ep i de mi o log i cal stud ies, di ag no sis has of ten been slow and cor
re lated only with a his tory of wa ter cress con sump tion. Blood se rum tests 
con firm in fec tion with F. he pat i ca. Several drugs have been shown to 
have ef ec tive che mo ther a peu tic ef ects on Fasciola. Strategies to re duce 
the risk of Fasciola in clude fol low ing good ir ri ga tion and san i ta tion prac
tices in the growth and har vest of wa ter cress and sim i lar leafy greens 
where snails may be com mon.

DETECTION
Detection is tra di tion ally per formed on clin i cal sam ples and in foods when 
an out  break is sus pected. Foods are not rou tinely tested for the pres ence of 
par a sites. Testing pro ce dures rely heavily on the pres ence of cysts, oo cysts, 
eggs, or life stages in the clin i cal iso lates as vi su al ized by mi cros copy. Sev
eral of the oo cysts stain ac idfast and can be viewed that way. Molecular 
de tec tion as says us ing PCR tar geted to spe cific genes are also im por tant 
and may be com bined with fluo res cently tagged an ti bod ies, de pend ing on 
the sam ple type. When test ing in foods, pu ri fi ca tion and con cen tra tion 
meth ods are typ i cally used. These may in clude immunomagnetic sep a ra
tion, which is used by the Environmental Protection Agency for wa ter test

Figure 23.26

An adult liver fluke, Fasciola he pat i ca. 
Courtesy of Melvin Kramer.
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ing for Cryptosporidium and Giardia within the United States. In many 
cases the lar vae of the hel minths can be de tected vi su ally by the na ked eye 
or by prac tices like can dling in fish to look for lar vae.

PREVENTATIVE MEASURES
Prevention of in fec tion by par a sites is gen er ally sim i lar to that for 
bac te ria, in clud ing fol low ing good manufactur ing prac tices (GMPs) 
and good ag ri cul tural prac tices (GAPs). Good san i ta tion and per sonal 
hy giene are al ways im por tant to prac tice if you are a line chef or a 
home cook. Water qual ity is cer tainly an is sue, and the use of po ta ble 
or fil tered wa ter is rec om mended. While these is sues sound like com
mon sense, the con nec tions be tween them are quite com plex (Fig. 
23.27). In terms of par a sites in meats, freez ing gen er ally kills most 
hel minths and proper cook ing of all  foods in ac ti vates any par a sites 
pres ent. Irradiation also in ac ti vates par a sites. Keeping fe ral an i mals 
away from pas ture lands will re duce the risk of trans mis sion of sev eral 
types of par a sites. Several reg u la tions have re duced the in ci dence of par a
sites in our food sup ply, in clud ing laws against gar bage feed ing to an i mals 
and tri chi nafree cer ti fi ca tion pro grams for swine. Of course it is im por
tant to cook all  meats prop erly, fol low ing USDA guide lines, and to wash 
fresh pro duce. Other ba sic pre ven ta tive mea sures are listed be low.

•  Wash hands thor oughly with soap and wa ter af ter us ing the toi let
and be fore han dling or eat ing food.

•  Do not swim in pub lic wa ters if you have di ar rhea.

•  Avoid wa ter that might be con tam i nated. Do not swal low rec re a
tional wa ter. Do not drink un treated wa ter from shal low wells,
lakes, riv ers, springs, ponds, or streams.

•  Water can be made safe by heat ing it to a roll ing boil for at least
1 min or by us ing a fil ter that has an ab so lute pore size of 1 µm
or less or one that has been NSF rated for “cyst removal.”

Liquid runoff

Water treatment

Sewage sludge

Humans

Surface water

Livestock, pets,
and wildlife

Slurry

Agricultural crops

Figure 23.27

Parasite trans mis sion in the en vi ron ment is highly com plex, as shown in this im age 
adapted from Dawson D, Int J Food Microbiol 103:207–227, 2005.
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Questions for crit i cal thought
 1.  What role does tax on omy play in char ac ter iz ing pro to zoa?

 2.  How are oo cysts and hel minth eggs trans mit ted in the en vi ron ment?

 3.  Describe the dif er ences in the trans mis sion of Cryptosporidium, Cyclospora, and
Toxoplasma oo cysts.

 4.  Discover the ep i de mi  ol ogy of re cent out  breaks of cyclosporiasis at www. cdc. gov.

 5.  Describe the three ways in which Toxoplasma can be trans mit ted. How do you think
the ma jor ity of in fec tions are trans mit ted, by oo cyst or tis sue cyst?

Summary

•  Protozoa have a rel a tively low in fec tious dose and have caused out  breaks as so ci ated with wa ter, fresh pro duce,
and readytoeat foods.

•  Both pro to zoa and hel minths have com pli cated life cy cles. Transmission via food or wa ter may in clude
(oo)cysts, en cysted lar vae, freeswim ming lar vae, or eggs.

•  Cryptosporidium and Giardia (oo)cysts are shed al ready in fec tious and spor u lated, while those of Cyclospora and
Toxoplasma re quire time in the en vi ron ment to spor u late.

•  Toxoplasma gondii causes an extraintestinal dis ease and can be trans mit ted in three ways: in ges tion of oo cysts,
in ges tion of tis sue cysts in undercooked in fected meat, and con gen i tal ly.

•  Parasitic dis eases such as those caused by Fasciola and Trichinella are dif  cult to di ag nose, es pe cially when the
clin i cal symp toms are vague and adult hel minths are not ob vi ous in clin i cal sam ples.

•  Parasites can be trans ferred in a pre har vest en vi ron ment from live stock, soil amend ments, or wa ter.

•  Helminths can be in ac ti vated by heat and freez ing. Protozoa can be in ac ti vated by heat. The risk of par a site
trans mis sion can be re duced by us ing USDA cook ing tem per a tures and good san i ta tion and hy giene prac tices.
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 6.  A case of giar di a sis can last for sev eral weeks if un treated. In some cases, when the
in fec tion passes the in di vid ual is left lac tose in tol er ant (un able to com pletely pro
cess the lac tose sugar in dairy foods, which leads to feel ings of bloat and gas). Why
do you think this is?

 7.  Describe the dif er ences be tween a round worm, a tape worm, and a fluke.

 8.  Immunocompromised in di vid u als are more prone to in fec tion with pro to zoan par a
sites. In par tic u lar, sev eral par a sitic dis eases have in creased greatly in AIDS pa tients,
who gen er ally have lim ited cellme di ated im mu nity. Explain why.

 9.  Speculate on the de tec tion fre quen cies of bac te ria, pro to zoa, round worms, tape
worms, flukes, and vi ruses in the food sup ply of the United States.

  10.  Explain why tri chi nafree cer ti fi ca tion is based on cer ti fy ing pig man age ment prac
tices rather than on test ing pigs alone.

  11.  Describe how cur rent pre ven ta tive mea sures are work ing to re duce trans mis sion of 
par a sites and in ci dence of dis ease.

  12.  Explain the role that Cryptosporidium and E. coli O157:H7 had in con tam i nated ap
ple ci der in past out  breaks and in the de vel op ment of food safety reg u la tions. To
un der stand this bet ter, look up the HACCP rule for juice.
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INTRODUCTION
Most of food mi cro bi ol ogy, and the bulk of this book, is de voted to bac te
ria. However, vi ruses cause ap prox i ma tely 59% of the foodborne ill ness 
cases in the United States, com pared to the 39% of known ill nesses 
caused by bac te ria. One of the most com mon foodborne vi ruses is nor o
vi rus, which causes 26% of hos pi tal i za tions and 11% of all  deaths linked 
to foodborne ill ness. There are sev eral prom i nent foodborne vi ruses 
that can be in fec tious to hu mans; how ever, bac te ria may be in fected by 
vi ruses too. Bacteriophages are vi ruses that in fect bac te ria, and these 
may be use ful in the con trol of harm ful bac te ria but can also act harm
ful when they al ter im por tant fer men ta tion cul tures; for ex am ple, some 
may be used to re duce bac te rial con tam i na tion, while oth ers may cause 
prob lems in the dairy in dus try.

Another type of in fec tious agent is dis cussed in this chap ter. At one 
time sci en tists ques tioned if pri ons were sim i lar to vi ruses, and some 
sci en tists still pon der this ques tion. Prions (pro nounced “preeons”) are 
in fec tious pro tein par ti cles. They are the causative agents of several se
vere brain diseases in animals—transmissible spongiform encephalopa
thies (TSEs) such as scrapie and mad cow disease (more properly named 
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Learning Objectives

The in for ma tion in this chap ter will en able the stu dent to:

• dif er en ti ate among vi ruses, bac te ria, pro to zoa, and pri ons

• rec og nize the char ac ter is tics of vi ruses and their life cy cles

• be fa mil iar with char ac ter is tics of the nor o vi rus and hep
a ti tis A vi rus

• un der stand the pos i tive role of vi ruses: their po ten tial use
in path o gen con trol, their det ri men tal ef ect in dairy fer
men ta tions, and their role in foodborne ill ness

• com pare and con trast char ac ter is tics of vi ruses, bac te ria, 
pro to zoa, and pri ons in foods

• ex plain what a prion is and how it is trans mit ted

• ap pre ci ate that sci ence is con stantly chang ing and is not
al ways clear
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bovine spongiform encephalopathy, or BSE)—and in humans, for ex
ample CreutzfeldtJakob disease (CJD) and a variant of CJD called vCJD. 

According to the World Health Organization (WHO), up to December 
31, 2014, 177 cases of definite or probable vCJD had been identified in the 
United Kingdom, the location where the outbreak was the greatest. The 
University of Edinburgh National CJD Research and Surveillance Unit 
continues to keep track of possible cases. Although only four cases of 
prioncaused illness have been reported in the United States, traced to 
sources outside the U.S., prions have caused significant human disease 
elsewhere in the world by means of the food supply.

Bacteria, pro to zoa, vi ruses, and pri ons are fun da men tally dif er ent 
(Table 24.1). While bac te ria and pro to zoa are com plex, foodborne vi ruses 
con sist of RNA and a fairly sim ple pro tein coat com posed of a few pro
teins re peated in spe cific pat terns. A prion is even sim pler, con sist ing 
of a sin gle pro tein mol e cule that un der goes a struc tural change and 
be comes in fec tious to its host. Viruses and pri ons and even pro to zoa do 
not grow in foods, for the most part can not be cul tured in the lab o ra tory, 
and are dif  cult to de tect. All three agents are dif er ent from bac te ria in 
these ways, but like bac te ria, they may be trans ferred from fe ces to food 
through poor hy giene and san i ta tion prac tices. For vi ruses, the food is a 
ve hi cle to get to the in tes tine, where they in fect the per son. Prions are 
pro teins that are part of the food, and they are not in ac ti vated by heat. 
Bacteria and vi ruses cause mil li ons of cases of foodborne ill ness per 

Table 24.1 Comparison of bac te ria, pro to zoa, vi ruses, and pri ons

Trait
Disease-causing agents

Bacteria Protozoa Viruses Prions

Composition Complex struc tures of 
lipid, car bo hy drates, 
pro teins, and ge netic 
ma te ri al

Complex struc tures of 
lipid, car bo hy drates, 
pro teins, and ge netic 
ma te ri al

Single strand of RNA 
in a rel a tively sim ple 
struc ture

A spe cific type of pro tein

Types im por tant 
in food

More than a dozen 
Gram-  positive and 
Gram-negative or gan isms

Less than a dozen of 
true sig nifi  cance to 
the United States

Two most im por tant 
are nor o vi ruses and 
hep a ti tis A vi rus

Only one that we know of

Control in food Control growth by 
chang ing in trin sic or 
ex trin sic fac tors. Kill 
by ap ply ing en er gy.

These do not grow in 
food. Prevent en try 
by good hy giene 
and san i ta tion.

These do not grow 
in food. Inactivate by 
heat. Prevent en try 
by good hy giene 
and san i ta tion.

These do not grow in food. 
Not in ac ti vated by heat. 
Public health mea sures 
pre vent con sump tion of 
meat from “mad cows.”

Disease Infection or in tox i ca tion Infection Infection Protein con for ma tional 
con ver sion

Transmission Eating food on which 
bac te ria have grown

Fecal/oral Fecal/oral Eating meat that con tains 
pri ons

Detection 
meth ods

Relatively easy to 
cul ture in the 
 mi cro bi ol ogy lab

Microscopy, mo lec u lar 
bi  ol ogy, mam ma lian 
cell cul ture, or 
an i mal mod els

Electron mi cros copy, 
mo lec u lar bi  ol ogy, 
or mam ma lian cell 
cul ture

Examination of tis sue at 
au top sy

No. of cas es/yr in 
United States

>4 mil li on >2 mil li on >30 mil li on None yet from or i gin 
within the United Statesa

a Case re ports in the United States are be lieved to be as so ci ated with in di vid u als who were in fected while liv ing out  side the United States.
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year. No cases of pri onrelated nvCJD due to con sump tion of food de
rived from cat tle in the United States have been re ported to date.

VIRUSES
Elementary Virology
There are just a few ba sics to un der stand ing vi rus es.

  1.  Viruses are ob li gate in tra cel lu lar par a sites. This means that they 
can live only in side a host, to its det ri ment. Viruses have no life 
out  side a liv ing cell. There is even some de bate as to whether 
they are alive at all ! Thus, vi ruses are fre quently called par ti cles. 
For rea sons out lined be low, vi ruses are very “picky” about what 
liv ing cells (or hosts) they in fect. Viruses have lim ited host spec
i fic ity. A vi rus whose host is a bac te rium can not in fect a hu man. 
Such vi ruses are col lec tively re ferred to as bac te rio phages. Nor 
can a vi rus like the one that causes footandmouth dis ease in
fect a hu man. However, some times a mu ta tion al lows a vi rus to 
jump the spe cies bar rier. Such a jump is the pre sumed or i gin of 
hu man im mu no de fi ciency vi rus (HIV).

  2.  Viruses are very sim ple, con sist ing only of DNA or RNA (but 
never both), re peated pro tein in a pat tern as the pro tein coat called 
a vi ral cap sid, and oc ca sion ally a small amount of gly co pro tein in 
what is re ferred to as a lipid bi la yer or en ve lope. The ma jor ity of 
vi ruses that are of con cern for caus ing foodborne dis eases do not 
have an en ve lope and may be re ferred to as na ked vi rus es.

  3.  The ba sic prin ci ple of vi ral in fec tion is that their at tach ment pro
teins (also called li gands) bind to re cep tor pro teins on the host cell 
(Fig. 24.1). The li gandreceptor pro tein in ter ac tion is spe cific, 
much like an en zymesubstrate in ter ac tion. Bacteriophages bind 
only to bac te ria. The vi ruses that cause hu man foodborne dis
eases (e.g., the nor o vi ruses that cause gas tro in tes ti nal up set) can 
bind only to spe cific car bo hy drates ex pressed on cells. It is the 
li gandreceptor in ter ac tion that cre ates vi ral spec i fic i ty.

Figure 24.1

A Teven phage in fect ing a cell. Reprinted from http:// www . armaged 
dononline. org with per mis sion.
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 4.  The vi ral “life” cy cle con sists of four sim ple steps. First, the vi
rus at ta ches to the host cell through the li gandreceptor in ter
ac tion. Then, the ge netic in for ma tion in the vi rus (i.e., RNA or
DNA) en ters the host cell. Once in the host cell, the vi ral ge
nome com man deers the host’s met a bolic ma chin ery to rep li cate 
vi ral genes and syn the size vi ral pro tein. Finally, the vi ral parts
spon ta ne ously as sem ble into vi ruses that rup ture the host and
are re leased. Unlike bac te ria, vi ruses do not rep li cate by dou
bling; they rep li cate in a “lytic burst.”

This sim ple ex pla na tion chron i cles the life of a lyt ic phage. The lytic 
phage en ters the host cell, does its dirty work, and bursts out . There is an
other type of phage, the tem per ate phage. When these trick sters en ter a host, 
their genes en ter (or in te grate) into the host genes. In this “hid ing place,” 
they are rep li cated as part of the host ge nome. These in te grated phages are 

Capsid

Tails

Nucleic acid

Sheath Rod

Figure 24.2

Structure of a T even bacteriophage.  Redrawn  
from http:// www. armageddononline .org  
with per mis sion.

Figure 24.3

(A) A nor o vi rus cap sid (Nor walk vi rus) may look com pli cated on the out  side but is re ally
struc tur ally quite sim ple com pared to bac te ria (cour tesy NIAID). (B) Can you imag ine
how small a nor o vi rus par ti cle re ally is? If 18 norovirus particles is enough to make you
sick, then a pinhead could hold enough virus particles to infect more than 1,000 people.

A B
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in the ly so genic state. The ly so genic phages can be dor mant for a long time 
and then re ac ti vate, as in the case of shin gles or cold sores. At some point, 
the ly so genic phages “go lyt ic.” When they leave the host ge nome, they 
can take some host DNA with them and trans fer these genes into the next 
host they in fect. The pro cess is called trans duc tion. Genetic en gi neer ing 
some times uses trans duc ing phages as a mech a nism of gene trans fer.

Viruses that at tack bac te ria are called bac te rio phag es and have a rel a
tively com plex struc ture. Bacteriophages look like a lu nar land ing mod
ule. The head con tains the vi ral ge nome, which is pushed through the 
tail when the re cep tor pro tein li gands in ter act with the hostspecific re
cep tors (Fig. 24.2). Human vi ruses, such as the nor o vi rus (Fig. 24.3), are 
struc tur ally sim pler, but at the same time the pro tein cap sid is more 
com plex. DNA en ters the host by a more com pli cated mech a nism, but 
the cy cle still fol lows the one ex plained above. The com plete way in 
which nor o vi rus binds to host cells, in vades, and rep li cates is still not 
well un der stood. The study of bac te rio phages and vi ral sur ro gates is a 
pop u lar method used to learn more about hu manpathogenic vi rus es.

Bacteriophages are counted in a fash ion sim i lar to the bac te rial plate 
count. The “plaquing” of vi ruses ex ploits their lytic na ture. The host 
bac te ria are spread in a con flu ent layer on an agar plate. (The idea is to 
cre ate a lawn of bac te ria on the plate rather than pro duc ing a count able 
num ber of bac te ria.) The vi ruses are se ri ally di luted (in the same fash
ion as bac te ria for plate counts) and spread over the sur face of bac te ria. 
The plates are in cu bated. Each vi rus in fects and spreads through all  the 
bac te ria around it, lys ing them and cre at ing a clear ing zone, or plaque 
(Fig. 24.4). The num ber of plaques is di rectly re lated to the ini tial num
ber of vi rus par ti cles and is ex pressed as plaqueforming units (PFU).

In a con flu ent mono layer or lawn of hu man cells grown in the lab o ra
tory, some vi ruses can make plaques in the cells, which look sim i lar to 
those made by bac te rio phages. Some vi ruses do not make com plete 
plaques by lys ing their host cells in this neat pat tern but still kill the 
cells, and this can be vi su al ized mi cro scop i cally and is called cy to pathic 
ef ect. Cells ex hib it ing a cytopathic ef ect look very dif er ent from healthy 
cells un der the mi cro scope (Fig. 24.5).

Figure 24.4

Clearing zones on the lawn of sen si tive 
bac te ria in di cate plaques caused by 
bac te rio phage. In an i mal cells grown in 
cell cul ture, plaques look just like these 
cre ated by an i mal vi ruses. (Source: 
Shutterstock.)

Figure 24.5

Hepatitis A vi rus in fec tion in mam ma lian cell cul ture. FRhK4 cells were de rived 
from a rhe sus mon key em bry onic kid ney and are used to study hep a ti tis A vi rus 
in fec tion un der lab o ra tory con di tions. (Left) A healthy cell mono lay er; (right) the 
same cells at 14 days af ter in fec tion with hep a ti tis A vi rus. Courtesy of Kirsten 
Hirneisen, University of Del a ware.
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Other than plaques on lawns of bac te ria or mam ma lian cells, it is dif
fi cult to vi su al ize these mi cro scopic or gan isms. Viruses may be 100 
times smaller than a bac te rium. Viruses can be vi su al ized us ing elec
tron mi cros copy (Fig. 24.6), and in the many years of sci ence prior to 
mo lec u lar bi  ol ogy, elec tron mi cros copy was the pre ferred method of 
de tec tion from fe ces or vom i tus sam ples. Since the in tro duc tion of re
verse tran scrip tase po ly mer ase chain re ac tion (RTPCR), vi ral ge nomes 
of RNA can be de tected in en vi ron men tal, food, and clin i cal sam ples. 
Molecular bi  ol ogy tools like RTPCR have in creased the abil ity to work 
with vi ruses and learn how they sur vive in and are trans mit ted by foods.

Viruses as Agents of Foodborne Illness
If you have ever suf ered with a gas tro in tes ti nal ill ness for ap prox i ma
tely 24 h and then felt bet ter (called acute gas tro en ter i tis), you may have 
been in fected with nor o vi rus, the most com mon cause of foodborne ill
ness. Viruses are spread through out  many en vi ron ments, in clud ing in 
kitch ens, in ir ri ga tion wa ter, on crops, and on hu man hands. The ma jor ity 
of vi ruses are trans mit ted di rectly through con tam i na tion with hu man 
fe cal mat ter, dem on strat ing once again the im por tance of good per sonal 
hy giene and proper san i ta tion. While hu mans are the host for the most 
im por tant hu man gas tro in tes ti nal vi ruses, sci en tists are find ing more 
in for ma tion on how vi ruses sur vive and spread through an i mal ma
nure. An im por tant way to use ma nure and bio sol ids is to treat them 
and ap ply them as soil amend ments. Since vi ruses can sur vive well un
der var i ous con di tions, it is es sen tial that these treat ment prac tices be 
val i dated for the abil ity to in ac ti vate vi ruses and other path o genic mi cro
or gan isms. It is gen er ally be lieved that the ma jor ity of nor o vi rus and 
other en teric vi rus in fec tions are spread by hu mans through food han
dling or per sontoperson trans mis sion; how ever, this is likely not how 
all  cases are spread. Raw shell fish from wa ter pol luted with fe ces are 
a clas sic cause of vi ral food poi son ing. Through their fil ter ing ac tion, 
bi valves con cen trate vi ruses from the wa ter by a fac tor of 100 to 1,000. 
The first re ported out  break (630 cases) of hep a ti tis A from oys ters was 

Figure 24.6

Scanning elec tron mi cro graph of mouse nor o vi rus. Courtesy of Jie Wei, 
University of Del a ware.
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caused when fe ces from an out  house drained into an oys ter bed. In 
1988, clams har vested from pol luted wa ters in China were eaten raw 
and caused 300,000 (!) cases of hep a ti tis A. This ex am ple dem on strates 
how eas ily vi ruses can be spread due to their small size and ease of 
trans mis sion through wa ter, soil, and ma nure. In 2014, oys ters were as
so ci ated with an other out  break, this time with about 100 in di vid u als 
where raw oys ters were linked to trans mis sion of the nor o vi rus at an 
an nual food fes ti val (Fig 24.7). Raw oys ters were a del i cacy at the sea side 
town where this fes ti val was held. The out  break ended fol low ing im ple
men ta tion of per sonal hy giene ed u ca tion, home and hos pi tal quar an
tine, and clo sure of the food fes ti val.

What is an in fec tious dose? Through study ing the ep i de mi  ol ogy of 
foodborne out  breaks, we know that vi ruses can be spread very eas ily. In 
par tic u lar, some vi ruses, like nor o vi rus, are spread eas ily by aero sols. 
The in fec tious dose of nor o vi rus may be as low as 18 vi rus par ti cles. 
Can you imag ine 18 vi rus par ti cles, each be ing a size of only 30 nm? 
(A nano me ter is 10 to 12 times smaller than a me ter.) Viruses in fect 
hu mans, grow in in tes ti nal cells, and re lease large num bers of prog eny 
into the fe ces. A food han dler’s fe ces can eas ily con tain 108 vi ruses per 
gram. Vomit can also carry vi ruses, with 107 par ti cles in a sin gle drop let. 
A sim ple ex er cise il lus trates the power of the fe cal/oral route. Imagine a 
food han dler who is neg li gent in wash ing his hands af ter def e cat ing. 
(Sorry, guys, but stud ies show that many more men than women fail to 
wash their hands af ter toilet ing. However, it may equal out,  since re cent 
stud ies in di cate that more nor o vi rus may be found in the ladies’ rest
room com pared to the guys’ rest room. Why, you ask? Perhaps chil dren 
play a role in this because they are more likely to ac com pany Mom to the 
bath room.) A 0.01g piece of fe ces left un der that food handler’s fin ger nails 
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Figure 24.7

Here is an ep i demic curve show ing cases of acute gas tro en ter i tis as so ci ated with 
con tam i nated food at a fes ti val in China in April 2014. An ep i demic curve shows 
in di vid ual cases of ill ness over time. Scientists study out  breaks of ill ness us ing 
ep i demic curves. Here the cases of ill ness linked to oys ters are sep a rated from other 
cases. How do you think the “other foods” be came con tam i nat ed? (From the study by 
Wang J et al, J Clin Virol 73:55–63, 2015.)
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would con tain 106 vi rus par ti cles. If the in fec tious dose were 1,000 par
ti cles, the fe ces could get mixed into 1,000 serv ings of salad dress ing, 
dough nut glaze, or whipped cream, caus ing ill ness in 1,000 peo ple (1,000 
par ti cles/serving × 1,000 serv ings = the mil lion vi rus par ti cles orig i
nally un der the fin ger nail). This ex am ple is one you do not want to 
ex pe ri ence first hand.

Similar in ci dents of fe cal con tam i na tion oc curred in the fol low ing 
plac es:

•  St. Paul, Min ne sota, where 3,000 peo ple got sick af ter eat ing 
buttercream frost ing pre pared by an in fected food han dler

•  Cruise ships, where hun dreds of peo ple per ship be came sick 
from eat ing con tam i nated fruits and ice

•  A cen tral school lunch kitchen in Japan, where 3,200 chil dren 
and 120 teach ers were strick en

•  Mich i gan schools, where fro zen straw ber ries dis trib uted by the 
school lunch pro gram sick ened 230 peo ple

There are sev eral types of en teric vi ruses, all  of which are nonenvel
oped, which al lows them to sur vive well un der many en vi ron men tal 
pres sures (see Box 24.1). The most com mon cause of acute gas tro en ter i
tis is nor o vi rus. Outbreak cases are dis cov ered by their symp toms, since 
to this date the tests avail  able for vi rus de tec tion are not rou tinely used by 
in dus try; how ever, new Food and Drug Administration (FDA)approved 
tests and other lab o ra tory meth ods are used in clin i cal labs for the de tec
tion of vi ruses in hu man sam ples. The clin i cal cri te ria for nor o vi ruses 
and for an other im por tant vi rus, hep a ti tis A vi rus, are listed in Table 24.2. 
See Box 24.2 for an interesting discussion of hepatitis E virus, which 
is not related to hepatitis A virus but may be transmitted by water or 
contaminated food as hepatitis A is. Other vi ruses may cause acute gas
tro en ter i tis as well and are found in both de vel op ing and de vel oped 
na tions. Rotaviruses are a lead ing cause of gas tro en ter i tis in chil dren 
and are usu ally trans mit ted by con tam i nated wa ter, caus ing 130 mil lion 
cases of di ar rhea and 6 mil lion deaths per year on a world wide ba sis. In 
fact, ro ta vi ruses are the caus a tive agents for ap prox i ma tely onethird 
of all  di ar rheaassociated hos pi tal i za tions in chil dren un der the age of 
5 years. Astroviruses and en teric ad e no vi ruses also cause gas tro en ter i
tis, sur vive well in the en vi ron ment, and may be trans mit ted through 
wa ter, food, and per sontoperson trans mis sion. Adenovirus is in ter est ing 
in that it con tains DNA as its ge netic ma te rial, while the other ma jor 
vi ruses of food and wa ter or i gin all  con tain RNA. Its shape and unique 
spikes on the cap sid help with ease of iden ti fi ca tion through elec tron 
mi cros co py.

Enteric viruses have sim ple struc tures. A cod ing strand of RNA is 
sur rounded by a few struc tural pro teins in a pat tern that makes up the 
vi ral cap sid. The RNA makes more RNA in side the host cell by us ing an 
RNAdependent RNA po ly mer ase. The vi ral ge nome codes for the po ly
mer ase, the cap sid pro teins, and per haps other vi russpecific en zymes. 
There is no DNA in the rep li ca tive cy cle of foodborne vi rus es.
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Box 24.1
The en ve lope please. . .

This is a phrase we hear at award 
shows, but not one we hear when it 
comes to foodborne vi ruses. Why is 
that? Enveloped vi ruses have an 
outer lipid layer of gly co pro tein and 
li po pro teins (envelope; see the top 
drawing here) that can be neu tral-
ized eas ily by var i ous chem i cal and 
phys i cal agents. They are re leased 
by bud ding and are of ten less 
vir u lent to the in di vid ual host cell 
(rarely cause host cell ly sis). Influ-
enza vi rus is an en vel oped vi rus, 
which means that the flu vi rus 
can not sur vive for long pe ri ods 
out  side the host and is more 
sen si tive to heat, ac ids, and dry ing 
or des ic ca tion. On the other hand, 
foodborne vi ruses are nonenvel-
oped (see the bottom drawing) but 
in stead have a pro tein cap sid that 
helps them be more re sis tant to 
des ic ca tion. Foodborne vi ruses 
need to sur vive stom ach acid ity to 
in fect the gas tro in tes ti nal tract and 
need to sur vive stress ful en vi ron-
ments on foods or fo mites while the 
vi ruses find their way to the host.

Table 24.2 Characteristics of the two ma jor foodborne vi rus es

Characteristic Norovirus Hepatitis A vi rus

Disease symp toms Nausea, pro jec tile vom it ing, di ar rhea due to 
ac tion on in tes ti nal cells; lasts for 12–60 h

Jaundice, an orexia, vom it ing, pro longed 
mal aise; lasts for weeks to months

Incubation pe ri od Usually 24–48 h, but can be as quick as 10 h 15–50 days (me dian, 29 days)

Shedding of vi ral par ti cles 
in fe ces (or vom it)

Simultaneous with symp toms; con tin ues a 
few weeks af ter ill ness

Shed for 10–14 days be fore symp toms ap pear

Immunity Exposure does not gen er ate im mu ni ty Exposure con fers du ra ble im mu ni tya

Type of vi rus Calicivirus, spher i cal, 32-nm diameter, with 
de pres sions on sur face

Picornavirus, spher i cal, 28-nm diameter

Estimated no. of foodborne 
cas es/yr

>8 mil li on >3,500

a  However, there can be a re lapse years later. It is note wor thy that chil dren get less se vere symp toms and can have the dis ease with no symp toms at 
all . These chil dren have life long im mu nity. Thus, in de vel op ing coun tries where most peo ple are ex posed as chil dren, adult cases are rarer. In 
in dus tri al ized coun tries, adults are at greater risk.

42–200 nm

18–60 nm
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Intervention
Viral par ti cles are very per sis tent in the en vi ron ment. They sur vive for 
hours on hands, for weeks on dry sur faces or veg e ta bles, and for months 
in wa ter and soil. Nonetheless, in the ory, vi ral foodborne dis eases can 
be pre vented through a few sim ple mea sures. The risks of vi ruses be ing 
in food can be re duced by good food han dler hy giene and by not us ing 
shell fish from pol luted wa ter. Using po ta ble (i.e., drink ing) wa ter in all  
ar eas of food pro cess ing also pre vents vi ral con tam i na tion. Heating food 
or san i tiz ing food con tact sur faces kills vi ruses. Nonetheless, ap prox i
ma tely 30 mil lion cases of foodborne vi ral dis eases per year sug gest that 
these sim ple mea sures are not be ing fol lowed or that vi ruses are  able to 
by pass these strat e gies.

Box 24.2
Hepatitis E virus

Hepatitis E vi rus (HEV) is a 
mem ber of the fam ily Hepeviridae, 
which is com posed of nonenvel-
oped, sin gle-stranded, pos i tive-
sense RNA vi ruses. Phylogenetic 
an a ly ses of HEV iso lates from 
var i ous parts of the world in di cate 
that at least four dif er ent ge no-
types of HEV ex ist. Genotypes 1 
and 2 are as so ci ated with HEV 
ep i dem ics via hu man-to-human 
trans mis sion and are found pre-
dom i nantly in Asia and the In dian 
sub con ti nent. Genotypes 3 and 4 
are com mon in U.S. and Eu ro pean 
swine and other an i mals and are 
as so ci ated with spo radic and 
clus ter cases of zoo notic trans mis-
sion to hu mans. What does all  this 
mean? Well, there may be zoo notic 
risk of HEV, and this vi rus ap pears 
to be an emerg ing path o gen in the 
United States. Sporadic clus ters of 
acute hep a ti tis E as so ci ated with 
con sump tion of raw or under-
cooked swine liv ers have been 
re ported in the United States. A 
to tal of 11% of gro cery-sold swine 
liv ers were con tam i nated with 
in fec tious HEV. The pres ence of 
HEV in swine liv ers and its po ten tial 
ex is tence in other pork prod ucts, 
such as sau sage, scrap ple, and 

ground pork, raise con cern for 
con sumer safety. Though there 
have been no doc u mented HEV 
in fec tions as so ci ated with shell fish 
con sump tion in the United States, 
HEV has been as so ci ated with 
shell fish in other re gions of the 
world, sug gest ing that HEV-contami-
nated shell fish may be a risk in the 
United States. An out  break of 
vir u lent hu man-to-human trans mis-
si ble ge no type 2 HEV in Me xico 
sug gests in ter na tional trade as a 
pos si ble means of in tro duc tion into 
the United States. Furthermore, in 
south ern and west ern re gions of 

the United States, fe ral swine 
pop u la tions are rap idly in creas ing, 
sug gest ing an in creased trans mis-
sion po ten tial of zoo notic HEV to 
hu mans. Infection with vir u lent 
HEV strains can be med i cally 
se ri ous, with preg nant women 
hav ing up to a 20% fa tal ity rate in 
some geo graphic ar eas. Approxi-
mately 1 in 5 peo ple in the United 
States are se ro pos i tive for HEV. 
Like hep a ti tis A vi rus and hu man 
nor o vi rus, HEV is an en vi ron men-
tally sta ble and per sis tent vi rus and 
may be an emerg ing threat to food 
safety in the United States.

Hepatitis E vi rus vi su al ized by a scan ning elec tron mi cro scope. 
Obtained with per mis sion from the CDC Public Health 
Image Library.

Authors’ note
When an or gan ism has the 
abil ity to in fect hu mans and 
non-human an i mals, it is called 
zoo notic, and the dis ease it 
causes may be called a zoo no sis.
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Other an ti bac te rial foodprocessing meth ods may or may not kill vi
ruses. Viruses are rel a tively acid re sis tant and can sur vive stom ach acid. 
More ra di a tion is needed to kill vi ruses than bac te ria. Traditional heat
ing meth ods kill vi ruses as eas ily as bac te ria; how ever, in terms of food 
pro duc tion many com pa nies are mov ing away from ther mal pro cess ing 
to re tain freshlike sen sory at tri butes of food. The an ti vi ral ef ec tive ness 
of new, non ther mal meth ods such as high pres sure, ul tra vi o let light, 
and ozone is still not well un der stood, but some dis cus sion of this is 
pro vided in chap ter 28.

While some pro cesses are not well un der stood, depuration is a pro
cess that does not work well for the re moval of vi ruses from shell fish but 
is still used to var i ous de grees by the shell fish in dus try. Depuration is a 
pro cess that at tempts to cleanse shell fish of vi ruses by mov ing them 
from the pol luted wa ter to clean wa ter. Over time, the shell fish should 
wash the vi ruses out  with the clean wa ter. This pro cess is mon i tored 
us ing fe cal co li forms as in di ca tors. However, the vi ruses are fre quently 
re tained af ter the in di ca tor co li forms have been washed out . This makes 
it hard to de ter mine when depuration is com plete. What is the big deal 
about shell fish con tam i na tion any way? Recall that shell fish are fil ter 
feed ers and they are highly ef  cient at fil ter ing wa ter and as a re sult con
cen trate the sol utes from the wa ter. Researchers have shown ex per i men
tally that oys ters can con cen trate hep a ti tis A vi rus 100fold when grown 
in ex per i men tally con tam i nated wa ter sam ples. On top of that, many of 
the fresh oys ters har vested and sold in the United States are con sumed 
in their raw state, with out  any ther mal in ac ti va tion step for the vi ruses. 
Speaking of ther mal treat ment, while heat is his tor i cally the most widely 
used food pro cess ing method, it is dif  cult to de ter mine ther mal in ac ti
va tion for hu man nor o vi rus since most re search is ac com plished us ing 
nor o vi rus sur ro gates or bac te rio phage. Light steam ing or sautéing cook
ing prac tices may not fully in ac ti vate nor o vi rus in con tam i nated oys ters. 
Research through the NoroCORE Food Virology Collaborative for Out
break, Research and Education at North Ca ro lina State University used 
mo lec u lar meth ods to de ter mine nor o vi rus in ac ti va tion with dif er ent 
time and tem per a ture com bi na tions. Human nor o vi rus may re quire 
greater heat treat ment than what is de ter mined by con tem po rary re search 
meth ods. Norovirus sur vives freez ing and can with stand tem per a tures 
as high as 140°F, and in some foods maybe even higher than 140°F.

Noroviruses
Noroviruses be long to the fam ily Caliciviridae and were orig i nally called 
Nor walk or Nor walklike vi ruses from their first out  break at an el e men
tary school in Nor walk, Ohio, in 1968. At this time nor o vi rus was also 
known as the win ter vom it ing dis ease, due to sea sonal in ci dence that is 
still ob served to day with more cases oc cur ring in the win ter. Norovi
ruses cause acute di ar rheal dis ease with an in cu ba tion pe riod of 1 to 2 
days and, as stated ear lier, are a ma jor cause of foodborne dis ease. Vi
ruses are tricky to study in the lab o ra tory as they can not be cul tured like 
bac te ria. While some vi ruses can be grown in hu man or mam ma lian 
cell cul ture, hu man nor o vi ruses do not grow in cell cul ture or other an
i mals and so are par tic u larly dif  cult to work with in the lab. Scientists 

Authors’ note
A large lim i ta tion to the study 
of hu man nor o vi rus is the lack 
of con sen sus re search us ing 
nor o vi rus sur ro gates. Over 2 
de cades of re search have 
in cluded vast com par i sons of 
nor o vi rus sur ro gates within the 
Caliciviridae fam ily. Choice of 
proper sur ro gates in lab o ra tory 
stud ies may be influ enced by 
myr iad is sues, in clud ing ease of 
prop a ga tion, ge netic sim i lar i-
ties, and bind ing prop er ties. 
While it re mains im pos si ble to 
rou tinely cul ture hu man 
nor o vi rus in vi tro, the con ti n ued 
use of a va ri ety of nor o vi rus 
sur ro gates re mains cru cial to 
fa cil i tate an un der stand ing of 
nor o vi rus in or der to re duce the 
pub lic health im pact of the 
dis ease.
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rely on mo lec u lar bi  ol ogy and work with vi ral sur ro gates to be  able to 
study nor o vi ruses. Like other vi ruses, nor o vi ruses are de tected by elec
tron mi cros copy, an ti bod ies, and ge netic probes.

Noroviruses are small, round caliciviruses that con tain a sin gle strand 
of RNA. They are trans mit ted by the fe cal/oral route. The vi ral par ti cles 
are hardy, sur viv ing stor age, re frig er a tion, freez ing, and pas sage through 
stom ach acid. Upon reach ing the small in tes tine, the vi rus in fects mu co
sal cells, mul ti plies in side, kills the cells, and con tam i na tes more fe ces. 
Viruses con tinue to be spread by fe cal shed ding for more than 1 week 
af ter the per son re cov ers. These vi ruses gen er ally have a low in fec tious 
dose, as few as 10 par ti cles and an av er age of about 18, and are highly 
in fec tious. It has been de ter mined that an in fected in di vid ual may shed 
as much as 9.5 × 109 vi rus par ti cles/g of fe ces! Norovirus in fec tion may 
af ect any age group, and out  breaks are dif  cult to pre vent and con trol, 
as dem on strated by the reg u lar oc cur rence of out  breaks on cruise ships 
and in large in sti tu tions de spite rig or ous pre ven tive ac tions. The low 
in fec tious dose com bined with the high at tack rate al lows nor o vi rus, 
to spread eas ily through com mu ni ties, in clud ing col lege cam puses. Add 
to that the fact that there is no longlasting im mu nity for nor o vi rus 
and you have a sig nifi  cant in fec tious vi rus, caus ing an es ti mated 20 
mil lion cases each year in the United States. The Centers for Disease 
Control and Prevention (CDC) in At lanta, GA, es ti ma tes that each per
son in the United States will have nor o vi rus five times over an av er age 
life time. That’s some thing to ex pe ri ence!

Norovirus strains are clas si fied into six rec og nized genogroups. Noro
viruses from genogroups GI, GII, and GIV af ect hu mans. Since 2002 
nor o vi rus iso lates from the GII genogroup have been the most com mon 
cause of nor o vi rus out  breaks. In par tic u lar, GII nor o vi rus strains have 
been at trib uted as causes of foodborne out  breaks. Attribution is a crit i
cal part of study ing nor o vi ruses, and sci en tists care fully mon i tor these 
vi rus strains in the en vi ron ment and in cases of ill ness. For example, 
epidemiologists have determined that food prepared in commercial set
tings was involved in 80% of all foodborne outbreaks of norovirus from 
2009 to 2012, but there are still gaps in terms of how the virus was trans
mitted in these situations. Evaluation of CDC data sug gests that new 
nor o vi rus strains emerge about ev ery 2 to 4 years. Often, but not al ways, 
these new strains lead to an in crease in out  breaks world wide.

Hepatitis A
Hepatitis A virus may infect individuals through contaminated food or 
water and, like norovirus, is often transmitted by infected food handlers 
who may not realize they are infected with the virus. One part of this 
prob lem is that vi rus shed ding oc curs be fore the on set of clin i cal symp
toms. Again, this re in forces the need for con stant good hy giene and san
i ta tion prac tices.

Hepatitis A has an in cu ba tion pe riod of 15 to 50 days. This is trou ble
some be cause an in fected per son sheds the vi rus in his or her fe ces for 10 
to 14 days be fore be com ing sick. The shed ding can also con tinue for weeks 
af ter the per son re cov ers. This makes it easy to un wit tingly trans mit the 
vi rus and re sults in an ex tremely dif  cult ep i de mi o logic in ves ti ga tion.

Authors’ note
Worldwide, nor o vi rus is the 
lead ing cause of acute gas tro-
en ter i tis, which leads to 
di ar rhea and vom it ing. It may 
sur prise some peo ple that in 
de vel oped coun tries, nor o vi rus 
causes about one in five cases 
of acute gas tro en ter i tis, while 
in de vel op ing coun tries it is 
about one in six cases. Rota-
virus used to cause more cases 
of acute gastroenteritis, but 
that has de clined due to use of 
the ro ta vi rus vac cine. Recall the 
name “win ter vom it ing disease”? 
Norovirus is indeed more 
com mon in cooler months. 
About half of all  cases oc cur 
from De cem ber through 
Feb ru ary in coun tries north of 
the equa tor and from June 
through Au gust in coun tries 
south of the equa tor. Epidemi-
ology sug gests that in places 
closer to the equa tor, nor o vi rus 
may be less sea sonal and may 
be timed more with the rainy 
sea son.
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Hepatitis is not a tra di tional gas tro en ter i tis. It causes jaun dice (yel
low ing of the skin), an orexia, vom it ing, and a pro found mel an choly. 
These symp toms can last sev eral weeks, and since there is no way to cul
ture the vi rus, the di ag no sis can be con firmed only by the de tec tion of 
hep a ti tisspecific an ti bod ies in the per son’s blood. Hepatitis can cause 
per ma nent or recurring kid ney prob lems. When the vi rus in fects he pa to
cytes (liver cells), the body’s im mune sys tem re sponds with T cells 
that are toxic to liver cells. This re sults in liver dam age. In coun tries 
where fe cal con tam i na tion is com mon, most chil dren get a mild case 
of hep a ti tis (and ac quire im mu ni ty!) by age 5. In more de vel oped 
coun tries, hep a ti tis A is more com mon among adults, who get more 
se ri ous cases. Hepatitis A vi rus is very dif er ent from nor o vi rus in 
that there seems to be only one se ro type of hep a ti tis A vi rus and life
long im mu nity oc curs af ter in fec tion. Noroviruses and hep a ti tis A vi rus 
are com pared in Table 24.2.

Hepatitis A vi rus is a mem ber of the fam ily Picornaviridae. (Interest
ingly, po lio vi rus is in the same fam ily.) The spher i cal coat, con sist ing of 
four dif er ent pro teins, sur rounds and pro tects the cod ing strand of RNA. 
The RNA codes for the RNAdependent RNA po ly mer ase men tioned 

Authors’ note
While hep a ti tis A vi rus in fects 
hu mans only, it may not al ways 
have been that way. In a study 
on the evo lu tion ary or i gins of 
hep a ti tis A vi rus, the lead 
au thor Dr. Jan Feliz Drexler 
sug gests that like many other 
vi ruses (HIV and Ebola in-
cluded), hep a ti tis A vi rus may 
have orig i nated an ex tremely 
long time ago in small mam-
mals, like bats (see Box 24.3 for 
more in for ma tion).

(continued)

Box 24.3
Ebola virus

Filovirus par ti cles have an un usual 
shape. They are long, some times 
branched, fil a ments shaped like 
a “6” or a “U” or even a cir cle. 
They look very dif er ent from the 
evenly shaped ico sa he dral shape of 
nor o vi rus or hep a ti tis A vi rus. These 
vi ral fil a ments may mea sure up to 
14,000 nm in length and have a 
uni form di am e ter of 80 nm. Filovirus 
par ti cles are en vel oped, which 
means they are cov ered in a lipid 
mem brane and then con tain one 
mol e cule of  sin gle-stranded RNA.

The first fi lo vi rus was rec og nized 
in 1967 when a num ber of lab o ra tory 
work ers in Ger many and  Yu go sla via, 
who were han dling tis sues from 
green mon keys, de vel oped hem or-
rhagic fe ver. A to tal of 31 cases and 7 
deaths were as so ci ated with these 
 out  breaks. The vi rus was named 
af ter Mar burg,  Ger many, the site 
of one of the out  breaks.

Ebola vi rus was first iden ti fied in 
1976 when two out  breaks of Ebola 

hem or rhagic fe ver oc curred in 
north ern Zaire (now the Democratic 
Republic of Congo, or DRC) and 
south ern Su dan. The out  breaks 
in volved what even tu ally proved to be 
two dif er ent spe cies of Ebola vi rus; 
both vi ruses showed them selves to 
be highly le thal, as 90% of the Zair ian 
cases and 50% of the Su da nese cases 
re sulted in death. Since 1976, Ebola 
virus has ap peared spo rad i cally in 
Af rica, with small to mid size 
out  breaks con firmed be tween 1976 
and 1979. Large ep i dem ics of Ebola 
oc curred in Kikwit, DRC, in 1995, in 
Gulu, Uganda, in 2000, in Bun-
dibugyo, Uganda, in 2008, and in 
Issiro, DRC, in 2012.

The 2014 Ebola ep i demic (March 
2014–July 2015) was the larg est in 
world his tory, af ect ing sev eral 
coun tries in West Af rica. As of 
No vem ber 22, 2015, the to tal 
num ber of cases (sus pected, 
prob a ble, and con firmed) was 
28,634. Of those, 15,246 were 

lab o ra to ry-confirmed cases and 
there were 11,314 deaths as so ci ated 
with this out  break. The World 
Health Organization (WHO) was 
 able to help con trol the out  break by 
lim it ing move ment of in di vid u als 
and by in creased in fec tion con trol. 
Infection control for viral hemor-
rhagic fevers includes reducing 
contact with infectious body fluids 
and avoiding close contact with 
people who are sick. Washing hands 
often with soap and water is critical. 
Efective in fec tion con trol was 
dif  cult in the health fa cil i ties of 
West Africa, so the key points for 
control involved limiting movement 
and contact with infected individu-
als, particularly for people caring for 
the ill and also those participating 
in traditional burials. The CDC and 
world part ners fo cused on ed u ca-
tional ses sions for early de tec tion, 
safe iso la tion of pa tients, safe 
buri als, and in fec tion con trol in 
health care set tings.
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Scientists do not fully un der stand 
the nat u ral res er voir for Ebola 
vi ruses. Person-to-person trans-
mis sion can lead to large num bers 
of in fected in di vid u als. The vi rus 
can be spread through di rect 
con tact with blood or body flu ids 
through bro ken skin or mu cous 
mem branes (for ex am ple in the 
eyes, nose, or mouth). Contami-
nated ob jects like nee dles or 
sy ringes can re sult in in fected 
in di vid u als. Infection can also 
oc cur due to con tact with in fected 
fruit bats or pri ma tes (apes and 
mon keys). Ebola vi rus is not spread 
by air or by wa ter, and in gen eral 
Ebola vi rus is not spread by food. 
However, Ebola can be as so ci ated 
with han dling bushmeat, which is 
the term used for wild an i mals 

hunted for food. A few spe cies of 
mam mals have shown the abil ity to 
be in fected with Ebola virus and to 
spread Ebola as well, in clud ing 
hu mans, bats, mon keys, and apes. 
In Af rica, hu man in fec tions have 
been as so ci ated with hunt ing, 
butch er ing, and pro cess ing meat 
from in fected an i mals.

While Ebola may be transmitted 
through bushmeat, it is not a 
foodborne enteric virus. So why is it 
included in this book, you may ask? 
Thinking about virus ecology and 
emergence is critical to control of 
Ebola as well as norovirus or 
hepatitis A virus. Also, bats are a 
critical vector of concern for 
emerging viruses, some of which 
may be transmitted through foods, 

as bats roost in fruit trees and their 
guano lands on the fruit.

Here you can see the unique filamentous 
structure of an Ebola virus particle. (CDC/
Dr. Frederick A. Murphy.)

Box 24.3
Ebola virus (continued)
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Authors’ note
Don’t for get that wa ter and 
food of ten serve as ve hi cles for 
the same path o genic or gan-
isms. In fact, ice is of ten called 
the for got ten food!

pre vi ously, a pro te ase, and a large pro tein. Hepatitis A virus is the only 
foodborne path o gen for which a vac cine ex ists. Vaccines are avail  able for 
longterm pre ven tion of hepatitis A virus in fec tion in per sons 1 year of 
age and older. The vac cine has two doses, with 95% pro tec tion af ter 
the first dose; the sec ond dose is given within 6 months. The ma jor ity 
of chil dren born in de vel oped coun tries re ceive a com bi na tion vac cine 
pro tect ing against both hep a ti tis A and hep a ti tis B vi rus. Good per sonal 
hy giene and proper san i ta tion can also help pre vent the spread of hep a
ti tis A virus. Within 2 weeks of ex po sure to an in di vid ual with hep a ti tis 
A, such as in an out  break sit u a tion, case pa tients may ben e fit from an 
in jec tion of ei ther im mune glob u lin or hepatitis A vac cine.

Food Relatedness of Other Viruses
There are myr iad dif er ent vi ruses that can be trans mit ted through wa
ter (and food) world wide (Box 24.2), and a few of the main ones that 
cause ill ness in the United States are men tioned here.

Astroviruses cause an es ti mated 3 mil lion ill nesses each year in the 
United States. They are round, with star pat terns on their coat, and carry 
a sin gle cod ing strand of RNA. There is an in cu ba tion pe riod of 3 to 4 
days. Diarrhea is the pri mary symp tom, usu ally last ing 2 to 3 days; some
times it can last as long as 2 weeks. As men tioned above, ro ta vi ruses 
con tain dou blestranded RNA and are a com mon cause of in fant death 
in de vel op ing coun tries, but they also cause an es ti mated 3 mil lion 
ill nesses each year in the United States.

It is im por tant to note that many vi ruses are not trans mit ted by foods. 
These in clude many clin i cally im por tant vi ruses like ra bies, han ta vi rus, 
rhi no vi ruses (which cause the com mon cold), and HIV. These and many 
other vi ruses are not shed in the fe ces or trans mit ted by the fe cal/oral 
route. HIVpositive peo ple pose no risk as food han dlers, and even 
those symp tom atic with ac quired im mu no de fi ciency syn drome (AIDS) 
are not a threat if they do not have di ar rhea. (Although HIV is not 
trans mit ted by the fe cal/oral route, di ar rheal fluid can con tain Salmo-
nella, Escherichia coli O157:H7, and nor o vi ruses, which are trans mit ted 
this way.)

Are Specific Food Commodities More at Risk?
People of ten ask which foods are most con nected with vi ral con tam i na
tion. The an swer to this ques tion is not easy for sev eral rea sons. The 
first is that foods are not of ten tested for vi ral path o gens, as it is not easy 
to de tect them. Scientists are de vel op ing new meth ods to ex tract vi ral 
nu cleic acid from foods and de tect just a few vi rus par ti cles, but this 
is not rou tinely per formed to day. Since there is no model for as sess ing 
in fec tiv ity of hu man nor o vi ruses, we can not tell if these par ti cles are 
in fec tious and could have caused dis ease. The sec ond rea son is that it is 
of ten dif  cult to re trieve food that has been in volved in an out  break. It is 
im por tant to find food that has not pre vi ously been opened and de tect 
the path o gen. Those points aside, readytoeat foods, mol lus can shell
fish con sumed raw, and fresh pro duce con sumed raw ap pear to be more 
of ten con nected with vi ral trans mis sion. What about ber ries? The fol
low ing ep i de mi o log i cal stud ies dis cuss the role of ber ries in the trans
mis sion of vi ruses. As with the pro to zoa, vi ruses seem to ad here to 
ber ries well and have caused dis ease as so ci ated with the con sump tion 
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of fresh ber ries. Both rasp ber ries and straw ber ries (raw and fro zen) 
have been as so ci ated with out  breaks of hep a ti tis A vi rus and nor o vi rus.

Hepatitis A out  breaks with ber ries. Hepatitis A vi rus, which is spread by 
hu man fe ces, is thought to have con tam i nated ber ries by con tact with 
in fected har vest ers or con tam i nated ir ri ga tion wa ter. Frozen and fresh 
rasp ber ries have also been as so ci ated with ill ness due to nor o vi rus, also 
spread through hu man fe ces and food han dlers. Processing ber ries, 
in clud ing freez ing and mild cook ing, may be an im por tant is sue in 
the case with viruscontaminated ber ries. These pro cess ing steps do 
not nec es sar ily clear ber ries from vi ral con tam i na tion (see Box 24.4 for an 
example). The stems of straw ber ries des tined for freez ing are re moved in 
the field, us ing ei ther a metal de vice or a thumb nail. The ber ries are then 
trans ported at am bi ent tem per a ture to a pro cess ing fa cil ity, where they 
are washed with wa ter, sliced if ap pli ca ble, and of ten mixed with up to 
30% su crose be fore be ing fro zen. The ex tra hu man han dling dur ing har
vest ing and commingling in the pro cess ing fa cil ity are be lieved to place 
these ber ries at greater risk for con tam i na tion.

One of the ear lier re corded berry out  breaks as so ci ated with vi ral 
con tam i na tion was an out  break of hep a ti tis A in Scot land linked to con
sump tion of rasp berry mousse pre pared from fro zen rasp ber ries. The 
mousse was pre pared from two 3pound con tain ers of fro zen rasp ber
ries, gel a tin, sugar, and pas teur ized cream. Some of the left over mousse 
was sent home with the staf or was served on the “sweet trol ley” in the 
din ing room the next day. Twentyfour in di vid u als were di ag nosed with 
jaun dice, de ranged liver func tions, fe ver, mal aise, nau sea, and “flulike” 
symp toms ap prox i ma tely 24 to 28 days af ter con sum ing the mousse. 
The rasp ber ries were blastfrozen at the dis tri bu tion cen ter. The rasp
ber ries had been ob tained from sev eral farms, in clud ing small hold ings 
and large pri vate gar dens. Contamination of rasp ber ries ap par ently oc
curred at the time of pick ing or pack ing, prob a bly by a food han dler who 
was un know ingly shed ding hep a ti tis A vi rus. In fact, it was later noted 
that one of the pick ers had a hep a ti tis A vi rus in fec tion at the time of 
pick ing, as stated by a lo cal phy si cian. This re states the im por tance and 
im pact of good per sonal hy giene and san i ta tion prac tices, along with the 
need for good ed u ca tion of food han dlers at each stage from the farm to 
the con sum er.

A mul ti state out  break of hep a ti tis A was traced to fro zen straw ber ries 
pro cessed in a sin gle plant in Cal i for nia in 1990. Nine hun dred stu dents, 
teach ers, and staf in Geor gia and Mon tana de vel oped hep a ti tis A vi rus 
in fec tion from eat ing straw berry short cake and other des serts. Epide
miological data in di cated that con tam i na tion did not oc cur from an in
fected worker within the pro cess ing plant but most likely from an 
in fected picker, per haps when the stems were be ing re moved by hand 
rather than with a metal tool. Strawberries are still of ten stemmed before 
be ing brought into the pro cess ing fa cil i ty.

In the months of Feb ru ary and March of 1997 in Mich i gan and in 
Maine there was a sim i lar out  break at first linked to fro zen rasp ber
ries and straw ber ries. More con clu sive ep i de mi o log i cal ev i dence from 
casecontrol stud ies de ter mined that ill ness was as so ci ated only with 
fro zen straw ber ries; the cases in volved school chil dren and em ploy ees. 
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Box 24.4
Hepatitis A virus case study with frozen pomegrante arils imported from Turkey

During the sum mer of 2013, a large 
out  break of hep a ti tis A vi rus spread 
across the United States. By the 
con clu sion of the out  break in 
Au gust, 165 in di vid u als from 10 
dif er ent states were iden ti fied as 
part of the out  break. No in di vid u als 
died, but 42% were ad mit ted to a 
hos pi tal (and, as with all  foodborne 
out  breaks, many cases may have 
gone un iden ti fied). The me dian 
pa tient age was 47 years, and 55% 
of the pa tients were fe male. Recall 
that ep i de mi o log i cal data are of ten 
use ful in de ter min ing the im pli-
cated or con tam i nated food item(s). 
In this out  break, the traceback was 
com pli cated. The im pli cated 
prod uct was a mixed berry prod uct 
with straw ber ries, rasp ber ries, 
blue ber ries, cher ries, and pome-
gran ate seeds that all  orig i nated 

from dif er ent sup pli ers with 
dif er ent coun tries of or i gin. The 
hep a ti tis A vi rus se quence was one 
that was un usual in North or South 
Amer ica and was iden ti fied as ge no-
type IB, com mon to the Middle 
East. The in fec tion source was 
iden ti fied as pack aged fro zen 
pome gran ate ar ils (the lit tle red 
seeds from the pome gran ate fruit) 
from one prin ci pal re tailer. The fast 
genotyping in this in ves ti ga tion was 
crit i cal to the suc cess in link ing the 
hep a ti tis A in fec tion to a com mon 
source quickly so that post ex po sure 
pro phy laxis in ter ven tions were 
ef ec tive. Hepatitis A vi rus vac cine 
and immunoglobulins were pro-
vided to over 10,000 peo ple in this 
in ves ti ga tion. While the case 
ep i de mi  ol ogy was ongoing, vol un-
tary prod uct re calls served to ben e-

fit pub lic health through the 
re duc tion in ill ness. Recalls con tin-
ued to ex pand over the month of 
June along with warn ings to the 
pub lic not to eat in crim i nated 
product; these actions were 
es sen tial due to the long shelf life 
of the prod uct (2 years). This is 
vis i ble in the ep i demic curve below.

The pulp-covered seeds of a pomegranate 
are called arils.

New Mexico reports
first case

Colorado and Nevada
report cases

Public notified of the outbreak

Voluntary recall of product

0

1

2

3

4

5

6

7

8

M
arc

h 31

April 
7

April 
14

April 
21

April 
28

M
ay

 5

M
ay

 12

M
ay

 19

M
ay

 26

Ju
ne 2

Ju
ne 9

Ju
ne 1

6

Ju
ne 2

3

Ju
ne 3

0
Ju

ly 
7

Ju
ly 

14

Ju
ly 

21

Ju
ly 

28

Augu
st 

4

Augu
st 

11

N
um

be
r 

of
 il

ln
es

se
s

Voluntary recall
of product E

FDA issues two import
alerts for importer D
pomegranate arils

Confirmed out  break-related cases of hep a ti tis A vi rus. (Redrawn from Collier et al., Lancet 14:976–981, 2014.)

In Mich i gan, as in the out  break in 1990, the fro zen straw ber ries were 
con sumed in straw berry short cake des serts served in the school caf e te rias. 
A to tal of 287 cases of hep a ti tis A were re ported from 23 schools in Mich
i gan and 13 schools in Maine. Traceback anal y sis im pli cated straw ber ries 
grown in Me xico and pro cessed and dis trib uted through a Cal i for nia 
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pro cess ing fa cil ity. There was no in di ca tion of spe cific lots that were 
con tam i nated, as these re cords were not main tained at the schools at 
this time. A thor ough in ves ti ga tion of the Cal i for nia pro cess ing fa cil
ity did not iden tify any prob lems and showed good san i ta tion and 
manufactur ing prac tices and lim ited em ployee hand con tact with the 
ber ries, and there was no re cord of em ploy ees with ill nesses at the time 
the straw ber ries were pro cessed. The FDA also con ducted an in ves ti ga
tion in the fields in Me xico. The fields were drip ir ri gated rather than 
spray ir ri gated, which elim i nated the like li hood that ber ries were con
tam i nated by con tam i nated wa ter. This in ves ti ga tion re vealed sev eral 
po ten tial prob lems, in clud ing lim ited slit la trines for the work ers and 
lim ited ac cess to handwashing fa cil i ties that were on trucks cir cu lat ing 
through the fields. While no re cords of worker ill nesses were main
tained, the work ers did not wear gloves and re moved the stems from the 
straw ber ries with their fin ger nails in the fields. The di rect hand con tact 
with the ber ries com bined with poor hy giene prac tices is a pos si ble 
source of con tam i na tion. Other straw ber ries from the same dis trib u tor 
were placed on hold, and among the 13 other states that re ceived fro zen 
straw ber ries, two cases of hep a ti tis A were re ported in Ten nes see, nine 
cases in Ar i zona, five cases in Wis con sin, and four cases in Lou i si ana. 
All of these cases, with the ex cep tion of those from Lou i si ana, were as so
ci ated with state school lunch pro grams. The Lou i si ana cases were 
traced back to con sump tion of a com mer cially pre pared smoothie drink. 
For these clus ters of cases no ep i de mi o log i cal stud ies were con ducted. 
The vi ruses iso lated from the ma jor ity of cases of hep a ti tis A de scribed 
in this mul ti state out  break showed high ge netic sim i lar ity. It is likely 
that con tam i na tion was not uni form and per haps at low lev els, due to 
the rel a tively low num ber of cases com pared to the large quan tity of fro
zen straw ber ries that were con sumed.

Norovirus-associated out  breaks with rasp ber ries. While de tec tion is dif  cult, 
ep i de mi o log i cal in ves ti ga tions im pli cated con sump tion of rasp ber ries 
con tam i nated with nor o vi rus as the cause of sev eral out  breaks. Perhaps 
as vi rus de tec tion meth ods im prove, more out  breaks as so ci ated with 
these vi ruses will be de tected. The spe cific out  breaks dis cussed here oc
curred in Eu rope. In No vem ber 2001, an out  break of nor o vi rus in 30 in
di vid u als in volved baked rasp berry cakes. At first there was an ap par ent 
as so ci a tion with both pear and rasp berry cakes, but ep i de mi o log i cal ev
i dence in di cated that rasp berry cakes had a stron ger as so ci a tion with 
ill ness. The pink cakes were made with a cream top ping con tain ing 
whole fro zen rasp ber ries. Multiple nor o vi rus strains were de tected in 
the rasp ber ries af ter a com plex se ries of ex trac tion cou pled with PCR 
and ge netic se quenc ing meth ods was im ple ment ed.

In France in March 2005, 75 stu dents and teach ers re ported symp
toms of nau sea, vom it ing, and di ar rhea last ing for 1 to 2 days. Epidemi
ology showed that ill ness was strongly as so ci ated with the con sump tion 
of rasp ber ries blended with fromage blanc, a fresh cheese sim i lar to cot
tage cheese that was served with lunch in the school caf e te ria. Stool 
sam ples were pos i tive for nor o vi rus, Musgrove strain. Virus was not suc
cess fully iso lated from rasp berry sam ples. As in the cases de scribed above, 
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the rasp ber ries in this out  break were deep fro zen and were blended with 
the cheese while fro zen. The blended des serts were topped with in di vid
ual fro zen ber ries placed by hand; how ever, the work ers were not ill 
be fore or at the time of the out  break.

In May 2005, nearly 200 pa tients and em ploy ees at two hos pi tals in 
Den mark fell ill with symp toms of nor o vi rus. Again, ep i de mi  ol ogy 
linked ill ness to con sump tion of a fromage blanc cheese des sert made 
with rasp ber ries. Again, fe cal sam ples were found to be pos i tive for nor
o vi rus. When these ill nesses oc curred, the Regional Food Inspectorate 
called for with drawal of the fro zen rasp ber ries. Unfortunately, the re call 
did not hap pen quickly enough, as just shortly af ter this, in early June, 
nearly 300 cases of nor o vi rus were as so ci ated with the same des sert 
served to ap prox i ma tely 1,100 peo ple in a “meals on wheels” sys tem. As 
with the case de scribed above, many of the fe cal sam ples were found to 
be pos i tive for nor o vi rus. The three out  breaks de scribed above were not 
be lieved to be linked to each other, as the rasp ber ries came from a dif
fer ent pro ducer in the out  break in France than in Den mark. The ex act 
cause of the out  break was not de ter mined, but it is clear that con tam i na
tion was spotty due to the rel a tively small num ber of ill nesses com pared 
to the num bers that con sumed the fro zen rasp ber ries.

During the sum mer months of 2006, 43 in di vid u als be came ill with 
nor o vi rus as so ci ated with the con sump tion of con tam i nated rasp ber ries 
in four out  breaks. A home made cake con tain ing rasp ber ries and cream 
was the cause of one out  break. Another was as so ci ated with cheese cake 
and rasp ber ries. Norovirus was de tected in fe cal sam ples from these pa
tients, and the rasp ber ries were of the same brand and im ported from 
China. In a third out  break at a school, drinks made from the same brand 
of im ported rasp ber ries caused 30 ill nesses. In the fourth out  break, a 
home made rasp berry par fait, also made from the same brand of im ported 
rasp ber ries, was served to nine par tic i pants of a meet ing, who all  be
came ill with nor o vi rus.

It is likely that the ma jor ity of nor o vi rus in fec tions go un de tected and 
many out  breaks are as so ci ated with con tam i na tion via food han dlers. 
Have you ever got ten sick from eat ing ber ries? While ber ries are an im
por tant com mod ity, as dem on strated by the in ter est ing case stud ies 
above, other key com mod i ties in clude raw and readytoeat foods like 
fresh pro duce and shell fish. In fact, leafy greens, fruits and nuts, and 
shell fish are the most fre quent foods as so ci ated with foodborne out 
breaks of nor o vi rus in volv ing a sim ple or sin gleingredient food item. In 
many out  breaks with these atrisk com mod i ties it is nearly im pos si ble to 
de tect the point of con tam i na tion. Research and ed u ca tion are needed to 
re duce con tam i na tion in pro duc tion and pro cess ing.

Bacteriophages in the Dairy Industry
We have es tab lished that vi ruses can lyse their hosts. Sometimes that 
host is bacterial, as explored in Box 24.5. Imagine a bac te rio phage at tack 
on a 5,000gallon fer men tor full of lac tic acid bac te ria and milk. The 
bac te rio phages at tack and in fect the lac tic acid bac te ria. The lac tic acid 
bac te ria lyse, and with no bac te ria to con vert lac tose into lac tic acid, the 
fer men ta tion be comes “stuck.” In plants that pro cess 1 mil lion pounds 
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Box 24.5
Bacteriophages

Ma nan Sharma, Agricultural 
Research Center, USDA, 
 Beltsville, MD 

Bacteriophages (see fig ure) are 
vi ruses which in fect bac te rial cells. 
They were dis cov ered by two sci en-
tists work ing sep a rate ly: Fred er ick 
Twort in 1915 and Fe lix d’Herelle in 
1917. Bacteriophages (mean ing 
“bac te ria eat ers,” from the Greek 
phagein [to eat]) were fre quently used 
as agents against a va ri ety of 
bac te rial in fec tions from the 1920s 
through the 1940s. The rise of 
an ti bi ot ic-resistant path o genic 
bac te ria and in ter est in nat u ral 
or “green” an ti mi cro bi als have 
re fo cused at ten tion on the use of 
bac te rio phages as an ti mi cro bi als. 
Phages are found in the same var ied 
en vi ron ments as their bac te rial 
hosts; it is es ti mated that there 
are 1032 bac te rio phages on Earth. 
Bacteriophages are pres ent in 
var i ous foods; they have been 
iso lated from sau sages, ground 
beef, fresh wa ter and salt wa ter fish, 
raw skim milk, cheese, var i ous deli 
meats, mush rooms, let tuce, re frig er-
ated bis cuit dough, and fro zen 
chicken pot pies. Phages are spe cific 
for groups of spe cies of bac te ria, 
which al lows them to in ac ti vate 
path o gens while not af ect ing the 
re main ing over all mi cro bial ecol ogy 
and bal ance in a spe cific food (e.g., 
a phage can dis play lytic spec i fic ity 

against E. coli O157:H7 but not E. coli 
O104:H4). Several U.S. reg u la tory 
agen cies have ap proved bac te rio-
phages to be used on var i ous foods 
and food con tact sur faces, lead ing to 
their po ten tial use as an ti mi cro bi als 
in foods. Bacteriophages ad sorb to 
the sur face of cells, in ject their 
DNA, and di rect the cell’s ma chin-
ery to rep li cate phage par ti cles 
be fore lys ing the cell from within 
and re leas ing more phage par ti-
cles. Lysins and holins are im por-
tant en zymes in this pro cess, 
which al lows the re lease of the 
phage par ti cles from the cell. 
Bacteriophages can also kill bac te rial 
cells us ing a mech a nism termed ly sis 
from with out  (LO). LO is the ly sis of 
bac te rial cells through ad sorp tion of 
a high num ber of bac te rio phages to 
the cell, which ly ses the cell with out  
pro ceed ing through the full cy cle 
of in fec tion. At 4°C, most path o-
genic bac te ria will not be met a bol i-
cally ac tive and the cy cle of phage 
in fec tion can not be com pleted. 
However, LO can oc cur at re frig er a-
tion tem per a tures. The mul ti plic ity of 
in fec tion, the ra tio of bac te rio phages 
to bac te rial cells, also in flu ences the 
ef  cacy of phage-mediated in ac ti va-
tion. Using mul ti ple phages spe cific 
for the same path o gen also re duces 
the po ten tial for a path o gen to 
be come re sis tant to in fec tion with 
a sin gle bac te rio phage. Mixtures of 

bac te rio phages spe cific for re spec-
tive path o gens have been shown to 
be ef ec tive against E. coli O157:H7, 
Salmonella spp., and L. monocyto-
genes on a va ri ety of pro duce and 
meat prod ucts.

Imagine bacteriophage lysing potentially 
pathogenic bacteria on lettuce and 
cantaloupes, making your salads safer to 
eat. These plaques were obtained while 
performing such research on bacteriophage 
specific to pathogenic E. coli O157:H7. For 
more information, see the research paper by 
Sharma et al. (researchers at the USDA’s 
Agricultural Research Service) listed in 
“Suggested reading.”

per day, bac te rio phage at tacks be come un think able. These at tacks can 
wreak havoc in the dairy in dus try where fer men ta tion cul tures are re
spon si ble for the de li cious fla vors and aro mas of cheese.

Although it may be dif  cult to elim i nate or pre vent al to gether, bac te
rio phage can be con trolled through proper clean ing, san i ta tion, and reg
u lar ro ta tion of cul tures. It is much eas ier to pre vent phage than it is to 
rec tify the prob lem once a bac te rio phage takes hold in your pro duc tion 
area. There are sev eral ways to com bat bac te rio phage at tacks (Table 24.3). 
The least so phis ti cated method is asep sis. Fogging the plant with 20 parts 
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per mil lion of chlo rine kills en vi ron men tal bac te rio phages. The con trol 
of air flow from the pro cessed to the un pro cessed side of the plant also 
helps pre vent con tam i na tion. Asepsis (keep ing or gan isms out ) works well 
for the pro duc tion of starter cul tures but be comes im prac ti cal for large 
manufactur ing fa cil i ties.

Culture ro ta tion is the next level of bac te rio phage con trol (Fig. 24.8). 
The pro ces sor starts with a col lec tion of dif er ent starter cul ture strains 
(A to K). Instead of us ing a sin gle strain of bac te rium for the fer men ta
tion, a pool of three strains (A, B, and C) is used. Samples from the fer
men tor are plaqued against each strain on a reg u lar ba sis to de tect what ever 
phages are pres ent. If one strain, C, is at tacked by bac te rio phages (as 

Table 24.3 Defenses of lac tic acid bac te ria against bac te rio phag es

Defense Mechanism

Biological

Adsorption in ter fer ence Lactic acid bac te ria can pre vent bac te rio phage 
ad sorp tion if they lack spe cific pro teins or mask the 
re cep tors that the bac te rio phages rec og nize.

Restriction/modification Resistant lac tic acid bac te ria have en zymes that mod ify 
their own DNA to dis tin guish it from phage DNA, 
which they de stroy us ing re stric tion en zymes.

Abortive in fec tion These sys tems in hibit in fec tion af ter the bac te rio phages 
have ad sorbed, pen e trated, and started the lytic pro cess.

Commercial

Phage-inhibitory me dia Starter cul tures are grown in me dia that lack Ca, which is 
re quired for phage ad sorp tion.

Frozen con cen trated 
starter cul tures

Starters are grown in phage-inhibitory me dia, 
con cen trated, and added to the fer men ta tion at such 
high lev els that no fur ther growth is re quired.

Strain ro ta tion Lactic acid bac te rial strains are con stantly ro tated so 
that bac te rio phage-sensitive strains are iden ti fied and 
re placed with bac te rio phage-insensitive strains.

Good Manufacturing 
Practices

Minimize con tam i na tion with vi rus es.

Starter 
cultures

used in the
fermentation

Collection of potential
starter cultures

D E F

Mutagenesis

B D E

G H I

D E F G H I J K

A B C

A B D
Figure 24.8

Diagrammatic ex pla na tion of cul ture ro ta tion. A pool of bac te rio phageresistant lac tic 
acid bac te rial strains is used to con struct a threestrain fer men ta tion cul ture. As 
one strain be comes at tacked by bac te rio phages, it is re placed by an other mem ber of 
the pool. The phagesensitive strain is mutagenized to phage re sis tance and re turned 
to the pool for later use. (See the text for ad di tional in for ma tion.)
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ev i denced by pos i tive plaques), that strain is re moved from the starter 
cul ture pool and re placed with phageinsensitive strain D. If strain A is 
sub se quently at tacked by phages, it is re placed with strain E, etc. The 
strains used in the fer men ta tion are ro tated to keep them ahead of the 
bac te rio phage at tack. To keep the pool of bac te rio phageresistant strains 
from dry ing up, the phagesensitive strains are mutagenized to cre ate 
more phageinsensitive strains that can be added back into the pool.

Keeping the starter cul ture bac te rio phage free is an other way to pro
tect the fer men ta tion. Here, phageinhibitory me dia are used to grow 
the starter cul tures. Bacteriophages re quire Ca2+ for ab sorp tion onto lac
tic acid bac te ria. When phos phate is added to the me dia to che late di va
lent cat ions, the bac te rio phages can not bind and the starter cul ture is 
pro tect ed.

The fi nal method of pro tect ing the fer men ta tion is to use starter cul
tures at such high con cen tra tions that they can carry out  the fer men ta
tion with out  need ing to mul ti ply. If the bac te ria are not grow ing, the 
bac te rio phages can not lyse them. This ap pli ca tion uses lac tic acid bac te
ria that can not me tab o lize pro teins and there fore can not grow. When 
the bac te ria are added at a fi nal con cen tra tion of 107 to 108 col o nyforming 
units (CFU)/ml, there is enough met a bolic ac tiv ity to con duct the fer
men ta tion in the ab sence of bac te rial growth.

Beneficial Uses of Viruses
Bacterial Detection
Bacteria can also be used in pos i tive food safety ap pli ca tions. Because 
bac te rio phages can mul ti ply more rap idly than their bac te rial hosts, they 
can be used in rapid de tec tion sys tems for spe cific path o gens. When 
phages are treated with a fluo res cent dye and are ex posed to a phage
sensitive host, they be come con cen trated (and vis i ble) on the tar get bac
te ria. Phages can also carry re porter genes such as the βgalactosidase 
gene. When a tem per ate phage in te grates into the tar get path o gen’s chro
mo some, the phage re porter genes are ex pressed and the pres ence of the 
path o gen is re ported by the pro duc tion of a color. The lu mi nes cence 
(lux) gene also makes a good re porter gene. Such de tec tion sys tems have 
been de vel oped for E. coli O157:H7, Listeria monocytogenes, and Salmo-
nella spe cies.

Detection of bac te rio phage is part of a de vel op ing sci ence known as 
mi cro bial source track ing. The ba sic con cept of mi cro bial source track
ing is us ing ge no typic, phe no typic, and chem i cal meth ods to trace the 
or i gin of fe cal con tam i na tion. By de ter min ing the or i gin of con tam i na
tion bet ter con trol meth ods can be de vel oped. In this way bac te rio phage 
can be in di ca tors of wa ter qual ity and may rep re sent greater con tam i na
tion is sues. Bacteriophage of er sev eral pos i tive at tri butes as mark ers, 
in clud ing be ing nu mer ous and rep re sent ing the larg est pool of ge netic 
di ver sity, ease of de tec tion com pared to an i mal vi rus, ad van ta geous trans
mis sion in wa ter, soil, food sys tems, and they sur vive in en vi ron ments 
for long time pe ri ods. Since the 1950s, the Environmental Protection 
Agency (EPA) has tracked re la tion ships be tween fe cal in di ca tors (in
clud ing co li phages, Fspecific co li phages, ad e no vi rus, and en tero vi
rus) and rec re a tional swim mingassociated ill nesses. In gen eral, the 

Authors’ note
We tend not to think a lot about 
bac te rio phage, but they are a 
large part of the in tes ti nal 
microbiota of all  warm-blooded 
an i mals, in clud ing hu mans!
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amount of phage is 10 times higher than the num ber of en tero vi ruses in 
en vi ron men tal wa ter sam ples. This is a key find ing driv ing the use and 
de vel op ment of bac te rio phage as in di ca tors in mi cro bial source track
ing. Researchers are in ves ti gat ing use of var i ous bac te rio phage, in clud
ing Bacteroides fragilis phage among oth ers.

Bacterial Control
Not only can bac te rio phage (see Box 24.5) be used to de tect path o gens, 
but also they can be used to con trol them! Bacteriophage were first char
ac ter ized be fore an ti bi ot ics and were used for treat ment of in fec tious 
dis ease in 1919 dur ing an ep i demic of fowl ty phoid in France. In 2006, 
the FDA ap proved the use of a bac te rio phage prep a ra tion, LMP102, as a 
food ad di tive to con trol L. monocytogenes in readytoeat meat and poul try. 
Intralytix, Inc., pe ti tioned for the ap proval af ter dem on strat ing that no 
toxic ma te rial was car ried over from the L. monocytogenes cells used to 
pro duce the phage. The de vel op ment of phage re sis tance is min i mized by 
us ing a mix ture of six phages spe cific to dif er ent L. monocytogenes strains. 
The FDA had no tox ic ity or en vi ron men tal is sues with this an ti mi cro bial 
since the phage is spe cific to L. monocytogenes. Intralytix, Inc., fur ther 
as sured the FDA of the ad di tive’s safety by pro vid ing the com plete se
quence of this dou blestranded DNA vi rus. Since the bac te rio phage prep
a ra tion con tains lytic rather than ly so genic phages, there was no con cern 
that it might trans fer un de sir able genes into new hosts. The Center for 
Science in the Public Interest (a con sumer watch dog group) com mended 
the safety of the vi rus and its util ity in Listeria con trol. A sim i lar phage 
prod uct, ECP100, is un der de vel op ment for con trol of E. coli O157:H7. Re
search con tin ues in this crit i cal area of phage de vel op ment for a va ri ety 
of bac te rial path o gens, in clud ing Campylobacter where phage may be 
ap plied to live chick ens or poul try car cass es.

The use of bac te rio phages as sanitizers is an other in trigu ing ap pli
ca tion. The ap pli ca tion takes an eco log i cal ap proach. With tra di tional 
sanitizers, all  the bac te ria on a manufactur ing sur face are killed, leav ing 
a va cant niche. Pathogens can rap idly fill this niche. By us ing path o gen
specific bac te rio phages as a sanitizer, only the path o gen is killed and the 
re main ing bac te ria in the niche can pre vent the path o gen’s re in tro duc tion. 
The EPA has is sued an ex per i men tal per mit so that this ap pli ca tion can 
be tested in a manufactur ing set ting.

PRIONS
Switching gears, now it is time to dis cuss a non vi ral in fec tious pro tein 
par ti cle called a prion. Prions do not rep li cate like bac te ria or com man deer 
the host’s met a bolic ma chin ery as do vi ruses. However, sev eral im por tant 
les sons about the na ture of sci ence can be learned from the prion sto ry.

•  Sciencebased pub lic pol icy can be based only on what is “known.”

•  The fact that some thing has not been dis cov ered does not mean 
that it does not ex ist.

•  Established sci en tific “fact” is of ten the ory, sub ject to mod i fi ca tion.

•  New find ings can over throw the most es tab lished dog ma.
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A Short History of the Prion
The first an i mal with symp toms of what we now know as trans mis si ble 
spon gi form en ceph a lop a thy (TSE) was re ported in 1732, but the dis ease 
was not rec og nized as such at the time. Today, most con sum ers have 
heard of mad cow dis ease. This dis ease, more for mally known as BSE, 
brought the Brit ish meat in dus try to its knees when 182,000 sus pect cat
tle were de stroyed. Regulators fear its ap pear ance in the United States.

BSE did not ap pear (or per haps ex ist?) in cat tle un til 1986, but the 
prion story started much ear lier. In 1972 a young doc tor named Stan ley 
Pru si ner (Fig. 24.9) be came fas ci nated with a pa tient whose brain was 
be ing eaten away. However, there was no im mune re sponse and the rest 
of her body was un touched. Pru si ner’s stud ies of her dis ease were con
sid ered ri dic u lous and al most cost him his job. Animals that die from 
spon gi form en ceph a lop a thy (SE) have de cayed, spongy brains. SE was 
rec og nized as a symp tom of scra pie in sheep, kuru in tribal na tives in 
Pa pua New Guinea who prac tice rit u als of can ni bal ism, chronic wast ing 
dis ease in cat tle and elk, and CJD in hu mans. However, un til Pru si ner, 
no one had linked the causes of these dis eases, which have no treat ment. 
They were thought to be caused by mu ta tions, ge netic pre dis po si tions, 
or “slow” vi ruses (since the in cu ba tion pe riod was 3 to 5 years). Pru si ner 
pro posed the prion (coined by com bin ing “pro tein a ceous” and “in fec
tious”) con cept to ex plain scra pie in 1982.

According to Pru si ner, a prion is an in fec tious pro tein par ti cle de void 
of nu cleic acid. PrPc is the prion pro tein nor mally found in healthy brain 
and back bone mem branes. When it is con tacted by the in fec tious mod i
fied prion, PrPsc, PrPc re folds into the PrPsc con fig u ra tion.

The prion con cept con tra dicted the dogma that only DNA and RNA 
trans mit bi o log i cal in for ma tion. It was met with de ri sion. Furthermore, 
by pos tu lat ing that prion pro teins can ex ist in two forms, Pru si ner broke 
the cen tral te net of mo lec u lar bi  ol o gy: DNA se quence is tran scribed to 
RNA se quence, which is trans lated into a pro tein with a spe cific amino 
acid se quence that dic tates the pro tein’s (only pos si ble) struc ture. Protein 
struc ture ul ti mately de ter mines pro tein func tion.

This would have remained an obscure piece of scientific history except 
for one thing: in 1986 BSE broke out in cattle in the United Kingdom. Al
though at first the disease was attributed to “slow viruses,” it soon became 
evident that prions had jumped the species barrier from sheep to cows. 
PrPsc is transmitted from animal to animal when they are fed ofal or the 
rendered remains of infected animals, since prions are not inactivated 
even by the extreme heat of the rendering process. Cows that had been 
given feed that included rendered material from prioninfected sheep (or 
other cows) developed the same disease. The peak of the BSE outbreak in 
the United Kingdom was in 1993, with almost 1,000 new cases each week. 
Through the end of 2010, 184,500 cases of BSE were confirmed in more 
than 35,000 herds in the United Kingdom alone.

It got worse. In 1996, a new prion disease in humans, called variant CJD 
(vCJD), was first identified in the United Kingdom. Scientists and physi
cians began to realize that vCJD was diferent from spontaneous CJD. 
There were 155 probable human cases resulting in 150 deaths in the United 
Kingdom through February 2005. (Note the high fatality rate.) Strong 

Figure 24.9

The No bel lau re ate Stan ley B. Pru si ner, 
Amer i can neu rol o gist and bio chem ist.

Authors’ note
Rendering is a pro cess that 
con verts waste an i mal tis sues 
into val ue-added ma te ri als, 
in clud ing meat and bone meal, 
tal low or soap, and other 
by-prod ucts. Rendering be came 
a con tin u ous pro cess in the 
1980s, and meat and bone meal 
be came im por tant ad di tives to 
an i mal and plant feed. Now 
ren der ing pro cesses are 
es sen tial for the pro duc tion of 
high-qual ity feed for the 
grow ing field of aqua cul ture.
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Authors’ note
Think about a chicken egg, 
which is com posed of many 
pro teins. When you crack open 
an egg on a skil let, the heat 
be gins to de na ture the pro teins, 
caus ing them to co ag u late and 
cook. The scram bled egg you 
eat for break fast has a dif fer ent 
struc ture from the ini tial cracked 
egg. Proteins are also de na tured 
and changed by phys i cal forces, 
like whisk ing. When you whisk 
egg whites to make a de li cious 
sug ary me ringue, you break the 
ini tial bonds and re ar range the 
struc ture, again chang ing the 
orig i nal con for ma tion of the egg 
pro teins. With pro teins, struc-
ture con fers func tion in many 
ex am ples, in clud ing pri ons.

epidemiological and laboratory links correlated vCJD with beef consump
tion. In terms of human disease, the most likely exposure of the popula
tion to potentially prioncontaminated beef was between 1984 and 1986, 
while the onset of the initial cases of vCJD was between 1994 and 1996. This 
was consistent with the incubation period of both CJD and vCJD.

In response to this crisis, the British beef industry directed changes in 
cattle feeding regimens and the slaughter of all animals in herds afflicted 
with BSE. Millions of cattle were sacrificed as a preventive measure. The 
United States initially confronted the risk of BSE in cattle by banning 
the use of ofal in animal feed in 1989. The ruminant feed ban was ex
panded in 1997, after the discovery of vCJD, so there should be no prions 
left in the U.S. meat system. Around the world, countries put new fire
walls in place to protect their food supplies from potential BSE contami
nation. On the human side, the initially ridiculed Stanley Prusiner was 
awarded the Nobel Prize in medicine in 1997 for his discovery of the 
prion.

The U.S. ex pe ri ence with BSE has been dif er ent from that of the 
United Kingdom due to the United States’ early ban ning of of al and 
specified risk materials in an i mal feed and the stra te gic test ing of high
risk an i mals. In 2003, 1 cow of 394,000 tested in the United States was 
iden ti fied as hav ing BSE. Amer i can au thor i ties quickly de ter mined that 
the cow came from Can ada and had never en tered the food chain. Ca na
dian au thor i ties de stroyed 2,700 head of cat tle to pre vent the pos si ble 
spread of BSEinfected an i mals for ex port or for hu man con sump tion. 
Due to this quick ac tion, coun tries that had banned Ca na dian beef in May 
2003 eased the ban a few months later. Unfortunately, two more cases of 
BSE were de tected in Can ada in 2005. In March 2006, the USDA an
nounced con fir ma tion of a BSEpositive cow in Al a bama in the United 
States. This an i mal never en tered the food sup ply and was thought to have 
con tracted BSE in an atyp i cal form as so ci ated with a rare ge netic ab nor
mal ity. USDA sci en tists are still study ing the gene mu ta tion as so ci ated 
with this case. As of March 2011, 19 BSE cases had been iden ti fied in Ca
na di anborn cat tle, of which the ma jor ity were born af ter the feed bans 
put in place in 1997. Based on what is known about BSE and vCJD, it ap
pears that the feed bans put in place in North Amer ica have pro tected the 
food sup ply from BSE con tam i na tion.

Prion Biology
The prion con cept re mains con tro ver sial, es pe cially the “de void of nu
cleic ac id” part of the defi  ni tion. It is dif  cult to prove that some thing 
does not ex ist. Maybe it ex ists but can not be found. That is the ar gu
ment against pri ons: there “must” be a small amount of nu cleic acid, 
but it can not be de tected. However, treat ments that de stroy nu cleic ac ids 
do not de stroy pri ons, and nu cleic ac ids have not been de tected in pu ri
fied pri ons. The con cept of pro tein con for ma tional con ver sion ex plains 
all  of the in fec tiously trans mis si ble SEs. However, pro tein con for ma tional 
con ver sion is only one of three mech a nisms that cause SEs. A he red i tary 
de fect in PrPc, such as the one that causes Lib yan Jews to get CJD 30 
times more of ten than other Jews, causes a fa mil ial form of CJD. A mu
ta tion in PrPc causes spo radic CJD in the el derly. Finally, there is the 
con ver sion of PrPc into PrPsc by PrPsc con sumed in the di et.
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One must un der stand a bit of pro tein chem is try to un der stand how 
pri ons work. The pri mary se quence of amino ac ids in a pro tein de ter
mines its sec ond ary struc ture. Common sec ond ary struc tures are α he li
ces and βpleated sheets. A pro tein mol e cule may con tain sev eral he li ces, 
pleated sheets, and un or dered sec tions. These ar range them selves to 
form the pro tein’s over all shape, or con for ma tion. This is called its ter
tiary struc ture. PrPc has a con for ma tion with sev eral α he li ces. When it 
con tacts PrPsc, it re folds to match that con for ma tion, which has large 
runs of pleated sheets (Fig. 24.10). In this con for ma tion, the prion pro
tein de stroys brain tis sue.

Prions are not in ac ti vated by heat, ir ra di a tion, or food pre ser va tives. 
Once they are in the food, they are there for good. The only way to pre
vent TSEs is to pre vent the con verted form from touch ing the nor mal 
form. This is done by mak ing sure that an i mals do not eat an i mals. 
Most in dus tri al ized coun tries now ban the use of an i mal byprod ucts as 
an i mal feed. The United States has banned im por ta tion of beef from 
coun tries where BSE is pres ent. However, wild an i mals such as mink 
and deer also carry TSEs. Theoretically, these pri ons might jump the 
spe cies bar rier into do mes tic cat tle.

Figure 24.10

Structures of the nor mal prion pro tein, 
PrPc (left), and the in fec tious form, 
PrPsc (right). Note the changes in the 
sec ond ary struc tures (coils and ar rows) 
as well as the change in the over all 
shape (ter tiary struc ture). The two 
forms have the same amino acid 
se quence. (Reprinted with per mis sion 
from Sarit Helman.)

Summary

•  Viruses have a sim ple life cy cle of ad sorp tion, en try, rep li ca tion, as sem bly, and re lease in a lytic burst.

•  Viruses are host spe cific due to unique li gand-receptor bind ing.

•  Noroviruses can not be grown in cul ture, but bac te rio phages can be de tected by plaques on plates of sen si tive
bac te ria and some vi ruses can be grown in the lab o ra tory on mam ma lian cells in cul ture.

•  Viruses can cause as much foodborne dis ease as bac te ria (if not more) but can not grow in foods.

•  Fecal/oral trans mis sion is the main route of hu man in fec tion with en teric vi rus es.

•  Proper heat ing and good hy giene should min i mize the risk of con tam i na tion from vi rus es.
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Questions for critical thought
  1.  The chap ter dis cusses the use of vi ral sur ro gates for study ing nor o vi rus. Check out  

the cur rent sci en tific lit er a ture and find out  what is the best vi ral sur ro gate for nor
o vi rus. Why do you think this? Is there a cur rent cell cul ture model for hu man 
nor o vi rus?

  2.  The or i gin of BSE is still dis puted, as are ad e quate test ing mea sures within the 
United States. What are the cur rent thoughts on its or i gin and the use ful ness of 
cur rent test ing pro grams?

  3.  How are bac te ria, vi ruses, pro to zoa, and pri ons dif er ent? What in ter ven tions can 
be used to make food safe from all  of them?

  4.  There are no rou tine lab tests to de tect vi ruses or pri ons in foods. How does this 
make their con trol dif er ent from con trol ling foodborne path o gens? How would 
you de sign an ef ec tive test for foods?

  5.  What is a prion? What are the three ways in which it can be formed?

•  Noroviruses and hep a ti tis A vi rus are the ma jor foodborne vi rus es.

•  Viruses have use ful ap pli ca tions such as path o gen de tec tion and con trol.

•  There are sev eral meth ods to pre vent bac te rio phage at tacks on fer ment ing dairy cul tures.

•  Prions are in fec tious pro teins de void of RNA and DNA and were dis cov ered by Stan ley Pru si ner in the 1980s.

•  Prions cause TSEs such as scra pie, kuru, mad cow dis ease, and CJD.

•  TSEs are caused when nor mal PrPc is con verted into in fec tious PrPsc by mu ta tion or by con tact with an in gested 
PrPsc mol e cule.

•  Efective man age ment strat e gies and fire walls have re duced the risk of BSE-contaminated meat en ter ing the 
food sup ply in the United States.



|  Chapter 24454

 6.  Much of this book deals with how to pre vent mi cro bial growth in food. If vi ruses
cause >50% of all  foodborne ill ness, why is there only one chap ter ded i cated to
vi rus es?

 7.  Think of three terms that could be used to con vey to your less so phis ti cated peers
the con cept of fe cal/oral trans mis sion.

 8.  Why is di lu tion not the so lu tion for pre vent ing vi ral con tam i na tion by shell fish? 
Diluting vi ruses in large vol umes of wa ter should bring them be low the in fec tious
dose. Consider the case of the out  house over the oys ter bed. Assume 50 peo ple, all  
in fected at 108 par ti cles per g of fe ces, de pos it ing 2 kg of fe cal ma te rial per day into
a body of wa ter that is 1 km by 1 km and 10 m deep. How many vi ral par ti cles per
mil li li ter of wa ter would there be?

 9.  How are bi o log i cal vi ruses like com puter vi ruses? Compare the ways that com put
ers can be pro tected from vi ruses to the ways that hu mans can be pro tect ed.

  11.  Draw a di a gram of the life cy cle of a tem per ate bac te rio phage. Bacteriophage can
be help ful and de struc tive. The sit u a tion de scribed in this chap ter sug gests how
bac te rio phage can ruin cheese pro duc tion. What other food prod ucts could be
harmed by the pres ence of bac te rio phage?

  12.  Could you de scribe mi cro bial source track ing to your rel a tive and de scribe its
ben e fits to food safe ty?

  13.  Write a par a graph (or two) de signed to con vince con sum ers that us ing vi ruses to
kill L. monocytogenes is “safe and natural.” How would you feel about eating a chili
dog where the condiments included mustard, slaw, and phage?
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INTRODUCTION
Preservatives are good. Without them, food spoils. Spoilage can be caused 
by mi cro bi o log i cal, enzymological, chem i cal, and phys i cal changes. Pre-
servatives can pre vent or de lay these changes. Most an ti mi cro bi als in hibit 
growth with out  kill ing the mi crobe. Chilling, freez ing, wa ter ac tiv ity (aw) 
re duc tion, acid i fi ca tion, fer men ta tion, en ergy (e.g., ther mal, ir ra di a tion, 
or pres sure), and an ti mi cro bial com pounds all  in hibit mi cro bial growth.

Antimicrobials are some times called pre ser va tives. However, when 
used alone, “pre ser va tive” is a broader term than “an ti mi cro bi al.” Pre-
servatives in clude antibrowning agents, an ti ox i dants, sta bi liz ers, etc. 
The ma jor an ti mi cro bial tar gets are foodborne path o gens and spoil age 
mi cro or gan isms. They cause off-odors, off-flavors, liq ue fac tion, and 
dis col or ation, and they pro duce slime. Spoilage can be a good thing. It 
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Learning Objectives

The in for ma tion in this chap ter will enable the stu dent to:

• link chem i cal pre ser va tives to their abil ity to pre vent food
spoil age

• dis tin guish pos i tive and neg a tive as pects of food pre ser-
va tives and how these sci en tific points may diff er from the
“clean la bel” con cept used by large food man u fac tur ers

• char ac ter ize traits that dis tin guish “nat u ral” from 
“chem i cal” pre ser va tives

• de scribe fac tors that aff ect an ti mi cro bial pres er va tion 
sys tems and how these fac tors in ter act

• un der stand how or ganic ac ids in hibit mi crobes and the
in flu ence of pKa and pH on their an ti mi cro bial ac tion

• un der stand the eff ect of wa ter ac tiv ity on mi cro bial
growth and mi cro bial ecol o gy

• use the wa ter ac tiv ity con cept to dis tin guish be tween
“bulk wa ter” and wa ter that is un avail able for mi cro bial
growth

• iden tify en zymes, phages, and in or ganic food pre ser va-
tives, how they work, and in what foods they are use ful

doi:10.1128/9781555819392.ch25
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warns peo ple not to eat foods that may con tain path o gens. However, 
path o gens can grow with out  ob vi ous signs of spoil age. (If path o gens al-
ways spoiled food, no one would eat the food and there would be no food-
borne ill ness.) Preservation sys tems that al low path o gen growth with out  
spoil age are in her ently dan ger ous.

Most an ti mi cro bi als only in hib it growth. They are bacteriostat ic rather 
than bactericidal. Bacteriostatic com pounds stop mi cro bial growth; 
bac te ri cidal com pounds kill the bac te ria. Antimicrobials act at spe cific 
met a bolic tar gets. Antimicrobials hav ing diff er ent mech a nisms can be 
com bined to give a syn er gis tic eff ect where the sum eff ect is more than 
the eff ect of the in di vid ual parts (e.g., 1 + 1 = 5). This is called hur dle 
tech nol o gy. The cell wall, cell mem brane, en zymes, and genes are all  
tar gets for an ti mi cro bial ac tion. Because me tab o lism is an in ter lock ing 
web, it is of ten hard to de ter mine an an ti mi cro bi al’s ex act mech a nism 
of ac tion.

Antimicrobial clas si fi ca tion is ar bi trary. This chap ter di vi des an ti mi-
cro bi als into two clas ses, tra di tional “chem i cal” an ti mi cro bi als and nat-
u rally oc cur ring ones.

Chemical an ti mi cro bi als

•  have been used for years

•  are ap proved by many coun tries

•  are made by syn thetic or nat u ral means

•  are usu ally con sid ered “bad” by con sum ers

Chemical an ti mi cro bi als are also found in na ture. These in clude ace-
tic acid from vin e gar, ben zoic acid from cran ber ries, and sor bic acid from 
row an ber ries.

Naturally oc cur ring food pre ser va tives re fer to com pounds that are

•  ex tracted from nat u ral sourc es

•  “or gan ic”

•  not usu ally sub ject to reg u la tory ap proval as new food ad di tives

•  “la bel friend ly” (i.e., they do not scare con sum ers when con sum ers 
see them on la bels)

It should be noted, how ever, that ex cept for fla vors, there is no fed eral 
reg u la tory defi  ni tion of “nat u ral” in ref er ence to food in gre di ents in the 
United States. In the European Union, “nat u ral” is only clearly de fined in 
EU reg u la tions re lated to fla vor ings, while in the United States the Food 
and Drug Administration (FDA) has no for mal defi  ni tion, pre fer ring to 
say that it won’t ob ject as long as the term is “not mis lead ing.” Perhaps 
this will change oover time.

FACTORS THAT AFFECT ANTIMICROBIAL ACTIVITY
Foods are com plex sys tems. Many var i ables in flu ence mi cro bial growth 
and in hi bi tion. For in stance, the food’s pH, water activity (aw), stor age 
tem per a ture, and gas com po si tion have an im pact on an ti mi cro bial 
eff ec tive ness. These fac tors must be con sid ered when de vel op ing pres er-
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Box 25.1
The rise of the clean label

Amer i can food pref er ence trends 
drive food pro duc tion in many 
ways. A trend across the globe in 
af u ent so ci e ties is a de mand for 
foods pro duced the “old-fashioned 
way.” How will food pro duc tion 
re spond to this drive for ru ral 
ro man ti cism? The re sponse 
in cludes an out  pour ing of prod-
ucts to feed con sum ers’ per cep-
tions that foods “free” of 
chem i cals are nat u ral and health-
ier. But food sci en tists and ed u-
cated con sum ers re al ize that all  
foods con tain chem i cals; af ter all,  
wa ter is H2O, isn’t it? Whether 
syn thetic or not, a chem i cal’s 
prop er ties are de ter mined by its 
mo lec u lar struc ture and com po si-
tion. Additionally, nos tal gia is 
of ten a view through ro se-col ored 
glass es; farm ing is and has al ways 
been a de mand ing pro fes sion! 
Farming is messy, dirty, time-con-
sum ing, and very hard work. 
Today’s farm ers are high-tech, 
shrewd busi ness peo ple.

Contrary to the “organic” myth, 
about 99.9% of chem i cals hu mans 
in gest each day oc cur nat u rally. 
Food sci en tists are con cerned 
that too many con sum ers are be ing 
fooled by the “healthy halo” 
ef ect of or ganic foods. Five main 
com po nents for a healthy ha lo 
in clude:

1. Freshness
 2. Avoidance (e.g., low-fat, re duced

cal o rie, glu ten-free, min i mally 
pro cessed)

 3. Healthy in gre di ents (e.g., whole 
wheat)

 4. Natural or ganic, real, lo cal, close
to the farm

 5. Ethical, sus tain able, and hu mane

What is the prob lem with this 
healthy halo ef ect, you may ask? 

Well, we use “chem i cals,” in  -
cluding an ti mi cro bi als like 
those dis cussed in this chap ter, 
for im por tant reasons. Removal 
of these in gre di ents with out  a 
valid sci en tific rea son could leave 
con sum ers vul ner a ble to ill ness 
and, most im por tantly, re duce 
food prod uct shelf life and add 
to the grow ing food-waste 
 di lem ma.

Just be cause some thing is dif -
cult to pro nounce does not 
mean it is un safe. Even pop u lar 
con sumer ad vo cacy groups ad mit 
that some of the ad di tives that 
res tau rants and large food 
pro   duc ers are ditch ing are per-
fectly in noc u ous, such as cal cium 
pro pi o nate and so dium lac tate. 
The move to eliminate these 
from prod ucts is more about 
pub lic re la tions than pub lic  
health.

The move ment to wards “clean 
and clear la bels” builds on chemo-
phobia, which in this case is the 
fear of large, un com mon words 
on in gre di ent la bels. Manufactur-
ers are at tempt ing to cor re late 
re search mar ket data to com pose 
con sum er-soothing in gre di ent 
lists with names of com mon 
food in gre di ents rated as ac cept-
able based on con sumer re search. 
For ex am ple, if it sounds like a 
chem i cal, shop pers may re gard 
the in gre di ent name with sus pi-
cion. Are un threat en ing names 
needed for nat u rally oc cur ring or 
com monly used an ti mi cro bi als? 
Some in gre di ents from nat u ral 
sources are not fa mil iar to con-
sum ers and cause prob lems on a 
clean la bel, in clud ing malto dex-
trin (from corn or wheat starch), 
guar gum (from guar beans), 
pec tin (from fruits), and lec i-

thin (from soy beans or sun-
flower oil).

Given that the clean la bel trend 
is not likely to dis ap pear any time 
soon, you may be sur prised to 
learn that a clean la bel has no 
of  cial defi  ni tion and com pa nies 
are not us ing the term in mar ket ing. 
Manufacturers that want to “clean 
up” food la bels are ad vi sed to fol low 
three gen eral rules:

 1. Remove or re place food ad di tives.
 2. Choose rec og niz able in gre di ents 

that do not sound ar ti fi cial or like
chem i cals.

 3. Process foods us ing tra di tional 
tech niques that are un der stood 
by con sum ers and not per ceived
as be ing ar ti fi cial.

CASE 25.1

Kraft re moved the ar ti fi cial 
com pound sor bic acid from its 
pop u lar Kraft Singles cheese 
prod ucts. Kraft stated that the 
de ci sion came as a grow ing 
num ber of Amer i cans pay closer 
at ten tion to what they eat and 
try to stick to foods they feel are 
nat u ral. The change af ects the 
com pa ny’s Kraft Singles in the 
full-fat Amer i can and White 
Amer i can va ri e ties, which Kraft 
says ac count for the ma jor ity 
of the brand’s sales. Sorbic acid 
was re placed by the an ti bi otic 
natamycin, which Kraft iden ti fies 
as a “nat u ral mold in hib i tor.” As 
a ther a peu tic drug, natamycin is 
used to treat fun gal ker a ti tis, 
and is ef ec tive against Aspergillus 
and Fusarium cor neal in fec tions. 
Natamycin has been a le gal food 
ad di tive since 1956.

So what was wrong with sor bic 
acid? You can de cide.

(continued)
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va tion sys tems. Antimicrobial ac tiv ity is aff ected by mi cro bi al, in trin
sic, ex trin sic, and pro cess fac tors.

Microbial fac tors in clude

•  the or gan ism’s in her ent re sis tance (e.g., veg e ta tive cells ver sus 
spores) to the pres er va tion meth od

•  ini tial cell num ber

•  growth rate

•  growth phase

•  in ter ac tion with other mi cro or gan isms (e.g., an tag o nism)

•  cel lu lar com po si tion (which may be a func tion of the cells’ his to ry)

•  phys i o log i cal sta tus (in jury, ad ap ta tion, and met a bolic state)

There is an ex plo sion of knowl edge about how cells re spond to stress. 
Tolerance gained by ex po sure to one stressor, such as cold, may make 
cells more tol er ant to an other, such as acid. This is called ad ap ta tion, 
stress re sponse, or ac quired tol er ance. Special pro teins are pro duced 
when cells are stressed. They are re spon si ble for the ac quired tol er ance. 
Some stress re sponses are spe cific to a given stressor. Others give broad 
re sis tance to a range of stress ors.

Intrinsic fac tors are part of the food it self. These in clude com po si tion, 
pH, buff er ing ca pac ity, ox i da tion-reduction po ten tial, and aw. These can 
be spec i fied dur ing prod uct de vel op ment to for mu late “food safe ty” into 
the food. When a prod uct is re for mu lated to re duce salt, acid ity, sugar, 
or other po ten tially in hib i tory sub stances, the im pact on mi cro bial safety 
should be con sid ered. For ex am ple, path o gens have grown in pre vi ously 
sta ble prod ucts when they were re for mu lated to re place su crose with an 
ar ti fi cial sweet ener. This re moved the aw bar rier that pre vented path o-
gen growth.

Box 25.1
The rise of the clean label (continued)

The bot tom line is that we need to 
feed 10+ bil lion peo ple in the near 
fu ture with lim ited re sources. With 
grow ing ur ban i za tion, peo ple are 
fur ther re moved from food sources, 
and in turn, pop u la tions know less 
about their food. Consumers have 
taken for granted that their food 
sup ply is safe, abun dant, ac ces si ble, 
and rel a tively in ex pen sive; com pro-
mise one of those and a re place-
ment prod uct needs to be found. 
How will changes to clean la bels 

in flu ence food pro duc tion? You 
de cide.

(The information above is based on 
a talk given by Dr. Dal las Hoo ver, 
Professor of Food Science, Depart-
ment of Animal and Food Sciences, 
University of Del a ware.)
What’s your first re ac tion to “dihydrogen 
mon ox ide” on an in gre di ent list? This is the 
chem i cal name for wa ter (H2O). Of course, 
wa ter is a com mon in gre di ent in many food 
prod ucts. Here is the chem i cal struc ture of 
wa ter. Does it be long on a clean la bel?
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Extrinsic fac tors also in flu ence an ti mi cro bial ac tiv ity. These var i ables 
are ex ter nal to the food. They in clude tem per a ture, stor age time, at mo-
sphere, and rel a tive hu mid ity. The time-temperature com bi na tion is per-
haps the most im por tant con sid er ation for mi cro bial growth in food. It 
is ar gu  ably the most dif  cult to con trol. (Consider the shop per who for-
gets that he left his re frig er ated entrée in the trunk of his car and then 
eats it the next day.) Extrinsic fac tors also need con sid er ation dur ing prod-
uct de vel op ment. A man u fac turer of fro zen foods ex pand ing into re frig-
er ated entrées faces new mi cro bi o log i cal chal lenges.

The mi cro bi ol ogy of a pro cessed food is of ten diff er ent from that of 
an un pro cessed food. Processing can change food com po si tion. For ex am-
ple, dry ing changes the aw of a food. The ad di tion of sol u ble com pounds 
can also de crease aw. Heating foods can kill veg e ta tive cells but al low spores 
to thrive. Food pro cess ing can also change food mi cro struc ture.

ORGANIC ACIDS
The short-chain or ganic ac ids (Table 25.1) have sim i lar an ti mi cro bial 
mech a nisms and ap pli ca tions. They are all  found in na ture but are of ten 
man u fac tured chem i cally for use in foods. They have “gen er ally rec og-
nized as safe” sta tus and are la bel friendly. Due to their mech a nism of 
ac tion (see be low), or ganic ac ids are most use ful be low their pKa (ex-
plained in the next par a graph). They are rarely used in foods with a pH 
of >5.5. This is a ma jor lim i ta tion.

To be eff ec tive, or ganic ac ids must cross the bac te rial cell mem brane 
and get into the cy to plasm (Fig. 25.1). Organic ac ids ex ist in charged and 
un charged forms. The charged form can not cross the bac te rial mem-
brane and is es sen tially use less. It is the un charged (pro ton ated) acid 
that gets into the bac te rium and in hib its growth. The pH at which the 
con cen tra tions of charged and un charged ac ids are equal is the pKa. 
Since pH is a log scale, at one pH unit above the pKa, there is 10-fold less 
pro ton ated acid. This low con cen tra tion of pro ton ated acid would not be 

Table 25.1 Short-chain or ganic ac ids

Organic ac id Formula pKa

Food in which 
it is found

Organisms against 
which it is ac tive Applications Concn (%)

Acetic CH3COOH 4.5 Vinegar Bacteria and yeasts Bakery, cheese, ol ives, 
gra vies, sauces, 
meat, and poul try

<0.1–0.8

Benzoic  COOH 4.2 Cranberries Fungi Beverages, jams, 
jel lies

<0.1

Lactic CH3OHCOOH 4.8 Fermented 
food

Bacteria Used mainly for pH 
con trol and fla vor; 
also used for 
san i ta tion, spray ing 
on meat

<0.4–2.0

Propionic CH3CH2COOH 4.9 Swiss cheese Yeasts, molds, 
rope-forming 
bac te ria

Baked goods and 
chees es

0.3–no 
lim it

Sorbic CH3CH = CHCH 
 = CHCOOH

4.7 Rowanberries Fungi and cer tain 
bac te ria

Baked goods, cheese, 
wine

0.1–0.3
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in hib i tory. This is why or ganic ac ids are most use ful in acidic foods near 
or be low their pKa. At low pH, the pro ton ated acid crosses the cell mem-
brane. The neu tral cy to plas mic pH then causes the acid to dis so ci ate. The 
re lease of the pro ton acid i fies the cy to plasm. The cell uses aden o sine 
5′-triphosphate (ATP) to pump pro tons out  of the cell. This main tains 
the neu tral in tra cel lu lar pH needed for vi a bil ity but uses up the ATP en-
ergy needed for growth.

PARABENZOIC ACIDS
Benzoic acid has a pKa sim i lar to that of the or ganic ac ids. However, the 
car bon chains be tween the ben zene and the acid parts of the mol e cule 
in crease the pKa. These parabenzoic ac ids, com monly called parabens, 
re main un dis so ci ated up to their pKa of 8.5. This gives them an eff ec tive 
pH range of 3.0 to 8.0. The methyl, pro pyl, and heptyl parabens are ap-
proved an ti mi cro bi als in most coun tries.

The an ti mi cro bial ac tiv ity of parabens in creases with in creas ing 
chain length. Unfortunately, sol u bil ity in wa ter de creases with in creas-
ing chain length. The op po si tional in flu ence of chain length and sol u-
bil ity de ter mines which parabenzoate can be used in a given ap pli ca tion. 
Methyl and pro pyl parabenzoates are of ten used in a 2:1 to 3:1 ra tio to 
cap i tal ize on their re spec tive sol u bil ity and in creased ac tiv ity. The 
 n-heptyl es ter is used in beers, noncarbonated soft drinks, and fruit-based 
bev er ages. Parabens are gen er ally more ac tive against molds and yeasts 
than against bac te ria (Table 25.1). Parabens are used in baked goods, bev-
er ages, fruit prod ucts, jams and jel lies, fer mented foods, syr ups, salad 
dress ings, wine, and fill ings.

External pH

Internal pH = 7.0

pH 4.0 pH 7.0

RCOO– + H+ RCOOH

RCOOH RCOO– + H+

RCOOH

RCOO– + H+

H+

ATPase

ATP

ADP + Pi

Figure 25.1

Organic ac ids are eff ec tive in hib i tors only 
at low pH, where their pro ton ated form 
can cross the cell mem brane. At the 
higher pH in side the cell, the acid 
dis so ci ates and the cell must use en ergy 
to pump out  the pro ton to de acid ify the 
cy to plasm. At high ex ter nal pH, the 
dis so ci ated acid can not cross the mem-
brane and get into the cell and there fore 
is not eff ec tive.
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Phenolics and parabens act on mi cro bial mem branes, but the spe-
cific mech a nisms are un clear. The mem brane’s bar rier prop er ties may 
be de graded, al low ing in tra cel lu lar com pounds to leak out . Respiration 
may also be in hib ited, per haps due to changes in mem brane flu id i ty.

NITRITES
Nitrites are used in cured meats such as ba con, hot dogs, ham, and bo lo-
gna. Curing so lu tions con tain ni trite, salt, sugar, spices, and ascor bate 
or er y thor bate. Nitrite has many uses in cured meats. Nitrosomyoglobin 
makes cured meat pink. In ad di tion to be ing an ti mi cro bi als, ni trites 
con trib ute to cured meat fla vor and tex ture and serve as an ti ox i dants. 
Nitrite’s eff ec tive ness de pends on many fac tors. Nitrites work bet ter at 
a lower pH. Nitrite is more in hib i tory in the ab sence of air. The re duc-
ing agents ascor bate and isoascorbate en hance ni trite’s antibotulinal 
ac tion. Temperature, salt, and mi cro bial load also in flu ence ni trite’s 
eff ec tive ness.

Sodium ni trite in hib its Clostridium bot u li num in cured meats. Nitrite 
also in hib its bac te ria such as Achromobacter, Enterobacter, Escherichia 
coli, Flavobacterium, Micrococcus, Pseudomonas, and Listeria monocyto
genes. Governmental reg u la tions limit its use to 156 parts per mil lion 
(ppm) for most cured meat prod ucts and 100 to 120 ppm in ba con. So-
dium er y thor bate or isoascorbate is re quired as a cure ac cel er a tor and to 
in hibit ni tro sa mine for ma tion.

Nitrosamines are car cin o gens formed by re ac tions of ni trite with 
amines. The dis cov ery that ni tro sa mines are pro duced from ni trite and 
meat pro tein at high tem per a ture trig gered ex ten sive re search on ni trite 
sub sti tutes. However, no other com pound could re place ni trite’s an ti mi-
cro bial, taste, and color func tions. Concern about ni tro sa mines de creased 
upon learn ing that green veg e ta bles such as spin ach and broc coli were a 
larger source of di e tary ni trites.

PHOSPHATES
Sodium acid py ro phos phate (SAPP), tetrasodium py ro phos phate (TSPP), 
so dium tri poly phos phate (STPP), so dium tetrapolyphosphate, so dium 
hexametaphosphate (SHMP), and tri so dium phos phate (TSP) are ac tive 
against mi crobes in foods.

Gram-positive bac te ria are more sus cep ti ble to phos phates than Gram-
negative bac te ria. TSPP, STPP, and SHMP at 0.5% in hibit Bacillus subtilis, 
Clostridium sporogenes, and Clostridium bifermentans. SAPP in hib its C. 
bot u li num toxin pro duc tion but not growth. Outgrowth of Bacillus spores 
is pre vented by 0.2 to 1.0% SHMP.

Polyphosphates’ abil ity to che late metal ions is re spon si ble for their 
an ti mi cro bial ac tion. Polyphosphates prob a bly in hibit Gram-positive 
bac te ria and fungi by re mov ing es sen tial cat ions from the cell wall bind-
ing sites. Divalent cat ions can re verse polyphosphate in hi bi tion. Inhi-
bition is also re duced at lower pH due to pro ton ation of the che lat ing 
sites. Orthophosphates have no che lat ing abil ity and thus no in hib i tory 
ac tiv i ty.

Authors’ note
In search of a “clean la bel” 
food, man u fac tur ers of ten leave 
ni trites off the la bel or some
times re place so dium ni trite 
with the nat u rally oc cur ring 
ni trites in cul tured cel ery juice 
pow der. Research is needed to 
en sure an ti mi cro bial ef fi ca cy.
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SODIUM CHLORIDE
Sodium chlo ride (NaCl), or com mon salt, is the oldest pre ser va tive 
known. A few foods, such as raw meats and fish, are pre served solely 
by high salt con cen tra tions, i.e., by “salt ing.” More of ten, salt is com bined 
with pro cesses such as can ning, pas teur i za tion, or dry ing. Foodborne 
path o gens are usu ally in hib ited by an aw of 0.92 or less (equiv a lent to 13% 
[wt/vol] NaCl) un der oth er wise op ti mum con di tions. The ex cep tion is 
Staphylococcus au re us, which can grow at an aw of 0.83 to 0.86 un der aer o-
bic con di tions. Under an aer o bic con di tions, the min i mum aw is >0.90. L. 
monocytogenes is also salt tol er ant. It sur vives in sat u rated salt so lu tions 
at low tem per a tures.

Sodium chlo ride’s pri mary le thal mech a nism is plas mol y sis (shrink-
age of the cell due to wa ter loss). Salt re duces aw, cre at ing un fa vor able 
growth con di tions. As the aw de creases, cells un dergo os motic shock 
and rap idly lose wa ter through plas mol y sis. During plas mol y sis, a cell 
dies or re mains dor mant. To re sume growth, the cell must con cen trate 
spe cific sol utes to equil i brate with the ex ter nal aw. However, they must 
use up ATP to con cen trate these sol utes, and that loss of cel lu lar en ergy 
re sults in growth in hi bi tion or death.

WATER ACTIVITY
Water is a ma jor fac tor in con trol ling food spoil age. However, it is the 
avail abil i ty of the wa ter, not the amount, that aff ects mi crobes. Sugar and 
salt ad di tion is com monly used to lower aw. These, and other food mol e-
cules, chem i cally bind wa ter mol e cules. The wa ter is bound by ionic in-
ter ac tions, hy dro gen bond ing, etc., with chem i cal con stit u ents of the 
food. The bound wa ter is not avail  able for mi cro bial growth. How much 
wa ter is un bound or avail  able de ter mines if mi crobes can grow.

The mea sure of avail  able wa ter in foods is wa ter ac tiv ity (aw). aw is 
de fined as the ra tio of the va por pres sure of wa ter in a food, P, to the 
va por pres sure of pure wa ter, P0, at the same tem per a ture:

aw = 
P
P0

The move ment of wa ter va por from a food to the air de pends on the 
food’s mois ture con tent and com po si tion, the tem per a ture, and the hu-
mid ity. At a con stant tem per a ture, the wa ter in the food equil i brates 
with wa ter va por in the air. This is the food’s equi lib rium mois ture con
tent. At the equi lib rium mois ture con tent, the food nei ther gains nor 
loses wa ter to the air. The rel a tive hu mid ity of the sur round ing air is 
thus the equi lib rium rel a tive hu mid ity (ERH). ERH is de fined as

ERH (%) = aw × 100

The third way to con cep tu al ize wa ter ac tiv ity is ex pressed by Raoult’s 
law. Since the ad di tion of sol utes de presses va por pres sure, one can cal-
cu late the aw from the equa tion

aw = n1/(n1 + n2)

where n1 is mo les of sol ute and n2 is mo les of sol vent.
The aws of var i ous foods are shown in Fig. 25.2. High-moisture foods 

such as fruits, veg e ta bles, meats, and fish have aws of ≥0.98. Intermediate-

Authors’ note
Some food man u fac tur ers and 
con sum ers pre fer to see 
po tas sium chlo ride (KCl) on 
the la bel rather than so dium 
chlo ride. Scientific stud ies 
show var i able an ti mi cro bial 
ef fec tive ness of KCl com pared 
to NaCl.

Authors’ note
Think about wa ter in a glass 
and wa ter in a sponge. How 
are they dif fer ent? The wa ter in 
the glass is free, and while the 
wa ter is in the sponge, it is not 
avail  able in the same form. You 
can imag ine that the wa ter in 
the sponge is not eas ily 
avail  able for use in en zy matic 
re ac tions or for use by bac te ria 
to grow, com pared to the “free” 
wa ter in the glass.
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moisture foods (e.g., jams and sau sages) have aws of 0.7 to 0.85. Additional 
pre ser va tive fac tors (e.g., re duced pH, pre ser va tives, and pas teur i za tion) 
are re quired for their mi cro bi o log i cal sta bil i ty.

The diff er ence be tween aw and mois ture con tent is il lus trated in 
Table 25.2. Foods at the same aw may have diff er ent mois ture con tents 
due to their chem i cal com po si tion and wa ter bind ing ca pac i ty.

Dehydration pre serves food by re mov ing avail  able wa ter, i.e., re duc-
ing aw. Hot air re moves wa ter by evap o ra tion. Freeze-drying re moves 
wa ter by sub li ma tion (the con ver sion of ice to va por with out  pass ing 
through the liq uid stage) af ter freez ing. These pro cesses re duce the aws 
of the foods to lev els that in hibit growth.

Clostridium botulinum

Salmonella, most bacteria

Staphylococcus aureus (anaerobic)

Most yeasts

Staphylococcus aureus (aerobic)

Most molds

Halophilic bacteria

Osmophilic yeasts and molds

Days

Organisms inhibited Foods Shelf lifeaw

Weeks

Months

Years

Most fresh foods,
meat, fish, poultry,
fruit, and vegetables

Cured meat products

Syrups, salted foods

Dried foods

1.00

0.90

0.85

0.80

0.70

0.60

Figure 25.2

Illustration of the eff ect of aw on shelf 
life and mi cro bial growth.

Table 25.2 Moisture con tents of var i ous dry or de hy drated food 
prod ucts when their aw is 0.7 at 20°Ca

Food Moisture con tent (%)

Grains 4–9

Milk pow der 7–10

Cocoa pow der 7–10

Whole-egg pow der 10–11

Skim milk pow der 10–15

Dried, fat-free meat 10–15

Rice and le gume seeds 12–15

Dehydrated veg e ta bles 12–22

Dried soups 13–21

Dried fruits 18–25

a Reprinted from Farkas J, p 567–591, in Doyle MP, Beuchat LR, 
Montville TJ, ed, Food Microbiology: Fundamentals and Frontiers, 
2nd ed, ASM Press, Washington, DC, 2001.
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Various mi crobes have diff er ent aw re quire ments. Decreasing the aw 
in creases the lag phase of growth, de creases the growth rate, and de-
creases the num ber of cells at sta tion ary phase. Foodborne mi crobes may 
be grouped by their min i mal aw requirements, as shown in Table 2.7. 
Gram-negative spe cies usu ally re quire the high est aw. Gram-negative bac-
te ria such as Pseudomonas spp. and most mem bers of the fam ily Entero
bacteriaceae usu ally grow only above aws of 0.96 and 0.93, re spec tively. 
Gram-positive non-spore-forming bac te ria are less sen si tive to re duced aw. 
Many Lactobacillaceae have min i mum aws near 0.94. Some Micrococca
ceae grow be low aws of 0.90. Staphylococci are unique among foodborne 
path o gens be cause they can grow at a min i mum aw of about 0.86 un der 
aer o bic con di tions. However, they do not make tox ins be low an aw of 0.93. 
Most spore-forming bac te ria do not grow be low an aw of 0.93. Spore ger-
mi na tion and out  growth of Bacillus ce re us are pre vented at aws of 0.97 to 
0.93. The min i mum aw for Clostridium perfringens spore ger mi na tion and 
growth is be tween 0.97 and 0.95.

Osmotolerant yeast spe cies grow at aws lower than those of bac te ria. 
Halotolerant spe cies (i.e., osmotolerant spe cies spe cifi  cally re sis tant to 
salt) such as Debaryomyces hansenii, Hansenula anomala, and Candida 
pseudotropicalis grow well on cured meats and pick les at NaCl con cen tra-
tions of up to 11% (aw = 0.93). Some “xerotolerant” (tol er ant of very dry 
con di tions) spe cies such as Zygosaccharomyces rouxii, Zygosaccharomyces 
bailii, and Zygosaccharomyces bisporus grow on and spoil foods such as 
jams, honey, and syr ups hav ing a high sugar con tent (and cor re spond-
ingly low aw).

Molds gen er ally grow at aws lower than foodborne bac te ria. The most 
com mon xerotolerant molds be long to the ge nus Eurotium. Their min i-
mal aw for growth is 0.71 to 0.77, while the op ti mal aw is 0.96. True xero-
philic molds such as Monascus (Xeromyces) bisporus do not grow at aws of 
>0.97 to 0.99. The re la tion ship of aw to mold growth and toxin for ma tion 
is com plex. At some aws, molds can grow but not make tox ins.

The var ied aw growth lim its of bac te ria and fungi re flect the mech a-
nisms that help them grow at low aws. Bacteria pro tect them selves from 
os motic stress by ac cu mu lat ing com pat i ble sol utes in tra cel lu larly. Com-
patible sol utes equil i brate the cells’ in tra cel lu lar aw to that of the en vi-
ron ment but do not in ter fere with cel lu lar me tab o lism. Some bac te ria 
ac cu mu late K1 ions and amino ac ids, such as pro line. Halotolerant and 
xerotolerant fungi con cen trate polyols such as glyc erol, erythritol, and 
arabitol.

DISINFECTANTS
Disinfectants are not food pre ser va tives in a strict sense, but they do kill 
or in hibit mi cro or gan isms that can spoil food. They can be in di rect or 
“in ci den tal” food ad di tives used on food con tact sur faces. These ap pli ca-
tions are reg u lated by the Environmental Protection Agency rather than 
the FDA. Disinfectants are be com ing in creas ingly im por tant as the U.S. 
Department of Agriculture (USDA) be gins to re quire mi cro bial re duc-
tion steps in the pro cess ing of raw meat and poul try. Most of ten, these 
take the form of an an ti mi cro bial wash.

Authors’ note
Water ac tiv ity is a mi cro bial 
con trol mea sure, and is stated 
as such in the FDA Food Code. 
Water ac tiv ity can be used with 
other hur dles as part of the 
mul ti plehurdle ap proach for 
mi cro bial con trol. The term 
“nonpotentially hazardous 
foods” has a lot to do with the 
cer tain wa ter ac tiv ity be low 
which most foods would not 
sup port growth of path o genic 
bac te ria (aw 0.85).
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Sulfites
Sulfur di ox ide (SO2) has been used as a dis in fec tant since an cient times. 
Antimicrobial salts of sul fur di ox ide in clude po tas sium sul fite (K2SO3), 
so dium sul fite (Na2SO3), po tas sium bi sul fite (KHSO3), so dium bi sul fite 
(NaHSO3), po tas sium metabisulfite (K2S2O5), and so dium metabisulfite 
(NaS2O5). Sulfites are used pri mar ily in fruit and veg e ta ble prod ucts to 
con trol spoil age yeasts and molds and bac te ria. Bacteria are gen er ally 
more sen si tive than yeasts or molds. This al lows wine to be treated with 
sul fites to in hibit the bac te ria that cause the ma lo lac tic fer men ta tion, 
with out  in ter fer ing with the yeast’s al co holic fer men ta tion. Sulfites also 
act as an ti ox i dants that in hibit en zy matic brown ing.

The most im por tant fac tor for sul fites’ an ti mi cro bial ac tiv ity is pH. 
In wa ter, sul fur di ox ide and its salts ex ist in a pH-dependent equi lib ri um:

SO2 · H2O ↔ HSO3
− 1 H+ ↔ SO3

2− + H+

Once again, dis so ci a tion of the acid plays a ma jor role. As the pH de-
creases, the pro por tion of SO2 · H2O in creases and the bi sul fite (HSO3

−)
ion con cen tra tion de creases. The pKa val ues for sul fur di ox ide are about 
1.8 and 7.2. Sulfite is most in hib i tory when the acid or SO2 · H2O is un-
dis so ci ated. Therefore, their most eff ec tive pH range is <4.0. SO2 · H2O 
is 100 to 1,000 times more ac tive than HSO3

− or SO3
2− against E. coli,

yeasts, and Aspergillus niger. Sulfites, es pe cially the bi sul fite ion, are very 
re ac tive. They form additional com pounds (a-hydroxysulfonates) with 
al de hydes and ke tones.

Low con cen tra tions of sul fur di ox ide are fun gi cidal. The in hib i tory con-
cen tra tion of sul fur di ox ide is 0.1 to 20.0 ppm against Saccharomyces, Zygo
saccharomyces, Pichia, Hansenula, and Candida spe cies. Sulfur di ox ide at 
25 to 100 ppm in hib its Byssochlamys nivea growth and patulin pro duc tion 
in juices. Sulfites may in hibit spoil age bac te ria in wines, fruits, and meats.

Preservatives can be used to extend the 
expiration dates of foods but unfortunately 
not of people. (Reprinted with permission 
from CartoonStock.)

“Now that I’m in midlife, I read all the food labels. I can 
use all the preservatives I can get.”
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Sulfur di ox ide con trols mi cro bial spoil age in fruits, fruit juices, wines, 
sau sages, fresh shrimp, and pick les. It is added at 50 to 100 mg/liter to 
grape juice used for mak ing wine to in hibit molds, bac te ria, and yeasts. 
If the right con cen tra tion is used, sul fur di ox ide does not in ter fere with 
wine yeasts or with wine fla vor. During fer men ta tion, sul fur di ox ide also 
serves as an an ti ox i dant, clar i fier, and dis solv ing agent. Sulfur di ox ide 
(50 to 75 mg/liter) also pre vents postfermentation spoil age by Acetobacter 
spp. which ox i dize eth a nol into ace tic acid (i.e., vin e gar).

The tar gets for sul fite in hi bi tion are the cy to plas mic mem brane, 
DNA rep li ca tion, pro tein syn the sis, and en zymes. In Saccharomyces cere
visiae, Saccharomyces ludwigii, and Z. bailii, sul fites diff use into the cell. 
Other fungi have ac tive trans port sys tems for sul fites.

Chlorine
Chlorine in the form of hy po chlo rous acid is prob a bly the most widely 
used sanitizer. It is added to wash wa ters and wa ter used to con vey fruits 
and veg e ta bles. It is used to san i tize food con tact sur faces and to re duce 
the mi cro bial load on the sur faces of meat and poul try.

Sodium hy po chlo rite (bleach) is the most com monly used form. A 
strong ox i dizer, it is ac tive against bac te ria, yeasts, molds, and vi ruses. 
Unfortunately, it is very cor ro sive, even to met als such as stain less steel.

The use of chlo rine di ox ide (ClO2) has im por tant ad van tages over 
hy po chlo rite. While it has sim i lar an ti mi cro bial prop er ties, it is odor less 
and also de grades un de sir able com pounds like phe nols, sul fites, and 
mer cap tans (which taste and smell bad).

Quaternary Ammonium Compounds
Quaternary am mo nium com pounds, com monly called “quats,” are a 
group of chem i cals in which four com pounds sur round a ni tro gen 
atom (Fig. 25.3). They are very ver sa tile be cause the R groups can be 
any num ber of sat u rated or un sat u rated, cy clic or non cy clic, substituted 
or unsubstituted al kyl groups. The qua ter nary am mo nium com pound is 
pos i tively charged and is ac com pa nied by a neg a tively charged com pound, 
of ten chlo ride. These com pounds are col or less, rel a tively odor less, and 
non cor ro sive. Quats are ac tive against bac te ria, yeasts, fungi, and vi ruses. 
As you might guess, they are more ex pen sive than hypochloride-based 
dis in fec tants.

Peroxides
Peroxides are com pounds that have co va lently bound ox y gens (-O-O-) at 
their core. When rep re sented as R1-O-O-R2, the ad di tion groups (R1 and 
R2) can be in or ganic (i.e., hy dro gen) or or ganic (ace tic acid) com pounds. 
Hydrogen per ox ide and peroxyacetic acid are the two most com monly 
used per ox ides.

The ac tion of both com pounds de pends on dis so ci a tion. In the case 
of hy dro gen per ox ide,

O2
− + H2O2 → OH· 1 OH− + O2

The le thal ac tion of both com pounds comes from the OH˙ rad i cal. This 
very strong ox i dizer re acts with mem brane lip ids, DNA, and pro teins.

+

N

R4 R3

R1 R2

Figure 25.3

Structure of a qua ter nary am mo nium 
com pound, where the R li gands can be 
the same or diff er ent com pounds. See 
the text.
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Hydrogen per ox ide is used as a sanitizer that kills a wide va ri ety of 
bac te ria, yeasts, molds, and vi ruses, with the ex cep tion of bac te ria which 
have strong cat a lase ac tiv ity. Hydrogen per ox ide is used me dic i nally in 3 
to 5% so lu tions to dis in fect wounds. In the food in dus try, sim i lar con-
cen tra tions are used to ster il ize equip ment and food con tact sur faces. 
Because it whit ens meats, it can not be used in that ap pli ca tion. Hydro-
gen per ox ide is not ap proved as a food ad di tive per se. Thus, the FDA has 
lim ited its use to pro duce whose en dog e nous cat a lase ac tiv ity can re move 
hy dro gen per ox ide res i dues.

Peroxy ac ids are much stron ger than hy dro gen per ox ides and can be 
used at much lower con cen tra tions that do not aff ect poul try or meat 
qual ity. The re duc tions of mi cro bial loads on poul try, meat, and pro duce 
are im por tant ap pli ca tions of peroxy ac ids. Peroxy ac ids are also used to 
ster il ize food con tact sur faces and con tain ers used in asep tic pro cess-
ing. Peroxidases and cat a lase do not aff ect peroxy ac ids.

Ozone
Ozone is an other dis in fec tant that is a strong ox i dant. Its pri mary tar get 
is nu cleic ac ids.

Ozone is en vi ron men tally friendly and can in ac ti vate a wide range 
of foodborne path o gens, in clud ing vi ruses, bac te ria, pro to zoa, and some 
other higher forms such as worms and mites. It can act in ei ther the 
gas eous state or while dis persed in wa ter, and works with out  for ma tion 
of res i dues or by-prod ucts. Ozone has Generally Recognized As Safe 
(GRAS) status for use in food pro duc tion. In the pro duce in dus try, 
ozone can be used to treat pro cess wa ter, as a pro duce wash, in stor age 
and in re cy cled wa ter and can re duce bac te rial pop u la tions in flume 
and wash wa ter; typ i cal ozone con cen tra tions for dis in fec tion of post-
har vest wa ter are 2 to 3 ppm. Research stud ies con ducted with ozone 
de liv ered in wa ter at 6.25 ppm over 0.5 to 10 min have proved to be 
eff ec tive at in ac ti vat ing a va ri ety of foodborne path o gens and com mon 
sur ro gates, in clud ing Bacillus ce re us, Escherichia coli, Pseudomonas fluo
rescens, Salmonella enterica serovar Enteriditis, Salmonella enterica serovar 
Typhimurium, Staphylococcus au re us, bacteriophage f2, hepatitis A 
vi rus, po lio vi rus, Cryptosporidium parvum, and Giardia lamblia. It is 
im por tant to con sider the com mon in dus trial prac tice of re us ing wash 
wa ter, which can lead to the buildup of field soil which can de crease the 
ef  cacy of the dis in fec tant used, as has been shown to oc cur with hepa-
titis A virus-contaminated straw ber ries washed with ClO2. In ad di tion 
to mi cro bial in ac ti va tion, stud ies us ing ozon ated wash wa ter on ice berg 
let tuce showed that ozon ated wa ter main tained the vi sual ap pear ance of 
fresh-cut let tuce and con trolled brown ing dur ing stor age and that there 
was no det ri men tal re duc tion in the po ly phe nol and vi ta min C lev els. It 
is likely that ozone will con tinue to be as sessed for use in the food in dus try 
through var i ous ap pli ca tions, in clud ing those de scribed here.

NATURALLY OCCURRING ANTIMICROBIALS
Many foods con tain nat u ral an ti mi cro bi als. They may ex tend the 
food’s shelf life, but their use as di rect food ad di tives pres ents many 
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chal lenges. Ideally, they should work when added as food in gre di-
ents, with out  pu ri fi ca tion. The cost of us ing the nat u ral an ti mi cro bial 
should be as low as for chem i cal pre ser va tives. They should not aff ect 
the food’s taste, nu tri tion, or safety. However, most nat u ral an ti mi cro-
bi als are nor mally pres ent in amounts too low to work when mixed 
into foods. If higher lev els are used, the taste and smell of the food are 
aff ect ed.

Lysozyme
Lysozyme is an an ti mi cro bial en zyme pro duced in eggs, milk, and tears. 
Commercial ly so zyme is made from dried egg white. The ly so zyme in 
hen’s eggs has 129 amino ac ids. It is sta ble to heat (100°C) at low pH 
(<5.3). It is in ac ti vated at lower tem per a tures at higher pH val ues. The 
en zyme breaks the β-1,4 gly co sidic bonds be tween N-acetylmuramic 
acid and N-acetylglucosamine of pep ti do gly can. This breaks down the 
bac te rial cell wall.

Lysozyme is most ac tive against Gram-positive bac te ria, prob a bly be-
cause their pep ti do gly can is more ex posed. It in hib its C. bot u li num, 
Clostridium thermosaccharolyticum, Clostridium tyrobutyricum, Bacillus 
stearothermophilus, B. ce re us, and L. monocytogenes. Lysozyme is the 
main an ti mi cro bial in egg al bu men. Ovotransferrin, ovomucoid, and 
al ka line pH en hance its ac tiv ity in eggs. Lysozyme is less eff ec tive against 
Gram-negative bac te ria be cause they have less pep ti do gly can and a pro-
tec tive outer mem brane.

The che la tor eth yl ene di amine tet ra ac e tate (EDTA) en hances ly so-
zyme ac tiv ity. EDTA helps give ly so zyme ac cess to the pep ti do gly can. 
The sus cep ti bil ity of Gram-negative cells can be in creased by che la tors 
(e.g., EDTA) that bind Ca2+ or Mg2+. These cat ions are needed to main tain 
a func tional li po po ly sac cha ride layer. Gram-negative cells are also sen si-
tized to ly so zyme by pH shock, heat shock, os motic shock, dry ing, and 
freeze-thaw cy cling.

Lysozyme is one of the few nat u ral an ti mi cro bi als sub ject to reg u la-
tory ap proval for food use. In Eu rope, it is used to pre vent gas for ma tion 
(“blow ing”) in cheeses. Lysozyme is used in Japan to pre serve seafood, 
veg e ta bles, pasta, and sal ads.

Lactoferrin and Other Iron-Binding Proteins
Milk and eggs con tain an ti mi cro bial iron-binding pro teins. Lactoferrin 
is the main iron-binding pro tein in milk. Milk also con tains low lev els 
of the iron-binding pro tein trans fer rin. There are two iron-binding sites 
per lactoferrin mol e cule. One bi car bon ate (HCO3

−) is re quired for each 
Fe3+ bound by lactoferrin. Citrate, an other che la tor in milk, in hib its lac-
toferrin’s ac tiv ity, while bi car bon ate re verses the in hi bi tion. To be eff ec-
tive, lactoferrin must be in a low-iron en vi ron ment where bi car bon ate is 
pres ent. Milk has these con di tions.

Microorganisms with a low iron re quire ment are not in hib ited by 
lactoferrin. Iron stim u lates growth in many gen era, in clud ing Clos
tridium, Escherichia, Listeria, Pseudomonas, Salmonella, Staphylococcus, 
Vibrio, and Yersinia. Lactoferrin’s de ple tion of iron may cause in hi-
bi tion.



Chemical Antimicrobials  | 471

Egg al bu men has an other iron-binding mol e cule, ovotransferrin. 
This com pound is some times called con al bu min. It makes up 10 to 
13% of the to tal egg white pro tein. Ovotransferrin has an amino acid 
se quence that is very sim i lar to that of lactoferrin. Each ovotransferrin 
mol e cule has two iron-binding sites. Like lactoferrin, it binds an ions, 
such as bi car bon ate, with each bound fer ric iron. To be in hib i tory, there 
must be more ovotransferrin mol e cules than iron mol e cules and the 
pH must be al ka line. Ovotransferrin in hib its Gram-positive and Gram-
negative bac te ria. Gram-positive bac te ria are gen er ally more sen si tive. 
Bacillus and Micrococcus spe cies are very sen si tive. Some yeasts are also 
sen si tive. Ovotransferrin is bac te rio static. Like for lactoferrin, the pri-
mary in hib i tory mech a nism is prob a bly iron de ple tion.

Avidin
Avidin is an other egg al bu men pro tein. It makes up about 0.05% of the 
to tal egg al bu men pro tein. It is sta ble to heat and a wide pH range. 
Avidin binds bi o tin at a ra tio of four bi o tin mol e cules per av i din mol e-
cule. Avidin in hib its bac te ria and yeasts that re quire bi o tin for growth. 
However, av i din also binds trans port pro teins in the E. coli outer mem-
brane. This sug gests that av i din may in hibit bac te ria by in ter fer ing 
with trans port.

Spices and Their Essential Oils
Spices are usu ally added to foods as fla vor ing agents. However, they also 
have some an ti mi cro bial ac tiv ity. The an cient Egyp tians used spices for 
food pres er va tion and em balm ing around 1550 B.C.E. Cloves, cin na-
mon, oreg ano, thyme, and, to a lesser ex tent, sage and ro se mary are the 
stron gest an ti mi cro bial spices. Table 25.3 lists their ac tive chem i cal 
com po nents, the con cen tra tions re quired, and sen si tive or gan isms. Not 
all  spices have an ti mi cro bial ac tiv i ty.

There are not many stud ies on the in hib i tory mech a nism(s) of spices. 
The ter penes in spice oils are the pri mary an ti mi cro bi als. Many of the 
most ac tive ter penes, such as eu ge nol, thy mol, and car va crol, are phe no-
lic. Therefore, their modes of ac tion are prob a bly re lated to those of other 
phe no lic com pounds. They in ter fere with mem brane func tion.

Table 25.3 Antimicrobial ac tiv i ties of spic es

Spice(s) Antimicrobial com pound(s) Concn Target of ac tiv i ty

Cloves
Cinnamon

Eugenol
Cinnamon al de hyde

Spices are 10 to 20% vol a tile oil. 
Clove is ac tive at 1/100 di lu tion.

Clove in hib its B. subtilis, E. coli, Salmonella, 
L. monocytogenes, S. au re us

Oregano
Thyme

Carvacrol
Thymol

MIC,a 0.02–0.05%; MBC,b 
0.03–0.1% es sen tial oil

E. coli, Salmonella, L. monocytogenes,
S. au re us, B. ce re us, some yeasts and molds

Sage, 
ro se mary

Terpenes, bor neol, 
cam phor, thujone

MIC, 0.3%; MBC, 0.5% More ef ec tive against Gram-positive 
bac te ria; B. ce re us, S. au re us, L. 
monocytogenes

Vanillin 4-Hydroxy-3-methoxy-
benzaldehyde

500–2,000 µg/ml Molds and nonlactic Gram-positive bac te ria

aMIC, min i mum in hib i tory con cen tra tion.
bMBC, min i mum bac te ri cidal con cen tra tion.
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Box 25.2
Assessing the an ti mi cro bial ac tiv ity of es sen tial oils

Assessing the an ti mi cro bial 
ac tiv ity of es sen tial oils is an 
ac tive area of re search. The 
stud ies de scribed here were 
per formed by Mar i ana Coelho, 
a grad u ate stu dent study ing 
food sci ence at the University 
of Lavras in Minas Ge rais, Bra zil 
(high lighted area on the map), 
dur ing her re search to ward her 
doc toral de gree.

The ob jec tive of the first study 
was to eval u ate the adap tive 
re sponse of Salmonella enterica 
serovar Enteritidis to the es sen tial 
oils (EOs) of oreg ano (Origanum 
vulgare) and clove (Syzygium 
aromaticum). The adap tive re sponse 
was as sessed us ing the min i mum 
in hib i tory con cen tra tion (MIC) and 

min i mum bac te ri cidal con cen tra-
tion (MBC) of each EO by the broth 
microdilution tech nique. Bacterial 
growth was de ter mined by read ing 
the ab sor bance (DO620nm) of 
the cul tures af ter in cu ba tion for 
24 hours.

Dr. Coelho showed that S. Enteritidis 
was  able to adapt to sur vive the 
EO of clove but not that of oreg-
ano. In a re lated study, con ducted 
in the same man ner, she es tab lished 
that these two EOs were more 
ef ec tive against S. Enteritidis 
at lower tem per a tures; when the 
bac te ria were tested at tem per a-
tures closer to their op ti mal growth 
level, higher con cen tra tions of the 
EOs were re quired for the same 
in hib i tory ef ect.

What type of stud ies might you con-
duct us ing es sen tial oils? Which oils 
would you choose to use?

Map of Bra zil, with the State of Minas Ge rais 
high lighted in red (courtesy Raphael 
Lorenzeto de Abreu).

Onions and Garlic
Onions and gar lic con tain the best-characterized plant an ti mi cro bi als. 
These com pounds in hibit B. subtilis, Serratia marcescens, Mycobacterium, 
B. ce re us, C. bot u li num type A, E. coli, Lactobacillus plantarum, Leuconostoc 
mesenteroides, Salmonella, Shigella, and S. au re us. The fungi Aspergillus 
flavus, Aspergillus parasiticus, Candida albicans, Cryptococcus, Penicillium, 
Rhodotorula, Saccharomyces, Torulopsis, and Trichosporon are also in hib it ed.

The ma jor an ti mi cro bial in gar lic is al li cin, which is formed by allin-
ase when gar lic cells are dis rupted. Allicin prob a bly in hib its sulf  hy dryl-
containing en zymes in bac te ria. A sim i lar re ac tion oc curs in on ions, 
form ing thiopropanal-S-oxide. Onions also con tain the an ti mi cro bial 
phe no lic com pounds protocatechuic acid and cat e chol.

Isothiocyanates
Isothiocyanates (R-N=C=S) are po tent an ti mi cro bi als. They are made 
from glucosinolates in plant cells from the Cruciferae, or mus tard, fam-
ily. This fam ily con tains cab bage, kohl rabi, brussels sprouts, cau li flower, 
broc coli, kale, horse rad ish, mus tard, tur nips, and ru ta baga. Fungi, yeasts, 
and bac te ria are in hib ited by 0.016 to 0.062 µg/ml in the va por phase or 10 
to 600 µg/ml in liq uid. Isothiocyanates may in hibit cells by re act ing with 
disulfide bonds or in ac ti vat ing sulf hy dryl en zymes.

Phenolic Compounds
Phenolic com pounds have an ar o matic ring with one or more hy droxyl 
groups. Phenolic com pounds are clas si fied as sim ple phe nols and phe-
no lic ac ids, hydroxycinnamic acid de riv a tives, and the fla vo noids. Many 
in hib i tors al ready dis cussed are phe no lics.
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Simple phe no lic com pounds in clude monophenols (e.g., p-cresol), di-
phenols (e.g., hy dro qui none), and triphenols (e.g., gallic acid). Gal lic acid 
oc curs in plants as quinic acid es ters or hy dro lyz able tan nins (tan nic acid). 
The only pre ser va tive use of sim ple phe nols is in wood smoke. Smoking 
meats, cheeses, fish, and poul try im parts both a de sir able fla vor and a pre-
ser va tive eff ect. Phenol and cre sol con trib ute to smoke’s fla vor and an ti-
ox i dant and an ti mi cro bial ac tions. Several com mer cial smoke prep a ra tions 
at 0.25 and 0.5% re duce L. monocytogenes vi a bil ity in buffer. The phe no lic 
gly co side oleuropein, or its agly cone, in hib its L. plantarum, L. mesen
teroides, P. fluorescens, B. subtilis, Rhizopus, and Geotrichum candidum.

Phage Therapy
As you read in chap ter 24, phages (a.k.a. bac te rio phages) are vi ruses spe-
cific to bac te ria. Doing what comes nat u rally, phages lyse and in ac ti vate 
bac te ria and can be ap plied as an an ti bac te rial on ap proved foods or on 
an i mals prior to slaugh ter to re duce bac te rial lev els or kill spe cific food-
borne path o genic bac te ria. Some even call bac te rio phages “bril liant an-
ti bac te ri als,” and as such it seemed fit ting to in clude a dis cus sion of 
them here. Phages are the most abun dant mi cro or gan ism with an es ti-
mated num ber of 2 × 108 phage par ti cles per ml of un pol luted wa ter. 
During the host cell in fec tion pro cess, bac te rio phage pro duce ly sins, 
which are spe cific pep ti do gly can hy dro lases. Lysins are cur rently be ing 
en gi neered for ap pli ca tion as enzybiotics in med i cine and as pre ser va-
tives in the food in dus try. Natural ly sins have been de tected against 
path o gens like S. au re us, and ly sins may be en gi neered to kill Gram-
negative bac te rial path o gens. Modification of nat u ral ly sins can al low 
ly sins to pen e trate the outer mem brane so that they may reach the pep-
ti do gly can layer. Lysin en gi neer ing has great prom ise for the de vel op ment 
of fu ture an ti mi cro bi als, in clud ing ex tended kill ing spec tra, en hanced 
kill ing ac tiv ity, and im proved sol u bil i ty.

Summary

•  Microbial spoil age is just one type of spoil age.

•  Foods that per mit path o gens, but not spoil age or gan isms, to grow are es pe cially dan ger ous.

•  Antimicrobials can be “-cidal” or “-static” but are usu ally the lat ter.

•  Antimicrobial ac tiv ity is influ enced by mi cro bial, in trin sic, and ex trin sic fac tors.

•  Organic ac ids are ef ec tive be low their pKa val ues be cause they cross the bac te rial mem brane, dis so ci ate, and
acid ify the cy to plasm.

•  Parabenzoic ac ids act sim i larly to or ganic ac ids but have higher pKa val ues.

•  Lysozyme is an en zyme that kills Gram-positive cells by break ing down their cell walls. Lysin can be ob tained
from bac te rio phage.

•  Nitrites pre vent C. bot u li num growth in cured meats and con fer color and fla vor.
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Questions for crit i cal thought
 1.  If an an ti mi cro bial were bac te rio static and in hib ited mi cro bial growth “for ev er,” 

would foods last “for ev er”? Explain.

 2.  You are di rec tor of mi cro bi ol ogy at Freda’s Family of Fine and Fancy Foods. The 
mar ket ing de part ment has di rected that all  those nasty pre ser va tives be re moved 
from all  prod ucts. How can you main tain the safety and qual ity of Freda’s prod ucts 
while go ing for a clean la bel?

 3.  Diagram the pro cess by which or ganic ac ids work in high-acid foods but not in low-
acid foods.

 4.  If you were as signed the task of de vel op ing the “ide al” an ti mi cro bial, what cri te ria 
would it have to meet?

 5.  Calculate the amount of pro ton ated ace tic acid at pH 3.5 and pH 5.5 if you started 
with a 1 M so lu tion. How much ace tic acid would you have to add at pH 5.5 to get as 
much pro ton ated ace tic acid as there is at pH 3.5? You will need this equa tion: pH= 
pKa + log [A−]/[HA].

 6.  You are an ex ten sion spe cial ist at Big State University. A lo cal in ven tor ap proaches you 
for ad vice on mar ket ing a new an ti mi cro bial. Called Superlator, it che lates all  cat ions and 
pre vents the growth of bac te ria that re quire any cat ions. What ad vice do you give her?

 7.  What con cepts from Chemistry 101 are im por tant for un der stand ing how pre ser va-
tives work?

 8.  Famous Frank’s Freshly Frozen Fabulous Pot Pies is los ing mar ket share and rap idly 
be com ing less fa mous as the de mand for “fresh, never fro zen” food in creases. Frank 
knows that he has to change and fig ures that go ing fresh is no big deal. (Just skip the 
freez ing step!) He hires you, the com pa ny’s first mi cro bi ol o gist, to ad vise him on 
what, if any, spe cial chal lenges might be pre sented by these fresh prod ucts. What 
ad vice do you give him? Can you help him ob tain a clean la bel?

 9.  Take the fol low ing in gre di ent list and make it la bel friend ly: “This prod uct con tains 
dihydrogen ox ide, so dium chlo ride, ascor bic acid, ace tic acid, and 4-hydroxy-3- 
methoxy-benzaldehyde.”

Authors’ note
In the world of in dus try, 
“chal lenges” is of ten a code 
word for “prob lems.” No one 
likes to have prob lems, but we 
are all  ex cited by chal lenges (or 
so the think ing goes).

•  Sodium chlo ride low ers aw and causes cel lu lar plas mol y sis.

•  Phosphates and lactoferrin che late metal ions that mi crobes need to grow.

•  Sulfites are used pri mar ily on fruits and veg e ta bles to in hibit yeasts and molds.

•  The amount of avail  able wa ter (aw) de ter mines which or gan isms can grow in a food and in flu ences lag time, 
growth rate, and fi nal cell den si ty.

•  The low est aw that al lows growth of path o gens is 0.85. This makes it a car di nal value in food mi cro bi ol o gy.
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INTRODUCTION
It is easy to tell if foods are pro cessed or con tain pre ser va tives. Just look 
at the food or in for ma tion on the la bels. However, this in for ma tion is of
ten mis used. Consumers are wary of pre ser va tives and “pro cessed” foods, 
even though they give us a safe and di verse diet. As a re sult, con sum ers 
in creas ingly rely on re frig er a tion to en sure the safety of “fresh” foods. 
(Note well that the op po site of “fresh” is not “pro cessed” or even “fro
zen”; it is “spoiled.”) There are two rea sons that re frig er a tion should not 
be used as the sole pres er va tion method. The first is that 20% of home 
and com mer cial re frig er a tors are at >10°C (50°F). (You do re mem ber the 
40 to 140 rule, that foods should be held be low 40 or above 140°F to pre
vent the growth of most foodborne pathogens. Although the 40 to 140 rule 
is easy to remember, the FDA Food Code indicates the “danger zone” is 
between 5 and 57°C, or 41 to 135°F.) The sec ond rea son is that Listeria 
monocytogenes can grow at re frig er a tion tem per a tures of <10°C. Because 
of this, ad di tional means of keep ing re frig er ated foods safe are re quired. 
Lactic acid bac te ria (LAB) can pro vide this added pro tec tion. LAB are 
ac cepted by con sum ers as “nat u ral” and “health pro mot ing.” They are, 
through fer men ta tion, among the oldest forms of food pres er va tion. 

26 Biologically Based Preservation
and Probiotic Bacteria
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Summary

Suggested read ing
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Learning Objectives

The in for ma tion in this chap ter will enable the stu dent to:

• un der stand that bi o log i cal meth ods can be used to “nat u
ral ly” en hance food safety with out  chang ing the food (as
fer men ta tions do)

• ap pre ci ate the po ten tial an ti mi cro bial uses of the small 
pro teins called “bac te rio cins”

• re late the or ga ni za tion of bac te rio cin genes to the way
bac te rio cins are made

• de scribe the char ac ter is tics of pro bi otic bac te ria, sug gest 
pos si ble health ben e fits, and crit i cally eval u ate com mer
cial claims for pro bi otic bac te ria

• un der stand that the scar city of val i dated data about the
health ben e fits of pro bi otic bac te ria is due to the com
plex ity of the gas tro in tes ti nal tract’s eco sys tem

doi:10.1128/9781555819392.ch26
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Biologically based pres er va tion meth ods that do not fer ment the foods 
are among the newest forms of food pres er va tion.

This chap ter pro vi des an over view of biopreservation. Biopreserva
tion is the use of LAB, their met a bolic prod ucts, or both to im prove or 
en sure the safety and qual ity of foods that are not fer ment ed.

Some bac te ria pro duce an ti mi cro bial pro teins called bac te rio cins. 
Bacteriocins in hibit spoil age and path o genic bac te ria with out  chang ing 
the food (i.e., acid i fy ing it, pro duc ing gas, so lid i fi ca tion, etc.). The use of 
bac te rio cins is a newer and emerg ing area of food mi cro bi ol o gy.

The food in dus try is mar ket driven. Advertisers try to turn tech ni cal 
needs that might be seen as mar ket ing neg a tives (i.e., the need to pre
serve a food) into some thing that will help sell the food (i.e., the pres er
va tion method im proves con sumer health). Thus, con sum ers want foods 
that in ad di tion to be ing nu tri tious are dis tinctly health pro mot ing. Since 
LAB are nat u ral and per ceived as health pro mot ing, foods pre served by 
bi o log i cal tech niques may have an edge if mar keted as con tain ing “pro
bi ot ic” bac te ria.

BIOPRESERVATION BY CONTROLLED ACIDIFICATION
Organic ac ids (such as ace tic, lac tic, and cit ric ac ids) can be added to 
food to in hibit mi cro bial growth. LAB, how ever, can pro duce lac tic acid 
in the food. Many fac tors de ter mine the ef ec tive ness of acid i fi ca tion “in 
place.” These in clude the food’s ini tial pH, its buf er ing ca pac ity, the 
path o gen of great est con cern, the na ture of the fer ment able car bo hy
drate, and the growth rates of the LAB and of the path o gen at re frig er a
tion and abuse tem per a tures. Biopreservation can re quire cus tom i za tion 
and re search for each prod uct ap pli ca tion. Bacteriocins, diacetyl, and hy
dro gen per ox ide may en hance ac id’s in hi bi tion. For ex am ple, Micro
Gard, a cul tured milk prod uct that is gen er ally rec og nized as safe (GRAS), 
is fre quently added to cot tage cheese in the United States as a biopreserva
tive. MicroGard is made by fer ment ing milk with Propionibacterium 
shermanii to pro duce ace tic acid, pro pi onic acid, lowmolecularweight 
pro teins, and a bac te rio cin.

The idea of us ing LAB acid pro duc tion to pre vent the pro duc tion of 
bot u li nal toxin dates back to the 1950s. This tech nol ogy ex ploits Clos
tridium bot u li num’s in abil ity to grow at a pH of < 4.8 to pre vent its growth 
if ba con is left un re frig er ated. LAB and a fer ment able car bo hy drate (such 
as glu cose or lac tose) are added to the food. The LAB grow and pro duce 
acid only when the food is tem per a ture abused. Under proper re frig er a
tion, the LAB can not grow, no acid is formed, and the pres er va tion sys
tem is in vis i ble to the con sum er.

Nitrites are pow er ful in hib i tors of bot u li nal spores. When it was found 
that the ni trites used to cure meats form can cercausing chem i cals called 
ni tro sa mines, re search was ini ti ated to find ni trite sub sti tutes with anti
botulinal ac tiv i ty.

Nobi Ta naka at the University of Wis con sin re duced the amount of 
ni trite added to ba con by us ing con trolled acid i fi ca tion. When ba con was 
in oc u lated with 103 bot u li nal spores/g and in cu bated at 28°C, toxin was 
pro duced in 58% of the ba con sam ples pre pared with the stan dard 120 parts 
per mil lion of ni trite. When the ni trite was re duced to 80 or 40 parts per 

Authors’ note
Green veg e ta bles such as 
spin ach and broc coli were 
sub se quently found to have 
much higher lev els of ni tro s
amines than that found in cured 
meat. However, there is a 
con sen sus that there is no 
can cer risk from ni trite, 
re gard less of source.
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mil lion and sup ple mented with su crose and starter cul tures, the pH 
dropped and ≤2% of ba con be came toxic. (This may not sound very ef
fec tive, but in the con trol ex per i ment us ing con ven tional ba con, more 
than half of the sam ples be came toxic. If you like ba con, be sure to re
frig er ate it!) The U.S. Department of Agriculture (USDA) ap proved the 
“Wis con sin pro cess” for ba con man u fac ture in 1986.

BACTERIOCINS
Ge ne ral Characteristics
The con tin ual gen er a tion of new data has grad u ally changed the defi  ni
tion of bac te rio cins. They are first and fore most an ti mi cro bial pro teins 
which are made by bac te ria. They do not kill the bac te ria that pro duce 
them and are ribosomally syn the sized. Their ac tion was once thought 
to be re stricted to Grampositive bac te ria, but some bac te rio cins also 
in hibit Gramnegative bac te ria. Bacteriocins are not en zymes but may 
have some un known cel lu lar func tion.

The lantibiotics and the “pediocinlike” bac te rio cins are the two most 
im por tant bac te rio cin groups. If you know the ba sic bio chem is try of am
ide link ages in pro teins, you can see that the lantibiotic nisin has a very 
strange struc ture (Fig. 26.1). Nisin con tains un usual amino ac ids other 
than the “nor mal” 20. After the pro tein is made, some amino ac ids re act 
with cys te ine to form thioether (sin gle sulf  hy dryl) lanthionine rings. 
Bacteriocins con tain ing lanthionine rings are called lantibiotics. There are 
many struc tur ally sim i lar lantibiotics. Nisin, the first and bestcharacter
ized LAB bac te rio cin, is pro duced in two re lated forms. Nisin A con tains 
a his ti dine at po si tion 27 and is the most widely used nisin. Nisin Z has an 
as par a gine at po si tion 27 and is also com mer cially avail  able. Nisins with 
other amino acid sub sti tu tions are not in com mon us age. Another lantibi
otic, subtilin, is pro duced by Bacillus subtilis. It also con tains five lanthio
nine rings and has a con for ma tion sim i lar to that of nisin.

Pediocinlike bac te rio cins are small heatstable pro teins made of the 
usual 20 amino ac ids. They all  have the same leader amino acid se quence 
con tain ing a gly cineglycine

→

any amino acid cleav age site (where the 
ar row in di cates the cleav age site). The up stream amino ac ids are cut of 
dur ing the pro cess of ex cret ing the bac te rio cin. Pediocinlike bac te rio cins 

H2N–Ile–Dhb–Ala

Gly MetIle

His ABA–Lys +

Met

Asn

Ala

LeuAlaDha

SLeu

Ala–ABA

Pro–Gly
SS

GlyAla–Lys–ABA

S

ABA–Ala

S

Ala
+

HOOC–Lys–Dha–Val–His–Ile–Ser–Ala
+ +

34

+
Figure 26.1

Structure of nisin show ing po si tions of un usual 
amino ac ids (dehydroalanine [Dha], dehydrobu
tyrine [Dhb], lanthionine [AlaSAla], and methyl 
lanthionine [ABASAla]) as well as reg u lar 
amino ac ids.

Authors’ note
Proteins are made by link ing 
amino ac ids’ am ide and 
car boxy groups. There is an 
amine “left over” at the start ing 
end and an un linked car boxyl 
group at the end ing end.
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act against L. monocytogenes. They have a ty ro si neglycineasparagine
glycinevaline(any amino ac id)cysteine ami noterminal se quence (Fig. 
26.2). Pediocin PA1, pediocin AcH, sakacins A and P, leucocin A, 
bavaricin MN, and curvacin A are mem bers of this group.

The an ti mi cro bial pep tide po ly ly sine is in a class by it self. As the 
name sug gests, po ly ly sine is a po ly mer con sist ing of 25 to 35 ly sine 
mono mers (Fig. 26.3). It has no sec ond ary or ter tiary struc ture. Polyly
sine is pro duced on an in dus trial scale in Japan by a fer men ta tion 
us ing Streptomyces albulus. It is ef ec tive at con cen tra tions of less than 
100 µg/ml against bac te rio phages, fungi, yeasts, and Grampositive and 
Gramnegative bac te ria.

Bacteriocin Applications in Foods
Bacteriocins or the bac te ria that make them can be added to foods to in
hibit path o gens. Only nisin is com mer cially avail  able as an in gre di ent, 
but pediocin ad di tion is also ef ec tive. Many ap pli ca tions add the LAB to 
pro duce the bac te rio cin in situ rather than add ing the pure bac te rio cin. 
Bacteriocins can also be used to im prove the qual ity of fer mented foods 
by in hib it ing un wanted bac te ria and pro mot ing growth of the starter cul
ture. There are many ben e fits to us ing de fined starter cul tures to make 
fer mented foods. However, the na tive bac te ria of the food usu ally out 
com pete the starter cul tures. Using starter cul tures that pro duce bac te
rio cins to kill the na tive bac te ria solves this prob lem.
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Figure 26.2

Structure of pediocin PA1 show ing the 
KYYNGV car boxy ter mi nus, disulfide 
link ages, hair pin loop, and un struc
tured amino ter mi nus.

H–NH–CH2–CH2–CH2–CH2–CH–CO–OH

NH2

n

Figure 26.3

Structure of po ly ly sine, where n = 25 to 
35 ly sine mol e cules.
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Nisin is added to milk, cheese, sauces, salad dress ings, dairy prod ucts, 
many canned foods (al though not in the United States), may on naise, and 
baby foods through out  the world. It is GRAS for the in hi bi tion of bot u li
nal spores in many foods. Nisin also sen si tizes spores to heat, so ther mal 
treat ments can be re duced. However, this ap pli ca tion is not ap proved in 
the United States be cause it might mask poor pro cess con trol.

Nisin is of ten used with other in hib i tors. Nisin may be used with food 
pack aged in a mod i fied at mo sphere. Nisin in creases the shelf life and de
lays toxin pro duc tion by type E bot u li nal strains in fresh fish pack aged in 
a car bon di ox ide at mo sphere. The com bi na tion of nisin and mod i fied at
mo sphere to pre vent L. monocytogenes growth in pork is more ef ec tive 
than ei ther used alone. When nisin (5 mg/liter) is added to liq uid whole 
eggs be fore pas teur i za tion, their re frig er ated shelf life dou bles.

Pediocins in hibit L. monocytogenes veg e ta tive cells but not clos trid ial 
spores. Eu ro pean pat ents cover the use of pediocin PA1 as a dried pow
der or cul ture liq uid to ex tend the shelf life of sal ads and salad dress ing 
and as an antilisterial agent in cream, cot tage cheese, meats, and sal ads.

Pediocins are more ef ec tive than nisin in meat. Dipping meat in 
pediocin PA1 de creases the vi a bil ity of at tached L. monocytogenes 100 
to 1,000fold. Pretreating meat with pediocin re duces sub se quent L. 
monocytogenes at tach ment. Pediocin AcH can cause a 10 to 1,000,000
fold re duc tion of listeriae in ground beef, sau sages, and other prod ucts. 
In most cases, pediocin kills listeriae rap idly and de lays growth of the 
sur vi vors. Emulsifiers such as Tween 80 or en trap ment in other lip ids 
makes pediocin work bet ter in fatty foods.

Bacteriocin-producing starter cul tures can im prove  
the safety of fer mented foods
Foods that are usu ally made by fer men ta tion are eas ily im proved us ing 
bac te rio cinproducing starter cul tures. For ex am ple, in clud ing a nisin
producing starter cul ture to make Cheddar cheese in creases the shelf 
life from 14 to 87 days at 22°C.

Pediococci that make pediocins are es pe cially ef ec tive in fer mented 
meats. Pediocin pro duc tion by Pediococcus acidilactici PAC 1.0 dur ing the 
man u fac ture of fer mented dry sau sage re duces L. monocytogenes vi a bil ity 
>10fold. When Pediococcus acidilactici H is used to fer ment sum mer sau
sage, L. monocytogenes vi a bil ity drops more than 1,000fold.

Organization of bac te rio cin genes: a ge neric op er on
The DNA or amino acid se quences of many bac te rio cins are known. 
There is a gen eral model for the ge netic or ga ni za tion of bac te rio cin 
genes, al though the ge net ics of po ly ly sine are un known. The or ga ni za
tion of a ge neric op er on is shown in Fig. 26.4. An op eron keeps the genes 
con tain ing the struc tural in for ma tion close to the genes in volved in bac
te rio cin im mu nity, mat u ra tion, pro cess ing, and ex port. Not all  bac te rio
cin op er ons con tain all  of these genes, which may be lo cated on the 
chro mo some or on a plas mid. The or ga ni za tion of the genes is not iden
ti cal for ev ery bac te rio cin. The ge neric op eron pre sented in Fig. 26.4 
shows many of the ge netic sim i lar i ties.

The struc tural gene usu ally codes for a prepeptide. The prepeptide is 
made of the ex creted bac te rio cin plus an Nterminal “leader se quence” 
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that is cut of dur ing trans port. “Pediocinlike” bac te rio cin genes code 
for a prepeptide con tain ing a gly cineglycine cleav age site. The leader se
quence may be needed for rec og ni tion by ex port ma chin ery. The im mu
nity gene pro tects cells that make bac te rio cins from be ing killed by them. 
Immunity is spe cific to the bac te rio cin be ing made and is co or di nated 
with its pro duc tion. The pro cess ing and ex port genes code for at least two 
pro teins that ma ture the bac te rio cin and ex port it from the cell. The reg
u la tory genes code for pro teins that turn bac te rio cin syn the sis on and of.

Bacteriocin ac tion
LAB bac te rio cins tar get the cell mem brane of sen si tive bac te ria. They dis
rupt the mem brane by mak ing pores. This in creases its per me abil ity to 
small com pounds, caus ing a rapid ef ux of preaccumulated ions, amino 
ac ids, and, in some cases, aden o sine 5′triphosphate (ATP) mol e cules. 
The equil i bra tion of com pounds across the mem brane de stroys the 
gra di ents re quired for many vi tal cel lu lar func tions. The mech a nism 
of po ly ly sine ac tion is quite dif er ent. Because it is so cat ionic, there is 

Authors’ note
In this case, “im mu ni ty” means 
“pro tec tion from” and has 
noth ing to do with an ti gens, 
an ti bod ies, or the im mune 
re sponse.

hpk reg1 abc transppsorf immun

Figure 26.4

A ge neric bac te rio cin op eron. The struc tural gene (pps) codes for a prepeptide which is 
mod i fied and ex creted by the prod ucts of the ex porter (abc) and trans porter (trans) 
genes. The op eron also con tains the im mu nity gene (immun). The op eron may be 
reg u lated by a sig nal trans duc tion path way coded for by hpk (his ti dine pro tein ki nase) 
and reg1 (re sponse reg u la tor). orf, open reading frame.

Even uncultured people contain bacterial cultures.  
(Reprinted with permission from CartoonStock.)
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elec tro static ab sorp tion of po ly ly sine onto the cell sur face, where it 
strips of the cell mem brane.
Legal sta tus
The le gal sta tus of bac te rio cins and the bac te ria that make them is un clear. 
LAB are GRAS for the pro duc tion of fer mented foods. GRAS sta tus, which 
is given by the U.S. Food and Drug Administration (FDA), is es pe cially 
de sir able be cause it lets a com pound be used in a spe cific ap pli ca tion 
with out  ad di tional ap proval. Nisin is the only bac te rio cin that has GRAS 
sta tus. The 1988 GRAS af r ma tion for the use of nisin in pas teur ized pro
cessed cheese was sup ported by tox i co log i cal data. This af r ma tion is the 
foun da tion for many ad di tional GRAS af r ma tions. Polylysine re ceived 
GRAS af r ma tion for use in cooked rice and su shi rice in 2003.

In the nonregulatory sense, bac te rio cins are widely con sid ered safe. 
However, bac te rio cins pro duced by GRAS or gan isms are not au to mat i
cally GRAS them selves. Bacteriocins that are not GRAS are reg u lated 
as food ad di tives and re quire pre mar ket ap proval by the FDA. A food fer
mented by bac te rio cinproducing start ers can be used as an in gre di ent in 
a sec ond food prod uct. Its use as an in gre di ent might co in ci den tally ex tend 
shelf life of the prod uct with out  its be ing listed as a pre ser va tive on the 
la bel. However, if the in gre di ent was added for the pur pose of ex tend ing 
shelf life, the FDA would prob a bly con sider it an ad di tive and re quire both 
pre mar ket clear ance and la bel dec la ra tion. Purified bac te rio cins used as 
pre ser va tives defi  nitely re quire pre mar ket ap proval by the FDA.

PROBIOTIC BACTERIA
The idea that eat ing LAB im proves health first ap peared in print in 1907. 
In his book Prolongation of Life, the No bel lau re ate Elie Metch ni kof at
trib uted the lon gev ity of peo ple in the Bal kans to the bac te ria in the yo
gurt they ate. He hy poth e sized that the bac te ria in the yo gurt sup press 
“bad” bac te ria in the gut. The term pro bi otic was re dis cov ered in the 
1970s and used to de scribe the health ful ef ects of feed ing mi cro bial 
sup ple ments to an i mals. In 1989, Fuller pro posed a nar rower defi  ni tion 
where vi a ble “good” bac te ria are con sumed and act in the gas tro in tes ti
nal (GI) tract to ben e fit the host or gan ism (i.e., us!). “Probiotics” have 
been de fined in a va ri ety of ways by dif er ent au thors and or ga ni za tions. 
For ex am ple, the FAO/WHO (Food and Agriculture Organization and 
the World Health Organization) de fine pro bi ot ics as “live mi cro or gan
isms which when ad min is tered in ad e quate amounts con fer a health 
ben e fit to the host.” While we know that fer men ta tions im prove di gest
ibil ity, gen er ate amino ac ids, and pro duce vi ta mins in food, there are 
fewer peerreviewed data in di cat ing that pro bi otic bac te ria pro mote “in
tes ti nal wellbe ing” or are oth er wise health pro mot ing. There are many 
re ports of the pro bi otic ef ect of LAB.

Some of the spe cies in volved are listed in Table 26.1. Applications are 
given in Table 26.2 and pro bi otic prod ucts in Table 26.3. Although there 
are rel a tively few wellcontrolled stud ies in hu mans, the ther a peu tic use 
of LAB is gain ing ac cep tance in main stream med i cine.

Cultures used to make fer mented prod ucts are usu ally cho sen for 
their tech no log i cal traits rather than their abil ity to pro mote health. 
For ex am ple, the Lactobacillus bulgaricus and Streptococcus thermophilus 

Authors’ note
There is no agree ment as to 
what con sti tutes “in tes ti nal 
wellbe ing.”

Authors’ note
GRAS sta tus can be con ferred 
in three ways. (i) The com pound 
was in use be fore 1958. (ii) The 
FDA af firms that a com pound 
is GRAS in re sponse to an 
in dus try re quest. (iii) A com
pany “selfaffirms” that a 
com pound is GRAS. (Welcome 
to the wild world of food law!)
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tra di tion ally used to make yo gurt are hardy and acid ify rap idly. But they 
have poor re sis tance to acid and bile salts and do not sur vive stom ach 
pas sage. To cap i tal ize on their healthpromoting po ten tial, many yo gurt 
man u fac tur ers now use Lactobacillus ac i doph i lus and Bifidobacterium spp. 
that have been iso lated from hu mans and are re sis tant to acid and bile 
salts. Other char ac ter is tics im por tant for com mer cial cul tures in clude the 
abil ity to be cul tured on a large scale, GRAS sta tus, and dem on strated 
clin i cal ef  ca cy.

The Human GI Tract Is a Microbial Ecosystem
The com plex ity of the hu man GI tract makes re search on pro bi otic bac te ria 
dif  cult. The av er age hu man con tains over 400 spe cies of bac te ria. Thirty 
or forty of these com prise 99% of the bac te ria in healthy hu mans. It is ex
is ten tially note wor thy that we con tain as many bac te rial cells as hu man 
cells (∼1013 to 1014). Because it has so many or gan isms and en vi ron ments, 
the GI tract must be stud ied as an eco sys tem. (Various sec tions of the GI 

Table 26.1 Examples of hu man pro bi otic spe cies and strains with health claims

Bifidobacterium adolescentis 
BA 02

Lactobacillus delbrueckii 
subsp. bulgaricus

Lactobacillus reuteri

Bifidobacterium breve
BR 03

Lactobacillus fermentum Lactobacillus  
rhamnosus LR 04

Bifidobacterium longum  
BL 03

Lactobacillus plantarum 
LP 01

Lactobacillus salivarius

Lactobacillus ac i doph i lus 
LA 02

Bifidobacterium breve
BR 03 and
Lactobacillus plantarum
LP 01

Streptococcus 
thermophilus

Table 26.2 Possible health ben e fits and mech a nisms of pro bi otic bac te ria

Health ef ect Possible mech a nism(s)

Promotes abil ity to di gest 
lac tose

Probiotic cul tures make lac tose-using en zymes

Fights foodborne dis ease Occupies col o ni za tion sites, pro motes im mu nity, 
de creases se ver ity of di ar rhea

Anticancer Binds can cer-causing com pounds, de creases 
lev els of nat u ral en zymes that pro mote can cer, 
stim u lates im mune func tion

Enhances im mune sys tem Strengthens de fenses against in fec tions and 
tu mors, in creases an ti gen-specific im mune 
re sponses, low ers in flam ma tory re sponses

Fights heart dis ease Increases bile ac tiv ity, may re duce cho les ter  ol

Reduces blood pres sure Bacterial ac tion on milk pro teins pro duces a 
com pound that low ers blood pres sure in an i mals

Reduces ul cers Production of in hib i tor against Helicobacter py lo ria

Limits uro gen i tal in fec tions Adhesion to uri nary and vag i nal cells, com pet i tive 
ex clu sion, pro duc tion of in hib i tors (sur fac tants, 
hy dro gen per ox ide)

aIt is now widely ac cepted that ul cers are caused by H. py lo ri, not stress.

Authors’ note
A ba by’s fe ces change as its 
diet and in tes ti nal microbiota 
change. I was fas ci nated to 
watch my first child’s poop 
change from black me co nium 
to mus tardy yel low cream to 
foul brown solid as his diet 
pro gressed.
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tract have dif er ent acid ity lev els, dif er ent sur fac tants, dif er ent res i dent 
bac te ria, etc.) Humans, like other eco sys tems, ex pe ri ence a pro gres sion of 
in hab i tants. We are born more or less ster ile in side. We are col o nized by 
bifidobacteria when breast fed or by lac to ba cilli when fed with cow’s milk. 
Strict an aer obes come with the in tro duc tion of solid food.

Once es tab lished, the com po si tion and dis tri bu tion of the hu man mi
crobiota are very hard to change. In eco log i cal terms, the microbiota of 
the hu man GI tract is a cli max com mu ni ty.

The met a bolic ac tiv ity of the cli max com mu nity is quite var i able and 
strongly influ enced by the host phys i  ol ogy and by ev ery thing that af ects 
host phys i  ol ogy. (Think about what hap pens when you eat too many 
beans.)

The hu man GI tract is about 350 cm long from the oral or i fice to the 
anal or i fice. The GI tract is di vided into three ma jor sec tions. Each has 
its own dis tinct microbiota. The stom ach is highly acidic (pH 1 to 3) and 
is pop u lated by <103 col o nyforming units (CFU) of aer o bic Grampositive 
or gan isms per g. The in tes ti nal pH (6.8 to 8.6) fa vors mi cro bial growth. 
The small in tes tine is a tran si tional zone in hab ited by 103 to 104 CFU of 
Lactobacillus, Bifidobacterium, Bacteroides, and Streptococcus per g. Mi
crobial growth in the large in tes tine is lux u ri ant. There are 1011 to 1012 
CFU/g, with an aer obes out num ber ing aer obes 100 to 10,000fold. A di
verse mi cro bial pop u la tion pop u lates the large in tes tine. Bacteria from 
the gen era Bacteroides, Fusobacterium, Lactobacillus, Bifidobacterium, 
and Eubacterium are pres ent in large num bers. Lactobacillus ac i doph i lus 
is es pe cially im por tant. The Enterobacteriaceae are pres ent at rel a tively 
lower lev els.

The nor mal hu man bi ota con tains two dif er ent bac te rial pop u la tions. 
There are in dig e nous bac te ria that have col o nized the host by ad her ing 
to the in tes tine. There are also tran sient bac te ria that are just pass
ing through. Dietary fac tors such as a car niv o rous or veg e tar ian diet, 
or even star va tion, make sur pris ingly lit tle dif er ence in the dis tri bu
tion of bac te ria in the GI tract.

The com plex ity of the GI eco sys tem makes col o ni za tion hard to study. 
Colonization is influ enced by gas tric acid ity, bile salt con cen tra tion, 
peri stal sis, di ges tive en zymes, and the im mune re sponse. Feces are 33 
to 50% bac te ria on a dry weight ba sis and are their own eco sys tem. The 
fe cal eco sys tem is sub ject to de hy dra tion and has high lev els of en zyme 
ac tiv i ties. From a com mer cial stand point, the use of tran sient pop u la
tions has an ad van tage. They have to be con sumed (and pur chased) on 
a con tinu ing ba sis. This en sures a con tinu ing rev e nue stream for the 
com pa ny.

The fu ture use of pro bi otic bac te ria is more dif  cult to pre dict. Some
thing hap pens in the GI tract when LAB are con sumed in large num
bers. Exactly what hap pens and why it hap pens are un clear. It is very 
im por tant that these ben e fits be stud ied in the con text of diet, wellchar
acterized pro bi otic bac te ria, in di vid ual hu man in tes ti nal eco sys tems, 
and the es tab lished prin ci ples of mi cro bial ecol ogy. Much of this lies 
out  side the scope of pure cul ture mi cro bi ol ogy and may be the work of 
fu ture food mi cro bi ol o gists.

Authors’ note
A cli max com mu nity is an 
eco sys tem in which the 
pro gres sion of spe cies has 
stopped, all  niches are filled, 
and a char ac ter is tic group of 
or gan isms is main tained.
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Table 26.3 Commercially avail  able pro bi otic prod uctsa

Product Manufacturer Market(s) Claims Microorganism Uniqueness

Yakult Yakult Japan, Aus tra lia, 
In dia, In do ne sia, 
Eu rope, South 
Ko rea, Bra zil, 
United States, etc.

Immunomodulation, con trol 
of some GI tract in fec tious 
mi cro or gan isms, reg u la tion of 
the GI tract healthy microbiota.

Lactobacillus casei Shirota 
(iden ti fied as L. paracasei based 
on DNA ho mol ogy anal y sis).

The com pany emerged in 1935 
as a sin gle-product busi ness 
with the best-in-industry 
sci en tifi  cally doc u mented 
pos i tive ef ects on hu man 
health.

Activia Dannon Sold in more than 
30 coun tries 
world wide.

The prod uct was ini tially 
ad ver tised with an em pha sis on 
re duc ing long in tes ti nal tran sit 
time. Currently, it is claimed to 
sup port proper func tion ing of 
the di ges tive sys tem.

Bifidobacterium animalis 
DN173010 (but mar keted as 
“Bifidus regularis”).

Targets in di vid u als with 
con sti pa tion.

DanActive Dannon Market sim i lar to 
that of Activia. The 
com pany claimed 
“lim ited launch” of 
the prod uct on the 
U.S. mar ket in 
2004.

Claimed to sup port the im mune 
sys tem, al though a law suit in 
2008 ques tioned the sci en tific 
va lid ity of this state ment. The 
only NIHb-approved clin i cal 
study on day care chil dren (3–6 
years old) was con ducted by 
George town University Depart-
ment of Family Medicine 
(2006–2007).

L. casei DN-114 001 (tax o nom i-
cally im prop erly mar keted as 
“L. casei Immunitas”).

May help in com bat ing di ar rhea 
and Clostridium dif  cile in el derly 
pa tients and as an ad ju vant for 
treat ment of Helicobacter py lo ri 
in fec tions. The pub lished data 
lack con sis ten cy.

GoodBelly Next Foods United States The com pany claims, “Good-
Belly is spe cifi  cally de signed to 
be en joyed daily in or der to 
boost your im mune sys tem and 
im prove di ges tive health by 
re plen ish ing your body’s healthy 
mi cro flora. GoodBelly’s pat ented 
Lp299v pro bi otic strain has been 
clin i cally proven in over 15 years 
of re search.”

Lactobacillus plantarum 299v. 
The strain/product is li censed 
from Probi AB (Swe den) 
ex clu sively for the U.S. mar ket.

According to the man u fac turer, 
this is the first non dairy 
pro bi otic bev er age on the U.S. 
mar ket de liv ered in sev eral 
at trac tive fla vors.
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ProBugs Lifeway United States Claims are very gen eral, such as 
“health sup port.”

Lactobacillus lactis, L. rhamno-
sus, Streptococcus lactis subsp. 
diacetilactis, L. plantarum, L. 
casei, Saccharomyces florentinus, 
Leuconostoc cremoris, Bifido-
bacterium longum, B. breve, 
L. ac i doph i lus, Bifidobacterium
lactis HN019, L. ac i doph i lus
NCFM.

First U.S.-marketed pro bi otic 
prod uct con tain ing, ac cord ing 
to its claims, more than 10 
pro bi otic bac te ria and yeast. 
First prod uct spe cifi  cally 
mar keted for chil dren.

Kefir Lifeway United States Same as the claims for ProBugs. Same mi cro or gan isms as in the 
ProBugs line of prod ucts.

Variety of fla vors and fat 
con tents in prod ucts.

Flapjack Reflex 
Nutrition

United Kingdom High-protein en ergy bar 
en riched with mi cro el e ments, 
vi ta min E, and a pro bi ot ic.

Lactobacillus sporogenes (Bacillus 
coagulans).

A rep re sen ta tive of a new 
gen er a tion of non dairy, 
pro bi ot ic-containing foods and 
sup ple ments con tain ing a 
spore-forming, health-promoting 
bac te ri um.

Attune 
Probiotic 
Bar

Attune Foods United States Probiotic bar avail  able in sev eral 
fla vors and in white, milk, and 
dark choc o late. Two pro bi ot ics 
are claimed to ben e fit healthy GI 
mi cro flo ras. A sim i lar prod uct is 
mar keted by Lifeway.

Marketed by Danisco as 
HOWARU Dophilus and 
HOWARU Bifido, they are L. 
ac i doph i lus NCFM and B. lactis 
HN019, re spec tive ly.

According to Danisco, L. 
ac i doph i lus NCFM is, per haps, 
the most stud ied pro bi otic that 
is likely to help with ab dom i nal 
pain, es pe cially in pa tients with 
ir ri ta ble bowel syn drome.

aCourtesy of Mi chael Chikindas, Rutgers University.
bNIH, National Institutes of Health.



|  Chapter 26486

Suggested read ing
EFSA. 2012. EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA); 
Scientific Opinion on the sub stan ti a tion of health claims re lated to noncharacterised 
mi croorganisms (ID 2936, 2937, 2938, 2941, 2944, 2965, 2968, 2969, 3035, 3047, 3056, 
3059, fur ther as sess ment) pur su ant to Article 13(1) of Regulation (EC) No 1924/2006. 
EFSA J 10(8):2854.  doi:10. 2903/ j. efsa. 2012. 2854.  www . efsa. europa. eu/ efsajournal

Gar cia P, Rodriquez L, Rodriquez A, Martinez B. 2010. Food biopreservation: prom is
ing strat e gies us ing bac te rio cins,bac te rio phages, and endolysins. Trends Food Sci Tech 
21:373–382.

Hemarajata P, Versalovic J. 2012. Efects of pro bi ot ics on gut microbiota: mech a nisms 
of in tes ti nal immunomodulation and neuromodulation. Ther Adv Gastroenterol 6:39–51.

Hintz T, Mat thews KR, Di R. 2015. The use of plant an ti mi cro bial com pounds for food 
pres er va tion. BioMed Res Int 2015:246264. http:// dx. doi. org/ 10. 1155/ 2015/ 246264

Kechagia M, Basoulis D, Konstantopoulou S, Dimitriadi D, Gyftopoulou K, Skarmout-
sou N, Fakiri EM. 2013. Health ben e fits of pro bi ot ics: a re view. ISRN Nutr 2013:481651. 
doi:10.5402/2013/481651. 

Ramu RP, Shirahatti S, Devi AT, Prasad A, Kumuda J, Lochana MS, Zameer F, 
Dhananjaya BL, Nagendra PMN. 2015. Bacteriocins and their ap pli ca tions in food 
pres er va tion. Crit Rev Food Sci Nutr http://www.tandfonline.com/doi/abs/10.1080 
/10408398.2015.1020918?journalCode=bfsn20

Yang SC, Lin CH, Sung CT, Fang JY. 2014. Antibacterial ac tiv i ties of bac te rio cins: 
ap pli ca tion in foods and phar ma ceu ti cals. Front Microbiol 5:Article 241. doi:10.3389 
/fmicb.2014.00241.

Summary

•  Refrigeration alone is in suf  cient to en sure mi cro bial food safe ty.

•  LAB may be used to pro duce acid “in place” when a food is held at tem per a tures that are too warm. 
The acid i fi ca tion pre vents path o gens from grow ing and mak ing tox in.

•  Bacteriocins are small pro teins that kill sen si tive bac te ria by mak ing pores in them.

•  Lantibiotic bac te rio cins have un usual amino ac ids and sin gle sul fur rings.

•  Pediocin-like bac te rio cins have a com mon leader se quence and cleav age site and are ac tive against Listeria 
monocytogenes.

•  Bacteriocins can be pro duced by GRAS LAB in the food or added to the food as “nat u ral pre ser va tives” if they 
are ap proved as food ad di tives or have GRAS af r ma tion.

•  The genes for bac te rio cins, their reg u la tion, and the en zymes that pro cess them are grouped to gether in an 
op er on.

•  Polylysine is an other pep tide an ti mi cro bial but is dif er ent from lantibiotics of pediocin-like bac te rio cins.

•  Probiotic bac te ria are thought to give health ben e fits by im prov ing the bal ance of bac te ria in the in tes tines.

•  Possible health ben e fits for pro bi ot ics in clude de creased cho les terol, in creased abil ity to use lac tose, in creased 
im mune func tion, de creased symp toms of di ar rheal ill ness, and an ti can cer ac tion.

•  The hu man GI tract is a com plex eco sys tem. This makes the study of pro bi ot ics dif  cult.
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Questions for crit i cal thought
 1.  How might the tem per a ture of your re frig er a tor in flu ence ac tion of biopreservation 

meth ods?

 2.  Why does the pH drop in Wis con sinpro cess ba con?

 3.  What were the orig i nal six char ac ter is tics used to de ter mine if an in hib i tor was a 
bac te rio cin?

 4.  How does an or gan ism that pro duces a bac te rio cin pro tect it self from the ac tion of
that bac te rio cin?

 5.  Why does it ben e fit the bac te rium to have all  the genes in volved in bac te rio cin syn
the sis and reg u la tion clus tered in an op er on?

 6.  Choose two prod ucts from Table 26.3 and search the lit er a ture to sub stan ti ate their
health ben e fit. Based on your re search, de fend which prod uct you would use.

 7.  If hu mans con tain 1013 to 1014 bac te rial cells, why don’t we be come sick from the
byprod ucts they pro duce dur ing growth?

 8.  List and dis cuss fac tors that in flu ence the con clu sions of stud ies on the health ben
e fits of pro bi ot ics.

 9.  What are the dif er ences be tween Fuller’s defi  ni tion and the FAO/WHO defi  ni tion
of “pro bi ot ic”? Why does it mat ter how pro bi ot ics are de fined?

  10.  Why would it be ad van ta geous to pro duce a bac te rio cin in, e.g., cheese, rather than
add ing the pure com pound?

  11.  How can a small pep tide (∼10 to 15 amino ac ids) be made if it is not ribosomally
syn the sized?

  12.  The International Agency for Research on Cancer (IARC), part of the WHO, in di
cated that con sump tion of pro cessed meat may in crease the risk of can cer. As we
learned, ni trites are used in cured meats to con trol C. bot u li num. Are there nat u ral
al ter na tives to the use of “chem i cal” ni trites? Would the source of the ni trite change 
the po ten tial risk? Defend your an swer.
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INTRODUCTION
Conditions too stress ful for mi cro bial growth can dam age cells. Minor 
stresses in hibit cell growth. Major stresses kill cells. Thus, food en vi ron
ments can be ma nip u lated to in hibit or kill mi crobes. Physical ma nip u
la tion of foods can in hibit mi cro bial growth, kill cells, or me chan i cally 
re move them from the food. Dehydration, re frig er a tion, and freez ing in
hibit mi cro bial growth. Microbes can be killed by heat ing. This chap ter 
dis cusses these phys i cal pres er va tion meth ods, which are tra di tional and 
es sen tial meth ods of food pres er va tion and mi cro bial in ac ti va tion.

PHYSICAL DEHYDRATION PROCESSES
Drying
Heat evap o rates wa ter dur ing the dry ing of foods. Both the dry ing tem
per a ture and the de creased wa ter ac tiv ity (aw) af ect the mi crobes. Factors 
such as the size and com po si tion of food pieces and the timetemperature 
com bi na tions used in dry ing in flu ence the mi cro bi o log i cal ef ect of 
dry ing.

When air is used for dry ing, ini tially the tem per a ture is low and the 
rel a tive hu mid ity is high. The size and com po si tion of the food par ti cle 
de ter mine the length of this phase. If the par ti cle is large and the ma te
rial dense, this phase can be long, al low ing mi crobes to grow. During 
later phases of dry ing, the tem per a ture is high but the rel a tive hu mid ity 
is low. This pro vi des no op por tu nity for growth, but it is not very le thal 
ei ther. The higher tem per a tures re sult in lower mois ture con tent, and dry 
heat is less le thal than wet heat. If the dry ing lasts long enough (at least 
30 min), there are timetemperature com bi na tions that kill mi cro bial cells. 
With cer tain dry ing meth ods, the sur face tem per a ture may reach 100°C, 
while the in ter nal tem per a ture re mains lower. This kills sur face mi crobes 
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but not those in the food’s in te rior. Lethal com bi na tions of high tem per
a ture and high hu mid ity are rare dur ing dry ing. In fact, the ma jor cause 
of mi cro bial death is the hightemperature, lowhumidity con di tions which 
last long af ter the ac tual dry ing. Cell pop u la tions de crease dur ing stor
age be cause in jured cells that can not re cover at low aw grad u ally die.

The aw val ues of dried foods are usu ally much lower than the min i
mum aw re quired for mi cro bial growth. Therefore, dried prod ucts are 
mi cro bi o log i cally sta ble. If the rel a tive hu mid ity in creases or the tem
per a ture drops, con den sa tion on the prod uct sur face may per mit mold 
growth.

Think about a dried food prod uct like beef, tur key, or ven i son jerky, a 
pro teinrich snack that may be at risk for mi cro bial con tam i na tion. The 
USDA Food Safety and Inspection Service (FSIS) pro vi des guid ance on 
dry ing of meat jerky prod ucts. The rec om men da tion for mak ing jerky 
safely is to heat meat to 160°F and poul try to 165°F be fore the de hy drat
ing pro cess. This rec om men da tion was made af ter ill nesses oc curred 
as so ci ated with con tam i na tion by Salmonella and Escherichia coli O157:H7 
of home made jerky. This step as sures that any bac te ria pres ent will be 
de stroyed by wet heat, es pe cially given the fact that af ter dry ing, path o
genic bac te ria may be more re sis tant to heat.

Freeze-Drying
Freezedrying (ly oph i li za tion) com bines two pres er va tion meth ods. It 
freezes the food and then de hy drates the fro zen food through vac uum 
sub li ma tion of the ice. That is, wa ter moves from the ice state to the va
por state with out  be com ing liq uid. This is a gen tle way to re move wa ter. 
In other dry ing meth ods, the so lu tion moves to the food sur face, where 
the wa ter leaves and the sol utes con cen trate. During freezedrying, the 
sub li ma tion front moves into the food and the ice sub li mates where it is 
formed. Thus, sol utes re main in side the food at their orig i nal lo ca tion, 
and the food re tains its orig i nal struc ture. As a re sult, freezedried foods 
re hy drate rap idly to 90 to 95% of their orig i nal mois ture con tent. Unfor
tunately, the large sur face area of freezedried foods makes them vul
ner a ble to ox i da tion dur ing stor age. Packaging freezedried foods in in ert 
at mo spheres de lays ox i da tion. Vaporimpermeable pack ag ing pre vents 
their re hy dra tion dur ing stor age.

The freezedrying of foods in hib its mi cro bial growth by de creas ing 
aw dur ing freez ing and by the sub li ma tion of the ice. The ex tents of cell 
dam age in these two phases may be dif er ent. Microbial sur vival also de
pends on the com po si tion of freezedried food. Carbohydrates, pro teins, 
and col loi dal sub stances are usu ally pro tec tive. Cell vi a bil ity slowly de
creases dur ing stor age of freezedried foods.

Freezedrying is op ti mized for cell sur vival dur ing the pres er va tion 
of stock cul tures. Research lab o ra to ries may store or ship bac te ria and 
vi ruses in their ly oph i lized state, which means these mi cro or gan isms are 
ca pa ble of sur viv ing the pro cess. Low de hy dra tion tem per a ture, pro tec tive 
ad di tives (such as glyc erol or non fat dried milk sol ids) in the mi cro bial 
sus pen sion, and stor age of ly oph i lized cul tures un der vac uum in crease 
vi a bil ity. Grampositive bac te ria sur vive freezedrying bet ter than Gram
negative bac te ria.

Authors’ note
Freeze-dried foods are quickly 
grow ing in pop u lar ity. Freeze-
dried fruits and veg e ta bles are 
avail  able in con ve nient snack 
pack ages mar keted to chil dren 
and adults, and pet spe cialty 
re tail sales of freeze-dried dog 
and cat food in creased 64% in 
the year 2015, from $25 mil lion 
to $40 million.
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COOL STORAGE
Cool (or chill) stor age re fers to stor age at tem per a tures from about 16 to 
−2°C. While pure wa ter freezes at 0°C, most foods re main un fro zen un
til ≤−2°C. However, many fruits and veg e ta bles suf er from a chill ing 
in jury when kept at <4 to 12°C. The length of cool stor age may vary from 
a few days to sev eral weeks (Table 27.1).

Chemical re ac tion rates de crease as tem per a tures de crease. This de
creases mi cro bial growth rates. Refrigeration tem per a ture is be low the 
min i mal growth tem per a ture of most foodborne mi crobes (see chap ter 2). 
Even psychrotrophic mi crobes such as Yersinia enterocolitica, Vibrio para-
haemolyticus, Listeria monocytogenes, and Aeromonas hydrophila grow very 
slowly at low tem per a tures. A tem per a ture in crease of only a few de grees 
can dra mat i cally in crease mi cro bial growth rates. Refrigerated foods can 
also spoil rap idly if their ini tial mi cro bial pop u la tions are high. Since the 
tem per a ture re quire ments for var i ous mi crobes dif er, re frig er a tion may 
change the ecol ogy of the mi cro bial pop u la tion.

The tem per a ture range over which an or gan ism can grow de pends on 
its abil ity to reg u late mem brane flu id ity. At low tem per a tures, psychro
trophs have more un sat u rated fatty acid res i dues and more branched
chain fatty ac ids in their lip ids. This leads to a de crease in lipid melt ing 
point (i.e., in creased flu id ity). The fluid state al lows mem brane pro teins to 
func tion. The idea that cells al ter their fatty acid com po si tions to main tain 
mem brane flu id ity is termed homeoviscous ad ap ta tion. The high sen si
tiv ity of mass spec trom e try is an ideal tool for study ing lipidomics and 
this ad ap ta tion al low ing de tec tion and quan ti fi ca tion.

Controlled-Atmosphere Storage
The min i mal growth tem per a ture is low est when other fac tors are op ti
mal. When other fac tors are un fa vor able, the min i mal growth tem
per a ture in creases. The most im por tant fac tors are pH, aw, and ox y gen 
con cen tra tion. Adding re frig er a tion to this sub op ti mal com bi na tion of 
fac tors ex tends food sta bil ity. Controlledatmosphere stor age is widely 
used for cer tain fruits and veg e ta bles to slow rip en ing and as so ci ated 
bio chem i cal and phys i o log i cal changes, par tic u larly slow ing down rates 
of res pi ra tion, eth yl ene pro duc tion, soft en ing, and com po si tional changes. 
The ox y gen con tent is re duced (2 to 5%) and the car bon di ox ide con tent 
in creased (8 to 10%). These con di tions are main tained in air tight chilled 

Authors’ note
While be yond the scope of this 
book, the pres er va tion of 
bac te ria in “cul ture col lec tions” 
is a ne glected as pect of food 
mi cro bi ol ogy. Many mi cro bi ol o-
gists are am a teur nat u ral ists, 
main tain ing their own pri vate 
cul ture col lec tions and trad ing 
cul tures with their col leagues 
like base ball cards. However, 
bac te rial traits can “drift” over 
years of re peated trans fer. It is 
bet ter to get cul tures in the 
freeze-dried form from a 
rec og nized cul ture col lec tion 
such as the Amer i can Type 
Culture Collection. Secure forms 
of cul ture pres er va tion are 
es sen tial for pro cess se cu rity 
and re search re pro duc ibil i ty.

Authors’ note
While the im por tance of 
re frig er a tion is well rec og nized, 
20% of re frig er a tors have 
tem per a tures of >50°F! Do not 
count on them to en sure food 
safety. How of ten have you 
seen a ther mom e ter in a 
re frig er a tor? Do you have one?

Table 27.1 Shelf life ex ten sion of raw foods by cool stor agea

Food
Avg use ful stor age life (days) at:

0°C (32°F) 22°C (72°F)

Meat 6–10 1

Fish 2–7 1

Poultry 5–18 1

Fruits 2–180 1–20

Leafy veg e ta bles 3–20 1–7

Root crops 90–300 7–50

a  Adapted from Farkas J, p 567–591, in Doyle MP, Beuchat LR, Montville TJ, ed, Food 
Microbiology: Fundamentals and Frontiers, 2nd ed, ASM Press, Wash ing ton, DC, 2001.
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stor age rooms where qual ity de te ri o ra tion and mi cro bial growth are 
closely mon i tored.

Carbon di ox ide in hib its growth for sev eral rea sons. When dis solved in 
wa ter, car bon di ox ide re duces the pH. However, the pri mary mech a nism 
is di rect in hi bi tion of mi cro bial res pi ra tion (see chap ter 2). The re duced 
ox y gen lev els con trib ute to car bon di ox ide’s in hib i tory ef ect. Psychro
trophic spoil age bac te ria such as Pseudomonas and Acinetobacter are par
tic u larly sen si tive to car bon di ox ide, while lac tic acid bac te ria and yeasts 
are not.

Modified-Atmosphere Packaging
Modifiedatmosphere pack ag ing (MAP) is sim i lar to con trolledatmosphere 
stor age. In the case of vac u umpackaged prod ucts, the air pres sure rather 
than com po si tion is changed. The re sid ual air pres sure of only 0.3 to 0.4 
bar (1 bar = 105 pas cals = 14.5 pounds per square inch [lb/in2]) re duces the 
avail  able ox y gen. If pack ag ing films with very low gas per me abil ity are 
used for fruits and veg e ta bles, the car bon di ox ide con cen tra tion may 
in crease. This is be cause ox y gen is used and car bon di ox ide is pro duced 
dur ing res pi ra tion. This mod i fied at mo sphere is very in hib i tory to cer
tain mi crobes and in creases the keep ing qual ity of foods. However, Clos-
tridium bot u li num (and other an aer obes) grows well in the ab sence of O2 
and may be a haz ard. Because of this, some vac u umpacked foods, es pe
cially pas teur ized foods, should be kept be low 3.3°C and may re quire sec
ond ary bar ri ers to mi cro bial growth.

MAP for re spir ing prod ucts like fresh fruit and veg e ta bles is com pli
cated. The gas per me abil ity of the pack ag ing film must equil i brate the at
mo sphere in the pack age. The pack age at mo sphere is af ected by the rate 
at which res pi ra tion and gas per me abil ity change with tem per a ture. Spe
cific MAP con di tions may vary with the type of veg e ta ble and its res pi
ra tion rate. MAP could ex tend the shelf life of many per ish able prod ucts, 
but its ad ap ta tion is hin dered by con cern about growth of path o gens at 
re frig er a tion tem per a tures. Fish and fish prod ucts pose a risk for C. 
bot u li num growth in MAP prod ucts. The U.S. National Academy of Sci
ences rec om mends that fish not be packed un der mod i fied at mo spheres 
un less its safety un der such con di tions has been proven ex per i men
tally. The de vel op ment of pack ag ing films is a tech no log i cally ad vanced 
sci ence with con tin u ous ad vances.

FREEZING AND FROZEN STORAGE
Many con ve nience foods are fro zen to main tain their high qual ity. Freez
ing is, how ever, a highly en er gyintensive pro cess. Commercially, foods 
are fro zen to <−18°C in cold air, by con tact with a cooled sur face, by sub
mer sion into the cold re frig er ant liq uid (such as liq uid ni tro gen), or by 
spray ing the re frig er ant onto the food (see Box 27.1).

Foods freeze over a broad tem per a ture range rather than a sin gle 
wellde fined tem per a ture. Depending on the foods’ com po si tion, wa ter 
starts freez ing at −1 to −3°C. This ini tial freez ing in creases the sol ute con
cen tra tion in the wa ter not yet fro zen. This fur ther de creases the freez
ing point. This con tin ues un til the tem per a ture where the sol utes reach 
their sol u bil ity limit, and the re sid ual wa ter freezes. This is called the 

Authors’ note
What Clostridium bot u li num 
type might be found on the 
fish in this sit u a tion? Check 
out  chap ter 10 if you don’t 
re mem ber.



Physical Methods of Food  Preservation  | 493

Box 27.1
Clarence Birdseye, a scientist but not quite a microbiologist

When you think of freez ing foods, do 
you think of Clarence Frank Birdseye 
II? In 1925 Birdseye un veiled his 
ul ti mate in ven tion, the Quick Freeze 
Machine. Birdseye was in volved in 
>300 pat ents, with many in volv ing 
food, in clud ing dehydrated foods 
and the concept of the cold chain. 
How did Birdseye think of freez ing 
food?

Born in 1886, Birdseye had a 
nat u ral ist’s cu ri os ity, a love of food, 
and a strong en tre pre neur ial streak. 
At the age of 10, he was hunt ing and 
ex port ing live musk rats and teach-
ing him self taxi der my. He stud ied 
sci ence in col lege (Am herst), but 
had to drop out  for fi nan cial 
rea sons. Forced to sup port him self, 
he joined var i ous sci en tific ex pe di-
tions that took him to re mote 
places, in clud ing Lab ra dor, where 
he spent sev eral years in the fur 
busi ness.

On all  these trips, he liked to 
ex per i ment with what ever fresh food 
was on hand. In the Southwest, he 
ate slices of rat tle snake fried in pork 
fat. From Lab ra dor, he wrote let ters 
home that de scribed ex otic meals 
like lynx mar i nated in sherry, 

por cu pine, po lar bear meat, and 
skunk.

Up un til the 1920s in Amer ica, frozen 
fish was the food of last re sort. 
When it thawed it was “mushy and 
less ap peal ing than even canned 
food,” writes Mark Kurlansky, author 
of Birdseye: The Adventures of a 
Curious Man. But in Labrador, 
Birdseye learned from the In uit how 
to fish trout from holes in the ice 
and watch it freeze in stant ly in the 
air, which reg is tered at 30 de grees 
be low zero. And when it was cooked, 
it tasted like fresh trout.

Here is Figure 1 from United 
States pat ent #1,773,079 is sued to 
Clarence Birdseye for the pro duc-
tion of quick-frozen fish. As 
de scribed here, Birdseye was 
think ing about frozen foods with 
regard to food quality, but freez ing 
also plays an im por tant role in the 
mi cro bi ol ogy of foods.

If you were go ing to de velop a 
unique food pro cess ing tech nol ogy, 
what might it be?
Kurlansky M. 2012. Birdseye: The Adven-
tures of a Curious Man. Anchor Books, 
New York, NY.

eu tec tic tem per a ture. The to tally fro zen state is a com plex sys tem of ice 
crys tals and crys tal lized sol u ble sub stances. It oc curs at −15 to −20°C for 
fruits and veg e ta bles and be low −40°C for meats.

Freezing pro duces an os motic shock in the mi crobes. Intercellular 
ice crys tal for ma tion causes me chan i cal in jury. The con cen tra tion 
of cel lu lar liq uids changes the pH and ionic strength. This in ac ti vates 
en zymes, de na tures pro teins, and in hib its met a bolic pro cesses. Cell mem
branes suf er the ma jor dam age. In ad di tion, thaw ing re ex poses sur
viv ing cells to these ef ects. The in jury of mi cro bial cells may be re vers ible 
or ir re vers ible. The ex tents of in jury and re pair and rates of mi cro bial 
death and sur vival vary ac cord ing to the freez ing, fro zen stor age, and 
thaw ing con di tions.
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The freez ing rate has a ma jor im pact on mi cro bial vi a bil ity. During 
slow freez ing, crys tal li za tion oc curs ex tra cel lu larly and the cell’s cy to
plasm be comes su per cooled at −5 to −10°C. Cells lose wa ter that then 
freezes ex tra cel lu larly. Water crys tal li za tion in creases the con cen tra tion 
of sol utes in the ex ter nal so lu tion. This crys tal li za tion also re moves wa
ter from the cells. Overall, the mi crobes are ex posed to os motic ef ects 
for a rel a tively long time. This in creases in jury. Increased freez ing rates 
de crease the du ra tion of the os motic ef ects. This in creases mi cro bial 
sur vival. When freez ing rates are too high, crys tal for ma tion also oc curs 
in tra cel lu larly. This in jures the cells dras ti cally and de creases sur vival 
rates. Freezing rates also af ect food qual ity. Faster freez ing re sults in 
higher qual ity. However, while food man u fac tur ers can op ti mize freez ing, 
they have lit tle con trol over thaw ing, which has an equally im por tant 
ef ect.

The food en vi ron ment has the most im por tant in flu ence when  mi crobes 
are fro zen. Certain com pounds en hance, while oth ers di min ish, freez ing’s 
le thal ef ects. Sodium chlo ride re duces the freez ing point of so lu tions, 
thereby ex tend ing the time dur ing which cells are ex posed to high sol ute 
con cen tra tions be fore freez ing oc curs. Compounds such as glyc erol, sac
charose, gel a tin, and pro teins gen er ally pro tect cells from freeze dam age.

Microbes do not grow at tem per a tures be low about −8°C. The fate 
of  mi crobes sur viv ing freez ing may change dur ing stor age. Often 
the death of sur vi vors is fast ini tially and slows grad u ally, and fi nally 
the sur vival level sta bi lizes. Death dur ing fro zen stor age is prob a bly 
due to the un fro zen, very con cen trated re sid ual so lu tion. The re sid ual 
so lu tion may change dur ing stor age. At fluc tu at ing tem per a tures, such as 
those in a home freezer with au to matic de frost, the size of the ice crys
tals may in crease. Fluctuating tem per a tures are more le thal than sta
ble ones.

Although freez ing and fro zen stor age re duce mi cro bial vi a bil ity, freez
ing is not con sid ered a le thal pro cess. Under some con di tions, sur vi vors 
can grow dur ing thaw ing. Their lev els may then equal or ex ceed the level 
be fore freez ing. Thawing re leases a nu tri entrich so lu tion from the food 
cells. During thaw ing, mi crobes can pen e trate dam aged food tis sue more 
eas ily, and liq uid con denses on the food sur face. These con di tions fa vor 
mi cro bial growth. Refreezing thawed prod ucts can be dan ger ous; they 
are es pe cially vul ner a ble to rapid mi cro bial spoil age.

PRESERVATION BY HEAT TREATMENTS
Heat is the most widely used method for kill ing mi crobes. For a food 
mi cro bi ol o gist, a mi crobe’s heat re sis tance is one of its most im por tant 
traits.

Pasteurization (named af ter Louis Pas teur [Box 27.2]) is a rel a tively 
mild heat treat ment. Pasteurization’s pur pose is to kill nonsporeform
ing path o gen ic bac te ria. It also in ac ti vates en zymes and kills many (99 to 
99.9%) spoil age or gan isms. Because of this, pas teur ized foods take lon
ger to spoil, es pe cially when re frig er ated to de lay the growth of sur viv ing 
or gan isms.

Sterilization kills all  mi crobes. The goal of com mer cial ster il i za
tion is free dom from path o gens and shelf sta bil ity rather than ab so
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Box 27.2
Louis Pas teur, the first food microbiologist

Louis Pas teur (1822–1895) is one of 
the mythic gi ants of sci ence but 
was also a man of great hu mil ity 
and in teg rity. He was not a par tic u-
larly good stu dent as a child. He 
pre ferred to go fish ing or to paint. 
But his life bent to ward sci ence 
when, at 26, he “dis cov ered” 
ste reo chem is try, i.e., that some 
ac ids could ex hibit “hand ed ness” by 
bend ing light to the left or to the 
right. He con cluded that life was 
asym met ric and aban doned 
chem is try to study bi  ol o gy.

Pas teur the bi  ol o gist “fa thered” 
sev eral more dis ci plines. Until this 
time, many peo ple thought that life 
“popped up” spon ta ne ously and 
that fer men ta tion was a chem i cal 
pro cess. Pas teur dis proved this us ing 

a sim ple but el e gant ex per i ment 
with curved-neck flasks (see the 
drawing). They were full of cul ture 
me dium that would sup port 
bac te rial growth, but the curved 
neck pre vented bac te ria from 
en ter ing. These flasks, some of 
which are still on ex hibit at the 
Institut Pas teur, re mained ster ile. By 
show ing that “life comes from life,” 
he killed the idea of spon ta ne ous 
gen er a tion. From this, he pos tu lated 
that fer men ta tion was a bi o log i cal 
rather than chem i cal pro cess. Milk, 
wine, and beer spoil age caused by 
“fer ments” could be stopped by 
heat ing for a few min utes at rel a tively 
low tem per a tures, a pro cess we now 
know as “pas teur i za tion.” Pas teur 
was the first food mi cro bi ol o gist!

Pas teur is also the fa ther of im mu-
nol ogy, hav ing de vel oped an i mal 
vac cines for chol era and an thrax. 
He did not want to test vac ci na tion 
on hu mans, fear ing the guilt and 
ig no miny that he would re ceive if 
some one died. His hand was 
forced, how ever, when a woman 
named Madame Meister ap peared 
at his lab o ra tory with her 9-year-old 
son, Jo seph. Jo seph had been 
mauled by a ra bid dog 2 days ear lier 
and would cer tainly die with out  a 
ra bies vac ci na tion. With fear in his 
heart, Pas teur treated the boy, who 
re cov ered and worked at the Institut 
Pas teur for the rest of his life. 
Jo seph Meister’s loy alty to Pas teur 

is leg end ary. There is a story that 
when the Ger mans over ran France 
in 1940, they sought to dis in ter 
Pas teur in ret ri bu tion for his re fusal 
to ac cept an hon or ary de gree from 
the University of Bonn. Meister took 
his own life rather than open the 
crypt of his sav ior.

We live in an age that de bates the 
worth of “ba sic” ver sus “ap plied” 
sci ence. Some feel that ba sic sci ence 
is “bet ter” sci ence. Others see no 
need to pay for re search un less it 
ad dresses some cur rent prob lem. 
We would do well to re mem ber the 
words of Louis Pas teur: “There does 
not ex ist . . . a sci ence one can give 
the name ap plied sci ence. There are 
sci ence and the ap pli ca tion of 
sci ence, bound to gether as the fruit 
and the tree which bears it.”

Illustration of a curvedneck flask of 
the type used by Pas teur.

Portrait of Louis Pas teur in his 
lab o ra tory (1885), by the Finn ish art ist 
Al bert Edelfelt.

lute ste ril ity. A prod uct may con tain a vi a ble spore that can not grow 
(due to low pH, low aw, etc.) and still be “com mer cially ster ile.” Clos-
tridium bot u li num spores, for ex am ple, may be pres ent in highacid 
foods. Because they can not ger mi nate and grow, they do not pres ent a 
haz ard. This level of com mer cial ste ril ity can be ob tained in a small 
pres sure cooker or in the gi ant re torts used in com mer cial can ning 
(Fig. 27.1).
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Technological Fundamentals
Foods can be heat pro cessed af ter or be fore pack ag ing. The most com
mon method is to heat af ter pack ag ing by can ning. Canning is the com
mer cial ster il i za tion of food in her met i cally sealed con tain ers.

Ni co las Appert in vented the can ning pro cess in the early 1800s. His 
re search was in re sponse to Napoleon’s of er of a prize for the de vel op
ment of a food pres er va tion method that would ex tend the range of his 
troops. Canned foods—the C ra tions of World War II or to day’s MRE 
(meal, ready to eat)—re main the sta ple of sol diers around the world.

Foods and their pack ag ing ma te rial can be ster il ized sep a rately. The 
food is then placed asep ti cally (in a ster ile en vi ron ment) into the pack
age. This pro cess is called asep tic pack ag ing. Postprocess con tam i na tion 
can oc cur if bac te ria are not rig or ously ex cluded from the pack ag ing 
area. Aseptic tech nol ogy is widely used for fruit juices, dairy prod ucts, 
creams, sauces, and soups that would suf er qual ity loss if heated for long 
pe ri ods. These prod ucts are most of ten pack aged in boxes (like the juice 
boxes chil dren take to lunch). Aseptic pro cess ing of liq uids that con tain 
par tic u lates (in di vid ual food pieces) is tech ni cally chal leng ing.

Hightemperature, shorttime (HTST) heat ing con sists of rapid heat
ing to tem per a tures of about 140°C, hold ing for sev eral sec onds, and 
then rapid cool ing. This pro duces shelfstable food. HTST pro cesses im
prove prod uct qual ity, pro cess ef  ciency, and the shelf life of a food. HTST 
heat ing pre serves nu tri ents and sen sory at tri butes bet ter than con ven
tional pro cess ing which sub jects foods to lower tem per a tures for long 
pe ri ods. Juice boxes, drink pouches, and a va ri ety of con di ments are 
made us ing HTST tech nol o gy.

Figure 27.1

A pres sure cooker that is used in home 
can ning is ac tu ally a small re tort.

Authors’ note
Note that foods can be 
“canned” in glass jars, in foil 
pouches, and in other types 
of con tain ers be sides cans.
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The mild heat ing of pack aged foods com bined with wellcontrolled 
re frig er a tion pro duces a prod uct of very high qual ity. Such prod ucts, 
also known as REPFEDs (i.e., re frig er ated pro cessed foods of ex tended 
du ra bil ity), cookchill prod ucts, or sous vi de meals (foods mildly heated 
within vac uum packs), are be com ing very pop u lar.

However, some types of C. bot u li num can grow at tem per a tures as low 
as 3.0°C and are a haz ard in these foods. The Food and Drug Administra
tion (FDA) re quires a sec ond hur dle (i.e., a pre ser va tive) in ad di tion to re
frig er a tion to en sure the safety of these foods.

Thermobacteriology
“Wet” heat (e.g., steam) kills mi crobes by de na tur ing nu cleic ac ids, pro
teins, and en zymes. DNA dam age may be the key event in kill ing veg e
ta tive cells. In spores, the ger mi na tion sys tem is the most heatsensitive 
com po nent. During mild heat ing, cy to plas mic mem branes are a ma jor 
site of in jury. Dry heat is less le thal than wet heat and kills more slowly 
by de hy dra tion and ox i da tion. Because of these dif er ent mech a nisms, 
dry heat needs higher tem per a tures and lon ger times to cause the same 
le thal ity as wet heat.

The death of a bac te rial pop u la tion by con stanttemperature heat
ing has log a rith mic ki net ics. That is, an equal time at a given tem per
a ture kills an equal per cent age of the bac te ria, re gard less of the num ber 
of bac te ria pres ent. For ex am ple, if 5 min of boil ing kills 90% of the 
bac te ria, 10 min will kill 99% and 15 min will kill 99.9%. In the ory, the 
kill can never reach 100%. Another way to look at this is that if the ini
tial bac te rial num ber were 100,000, af ter 5 min the num ber would be 
re duced to 10,000. Similarly, if the ini tial num ber were 10,000,000, af
ter 5 min 1,000,000 would still be alive. It should be ev i dent that when 
many bac te ria are pres ent, a 90 or 99% re duc tion may not in crease the 
safety of the prod uct. Fig. 27.2 shows the arith me tic and log trans form 
of le thal ity da ta.

This neg a tive ex po nen tial curve is ex pressed by the equa tion

N = N0 e−k·t

In this equa tion, N is the num ber of vi a ble cells af ter any time (t) of 
heat ing, N0 is the ini tial num ber of vi a ble cells, and k is the rate con stant 
(time−1) for de struc tion at tem per a ture T. If N0, k, and t are known, N 
can be cal cu lated. Similarly, if N0 and k are known, the time (t) re quired 
to re duce a pop u la tion to N bac te ria can be de ter mined.

The above may seem com pli cated. Fortunately, when the log10 num
ber of vi a ble bac te ria is graphed against the time of heat ing, the re sul
tant sur vival curve is lin ear (Fig. 27.3). In this loglinear curve, the 
time it takes to re duce the num ber of vi a ble bac te ria 10fold (i.e., 1 log, 
or 90%) is called the D value, or dec i mal re duc tion value. In food mi
cro bi ol ogy, the D value is sim i lar to the con cept of the chem i cal rate 
con stant, k.

Survival curves show the rate of de struc tion of a spe cific or gan ism in 
a spe cific me dium or food at a spe cific tem per a ture. Under given con di
tions, the death rate at any given tem per a ture is con stant and in de pen
dent of the ini tial cell num ber. The log a rithms of D val ues plot ted 

Authors’ note
Should food be thought of as 
“du ra ble”?

Authors’ note
The D value is in versely re lated 
to k by the equa tion DT = 2.3/kT.
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Graph il lus trat ing lin ear and log a rith mic plots of the same data for vi a bil ity of a 
bac te rial pop u la tion that is heated at a con stant tem per a ture. The black plot should 
be read us ing the lin ear (left) y axis. The red plot cor re sponds to log10 val ues and 
should be read us ing the log10 (right) y ax is.
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The bac te rial sur vival curve shows the log a rith mic or der of bac te rial 
death from which the D value is de rived. Redrawn from Farkas J, 
p 567–591, in Doyle MP, Beuchat LR, Montville TJ, ed, Food Microbiology: 
Fundamentals and Frontiers, 2nd ed, ASM Press, Wash ing ton, DC, 2001.

against the heat ing tem per a tures give the ther mal death time curve 
(Fig. 27.4). The ther mal death time is the time nec es sary to kill a given 
num ber of or gan isms at a spec i fied tem per a ture.

The D value gives the mi crobe’s heat re sis tance at a sin gle tem per
a ture. However, in heat pro cess ing, mi crobes are ex posed to many 
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tem per a tures as the prod uct heats up to the pro cess ing tem per a ture, 
holds it, and then cools of. Higher tem per a tures have greater le thal ity 
(smaller D val ues) than lower tem per a tures. The ther mal death time 
curve shows how heat re sis tance changes at dif er ent tem per a tures. 
This en ables one to cal cu late the cu mu la tive le thal ity of each timetem
perature com bi na tion en coun tered dur ing the pro cess.

The z value de scribes how le thal ity changes with tem per a ture. The z 
value is the tem per a ture in crease (i.e., num ber of de grees) re quired to 
re duce the D value by a fac tor of 10. Graphically, it is equal to the slope of 
the ther mal death time curve. The z value can also be cal cu lated from 
the equa tion

t2 = t1 × 10 (T1−T2)(z)−1

where T1 is the higher of the two tem per a tures at which the D value is t1, 
T2 is the lower tem per a ture at which the D value is t2, and z is the num
ber of de grees re quired to change the D value by a fac tor of 10. For ex am
ple, if the D value at 250°F were 2 min and the z value were 18°F (typ i cal 
for many spores), then the D value at 232°F would be 20 min. It takes an 
18°F change in tem per a ture to cause a 10fold change in D value. What 
would be the D value at 268°F?

Know the dif er ence:
The D val ue is the time (in min utes) it takes at a given tem per a ture to 

de crease vi a bil ity by a fac tor of 10.
The z val ue is the num ber of de grees it takes to change the D value by 

a fac tor of 10.
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The ther mal death time curve il lus trates the z and 
F val ues. Tr, ref er ence tem per a ture; τ, death time. 
Redrawn from Farkas J, p 567–591, in Doyle MP, 
Beuchat LR, Montville TJ, ed, Food Microbiology: 
Fundamentals and Frontiers, 2nd ed, ASM Press, 
Wash ing ton, DC, 2001.
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The heat re sis tances (D val ues) and how they change with tem per a
ture (z value) are influ enced by many fac tors (e.g., pH and aw) and dif er 
among mi cro bial spe cies. Bacterial spores are more heat re sis tant than 
veg e ta tive cells of the same spe cies. Some spores sur vive for min utes at 
120°C or for hours at 100°C. Less heatresistant spores have D100°C val ues 
of <1 min. Vegetative cells of bac te ria, yeasts, and molds can have D val
ues of <0.1 min at 70 to 80°C.

The age of the cells, their growth phase, the growth tem per a ture, 
growth me dium com po si tion, ex po sure to prior stress ors, and the heat
ing en vi ron ment also af ect heat re sis tance. For ex am ple, one would ex
pect the D value of a Salmonella sp. to be dif er ent in choc o late than it is 
in milk be cause choc o late has a higher fat con tent and lower aw. Thus, 
un like chem i cal con stants such as pKa or mo lec u lar mass, D and z val
ues de pend on the sit u a tion of use. Since they de pend on so many fac
tors, great cau tion should be used in ap ply ing val ues ob tained in one 
en vi ron ment to some other food en vi ron ment.

Generally speak ing, the heat re sis tance of veg e ta tive cells (Table 27.2) 
is much less than that of spores (Table 27.3). Vegetative cells of spore
forming bac te ria are not un usu ally heat re sis tant. The high heat re sis
tance of spores is caused by their spe cific struc tures, which re sult in a 
rel a tively de hy drated spore core. (Remember that dry heat is much less 
le thal than wet heat.) The mo lec u lar ba sis of heat re sis tance in spores is 
cov ered in chap ter 3.

Table 27.2 Relative heat re sis tances of some veg e ta tive bac te ria

Organism Heating me di um
D value (min) at: z value 

(°C)70°C 65°C 60°C 55°C

Escherichia coli Ringer so lu tion, pH 7.0 4

Lactobacillus plantarum Tryptic soy broth + su crose (aw = 0.95) 4.7–8.1

Tomato juice, pH 4.5 11.0 12.5

Pseudomonas aeruginosa Nutrient agar 1.9

Pseudomonas fluorescens Nutrient agar 1–2

Salmonella enterica serovar 
Senftenberg (strain 775W)

Skim milk 10.8 6.0

Phosphate buffer (0.1 M), pH 6.5 0.29

Buffer plus su crose, 30:70 (%, wt/vol) 1.4–43

Same as above, plus glu cose, 30:70 (%, wt/vol) 2.0–17.0

Milk choc o late 440 18.0

Salmonella enterica serovar 
Senftenberg

Heart in fu sion broth (aw = 0.99), pH 7.4 6.1 6.8

+ NaCl (aw = 0.90, pH 7.4) 2.7 13

+ su crose (aw = 0.90, pH 7.4) 75.2 8.9

Salmonella enterica serovar 
Typhimurium

Phosphate buffer (0.1 M), pH 6.5 0.056

Milk choc o late 816 19.0

Staphylococcus au re us Custard or pea soup 7.8 4.5
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Vegetative forms of yeasts are killed by 10 to 20min heat treat ment 
at 55 to 60°C. Increasing the tem per a ture 5 to 10°C gives sim i lar le thal
ity for yeast as co spores. Vegetative prop a gules (a re pro duc tive bud or of
shoot) of most molds and conidiospores are in ac ti vated by 5 to 10 min of 
wet heat at 60°C. Several mold spe cies form ing scle ro tia or as co spores 
are much more heat re sis tant. They cause se ri ous spoil age prob lems. 
Mold spores sur vive dryheat treat ment for 30 min at 120°C and cause 
spoil age of baked foods.

The death rates of bac te ria are also influ enced by heat ing rates and 
their his tory of tem per a ture ex po sure. When cells are ex posed to sub le
thal tem per a tures above their growth max ima (i.e., to a sub le thal heat 
shock), they be come more heat re sis tant. This is be cause the pro duc tion 
of heat shock pro teins is in duced by the sub le thal tem per a ture. In ad di
tion to heat, other en vi ron men tal stresses, chem i cals, or me chan i cal 
treat ments can trig ger the pro duc tion of “heat shock” pro teins. This con
fers crossre sis tance among stress ors. For ex am ple, cells that form heat 
shock pro teins in re sponse to sub le thal tem per a tures may be come more 

Table 27.3 Approximate heat re sis tances (D val ues) of some bac te rial spores

Types of food and typ i cal or gan isms
D value (min) at: z value 

(°C)121°C 100°C

Low-acid foods (pH > 4.6)

Thermophilic aer obes

 Geobacillus stearothermophilusa 4.0–4.5 3,000 7

Thermophilic an aer obes

 Clostridium thermosaccharolyticum 3.0–4.0 12–18

 Desulfotomaculum nigrificans 2.0–3.0

Mesophilic an aer obes

 Clostridium sporogenes 0.1–1.5 9–13

 C. bot u li num types A and B 0.1–0.2 50 10

 Clostridium perfringens 0.3–20 10–30

Mesophilic aer obes

 Bacillus licheniformis 13 6

 Bacillus subtilis 11 7

 Bacillus ce re us 5 10

 Bacillus megaterium 1 9

Acid foods (pH ≤ 4.6)

Thermotolerant aer obes

 Bacillus coagulans 0.01–0.1

Mesophilic aer obes

 Bacillus polymyxa 0.1–0.5

 Bacillus macerans 0.1–0.5

  Clostridium butyricum (or  Clostridium 
pasteurianum)

0.1–0.5

a Formerly clas si fied as Bacillus stearothermophilus.
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re sis tant to acid. The heat shock re sponse caused by food pro cess ing can 
pro tect the mi crobes.

Calculating Heat Processes for Foods
Foods in con tain ers do not reach pro cess ing tem per a tures in stantly. 
Furthermore, all  tem per a tures (above a min i mum) en coun tered on the 
way to the pro cess tem per a ture con trib ute to mi cro bial in ac ti va tion. Be
cause of this, many timetemperature com bi na tions can yield the same 
pro cess le thal ity. Sixtenths of a min ute at 268°F can be as le thal as 
6 min at 250°F. There must be some “com mon de nom i na tor” or “ref er
ence val ue” used to com pare these le thal i ties. The F value is used for 
this pur pose. The F value is the time at a spe cific tem per a ture re quired 
to kill a spe cific num ber of cells hav ing a spe cific z val ue.

Since the F value is the time to de crease a pop u la tion with a spe cific 
z value at a spe cific tem per a ture, some tem per a ture must be (ar bi trarily) 
set as the uni ver sal ref er ence F val ue.

This uni ver sal ref er ence is the F0 value, the tem per a ture is 121°C (250°F), 
and the z value is 10°C (18°F). The F0 value of a heat treat ment is called its 
ster il i za tion val ue. F0 mea sures the le thal ity of a given heat treat ment and 
re lates it to the time re quired for the same le thal ity at some other tem per a
ture, T. Thus, if one knows the time it takes to kill a pop u la tion of cells 
with a z value of 10°C at 121°C (the ref er ence tem per a ture), one can get the 
same re sult at other times or tem per a tures us ing the fol low ing equa tion:

Timenew =
F0 (minutes at 121°C)

10[new temperature (°C) − 121°C]/z (°C)

Various foods have dif er ent F0 re quire ments. Heat sen si tiv ity and 
ther mal death curves are af ected by many fac tors, so ther mal death 
curves should be made for the ac tual food be ing pro cessed. Because the 
spores of C. bot u li num types A and B are the most heatresistant spores 
of a foodborne path o gen, com mer cial ster il i za tion of lowacid (pH > 4.6) 
foods must kill these spores. A “bot u li num cook” is a heat pro cess that 
re duces the pop u la tion of C. bot u li num spores by an ar bi trarily es tab
lished fac tor of 12 dec i mal (log10) val ues. This “12D” con cept pro vi des a 
large safety mar gin for lowacid canned foods. If there were one spore in 
each of 1012 cans that re ceived a 12D bot u li num cook, there would only 
be one can with a sur viv ing spore. Since bot u li nal spores have a D value 
of 0.20 min at 121°C, a bot u li num cook is equal to 2.4 min (12D × 0.20 
min/D). Any com bi na tion of time and tem per a ture that yields an F0 of 
2.4 min is ac cept able for canned foods. Spoilage or gan isms may have 
spores that are more heat re sis tant than bot u li nal spores. The higher 
heat re sis tance of the spoil age or gan isms of ten de ter mines the com mer
cial pro cess.

Heat Resistance?
A grow ing area of sci en tific re search and a sub ject that con tin ues to be 
chal lenged by foodborne out  breaks of sal mo nel lo sis is the heat re sis tance 
of Salmonella in lowmoisture foods. You have learned that re duc tion of 
wa ter ac tiv ity is a bar rier to mi cro bial growth; how ever, pro cessed prod
ucts with low wa ter ac tiv ity don’t sup port the growth of Salmonella but 

Authors’ note
The tem per a ture cho sen is 
ac tu ally not so ar bi trary, since it 
is the tem per a ture pro duced by 
low-pres sure (15 lb/in2) steam 
in can ner ies.
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13

14

11

 1. The final cell number after a thermal treatment is ________ to
  the initial number
 5. ________ sealed to exclude air
 6. This physical method of food preservation is not considered lethal
  for bacteria
 8. Method of using heat to kill pathogenic bacteria, invented by
  a Frenchman
 9. Freeze-drying is not very ________ to bacteria and can even be
  used to preserve bacteria in the laboratory
 10. Science and its ________ are bound together like a grape and a vine
 13. One mechanism by which heat kills bacteria is ________ of proteins
 15. Perhaps the oldest form of physical preservation
 17. Dried grapes
 18. ________ processes preserve foods without heating them
 19. ________ manipulation of food can kill or inhibit microbes

The information needed to solve this puzzle may be found in chapters 27 and 28.

 2. The use of radiation to kill pathogens in food is
  conceptually similar to this other preservation method 
 3. Kinetics by which bacteria grow and die
 4. The thermal resistance of ________ is greater than 
  that of vegetative cells from the same species
 7. Irradiating food does not make it ________
 8. Bacteria that can grow under refrigerated conditions
 11. Type of energy that could solve many food safety 
  problems if there were not such consumer 
  resistance to it
 12. The low ________ of UV light limits its use in foods
 14. Early patron of food processing
 15. The D value is also known as the ________ 
  reduction value
 16. Ionizing radiation kills cells by damaging 
  their ________
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Summary

•  Physical treat ments of food can in hibit, kill, or re move mi crobes in foods.

•  Drying may not kill mi crobes, but it pre vents their growth.

•  Refrigeration pre vents the growth of many path o gens and slows the growth of all  mi crobes.

•  Freezing pre vents all  mi cro bial growth but can not be con sid ered le thal.

•  Controlled and mod i fied at mo spheres can ex tend the shelf life of fruits and veg e ta bles but may cre ate con di tions
fa vor able for spe cific path o gens.

•  Pasteurization is de signed to kill all  path o gens but not spoil age or gan isms.

•  Commercial ster il i za tion aims to kill all  mi crobes that can grow in a prod uct.

•  Heat kills mi crobes with neg a tive ex po nen tial ki net ics.

•  The D value is the time re quired for a 90% (1-log) re duc tion in vi a bil ity of a pop u la tion.

•  The z value is the num ber of de grees re quired to change the D value 10-fold.

yet have been as so ci ated with con tam i na tion and sub se quent out  breaks 
of ill ness. Epidemiological and en vi ron men tal in ves ti ga tions sug gest 
that crosscontamination plays a role in the con tam i na tion of prod ucts 
like pow dered milk, choc o late, pea nut but ter, in fant foods, ce real, and 
bak ery prod ucts. Interestingly, Salmonella may dis play in creased heat 
re sis tance in these lowmoisture foods, in par tic u lar when su crose is 
pres ent at high amounts in the food prod uct. The pres ence of su crose 
and fat may also have a syn er gis tic ef ect on the sur vival of Salmonella. 
Food microbiologists learn a great deal from ep i de mi o log i cal data gath
ered from out  breaks. Heat re sis tance is com pli cated and involves many 
fac tors, in clud ing growth me dia, growth phase, growth tem per a ture 
prior to heat ing, acid ity, fat con tent, sol utes pres ent, and strain type dur
ing the heat ing.

Suggested reading
Farkas J. 2007. Physical meth ods of food pres er va tion, p. 685–712. In Doyle MP, 
Beuchat LR (ed.), Food Microbiology: Fundamentals and Frontiers, 3rd ed. ASM Press, 
Wash ing ton, DC.

Smelt JPPM, Brul S. 2014. Thermal in ac ti va tion of mi cro or gan ism. Crit Rev Food Sci 
Nutr 54(10):1371–1385.

Podolak R, Enache EA, Stone W, Black DG, El liott PH. 2010. Sources and risk fac tors 
for con tam i na tion, sur vival, per sis tence, and heat re sis tance of Salmonella in low
moisture foods. J Food Prot 73(10):1919–1936.
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Questions for critical thought
 1.  Microbiological ki netic con stants have their coun ter parts in chem i cal ki netic con

stants. If the D value is anal o gous to the chem i cal rate con stant (k), what chem i cal 
con stant is anal o gous to the z val ue?

 2.  You may re mem ber that lowacid canned foods must re ceive a ther mal pro cess 
equiv a lent to an F0 of 2.4 min. This is based on a 12D re duc tion of C. bot u li num 
spores, which have a D250°F of 0.2 min. Imagine two pro cess de vi a tions. In de vi a tion 
A, the time is 10% less than it should be (i.e., the prod uct re ceives 2.16 min at 250°F). 
In de vi a tion B, the tem per a ture is 10% too low (i.e., the prod uct re ceives 2.40 min at 
225°F). Which pro cess de vi a tion rep re sents a greater threat to pub lic safety? Be quan
ti ta tive in your an swer (i.e., cal cu late the log re duc tion in C. bot u li num spores as the 
re sult of each de vi a tion, as sum ing a z value of 25°F). Show all  of your work.

 3.  Define z value. If an or gan ism has a D80°C of 20 min, a D95°C of 2 min, and a D110°C of 
0.2 min, what is its z val ue?

 4.  The year is 2027 and you are di rec tor of re search for Pe ter’s Premium Preservative
Phree Phoods. One of your prod uct lines is a to mato sauce. Your pro cu re ment de
part ment has iden ti fied a very in ex pen sive source of to ma toes from Is rael, but your 
mi cro bi ol ogy de part ment re ports that they typ i cally con tain spores of “Bacillus citri-
cus” (a spe cies made up for this ques tion) at about 100 col o nyforming units (CFU)/g. 
This or gan ism can me tab o lize cit ric acid and thereby in crease the pH of the prod uct. 
Anticipating your ev ery need, the mi cro bi ol o gists scan the World Wide Web for data 
on B. citricus heat re sis tance and pres ent you with the in for ma tion in the ta ble be low.

Time (min)
CFU/g at:

80°C 85°C 90°C

0 2.2 × 106 2.2 × 106 3.3 × 106

10 7.0 × 105 2.9 × 105

20 4.4 × 105 3.2 × 105 2.5 × 104

30 1.8 × 104 3.5 × 103

40 2.0 × 105 3.2 × 104 1.7 × 103

60 4.1 × 104

a. You de cide to show those mi cro bi ol o gists that you are still tech ni cally com pe tent, 
so you de ter mine the D90°C and the z value (in de grees Cel sius) for B. citricus from 
the data. (Each sur vi vor curve has five data points; ig nore the blank cells.) What 
val ues do you get?

b. Your cur rent pro cess re quires that the jars of sauce be held for 7 min at an in ter
nal tem per a ture of 100°C. Will this pro cess be ad e quate for to ma toes con tam i nated 
with B. citricus?

c. Do you have any other con cerns about this prod uct or the data upon which you 
are mak ing your judg ment? Are there other fac tors you should con sid er?

  Note: You should doc u ment your de ci sion in case the FDA wants to in spect 
your re cords. Show all  your work. If you solve the prob lem graph i cally, at tach your 
graph to your an swer. Justify your “yes” or “no” an swers to parts b and c.

 5.  You have taken a po si tion as di rec tor of mi cro bi ol ogy in equa to rial Af rica with An
gelica’s Premium Potted Products. One of your prod uct lines is canned kudu (an 
Af ri can an te lope) meat. The main spoil age prob lem is a Grampositive sporeform
ing rod. The per son who had the job be fore you de cided that prod uct qual ity could be 
vastly im proved by us ing a higher tem per a ture for a shorter pe riod. (The prod uct is 
cur rently given a 7D pro cess of 791 min at 220°F.) The pre vi ous mi cro bi ol o gist had 
pre pared spores and de ter mined that the D250°F was 2.3 min. She had also con ducted 

Authors’ note
Don’t be dis cour aged. Some of 
these prob lems took me 45 
min utes to solve.

Authors’ note
“Potted” is an old-fashioned 
word for “canned.”
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ther mal re sis tance stud ies at 230 and 240°F, but then she ate some bad fugu fish and 
trag i cally died. You find her data (be low). How long would it take to achieve a 7D pro
cess at 260°F? Would this pro cess to suf  cient to meet the 12D bot u li num cook re
quire ment if you wanted to ex port the prod uct to the United States?

Data on heat re sis tance of spores that cause prod uct spoil age

Time (min)
CFU/g at:

230°F 240°F

0 1.0 × 104 12,500

5 3,400

10 4.7 × 103 650

15 190

20 2.4 × 103 45

35e 7.0 × 102

 6.  Describe the mi cro bi o log i cal is sues of us ing heat to roast pea nuts to en sure that the
sub se quent pea nut but ter prod uct is not con tam i nated with Salmonella. Has there
ever been an out  break of foodborne ill ness as so ci ated with Salmonella con tam i na
tion of pea nut but ter? Do you think heat re sis tance was in volved in these out  breaks?

  Note: You should doc u ment your de ci sion in case the FDA wants to in spect your re
cords. Show all  your work, in clud ing the cal cu la tion of the D value at 230 and 240°F 
and the z value de ter mi na tion. If you solve the prob lem graph i cally, at tach your graph 
to your an swer. Justify your “yes” or “no” an swers for the bot u li num cook. This prob
lem is dif  cult. Ask your in struc tor if you can work on it with a friend.

 7.  Your com pany makes a pas teur ized juice prod uct with an ini tial (postpasteurization) 
mi cro bial load of 105 CFU/g. Storage stud ies show that af ter 5 days at 35°C, the
mi cro bial load is 108 CFU/g. Your pro cess en gi neer finds that by in creas ing the
pas teur i za tion tem per a ture a few de grees, the ini tial (postpasteurization) mi cro bial 
load can be low ered to 103 CFU/g. If this pro cess were used, what would the fi nal
num ber be af ter 5 days at 35°C? (Assume that all  con di tions ex cept the ini tial num
ber are iden ti cal.) Justify your an swer. (Hint: You may wish to con sider the equa tion
for the ex po nen tial growth of mi crobes.)
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INTRODUCTION
Louis Pas teur first showed the role of mi cro or gan isms in food qual ity 
and spoil age in the 1860s. Soon af ter Pas teur’s work, A. K. Shriver of 
Bal ti more, Mary land, in vented the pres sure cooker, and by 1900, Sam uel 
Cate Pres cott and Wiliam Lyman Underwood es tab lished the re la tion
ship be tween time and tem per a ture in the ther mal pro cess ing of foods. 
In 1920 the National Canners’ Association es tab lished the log a rith mic 
na ture of the ther mal death time curve and also the im por tance of the 
bac te rium Clostridium bot u li num in de ter min ing the stan dards of safety 
for the can ning pro cess. Research con tin ues to day re gard ing ther mal pro
cess ing tech nol o gies, which are used for many foods. As you can see, 
in no va tion is piv otal to the de vel op ment of pro cess ing meth ods, for in
creased food pro duc tion and for bet ter food pro duc tion over time. While 
ther mal pro cess ing re mains im por tant to day, re search ers con tinue to 
make ad vance ments in the tech nol ogy and in stru men ta tion. Starting in 
the 1980s food man u fac tur ers, sci en tists, and con sum ers be gan to want 
more from their foods. From that point on ward, food sci en tists have been 
dis cov er ing and eval u at ing meth ods of food pres er va tion that are col lec
tively called non ther mal pro cess ing meth ods. Why did it take so long for 
the de vel op ment of non ther mal meth od ol ogy and even lon ger for it to 
be used in the com mer cial pro duc tion of foods? As you will see through
out  this chap ter, the tech nol ogy and in stru men ta tion used in non ther
mal pro cess ing are quite in tri cate and ad vanced. Today, new tech nol o gies 
that are less dis rup tive to food qual ity than tra di tional ther mal pro cess ing 
are in creas ingly com mon. And this is a good thing, since con sum ers are 
in creas ingly de mand ing.
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According to lead ing sci en tists, non ther mal pro cess ing tech nol o gies 
prom ise to rev o lu tion ize the food in dus try. While ther mal pro cess ing is 
ef ec tive at kill ing mi cro or gan isms that cause ill ness or food spoil age, it 
also re duces the fla vor, color, and tex ture of the food. These changes in 
the sen sory char ac ter is tics and or gan o lep tic pro file are im por tant to con
sum ers. In many cases this is the ba sis for con sumer brand loy alty and 
for re peat pur chases of a food prod uct. As you can imag ine, this is even 
more im por tant in a time when we are bom barded with ad ver tise ments 
for hun dreds of food prod ucts. Nonthermal pro cess ing meth ods are ad
van ta geous, as they do not al ter the nu tri ent con tent, color, or tex ture of 
a food. Nonthermal pro cess ing does less dam age to the food and leaves 
it with “freshlike” char ac ter is tics. Collectively, these are the great strengths 
of non ther mal pro cess ing meth ods.

Another ben e fit of non ther mal pro cess ing tech nol o gies is that they 
are typ i cally ap plied un der room tem per a ture (20 to 25°C) or cooler 
con di tions. This can also help re tain those freshlike char ac ter is tics of 
foods. This can also save en ergy. Some sci en tists are con duct ing re search 
on com bin ing heat to in crease mi cro bial in ac ti va tion and to get closer to 
treat ments like pas teur i za tion. There are sev eral dif er ent types of pro
cess ing meth ods, and they all  ex ploit dif er ent phys i cal hur dles like 
pres sure, light, elec tro mag netic ra di a tion, and sound to in ac ti vate spoil
age mi cro or gan isms and path o gens. Enzyme in ac ti va tion is also a prod
uct of non ther mal pro cess ing. The same is true of ther mal pro cesses, 
like blanch ing in boil ing wa ter to in ac ti vate en zymes that might cause 
brown ing or de crease shelf life. Nonthermal treat ments can main tain 
the im por tant sen so rial char ac ter is tics of foods while en hanc ing shelf 
life com pared to that of a fresh or un treated prod uct. Most non ther mal 
tech nol o gies re quire short pro cess ing times, i.e., sec onds or min utes. 
This re duc tion in pro cess ing time is re flected in en ergy costs. This is 
de sir able for com pa nies when con sid er ing in te grat ing a new pro cess into 
their cur rent meth ods and in part bal ances out  the ini tial in vest ment 
costs in the new ma chin ery.

ACCEPTANCE
Before we look at the var i ous types of treat ments avail  able, it is im por
tant to con sider their ac cept abil ity. If a method is to be ac cept able, it 
must be val i dated by fed eral agen cies and ac cepted by con sum ers. The 
lat ter may seem more im por tant. If a tech nol ogy is not ac cept able by 
con sum ers, it will never make it to the mar ket place. This has been seen 
for ir ra di a tion, for ex am ple. Processes must be sci en tifi  cally tested and 
shown to be as ef ec tive as pre vi ously ac cepted pro cess ing tech niques. 
Part of this ac cep tance in cludes reg u la tory ac cep tance, which will al low 
fu ture com mer cial i za tion of a non ther mal pro cess ing method. Food 
com pa nies and re search ers val i date a treat ment be fore it can be wide
spread in use or ap pli ca tion. One ex am ple of this is changes that were 
made to the defi  ni tion of pas teur i za tion in le gal terms so that com pa
nies could in clude the abil ity to use a treat ment other than heat to “pas
teur ize” a food. For ex am ple, ul tra vi o let (UV) light and ozone may be 
used as al ter na tives to heat pas teur i za tion of ap ple ci der, ac cord ing to 
the juice Hazard Analysis and Critical Control Point (HACCP) rules. 

Authors’ note
Labeling food prod ucts is a 
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Researchers set out  to iden tify non ther mal pro cesses that might be 
equiv a lent to ther mal pas teur i za tion. The defi  ni tion used by the reg u la
tory agen cies needed to be re writ ten to al low com pa nies to uti lize non
ther mal meth ods that have been val i dated and sci en tifi  cally proven to 
work as ef ec tively as ther mal pas teur i za tion. The National Advisory 
Committee on Microbiological Criteria for Foods (NACMCF, pro nounced 
“nacmf”) adopted a new defi  ni tion for pas teur i za tion in 2004: “any pro
cess, treat ment, or com bi na tion thereof, that is ap plied to food to re duce 
the most re sis tant mi cro or gan ism(s) of pub lic health sig nifi  cance to a 
level that is not likely to pres ent a pub lic health risk un der nor mal con di
tions of dis tri bu tion and stor age.” The NACMCF went on to in clude a 
list of po ten tial al ter na tives, in clud ing high hy dro static pres sure, pulsed 
elec tric fields (PEFs), UV light, pulsed light, cold plasma, os cil lat ing mag
netic fields (OMFs), and ul tra sound.

Consumers do not want food pro ces sors dis turb ing their fa vor ite 
foods. Consumers have shared un easy feel ings about ge net i cally mod i
fied in gre di ents and ir ra di a tion. Both of these are con sid ered safe by sci
en tists; how ever, they bring about great emo tions in many con sum ers. 
The ac cep tance of a tech nol ogy de pends on the con sum ers’ per cep tion 
of the risks and ben e fits. This may be dif  cult, as con sum ers of ten do 
not un der stand the risks as so ci ated with food. Consumer ac cep tance is 
influ enced by the per ceived cred i bil ity of the data, reg u la tory pol icy, and 
dem on strated re spon si bil ity of the in dus try. In gen eral, con sum ers do 
not think about how foods are pro cessed but ex pect that the foods that 
they con sume are safe and of high qual i ty.

Consumer at ti tudes to wards foods drive mar ket ing and de vel op ment 
of new food prod ucts and new pro cesses. For ex am ple, in chap ter 27 you 
read about how the pro cess of ir ra di a tion can in ac ti vate path o gens and 
cre ate a safe food prod uct; how ever, due to con sumer per cep tions of ir ra
di a tion as haz ard ous, this tech nol ogy is not widely uti lized. Consumer 
at ti tudes are ad dressed in fo cus groups or small meet ings where con
sum ers are asked to speak about their opin ions on food pres er va tion 
tech nol o gies or other fac tors. Focus groups are com posed of con sum ers 
of var i ous de mo graph ics in or der to ob tain the most use ful in for ma tion. 
The key ben e fits iden ti fied by con sum ers in clude good fla vor, con ve
nience, and healthenhancing prop er ties. In a na tional tele phone sur
vey, 80% of con sum ers re ported that con ve nience was an im por tant 
con sid er ation when choos ing food in the gro cery store. The me dia also 
influence con sumer per cep tions. This has be come more no tice able 
over the past few years; me dia sto ries have in creased on sev eral top ics, 
in clud ing di e tary fi ber, ben e fi cial fatty ac ids, ly co pene, vi ta min C, and 
pro bi otic cul tures. Scientists can show how non ther mal pro cess ing 
tech nol o gies can give con sum ers more of the foods they want, but how 
they com mu ni cate that ef ec tively is quite im por tant. Consumers may 
as so ci ate some tech nol o gies with risks that may in clude ex po sure to 
work ers or the en vi ron ment, harm to con sum ers, or changes in the food 
prod uct. Several stud ies have shown that when con sum ers are pro vided 
with ba sic sci en tific in for ma tion about a new tech nol ogy, their level of 
con cern de creases. This in for ma tion must be de liv ered us ing fa mil iar 
terms. For this rea son, nonthermally pro cessed foods may be re ferred to 
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Cold plasma: overview of plasma technologies and applications

Brendan A. Niemira  
Eastern Regional Research Center, 
Agricultural Research Service, 
U.S. Department of Agriculture, 
Wyndmoor, PA

Cold plasma is a new food-pro cess ing 
tech nol ogy which can san i tize frag ile 
and heat-sensitive sur faces, such 
as fresh and freshly cut fruits and 
veg e ta bles. This pro cess is in the 
first stages of de vel op ment, and the 
ter mi nol ogy used to de scribe it is 
new to many in the food-processing 
in dus try.

To an swer the ques tion “what is 
plas ma?” it is use ful to con sider the 
three states of mat ter we com monly 
see in daily life. As ma te ri als ac quire 
en ergy, they change state, from 
solid (low est en ergy) to liq uid and 
then to gas. At each tran si tion, the 
in ter ac tions among the mol e cules 
be come more en er getic. At ex-
tremely high en er gies, mat ter 
un der goes a fur ther trans for ma tion 
into plasma, the “fourth state” of 
mat ter. In the broad est sense, 
plasma can be thought of as an 
ion ized gas con sist ing of neu tral 
mol e cules, elec trons, and pos i tive 
and neg a tive ions.

There are two pro cesses that oc cur 
dur ing the cre a tion of plas mas which 
give them their unique prop er ties: 
ion i za tion (at oms ab sorb ing en ergy 
and com ing apart) and re com bi na-
tion (at oms com ing back to gether by 
re leas ing en ergy into the tar get). It 
takes sig nifi  cant en ergy to cre ate cold 
plasma from nor mal gases or liq uids. 
This en ergy is re tained by the plasma 
for some de fined pe riod of time, and 
the amount of en ergy a given vol ume 
of plasma con tains is re lated to its 
chem i cal com po si tion, den sity, and 
tem per a ture. For ex am ple, he lium is 
eas ier to ion ize than ox y gen. Also, 
gases are eas ier to ion ize when un der 
a vac uum and harder to ion ize when 
at nor mal at mo spheric pres sure.

Unlike con ven tional plas mas, which 
can cause ther mal dam age to 
tis sues, cold plasma has high en ergy 
den sity and chem i cal re ac tiv ity but at 
cooler tem per a tures that can be 
ap plied to food prod ucts. Although 
the tech nol o gies used to cre ate and 
con trol cold plas mas can be com-
plex, the in puts to the sys tem are 
sim ple: en ergy and a gas to turn into 
plasma. This gas can be a pure gas 
(such as he lium, ni tro gen, or 
ox y gen), a de fined mix ture of gases, 
or nor mal air. The out  put is 
plasma that is ex tremely en er-
getic and re ac tive but is also “self-
quenching”—the ac tive chem i cal 
spe cies within the plasma re com bine 
with each other. The end re sults are 
UV light and chem i cal re com bi na tion 
prod ucts such as ozone.

For food-processing and food 
mi cro bi ol ogy pur poses, the gen eral 
mech a nisms of san i ti za tion are 
de fined by the phys i cal and chem i-
cal na ture of plasma, rather than by 
the na ture of the sub strate. Cold 
plasma in ac ti vates mi crobes by 
three pri mary mech a nisms:

1.  Chem i cal in ter ac tion of cell 
mem branes with rad i cals (O, 
OH, etc.), ex cited or re ac tive
mol e cules (O2

–, O3, NO, etc.), or
charged par ti cles (elec trons and 
atomic or mo lec u lar ions) 
pro duced in the plas ma

2.  Ero sion of cell mem branes and
cel lu lar con stit u ents by UV 
ra di a tion

3. De struc tion of DNA by UV light

Cold plasma treat ment which 
re sults in a com bi na tion of mul ti ple 
mech a nisms will have the great est 
san i tiz ing ef  cacy. From the 
stand point of the mech a nisms of 
in ter ac tion with the treated sur-
faces, cold plasma an ti mi cro bial 
treat ment sys tems can be di vided 
into three groups, de scribed be low.

Remote treat ment sys tems gen er ate 
plasma which is then moved by the 
flow of the feed gas. The sur face to 
be treated can be phys i cally sep a-
rated from the elec trodes used to 
gen er ate the plasma, which sim pli-
fies the de sign and op er a tion of the 
de vice. However, this flow of 
“de cay ing” plasma (some times 
called an “af ter glow”) re lies on 
low er-activity, long-living chem i cal 
spe cies in con cen tra tions lower 
than in “ac tive” plas ma.

Direct treat ment sys tems sup ply 
“ac tive” plasma in higher con cen tra-
tions. UV ra di a tion on the treated 
sur face is higher, as there is es sen-
tially no in ter ven ing nor mal at mo-
sphere be tween the plasma and the 
sur face. A chal lenge with these 
plasma sys tems is that food ma te ri-
als with high mois ture con tent can 
con duct elec tric ity at suf  ciently 
high volt ages. Also, ex tended 
ex po sure in creases the po ten tial 
for neg a tive sen sory im pacts. 
These cold plasma sys tems are 
there fore some what more chal-
leng ing to build and op er ate than 
those of the first group.

Electrode con tact sys tems place the 
food sur face to be ster il ized in very 

Here is a photo of a cold plasma jet treating 
apple slices, taken by Dr. Niemira

(continued)
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as “min i mally pro cessed.” The fu ture re search, mar ket ing, and de vel op
ment of non ther mal tech nol o gies should in clude con sid er ation of con
sumer be liefs and at ti tudes. This may in clude pre mar ket con sumer 
anal y sis on a broad range, as cur rent mod els sug gest a wide dis crep ancy 
in the per cep tion of risks. Concerns vary by pop u la tion de mo graph ics and 
by food pro cess. False im pres sions can be less ened by good con sumer 
com mu ni ca tion, ef ec tive uti li za tion of la bels, and var i ous forms of me dia 
com mu ni ca tions.

HIGH-PRESSURE PROCESSING
Many ar gue that the move ment to wards the de vel op ment of highpres
sure pro cess ing (HPP) for foods was also the be gin ning of a de vel op men
tal pe riod of rapid growth in non ther mal pro cess ing tech nol o gies. HPP is 
con sid ered one of the most im por tant foodprocessing in no va tions in the 
last 50 years. HPP may also be re ferred to as “highhydrostaticpressure 
pro cess ing” or “ul tra highpressure pro cess ing.” In HPP, foods are placed 
in sealed pouches, placed within a wa ter bath in a sealed ves sel, and then 
sub jected to high pres sure (Fig. 28.1). HPPtreated foods can have fewer 
ad di tives and do not have the ther mally in duced fla vor changes that can 
oc cur in ther mal pro cess ing. HPP pre serves the fresh ness of foods and 
does not break co va lent bonds. Many ther mal pro cesses in duce struc tural 
changes in the food or de na ture pro teins by dis rupt ing co va lent bonds.

HPP works un der Le Chatelier’s prin ci ple (named for the French 
chem ist Henry Louis Le Chatelier, who dis cov ered it), which states that 
the ap pli ca tion of pres sure can shift the sys tem equi lib rium to ward the 
state that oc cu pies the small est vol ume. This means that any phe nom e
non (or mo lec u lar re ac tion) that is ac com pa nied by a de crease in vol ume 
is en hanced by pres sure; there fore, pres sure stim u lates re ac tions that re
sult in a de crease in vol ume but op poses re ac tions that in volve an in crease 
in vol ume. It is be lieved that pres sure is ex erted at the mac ro scopic level 
in a qua siinstantaneous man ner equally through out  the sam ple vol ume. 
In other words, pres sure is ex erted equally and uni formly through out  a 
prod uct. This is based on yet an other prin ci ple that you may have learned 
in high school phys ics, the Pascal prin ci ple. These are the ba sic chem i cal 
and phys i cal the o ries be hind HPP, but how does it work?

Each HPP ma chine is a bit dif er ent, but in gen eral, food prod ucts 
are sealed in pouches and pres sure is con ducted through wa ter. For the 

close con tact with one of the 
elec trodes. Pathogens are ex posed to 
the broad est com bi na tion of ac tive 
an ti mi cro bial agents, at the high est 
pos si ble in ten sity. The po si tion ing of 
the ma te rial to be treated is crit i cal to 
avoid lo cal ized heat buildup and 
tis sue dam age. Although ap par ently 
the most prom is ing of the types of 

cold plasma from an an ti mi cro bial 
ef  cacy stand point, these sys tems 
are among the most tech ni cally 
chal leng ing.

Cold plasma is a flex i ble new 
tech nol ogy for treat ing foods and 
food con tact sur faces. Still in 
tech no log i cal in fancy, it prom ises 

to be a fas ci nat ing area of con tin-
ued re search.

Niemira BA, Gutsol A. 2011. Nonthermal 
plasma as a novel food pro cess ing 
tech nol ogy, p 271–288. In Zhang HQ, 
Barbosa-Cánovas GV, Balasubramaniam 
VM, Dunne CP, Farkas DF, Yuan JTC (ed), 
Nonthermal Processing Technologies for 
Food. IFT Press, Wi ley-Blackwell, Ames, IA.

Cold plasma: overview of plasma technologies and applications (continued)
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great est ef ec tive ness, as much air as pos si ble should be re moved from 
the pouch. All parts of the food re ceive the pres sure; how ever, each food 
com po nent may re act dif er ently to the pres sure and mi cro or gan isms 
may be in ac ti vated at dif er ent rates within these dif er ent com po nents. 
Foods are chem i cally com plex, com posed of car bo hy drates, pro teins, fats, 
and wa ter. Each of these re sponds dif er ently un der the phys i cal com pres
sion of HPP. Try to imag ine how this works on a mo lec u lar level of in ac ti
vat ing mi cro or gan isms and en zymes. Imagine pres sure caus ing shifts in 
the pro tein coat of a vi rus and then that vi rus is no lon ger  able to bind to 
the re cep tor on the host cell and in fect it. With even greater pres sure, the 
coat pro tein may be dis rupted and even lyse. Certain foods may also show 
mac ro mo lec u lar changes. For ex am ple, pres sure treat ing a food which 
con tains a lot of air, such as a marsh mal low, causes changes in com press
ibil ity af ter the air es capes from the prod uct af ter treat ment. It is no lon
ger light and pil lowy. A food with a high mois ture con tent may not 
ex pe ri ence much dis tor tion vi su ally. A food that has a high level of mois
ture is a good can di date for HPP, but as you can imag ine, a marsh mal low 
is not. This change can be viewed in a pos i tive man ner for some foods; for 
ex am ple, HPP treat ment can help shuck oys ters by pop ping open the shell 
(Fig. 28.2).

Commercial scale equip ment can be used for batch or semicontinu
ous pro cess ing. In all  sys tems, a large pis ton moves back and forth to 
gen er ate the pres sure. The com mer cial batch ves sels may hold up to 600 
liters of wa ter. Food con tain ers are placed into bas kets that are then 
loaded into the ves sel, which fills with wa ter prior to be ing pres sur ized. 

Figure 28.1

Conventional HPP equip ment may be used for a range of prod ucts. Image cour tesy of 
Avure Technologies (http:// www. avure. com).
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Historical Aspects of HPP

Dal las G. Hoo ver  
University of Del a ware,  
New ark, Del a ware

Application of high pres sure in 
pre ser va tive food pro cess ing was first 
at tempted by Bert Hite in the 1890s 
at the Agricultural Experimental 
Station of West Vir ginia University. 
In the mid-1880s, pub li ca tions by 
France’s P. Regnard and col leagues 
re ported the ef ects of oce anic 
pres sures on liv ing sys tems. In 
these ar ti cles, the in ac ti va tion of 
ma rine bac te ria by hy dro static 
pres sures was also de scribed. 
Apparently, from these re ports Hite 
was  able to rec og nize the po ten tial 
of hy dro static pres sure to in ac ti vate 
food mi cro or gan isms and con se-
quently pre serve foods. Hite 
con structed his pro to type pres sure 
unit in Mor gan town from parts 
pur chased from can non man u fac-
tur ers in Harpers Ferry, West 
Vir ginia. Using tooth paste tube-like 
con tain ers, he was  able to make 
fruit-based low-pH foods shelf 
sta ble. His 1899 pub li ca tion noted 
the early equip ment fail ures, some 
nearly cat a strophic. One ma chine 
ex ploded due to equip ment fail ure 
and scat tered shrap nel around 
the lab o ra tory, leav ing the ma chine 
in frag ments. Of course at Hite’s 
time, lab o ra tory safety was not 
con sid ered the way it is to day. Hite 
noted that dur ing mi cro bial ex per i-
men ta tion, stu dent work ers 

scrubbed their skin up to their 
el bows with mer cu ric chlo ride to 
im prove their asep tic tech nique.

Following the work of Hite, oc ca-
sional ar ti cles ap peared over the 
next 50 or so years that were re lated 
to the de vel op ment of com mer cial 
HPP, but none gen er ated enough 
mo men tum to move HPP from 
re search nov elty to mar ket place 
suc cess. That be gan to change in 
the early 1980s, when con cur rently 
and in de pen dently, Dan Farkas at 
the University of Del a ware and R. 
Hayashi in Japan be gan ef orts to 
ex plore the pos si bil i ties of HPP. 
In 1982, Farkas bor rowed an old 
Autoclave Engineers pres sure unit 
orig i nally de signed to fab ri cate 

ce ramic parts for the con duc tor 
in dus try. He was mo ti vated to do 
this by a 1974 Institute of Food 
Technologists meet ing ab stract 
by D. C. Wil son not ing the sig nifi -
cant re duc tion in D val ues 
(see chap ter 27) of spores treated 
with a com bi na tion of el e vated 
tem per a ture and pres sure. Farkas’ 
de vel op ment of HPP with this 
pres sure unit was the be gin ning of 
the rise of HPP as a com mer cially 
vi a ble tech nique.

HPP is stud ied in ac a de mia, in dus try, and 
gov ern ment. Here, Dal las Hoo ver gets 
ready to con duct re search on the in ac ti va-
tion of bac te rial spores by HPP at the Food 
Microbiology Laboratory at the University 
of Del a ware.

After the pres sure is held for a de sired length of time, the ves sel is de
com pressed and the wa ter re leased. Semicontinuous sys tems have two 
or more ves sels in line with freefloat ing pis tons to com press the liq uid 
as needed. A pump is used to move the free pis ton to ward the dis charge 
port. Picture a sys tem with three ves sels; the first ves sel is com plete and 
is dis charged, the sec ond one is be ing com pressed, and the third one is 
be ing loaded. The place ments change and the sys tem is main tained in 
close to a con tin u ous fash ion. HPP is likely the most in te grated non ther
mal tech nol ogy used in com mer cial pro cess ing to day.
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Imagine how much pres sure needs to be ap plied to a food prod uct in 
or der to dis rupt the en zymes that cause brown ing (phe nol ox i dase) or to 
dis rupt bac te rial mem branes by al ter ing hy dro gen bonds. In HPP, ap
plied pres sure is more than four or five times that at the bot tom of the 
Mariana Trench (100 megapascals [MPa]) at the bot tom of the ocean. 
Commercial HPP is at pres sures of 300 to 550 MPa. Pressure is held for 
sec onds up to a few min utes. Scientists have iden ti fied a means to pas
teur ize food or ster il ize food us ing HPP. Pressureassisted ther mal ster
il i za tion sub jects food to a com bi na tion of el e vated pres sures and mod er ate 
heat for 1 to 5 min. Would you be sur prised to know that you have likely 
en joyed eat ing HPPtreated food? Recall that one of the best ex am ples of 
the lat ter is pres sur ized av o cado sold in sealed plas tic pouches for the 
prep a ra tion of gua ca mole or other de li cious treats. Examples of the for
mer in clude readytoeat deli meats. HPP pro tects the deli meats from 
postprocessing con tam i na tion, for ex am ple, from Listeria monocytogenes 
or nor o vi rus that could be pres ent on the hands of food ser vice work ers 
or in the en vi ron ment. Inactivation of veg e ta tive bac te rial cells and vi
ruses re quires pres sure in the range of 300 to 700 MPa, which is the 
range for con ven tional pro cess ing. Bacterial in ac ti va tion var ies with 
the spe cies and the food, re af rm ing the need for pro cess val i da tion. In
creasing pres sure in creases the death rate of mi cro or gan isms, but in
creas ing the du ra tion of pres sure treat ment does not cor re late with 
en hanced in ac ti va tion. The unique as pect of pres sureassisted ther mal 

Figure 28.2

A 100liter HPP unit is ready to treat oys ters. HPPtreated oys ters have re duced path o gen 
con tam i na tion with the added ben e fit of be ing shucked me chan i cally by the HPP 
treat ment.
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ster il i za tion is that the in crease in time is com bined with an in crease 
in tem per a ture and can in ac ti vate spores and all  veg e ta tive cells. But 
the ad di tion of heat keeps this from be ing a truly non ther mal pro cess ing 
meth od.

OZONE
Ozone is also a tech nol ogy that has gained in creas ing pop u lar ity due to 
its ef ec tive ness and abil ity to be termed a “nat u ral” dis in fec tant. The 
use of ozone is spe cifi  cally ef ec tive for wa ter treat ment and has also 
pen e trated the food in dus try. Ozone was given the sta tus of a GRAS (for 
“gen er ally rec og nized as safe”) sub stance by the U.S. Food and Drug 
Administration in 1982 for bot tled wa ter and in 1997 for foods. Ozone is 
used across Eu rope for wa ter treat ment and is be com ing a bet ter al ter
na tive for wa ter treat ment within the United States. In 2005, the Metro
politan Water District of Southern Cal i for nia re placed its chlo ri na tion 
wa ter treat ment sys tem with ozone. The ben e fits are sub stan tial, in clud
ing elim i na tion of the cre a tion of chlo rine dis in fec tion byprod ucts, which 
are po ten tial car cin o gens and may also be en vi ron men tally haz ard ous. 
Ozone may also be re plac ing older meth ods for clean ing ap pli ca tions. 
Ozone can be used to dis in fect sur faces from bac te ria, vi ruses, and 
par a sites; how ever, its ef ec tive ness may be lim ited by the pres ence of 
or ganic com pounds. This can limit its use ful ness in foods as well. 
Ozone was first found to pre vent the growth of yeasts and molds dur ing 
the stor age of fruits in 1939. Its use by pro ces sors of freshly cut pro duce 
is grow ing. Ozone is touted by some sci en tists to be one of the most pow
er ful dis in fec tants known.

When you hear the word ozone, you likely think about the “ozone lay er” 
in Earth’s at mo sphere. Within this layer UV light is damp ened and 
shorter wave lengths of sun light are fil tered out  for our safety on the Earth 
be low. Ozone is a nat u rally oc cur ring tri atomic mol e cule, O3 (Fig. 28.3), 
and a very re ac tive form of ox y gen. It is gen er ated in the air by elec tric 
dis char ges such as light ning and other types of ra di a tion. It is a col or less 
gas at room tem per a ture and has the aroma of fresh rain. As you may 
re call from your high school chem is try class, the ox y gen you breathe 
is O2, which is a sta ble gas, while the three ox y gen mol e cules bound 
to gether are un sta ble. Because it is highly re ac tive, ozone com mer cially 
must be pro duced on site con tin u ously or as needed. A pro cess called 
co rona dis charge is used to gen er ate ozone in small or large tanks. A 
highvolt age elec tri cal spark is fired across a gap in the pres ence of ox y gen 
or dry air to turn ox y gen into ozone. The highvolt age al ter nat ing cur
rent ex cites ox y gen elec trons and in duces split ting of ox y gen mol e cules 
into at oms which com bine with other ox y gen mol e cules to pro duce ozone. 
Various gen er a tors can pro duce ozone at dif er ent rates and mea sured 
as parts per mil li on.

Gaseous ozone is quite sol u ble in wa ter and is more sol u ble at lower 
tem per a tures. This is good news for the ma jor ity of foodprocessing pro
duc tion sites, which are cool (∼4 to 12°C) en vi ron ments. Solubility of 
ozone gas in wa ter used for food pro cess ing can be im proved by the fol
low ing seven pa ram e ters:

O
+

–– O O
Figure 28.3

A car toon rep re sen ta tion of the tri atomic 
ozone mol e cule.
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 1.  De creas ing wa ter tem per a ture
 2.  In creas ing wa ter pu ri ty
 3.  In creas ing the ozone con cen tra tion de liv ered
 4.  In creas ing the pres sure of the gas above the wa ter
 5.  De creas ing the size of gas bub bles in the in jec tion sys tem
 6.  Im prov ing gas mix ing and dis tri bu tion
 7.  Ex tend ing ozone res i dence time

In clean dis tilled wa ter at room tem per a ture (20 to 25°C), ozone is 
sta ble for only about 20 min. It re acts rap idly in the pres ence of or ganic 
ma te rial, in clud ing food, mi cro or gan isms, and even dis solved sub stances 
in wa ter. This is quite dif er ent from pure ozone gas in the en vi ron
ment, which at the same tem per a ture (25°C) has a cal cu lated halflife of 
19.3 years. The sta bil ity of aque ous ozone can be influ enced by the pres
ence of or gan ics in the wa ter. These or gan ics are ozonedemanding ma
te ri als, in clud ing metal ions and ox y gen rad i cal scav en gers or an ti ox i dants. 
Just as the wa ter pH in flu ences the sta bil ity of chlo rine, wa ter pH has an 
ef ect on the sta bil ity of ozone. The pH of wash wa ter or flume wa ter is 
con stantly mon i tored; the dis in fec tant is also mon i tored and chlo rine or 
ozone added as needed. At pH 5.0, ozone is more sta ble, with a loss of sta
bil ity at in creas ing pH. In foodprocessing en vi ron ments the wa ter source 
is im por tant. Water may con tain eas ily ox i dized dis solved or ganic and in
or ganic ma te ri als. By know ing the wa ter qual ity in ad vance, a pro duc tion 
su per vi sor can ad just the level of ozone de liv ered into the wa ter. This 
would be part of the val i da tion study for us ing a spe cific wa ter treat ment 
sys tem. Ozone out  put and re sid ual need to be mon i tored in any ozone 
treat ment sys tem. For wa ter ap pli ca tions, the ef  cacy of treat ment is com
monly ex pressed as ozone con cen tra tion de liv ered in parts per mil lion or 
mil li grams per li ter and con tact time in min utes. The mul ti pli ca tion of 
these two pa ram e ters gives the Ct value, which in di cates the con cen tra
tion and time that are needed to in ac ti vate a given mi cro bial pop u la tion. 
Recall the defi  ni tion used by the NACMCF com mit tee, which in di cates 
that the ozone treat ment pro cess should be val i dated for the most per ti
nent path o gen of im por tance de pend ing on the food.

The safety of ozone has been ques tioned in the past; how ever, mod
ern gen er a tors have re duced these fears. Proper use of ozone gen er a tors 
does not put work ers or the en vi ron ment at risk. Interestingly, ozone 
has sev eral ap pli ca tions in chronic in fec tious dis eases, den tistry, and 
blood ves sel dis or ders. At very high con cen tra tions, ozone can be haz
ard ous. It is im por tant that the ozone be mea sured and de liv ered prop
erly. Any treat ment pro cess should be val i dated to de ter mine the ef  cacy 
of the pro cess for a given food, place, and time. Some sci en tific stud ies 
have shown that ozone is 3,000 times faster than chlo rine at kill ing bac
te ria and other mi cro or gan isms. Cost com par i sons be tween ozone and 
chlo rine of ten in clude the trans port, cleanup, and stor age of large amounts 
of liq uid chlo rine or chlo rine gas, which all  come with some risk of spill
age or con tain ment.

Ozone is an at trac tive dis in fec tant for many food in dus tries, in clud
ing fresh pro duce. The ben e fits in clude fast de com po si tion into sim ple 
ox y gen be cause of the high re ac tiv ity of ozone. Thus, there are no safety 
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con cerns about re sid ual ozone in the treated food prod ucts. The de com
po si tion also pre vents the ac cu mu la tion of waste prod ucts in the en vi
ron ment. Ozone is an ef ec tive dis in fec tant against bac te ria, spores 
(Box 28.1), fungi, pro to zoa, and vi ruses. Cellular dam age has been ob
served by elec tron mi cros copy. The mech a nisms of mi cro bial in ac ti va tion 
by ozone are at trib uted to its ox i da tion re ac tions with cel lu lar com po
nents, in clud ing lipid, pro tein, and nu cleic acid. Reactive ozone yields 
many re ac tive ox y gen spe cies, in clud ing hy droxyl (·OH), su per ox ide an
ions (·O2

−), and hydroperoxyl (·HO2
−) rad i cals. An im por tant ben e fit of 

ozone is the abil ity to in ac ti vate the pro to zoan par a sites Giardia, Crypto-
sporidium, and Cyclospora. These three pro to zoa have caused many wa
ter borne out  breaks and are re sis tant to nor mal lev els of chlo rine. Many 
wa ter treat ment plants across Eu rope and within the United States have 
started us ing ozone in or der to re duce the risk of trans mis sion of these 
pro to zoa. The mech a nism of in ac ti va tion is ex ten sive pro tein deg ra da
tion of the (oo)cyst wall, re sult ing in great struc tural mod i fi ca tions that 
end the life cy cle.

Ozone has been eval u ated for use on sev eral foods. For fruits and 
veg e ta bles, ozone has been tested in aque ous so lu tions for use in wash 
or flume wa ter. Aqueous ozone can be de liv ered by in jec tion into wa ter 
pipes, like chlo rine is, or gas eous ozone can be pumped into a closed 
fa cil ity. In these sys tems, ozone re duced Escherichia coli O157:H7 on ap
ples and the nat u ral mi cro flora of let tuce. Gaseous ozone was tested on 
fruits and veg e ta bles dur ing cold dry stor age. This treat ment sup pressed 
fun gal growth on black ber ries, grapes, on ions, po ta toes, and sugar 
beets. For meat and poul try, ozone has been tested as an al ter na tive dis
in fec tant to chlo rine for car cass washes, in poul tryprocessing chiller 
wa ter, and on hatch ery equip ment. One draw back to us ing ozone to de
con tam i nate beef or poul try is that the car casses have an ozone de mand 
due to the large amounts of pro teins and fats. These rap idly re act with 
the ozone be fore it can in ac ti vate mi cro or gan isms that might be pres
ent. Gaseous ozone has been used to suc cess fully de con tam i nate the 
out  side of shell eggs, thereby re duc ing the risk of ill ness from han dling 
eggs or by crosscontamination. Aqueous ozone suc cess fully re duced the 
nat u ral microbiota of fish fil lets. Also, aque ous ozone was found to re
duce lev els of bac te ria on live cat fish en ter ing a pro cess ing fa cil ity. Re
searchers have also re ported use of gas eous ozone on spices, grains, and 
dried beans to re duce mi cro bial con tam i na tion. As you can see, there are 
many ways to use ozone to re duce mi cro bial lev els on food com mod i ties.

ULTRAVIOLET LIGHT
UV light has been used to dis in fect wa ter and pro cess foods. UVCtype 
light at a wave length of 254 nm is used spe cifi  cally for its dis in fec tion 
prop er ties (Fig. 28.4). UV light can be used to treat liq uid and solid foods. 
UV light is fairly easy to use with foods, as it does not leave any chem i cal 
res i dues in the food. UV light has lim ited pen e tra tion. It can pen e trate 
through wa ter, but even tur bid liq uid so lu tions have lim ited pen e tra
tion. It is best for sur face dis in fec tion or use with clear liq uids. To get 
around this, some sys tems have been de signed to treat flow ing liq uids 
in a thin layer. Many juice pro ces sors have used UV light to suc cess fully 
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Box 28.1
Spores and ozone

Spore-forming bac te ria, in clud ing 
Bacillus and Clostridium spe cies, are 
es pe cially prob lem atic in the food 
in dus try due to their ex treme 
re sis tances to heat and en vi ron men-
tal pres sures. When the en vi ron ment 
sur round ing the veg e ta tive bac te ria 
be comes less ideal or con di tions 
be come harsh, these bac te rial 
spe cies are  able to con vert into a 
dor mant state in which the cell 
de hy drates and all  met a bolic 
pro cesses cease. Through this 
sur vival mech a nism, spore-forming 
bac te ria are  able to sur vive food-
processing tech nol o gies, in clud ing 
cook ing, freez ing, dry ing, pres sure, 
ex treme pH, chem i cal dis in fec tants, 
in fec tious agents, and many oth ers. 
After food is pro cessed and con di-
tions be come less harsh, spores are 
 able to ger mi nate and con vert back 
into grow ing cells which have the 
abil ity to grow in foods and ul ti-
mately cause foodborne ill ness.

Much re search has been fo cused on 
the use of ozone and other ox i diz ing 
agents in food-processing tech niques 
in or der to elim i nate the pres ence of 
bac te rial spores in foods. Oxidizing 
agents are  able to elim i nate mi cro bial 
path o gens, in clud ing vi ruses, 
bac te ria and their spores, fungi and 
their spores, and pro to zoa, via the 
ac tiv ity of free rad i cals re leased by 
the ox i diz ing agent. Aqueous ozone, 
or ozone that is bub bled into wa ter, 
has been ob served to have a higher 
po ten tial than most ox i diz ing agents 
to in ac ti vate spores. Studies in volv-
ing the in ac ti va tion of bac te rial 
spores by ox i diz ing agents sug gest 
that in ac ti va tion is a re sult of 
ox i da tive dam age to a spore’s in ner 
mem brane.

Damage to the spore’s in ner 
mem brane via oxidization can have 
sev eral ef ects, in clud ing in abil ity to 
ger mi nate, spore death af ter 

ger mi na tion, and cell ly sis. More 
in ter est ingly, re search ers have found 
that spore sur vi vors of ozone 
treat ment ex hibit in creased sen si tiv-
ity to in ac ti va tion by a nor mally 
min i mal heat treat ment. This could 
mean that spores pres ent in foods 
that have been pre treated with 
ozone may be more eas ily in ac ti-
vated dur ing the cook ing pro cess. 
Spores treated with ozone were also 
ob served to be more sen si tive to the 
pres ence of NaCl (salt) in lab o ra tory 
me dia than nontreated spores. 
Therefore, spores may be more 
re spon sive to the pres ence of salt in 
foods when pre treated with ozone.

What about vi rus es?

Damage to the vi ral cap sid via 
ox i da tion can also oc cur with ozone 
treat ment, re sult ing in vi rus in ac ti va-
tion. Dr. Sarah Markland, shown 
here pre par ing spores for ozone 
treat ment, per formed a sim i lar study 
on in ac ti va tion of nor o vi rus on fresh 
pro duce by ozone. The use of ozone 
as a dis in fec tant in pro duce washes 
has shown great prom ise for 
bac te rial path o gens, but lim ited 
re search ex ists on its ef  cacy on 
vi ruses. Green on ions and let tuce 

in oc u lated with two nor o vi rus 
sur ro gates, fe line calicivirus and 
mouse nor o vi rus, were treated with 
ozone (6.25 ppm) for 0.5- to 10-min 
time in ter vals. Infectivity was 
de ter mined by mam ma lian cell 
cul ture as says, where the vi ruses 
in fect host cells in the lab o ra tory and 
vi rus ac tiv ity is mea sured by cell 
ly sis. After 5 min of ozone treat ment, 
>6 log of feline calicivirus was
in ac ti vated in wa ter and ∼2 log on
let tuce and green on ions. Mouse
nor o vi rus in oc u lated onto green 
on ions and let tuce showed a
>2-log re duc tion af ter 1 min of
ozone treat ment. The food ma trix
played the larg est role in pro tec-
tion against ozone in ac ti va tion. 
These re sults in di cate that ozone is
an al ter na tive method to re duce 
vi ral con tam i na tion on the sur face 
of fresh pro duce.
Hirneisen KA, Markland SM, Kniel KE. 
2011. Ozone inactivation of norovirus 
surrogates on fresh produce. J Food Prot 
74:836–839.

Markland SM, Kniel KE, Setlow P, Hoover 
DG. 2011. Characterization of superdormant 
spores of Bacillus cereus and Bacillus 
weihenstephanensis. M.S. thesis. University 
of Delaware, Newark.

Dr. Sa rah Markland pre pa res spores for ozone treat ment 
dur ing her grad u ate stud ies.
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Figure 28.4

The elec tro mag netic spec trum is the range of all  pos si ble fre quen cies of elec tro mag netic 
ra di a tion. Here you can see where vis i ble light and UV light fit into the spec trum, as well 
as other fa mil iar types of en ergy, in clud ing Xrays. The vis i blelight spec trum is the color 
of the rain bow, with red at the lowfrequency end, mov ing up to in digo and vi o let at the 
high est fre quen cies. Abbreviations: IR, in fra red; UHF, ul tra high fre quen cy; VHF, very 
high fre quen cy; FM, fre quency mod u la tion; AM, am pli tude mod u la tion.
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ful fill juice HACCP re quire ments for the 5log re duc tion of E. coli O157:H7 
in freshpressed un pas teur ized ap ple ci der. UV treat ment is an at trac
tive al ter na tive to pas teur i za tion for its abil ity to re tain the freshpressed 
fla vor.

For suc cess ful in ac ti va tion of mi cro or gan isms, it is cru cial to have a 
good lamp and to mon i tor in ten sity. Absorbed UV light en ergy is ef  cient 
at in ac ti vat ing mi cro or gan isms through photophysical and pho to chem i
cal means. The py rim i dine base pairs of nu cleic ac ids (thy mine in DNA, 
cy to sine in DNA and RNA, and ura cil in RNA) ab sorb UV light due to 
their ar o matic ring struc ture. In this re ac tion, the pro duc tion of pho to
prod ucts re sults in mi cro bial in ac ti va tion. UV light read ily in duces thy
mine di mers in the DNA. This in hib its the un zip ping mech a nism 
nec es sary for DNA rep li ca tion. While this is the main pho to prod uct, there 
are oth ers, in clud ing cyclobutyl py rim i dine di mer for ma tion, sin gle
strand breaks, and DNAprotein crosslinks. These vary with the wave
length of the light and the se quence of the DNA. Photoreactivation oc curs 
in the wave length range of 330 to 480 nm due to ac ti va tion of the DNA 
photolyase en zyme that can split thy mine di mers. DNA re pair mech a
nisms are more ef  cient in some bac te ria than in oth ers. Interestingly, 
the pro to zoan Cryptosporidium parvum ap pears to have this en zyme but 
does not use it to re pair DNA dam age af ter UV light treat ment.

PULSED ELECTRIC FIELDS AND PULSED LIGHT
Interest in the uti li za tion of elec tric fields to treat grape must, wine, and 
milk be gan in the 1930s. However, in ter est waned with the high en ergy 
costs dur ing the 1940s. The in creas ing in ter est of con sum ers in fresh
like food prod ucts and the search for an en vi ron men tally friendly dis in
fec tion pro cess brought PEFs back in fa vor. In PEFs, highintensity elec tric 
fields are var ied be tween 10 and 100 ki lo volts (kV) per cen ti me ter and 
the food passes through these cur rents. The tem per a ture is in creased 
min i mally, about 3°C per 10 kV. This tem per a ture change is of ten con
sid ered neg li gi ble. Microorganisms are de stroyed by PEFs through elec
tropermeabilization of their mem branes. This mem brane de struc tion 
leads to the or gan isms’ death. Bacteria ex plode dur ing this pro cess, which 
in ac ti vates be tween 5 and 9log units of bac te ria per treat ment, de pend
ing on the food prod uct. The po ten tial ex ists now for con tin u ous treat
ment sys tems. The PEF niche is for the ap pli ca tion of pas teur i za tion to 
liq uid foods, in clud ing fruit juices and eggs. In terms of en ergy use, PEFs 
use about 80% less en ergy than ther mal treat ments.

What is the dif er ence be tween PEFs and pulsed light? The lat ter is 
an ir ra di a tion sys tem that, like UV light, does not have good pen e tra tion 
into the food sys tem. It can sur face dis in fect a prod uct. It is cer tainly ef
fec tive at re duc ing mi cro bial counts, in clud ing those of mold and fungi, 
on bread sur faces and pack ag ing ma te ri als. The pulsed mech a nism ap
pears to re duce po ten tial neg a tive im pacts on the foods while al low ing 
de struc tion of mi cro bial cells. Typically the pulse rate is 1 to 20 pulses 
per sec ond, and a pulse may last from 300 ns to 1 ms. Compared to a 
con tin u ous light sys tem, pulsed light treat ment is more ef ec tive at in ac ti
vat ing mi cro or gan isms due to the in crease in en ergy in a shorter amount 
of time (Table 28.1). Pulsed light uses a broad spec trum of ra di a tion.
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Table 28.1 Comparative pro cess ing pa ram e ters for non ther mal in ac ti va tion of E. coli

Process Parameters Microorganism Substrate Log re duc tion

HPP 500 MPa, 15 min, 20°C E. coli Skim milk 6.5

400 MPa, <1 min, 25°C E. coli Apple juice 8.0

Ozone 0.23–0.25 mg/liter, 1.67 min E. coli Water 4.0

21–25 mg/liter, 3 min E. coli O157:H7 Apple sur face ∼3.7

UV light 14 mJ/cm2 E. coli O157:H7 Apple ci der 5.0

Pulsed UV light 3 mJ/cm2 E. coli Liquid cul ture 4.3

PEFs 45 kV/cm, 64 pulses, 1.8–6 ms, 15°C E. coli Skim milk 3.0

30 kV/cm, 43 pulses, 4 μs, 25°C E. coli Apple juice 5.0

OMFs 0.15 T (field strength), 0.05 Hz (pulse fre quen cy) E. coli Liquid cul ture 2.0

Ultrasound 600 W, 28- to 100-kHz os cil la tions, 30 min E. coli Apple ci der <1.0

Cold plas ma 0.44 W/cm2, 25 s E. coli Liquid cul ture on 
po ly pro pyl ene

4.0

Almost iden ti cal lev els of in ac ti va tion were achieved by pulsed UV 
light us ing half the en ergy of con tin u ous UV light. Pulsed UV light has 
po ten tial for use in food processing (see Box 28.2 for an example with ap
plications to fresh produce). It is costef ec tive due to the highintensity 
short pulses, which can in ac ti vate both veg e ta tive cells and spores. The 
pulsed treat ments have neg li gi ble ef ects on food qual ity com pared to 
con tin u ous UV. To bet ter uti lize this pro cess ing tech nol ogy, more in for
ma tion is needed on path o gen in ac ti va tion in con junc tion with pulsed
UV light lamp and treat ment cham ber de sign.

Box 28.2
Pulsed light shows potential

With the in creas ing scru tiny of the 
safety and qual ity of fresh fruits 
and veg e ta bles, pro duce com pa-
nies con tinue to seek nonchemical 
al ter na tives to chlo rine washes. 
Water-assisted pulsed light shows 
po ten tial for de con tam i na tion of 
blue ber ries and other fruits. Dr. 
Haiqiang Chen’s group at the 
University of Del a ware has 
adapted wa ter-assisted pulsed-
light pro cess ing for the de con tam i-
na tion of blue ber ries. The 
sci en tists in Dr. Chen’s team 
found that im mers ing the ber ries 
in ag i tated wa ter dur ing the 
pulsed-light treat ment over came 

two of the lim i ta tions of pulsed-
light treat ment, namely, sam ple 
heat ing and shad ow ing by the 
pro duce item. The sci en tists said 
that with their new sys tem, the 
wa ter tem per a ture in creases and 
the sam ple tem per a ture does not, 
due to the na ture of wa ter. Addi-
tionally, the blue berry sam ples can 
move around in the ag i tated wa ter, 
al low ing more uni form ex po sure 
of the blue berry sur faces to the 
pulsed-light treat ment. This 
re search team has seen sig nifi  cant 
re duc tions of E. coli O157:H7 and 
Salmonella on treated in oc u lated 
blue ber ries, re duc tions of >5 logs!

Huang Y, Chen H. 2014. A novel wa ter-
assisted pulsed light pro cess ing for de con-
tam i na tion of blue ber ries. Food Microbiol 
40:1–8.
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OSCILLATING MAGNETIC FIELDS
OMFs pre serve food qual ity and de stroy mi cro or gan isms in a short 
treat ment time with out  a sig nifi  cant rise in tem per a ture. A mag netic 
field is a force field that sur rounds elec tric cur rent cir cuits and arises 
from the move ment of elec tri cal char ges. The po ten tial use ful ness of 
this tech nol ogy is from the force on a sta tion ary charged par ti cle, the food 
prod uct in this case, when the mag netic field is chang ing. Magnetic fields 
are gen er ated when an elec tric cur rent flows through a coiled wire. The 
mag netic field is more con cen trated near the coil. The more loops of wire, 
the larger the cross sec tion of each loop, so the cur rent pass ing through 
the wire is in creased and the field is stron ger. Field in ten si ties that are ca
pa ble of in ac ti vat ing mi cro or gan isms range from 5 to 50 tes las.

Fields are made more in tense with the in clu sion of iron (or other 
para mag netic or fer ro mag netic ma te ri als) in side the coils. Iron cores can 
achieve fields with three times the in ten sity of airfilled coils. The coils are 
made of tiny su per con duc tive fil a ments con tained in a cop per ma trix 
which adds me chan i cal and ther mal sta bil ity. The en tire unit is placed in 
liq uid he lium, which acts as a cool ant to keep the crit i cal tem per a ture 
low (around 4.2 K, which is equiv a lent to –269°C). Researchers are in ves
ti gat ing dif er ent ma te ri als to use for the mag nets.

Scientists first be came in ter ested in the ef ects of mag netic fields on 
bi o log i cal pro cesses in the early 1900s, when they ob served an in crease in 
pro to plas mic stream ing when a mag netic field was ap plied in par al lel to 
the sea weed Chara braunii. OMFs cause dis rup tions in the en zy matic ac
tiv ity that is nec es sary for met a bolic pro cesses of mi cro or gan isms. Scien
tists have ob served that mi cro or gan isms or tu mor cells placed in an area 
of highintensity mag netic fields are un able to re pro duce. The the ory is 
that the fields dis rupt me tab o lism within the cells and thereby halt the 
growth of the mi cro or gan isms. This may be achieved as mag netic fields 
loosen the bonds be tween spe cific ions. The sci en tific ef ects and the rea
son ing be hind them are still not well un der stood. Overall, mag netic fields 
have one of three dif er ent ef ects on mi cro bial cells (yeasts and bac te ria). 
These are (i) in hib i tory, (ii) stim u la tory, or (iii) no ob served ef ect. For a 
food pres er va tion treat ment, the first ef ect of these three is the only ben
e fi cial one. Before this tech nol ogy is con sid ered for food pres er va tion pur
poses, these meth ods must show con sis tent ben e fi cial in hib i tory re sults.

It is be lieved that OMFs can be used to pre serve solid or liq uid foods. 
Solid foods could be treated in sealed pouches and sub jected to OMFs. 
Liquid foods could be pumped through a pipe in a con tin u ous flow through 
the fields. OMF treat ments are con ducted at at mo spheric pres sure and 
with slight heat treat ment to 2 to 5°C. In tests us ing po ta toes, the bac te
rial mi cro flora was in ac ti vated more read ily than fungi. Preliminary 
data sug gest that OMFs can be use ful as a pro cess ing meth od ol ogy, but 
much more in for ma tion is needed to fully un der stand the mech a nisms 
in volved, ki net ics of in ac ti va tion, re sis tant path o gens, crit i cal pro cess 
fac tors, and ef ects of mi cro bial in ac ti va tion.

ULTRASOUND
The use of highfrequency sound waves dates back to 1927, when it was 
ob served that ul tra sound ac cel er ated the rate of con ven tional chem i cal 

Authors’ note
A tesla is a unit of mea sure ment 
for mag netic fields, known as 
mag netic flux den si ty.

Authors’ note
The kel vin (K) is the unit of 
mea sure ment of ab so lute 
tem per a ture. Unlike the de gree 
Fahr en heit and de gree Cel sius, 
the kel vin is not re ferred to as a 
de gree or writ ten with a de gree 
sign. It is the pri mary unit of 
tem per a ture mea sure ment in 
the phys i cal sci ences.
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re ac tions. There are two types of ul tra sound: (i) highfrequency, lowen
ergy, di ag nos tic ul tra sound in the mega hertz range and (ii) lowfrequency, 
highpower ul tra sound in the ki lo hertz range. The forces gen er ated by 
ul tra sound act on mol e cules, like mi cro or gan isms, in so lu tion. The en
ergy gen er ated is not enough to break chem i cal bonds, but it re sults in 
an in di rect phe nom e non known as cav i ta tion. Cavitation is the gen er a
tion of bub bles in the liq uid as the ra di at ing wave en ergy prop a gates 
(Fig. 28.5). These bub bles go through two stages. They pul sate rap idly or 
ex pand to a crit i cal size and col lapse vi o lently, some times called im plo
sion. The ac tiv ity of the bub bles am pli fies the en ergy by more than 11 
or ders of mag ni tude. This level of en ergy is suf  cient to break chem i cal 
bonds. Thermal con duc tiv ity ef ects play a role in the de vel op ment of 
smaller bub bles. More en ergy is cre ated as the bub bles col lapse. In fact, 
col laps ing cav i ties are like tiny microreactors, filled with heat and ox y
gen rad i cal spe cies, like hy dro gen per ox ide and hy droxyl rad i cals that 
can re act with mi cro bial cells.

These re ac tions cause cell dis rup tion and lead to the in ac ti va tion 
of bac te ria, molds, yeasts, and vi ruses. Microbial in ac ti va tion by ul tra
sound in creases with in creased tem per a ture, called thermosonication. 
As de scribed above, mi cro bial in ac ti va tion oc curs through cav i ta tion ef
fects on mi cro bial cell walls through the in ter ac tion with ox y gen rad i
cals. Bacterial spores and Grampositive bac te ria are more re sis tant to 
in ac ti va tion by son i ca tion than are veg e ta tive cells and Gramnegative 
bac te ria. Like HPP, ul tra sound can re duce the ac tiv ity of en zymes in 
foods. This is due to the de po ly mer iza tion of mac ro mol e cules. Ultra
sound is best known for its use in clean ing and sur face de con tam i na
tion. The cav i ta tion ef ects are stron ger than the ad he sion forces (van 
der Waals at trac tion) hold ing par ti cles to the sur face. Surface dis in fec
tion us ing ul tra sound may be use ful in pro duce and poul try wash ing or 
in the re moval of bio films.

Ultrasonic bub bles can be gen er ated by small or larger wands or rails 
that are sub merged as part of a larger sys tem. Ultrasound may be use ful 
in the pro cess ing of liq uids, like fruit juices or liq uid eggs. Ultrasonic 
in ter ac tions with food com po nents like pro teins and car bo hy drates are 
com plex and de pend on the ul tra sonic in ten sity, du ra tion, and en vi ron
men tal con di tions. For ex am ple, ul tra sound may af ect pro tein de na tur
ation by caus ing changes in the ter tiary pro tein struc ture. This may be 
ad van ta geous or neg a tive de pend ing on the food prod uct. Ultrasound 
may be used to as sist ex trac tion of food com po nents. Ultrasound ap pli
ca tions in the wine and bev er age in dus try are grow ing. Highpower 
ul tra sound equip ment has large con tin u ousflow treat ment cham bers, 
with a flow of be tween 5 and 15 li ters per min ute. Larger sys tems can be 
gen er ated by us ing a se quence of flow cells. Current ul tra sound sys tems 
have en ergy ef  cien cies of 85%, which shows that the en ergy gen er ated 
by the trans ducer (re spon si ble for cre at ing an al ter nat ing elec tri cal field) 
is nearly all  de liv ered into the me dium. From this brief de scrip tion, you 
can see the po ten tial use of ul tra sound and un der stand a bit about how 
it works. The phys i cal pro cesses of cav i ta tion as ul tra sound waves trans
mit through liq uids and the en ergy gen er ated by the im plo sion of tiny 
gas bub bles are more com plex than one would first imag ine!

Figure 28.5

Cavitation af ter wa ter drop im pact. 
Image cour tesy of J. J. Har ri son.

Authors’ note
It is not easy to imag ine the 
phys i cal pro cesses be hind 
ul tra sound. Imagine the force 
of air bub bles dis pers ing 
through a jet in a whirl pool. 
Think about cav i ta tion like the 
move ment of bub bles, but 
these bub bles are on the 
nearmicroscopic level in size. 
As the bub bles im plode, they 
re lease en ergy that can lyse 
mi cro or gan isms. Imagine how 
wa ter through a whirl pool jet 
sloughs off dead skin cells.
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CONCLUSIONS
The non ther mal pro cess ing meth ods dis cussed here all  have the po ten
tial to en hance mi cro bial food safety by in ac ti vat ing mi cro or gan isms 
while pro tect ing food qual ity. In gen eral, mi cro bial in ac ti va tion var ies 
de pend ing on the food sub strate. There are a myr iad of ex am ples where 
food pro duc ers have benefited from the in clu sion of the non ther mal 
tech nol o gies dis cussed within this chap ter. No doubt there will be many 
more. A few ex am ples in clude the fol low ing:

•  Use of ozone in sur face wash wa ter at meatprocessing plants
re plac ing or ganic ac ids at a cost sav ings of >$100,000 an nu al ly

•  Health ier broil ers in poul try houses due to treat ment of drink
ing wa ter with ozone to re duce mi cro bial con tam i na tion

•  Longlasting highquality freshlike gua ca mole treated with HPP to
in ac ti vate the po ly phe nol ox i dase that causes en zy matic brown ing

•  Sliced deli meats treated with HPP and free of ni trites and other
pre ser va tives

•  PEFs used to pro duce fruit juices with en hanced freshlike sen sory
prop er ties

•  Fam ily farms con tinu ing to be  able to sell ap ple ci der; af ter treat
ment with ozone, the ci der is com pa ra ble in safety to pas teur
ized juice but re tains its “farmfresh” char ac ter is tics

While food mi cro bi ol o gists are typ i cally vested in food safety is sues,
food sci en tists should also fo cus on is sues of world hun ger, food se cu
rity, and sus tain abil ity. It has been spec u lated by the Amer i can Dietetic 
Association that cur rent ag ri cul tural pro duc tion world wide could be 
enough to feed ev ery one on Earth, but is sues of ac cess to food are crit i
cal. Some sci en tists feel that non ther mal tech nol o gies like highpres
sure and pres sureassisted ther mal ster il i za tion may be used for the 
pro duc tion of hu man i tar ian daily ra tions that have long shelf lives. 
These could be sim i lar to the readytoeat meals pro vided to U.S. mil i
tary per son nel.

Summary

•  Foods made us ing non ther mal pro cess ing tech nol o gies re tain the fresh-like char ac ter is tics ab sent in ther mally 
pro cessed foods.

•  Under the ap pro pri ate con di tions, these non ther mal pro cess ing meth ods can in ac ti vate mi cro or gan isms 
(Table 28.1) and some times en zymes as well, de pend ing on the pro cess and dose. This is cer tainly a great
ben e fit for the use of HPP at spe cific dos es.

•  Ozone (O3) is a highly re ac tive and use ful dis in fec tant. Ozone is ap pli ca ble for use in wa ter dis in fec tion and in
food pro duc tion, in clud ing pro duce wash wa ter.

•  Surface dis in fec tion is an im por tant area of use and of de vel op ment for ozone, UV, and ul tra sound.
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Questions for critical thought
 1.  Why do sci en tists want to ex plore the use of non ther mal pro cess ing for food 

 pro duc tion? List the ben e fits of nonthermal pro cess ing over heat treat ment.

 2.  Describe the phys i cal and chem i cal re ac tions that are in volved in non ther mal 
 pro cess ing meth ods.

 3.  The pack ag ing used in HPP is im por tant. While this was not de scribed within this 
text, can you dis cuss im por tant pa ram e ters for ef  cient pack ag ing? (These may be 
flex i bil ity, mois ture re sis tance, size, or shape. Would metal cans work well in HPP?)

 4.  There are sev eral pa ram e ters that can make ozone a more ef ec tive dis in fec tant for 
food pro cess ing. You are a pro ces sor in the freshcut in dus try. You want to use 
ozone and get the most dis in fec tant prop er ties from the gas eous ozone you are mix
ing in your wash wa ter. How might you en gi neer your pro duc tion en vi ron ment to be 
suc cess ful in us ing ozone?

 5.  Describe which novel non ther mal pro cess ing tech nol ogy you think will be the 
most use ful treat ment method in 10 years. Or do you think an other method that is 
not de scribed here will fit this de scrip tion?

 6.  How do pulses and os cil la tions en hance treat ment ef  ciency and mi cro bial dis in fec
tion over con tin u oustype treat ments (light, elec tric fields, and mag netic fields)?

 7.  You are in ter ested in the pres er va tion of salad in gre di ents, in clud ing salad dress ing, 
so that you can ship them across the coun try. To in crease the shelf life and re tain 
freshlike char ac ter is tics, you want to use novel non ther mal tech nol o gies. How will 
you choose to pro cess your prod uct? Is there a ben e fit to us ing spe cific tech nol o gies 
for spe cific foods?

 8.  Compare and con trast the ad van tages and dis ad van tages of HPP, UV light, ozone, 
PEFs, OMFs, cold plasma, and ul tra sound.

•  Novel treat ment meth ods like cold plasma, OMFs, and ul tra sound may be use ful in the fu ture once we un der stand 
how to bet ter im ple ment them in food pro duc tion.

•  For each treat ment pro cess, there are foods that are good can di dates and those that are not. This may de pend 
on mois ture con tent, air, pH, flu id ity, tur bid ity, shape, and other phys i cal and chem i cal pa ram e ters.

•  Scientists con tinue to work to im prove food safety by en abling the food in dus try to make bet ter de ci sions about 
how to uti lize non ther mal pro cess ing meth ods to re duce the risk of foodborne ill ness. Vast re search and 
de vel op ment into novel non ther mal pro cess ing meth ods con tin ue.
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INTRODUCTION
Most peo ple in the food in dus try are aware of Hazard Analysis and Crit
ical Control Point (HACCP) sys tems. Indeed, few stu dents ma jor ing in 
food sci ence have not heard of HACCP by the end of their first year of 
col lege. This chap ter fo cuses pri mar ily on HACCP; how ever, be fore a 
HACCP pro gram can be in tro duced or de vel oped, ba sic build ing blocks 
must be in place. Specifically, in an in dus trial set ting, im ple men ta tion 
of good manufactur ing prac tices (GMPs) and a sound san i ta tion pro
gram are key el e ments. Food safety ob jec tives (FSOs) were in tro duced 
by the International Commission on Microbiological Specifications for 
Foods in 2002. Programs in clud ing HACCP will pro vide the ev i dence 
that FSOs are met. The im ple men ta tion of GMPs and of san i ta tion and 
HACCP sys tems is per haps even more im por tant now to ad dress pub lic 
con cern that food sup plies are safe and se cure from in ten tional con tam i
na tion by ter ror ists. In the United States the Food Safety Modernization 

29 Sanitation and Related Practices

Introduction

Food Safety Objectives

Good Manufacturing 
Practices

Ge ne ral Provisions 
(Subpart A)

Buildings and Facilities 
(Subpart B)

Equipment (Subpart C)

Production and Process 
Controls (Subpart E)

DALs (Subpart G)

Sanitation

SSOPs

HACCP

Food Safety 
 Modernization Act

Conclusions

Summary

Suggested read ing

Questions for crit i cal 
thought

Learning Objectives

The in for ma tion in this chap ter will en able the stu dent to:

• rec og nize the link between Hazard Analysis and Critical
Control Points (HACCP) and food safety ob jec tives (FSOs)

• dis cuss the ben e fits of san i ta tion, good manufactur ing 
prac tices (GMPs), and the HACCP sys tem with re spect
to hu man safety and food qual i ty

• out  line the pro cess for de vel op ment of a HACCP pro gram

• rec og nize the lim i ta tions of HACCP

• out  line the ba sic con cepts of GMPs

• dis cuss the proper ap pli ca tion of san i tiz ing agents

• in te grate san i ta tion, GMPs, and HACCP

• iden tify prac tices that can re sult in the in tro duc tion of
chem i cal, bi o log i cal, or phys i cal haz ards into food

• dif er en ti ate FSOs from per for mance ob jec tives

• iden tify seg ments of the food in dus try for which HACCP
is man da to ry

doi:10.1128/9781555819392.ch29
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Act re quires most food pro ces sors to de velop a food safety plan. Greater 
in for ma tion on FSMA can be found in chap ter 7.

FOOD SAFETY OBJECTIVES
Consumers ex pect that food pro ces sors em ploy mea sures to en sure the 
safety of the food they con sume. FSOs are the max i mum fre quency and/
or con cen tra tion of a mi cro bi o log i cal haz ard in a food at time of con sump
tion that is con sid ered ac cept able con trib ut ing to the ap pro pri ate level of 
pro tec tion. FSOs can be set for any food haz ard, chem i cal or bi o log i cal; in 
this chap ter, only haz ards of mi cro bial or i gin are con sid ered. FSOs and 
per for mance ob jec tives (POs) can be used by a gov ern ment agency (e.g., 
the Food and Drug Administration [FDA] or U.S. Department of Agricul
ture [USDA]) or other au thor ity to com mu ni cate food safety lev els to in
dus try and to other gov ern ments. Basically, the FSO func tions as a tool to 
trans late a pub lic health goal (e.g., level of af a toxin in pea nuts) to mea sur
able at tri butes.

The abil ity of a food pro ces sor to use one pro cess ing tech nique over 
an other is not set by the FSO. Indeed, the goal is to en sure that the max i
mum haz ard level spec i fied at con sump tion is not ex ceeded. Diferent 
coun tries may use dif er ent tech nol o gies or adopt new tech nol o gies more 
rap idly for pro cess ing a given food, for ex am ple, milk. Milk is gen er ally 
pas teur ized, a ther mal pro cess, to ren der it safe; other tech nol o gies that 
do not in volve ther mal pro cess ing, in clud ing ir ra di a tion and high hy dro
static pres sure, may also be used. Evaluation of tech niques to de ter mine 
equiv a lence in reach ing a par tic u lar level of safety is re quired to en sure 
con sumer pro tec tion and to fa cil i tate fair trade.

FSOs must in clude a num ber of at tri butes; they should be quan ti ta
tive, ver i fi able, and tech ni cally fea si ble. FSOs can then be in cor po rated 
into prin ci ples of both HACCP and GMPs. Hypothetical FSOs in clude 
af a toxin in pea nuts not ex ceed ing 15 µg/ml, Listeria monocytogenes in 
readytoeat foods not ex ceed ing 100 col o nyforming units (CFU)/g, 
and Salmonella enterica serovar Enteritidis in eggs not ex ceed ing 1 egg 
per 100,000. The po ten tial mi cro bi o log i cal haz ards as so ci ated with a 
food may rep re sent such a low risk that an FSO is not needed. Examples 
of such foods in clude car bon ated bev er ages, most breads, gran u lated 
sugar, and pine ap ple. FSOs are typ i cally very low, since they rep re sent 
the max i mum level of a haz ard at the point of con sump tion. FSOs are 
not the same as mi cro bi o log i cal cri te ria (see chap ter 6). HACCP sys tems 
pro vide the most re li able ev i dence that FSOs (and POs) are be ing achieved, 
since mea sur ing this level is im pos si ble in most cas es.

GOOD MANUFACTURING PRACTICES
In 1969, the FDA pub lished reg u la tions on GMPs that pro vide ba sic 
rules for food plant san i ta tion. In 1986, the FDA pub lished a re vi sed ver
sion that ex panded the orig i nal reg u la tions. The GMPs can be found in 
the Code of Fe de ral Regulations un der Title 21, part 110, as “Current Good 
Manufacturing Practices in Manufacturing, Packing, or Holding Hu
man Food” (re ferred to here af ter as CGMPs). To clar ify what the Code of 
Fe de ral Regulations con tains, the fol low ing ex pla na tion may help. Pro
posed reg u la tions are first pub lished in a daily pub li ca tion, the Fe de ral 

Authors’ note
Governments use FSOs and 
POs to com mu ni cate pub lic 
health goals to be met by food 
pro ces sors by HACCP.
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Register, set ting forth rul ings by the ex ec u tive branch and agen cies of 
the fed eral gov ern ment. These are then cod i fied and pub lished as the 
Code of Fe de ral Regulations. The Code of Fe de ral Regulations is di vided into 
50 ti tles that rep re sent ar eas that are sub ject to fed eral reg u la tion.

The CGMPs are di vided into seven sub parts, each de tail ing re quire
ments re lated to var i ous op er a tions or ar eas in foodprocessing fa cil i ties. 
The re quire ments are es tab lished to pre vent con tam i na tion of a prod uct 
from di rect and in di rect sources. Subparts D and F are re served; there
fore, only sub parts A to C, E, and G are dis cussed here.

Ge ne ral Provisions (Subpart A)
Subpart A con tains a list of defi  ni tions, the un der ly ing rea son for CGMPs 
linked to the Food, Drug and Cosmetic Act (re ferred to here af ter as the 
Act); re spon si bil i ties im posed on plant man age ment re gard ing per son
nel; and ex clu sions. Definitions are pro vided to main tain con sis ten cy; 
how ever, they are of ten vague and open to in ter pre ta tion. The cri te ria 
and defi  ni tions used to de ter mine whether a food is adul ter at ed (made 
un fit for hu man con sump tion by the ad di tion of im pu ri ties) are cov ered 
un der sec tions 402(a)(3) and 402(a)(4) of the Act. A food is con sid ered 
adul ter ated if it con tains any filth or pu trid and/or de com posed ma te rial 
or is oth er wise un fit for use as food. The Act goes on to state that food is 
adul ter ated if it has been pre pared, packed, or held un der un san i tary 
con di tions; may be come con tam i nated with filth; or has been ren dered 
in ju ri ous to hu man health.

Criteria for dis ease con trol, clean li ness, and the ed u ca tion and train ing 
of per son nel are in cluded. These re quire ments are de signed to pre vent 
the spread of dis easecausing mi cro or gan isms from work ers to food 
con tact sur faces and the food it self. Workers in di rect con tact with food 
or ar eas that in di rectly con tact food must con form to hy gienic prac tices. 
These in clude main tain ing per sonal clean li ness, wear ing clean cloth ing, 
re mov ing jew elry, wash ing hands, and wear ing ap pro pri ate pro tec tive 
gar ments (gloves, hair nets, and beard cov ers). Personnel re spon si ble for 
plant san i ta tion should re ceive ed u ca tion and ex hibit a level of com pe
tency so that they can pass the in for ma tion on to work ers in a fa cil i ty.

The ex clu sions sec tion holds ex empt food es tab lish ments that are 
en gaged solely in the har vest ing, stor age, or dis tri bu tion of raw ag ri cul
tural com mod i ties [sec tion 201(r) of the Act de fi nes this as any food in 
its raw or nat u ral state, in clud ing all  fruits that are washed, col ored, or 
oth er wise treated in their un peeled nat u ral form prior to be ing mar keted] 
that are or di nar ily cleaned, pre pared, treated, or oth er wise pro cessed 
be fore be ing mar ket ed.

Buildings and Facilities (Subpart B)
Subpart B cov ers reg u la tions for plant and grounds, which state that the 
grounds of a food plant should be main tained in a con di tion that will 
pro tect against the con tam i na tion of food. The plant de sign and con
struc tion must be such that op er a tions within a plant can be sep a rated 
and that ma te ri als used for walls, foors, etc., fa cil i tate clean ing and san
i tiz ing. The san i tary op er a tions sec tion cov ers gen eral re quire ments 
re lated to gen eral main te nance, clean ing and san i tiz ing com pounds, 
tox icmaterial stor age, pest con trol, san i ta tion of food con tact sur faces, 



|  Chapter 29530

and stor age and han dling of cleaned equip ment and uten sils. The last 
sec tion cov ers san i tary fa cil i ties and con trols and pro vi des min i mum 
re quire ments for san i tary fa cil i ties and ac com mo da tions. Facilities and 
ac com mo da tions in clude, but are not lim ited to, the wa ter sup ply, plumb
ing, sew age dis posal, toi let fa cil i ties, handwashing fa cil i ties, and dis posal 
of rub bish and of al (an i mal parts that are con sid ered waste, gen er ally 
ap plied to meat and poul tryprocessing plants).

Equipment (Subpart C)
The equip ment and uten sils sec tion spec i fies that the ma te ri als used 
and the de sign of plant equip ment and uten sils must al low ad e quate 
clean ing and proper main te nance. Emphasis is placed on pre vent ing the 
adul ter a tion of food by mi cro bial con tam i na tion or by other con tam i
nants, such as lu bri cants or metal frag ments. Moreover, equip ment used 
in the manufactur ing, hold ing, or con vey ing of food must be de signed 
and con structed for easy clean ing and main te nance. Cooling equip ment 
(freez ers and cold stor age) and con trol in stru ments (e.g., pH me ters and 
ther mom e ters) must be ac cu rate and ad e quately main tained. Finally, com
pressed gases that are in tro duced into food or used to clean food con tact 
sur faces must be free of con tam i nants that are con sid ered un law ful 
in di rect food ad di tives.

Production and Process Controls (Subpart E)
Subpart E is the most de tailed sub part and is bro ken down into sev eral 
sec tions and sub sec tions that con tain rules to en sure the fit ness of raw 
ma te ri als and in gre di ents, to main tain manufactur ing op er a tions, and 
to pro tect fin ished prod ucts from de te ri o ra tion. The pro cesses and con
trols sec tion stresses that all  op er a tions must be con ducted in ac cor dance 
with ad e quate san i ta tion prin ci ples. Quality con trol pro grams must be 
in place to en sure that food is suit able for hu man con sump tion and that 
pack ag ing ma te ri als are safe and suit able. Quality con trol san i ta tion pro
grams are re quired to en sure com pli ance with the Act.

The sub sec tion on raw ma te ri als and in gre di ents con tains de scrip
tions for how those ma te ri als should be in spected, han dled, washed, 
and seg re gated to min i mize con tam i na tion and de te ri o ra tion. Materials 
must not con tain mi cro or gan isms or must be treated dur ing man u fac
ture to en sure that the lev els of mi cro or gan isms that pro duce food poi
son ing or other hu man ill ness no lon ger pres ent a prob lem and do not 
ren der the food adul ter ated. Compliance with reg u la tions for nat u ral 
tox ins and other del e te ri ous (harm ful) sub stances is of the ut most im
por tance and should be ver i fi able. Holding of raw ma te ri als must be 
ad e quate to pro tect against con tam i na tion and must be con sis tent with 
re quire ments for that ma te rial. Therefore, fro zen ma te ri als must be 
kept fro zen, dry ma te ri als must be pro tected against mois ture and tem
per a ture ex tremes, and ma te rial sched uled for re work must be iden ti
fied as such.

The han dling of food in an ap pro pri ate way to pre vent con tam i na tion 
is cov ered in the sub sec tion on manufactur ing op er a tions. Required con
di tions are listed for the han dling of foods that sup port the rapid growth 
of un de sir able mi crobes, par tic u larly those that cause foodborne ill
ness. Requirements to pro tect sev eral types of foods, for ex am ple, bat ters, 
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sauces, and de hy drated foods, from con tam i na tion or adul ter a tion are 
stated. Various op er a tions, such as me chan i cal manufactur ing (wash
ing, cut ting, and mash ing), heat blanch ing, and fill ing, as sem bling, and 
pack ag ing, must be per formed to pro tect against con tam i na tion. To fa cil
i tate the track ing pro cess, com pa nies should code in di vid ual con sumer 
pack ages with ap pro pri ate in for ma tion (most com pa nies rou tinely code 
each pack age). This is also im por tant in the vol un tary re call of prod ucts 
that are in vi o la tion of food laws and reg u la tions.

The fi nal sec tion of sub part E, ware hous ing and dis tri bu tion, is brief 
but none the less ex tremely im por tant. The sec tion states that the stor age 
and trans port of fin ished food must be con ducted un der con di tions that 
pre vent phys i cal, chem i cal, and mi cro bial con tam i na tion. The con di tions 
must also pre vent de te ri o ra tion of the food and the con tain er.

DALs (Subpart G)
The sec tion of sub part G cov er ing nat u ral or un avoid able de fects in 
food for hu man use that pres ent no health haz ards was es tab lished 
be cause it is not pos si ble, and never has been pos si ble, to grow (in open 
fields), har vest, and pro cess crops that are to tally free of nat u ral de fects. 
Certain de fects that pres ent no hu man health haz ard, par tic u larly in raw 
ag ri cul tural com mod i ties, may be car ried through to the fin ished prod
uct. The de fect ac tion level (DAL) rep re sents the lim its at or above which 
the FDA may take le gal ac tion to re move a prod uct from the con sumer 
mar ket. The fact that the FDA has es tab lished DALs does not mean that 
a man u fac turer need only stay be low that level. Manufacturers can not 
mix or blend a prod uct con tain ing any amount of de fec tive food at or 
above the cur rent DAL with an other lot of the same or an other prod uct. 
This is not per mit ted by the FDA and ren ders the food un law ful re gard
less of the DAL of the fin ished food. Companies can not use DALs to 
mask poor manufactur ing prac tices. The FDA clearly states that the 
fail ure to op er ate un der GMPs will re sult in le gal ac tion even though 
prod ucts might con tain nat u ral or un avoid able de fects at lev els lower 
than the cur rently es tab lished DALs.

In the absence of good agricultural 
practices, field crops can be 
contaminated by bacteria in 
manure and then, when eaten, can 
make people sick. (World of Cow by 
Stik, reprinted with permission 
from CartoonStock.)
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Quantitative microbial risk assessment of foods

Donald W. Schaffner  
Department of Food Science, Rutgers 
University, New Bruns wick, NJ

Microbiological risk as sess ment is 
an emerg ing tool for eval u at ing the 
safety of food. This text box only 
in tro duces the top ic; if you want to 
learn more, there are en tire books 
on the sub ject (see ref er ence). Risk 
as sess ment is of ten de scribed as 
be ing one part of risk anal y sis. Risk 
anal y sis is de scribed as a pro cess 
com posed of three com po nents. 
Those com po nents are risk as sess
ment (the sys tem atic, sci en tific 
eval u a tion of known or po ten tial 
risks), risk man age ment (the 
in her ently non sci en tific pro cess of 
weight ing and then se lect ing 
var i ous pol icy al ter na tives), and risk 
com mu ni ca tion (the pro cess by 
which in for ma tion is ex changed 
about risk, among in ter ested 
par ties).

Risk as sess ment is of ten fur ther 
bro ken down into four com po nents: 
haz ard iden ti fi ca tion, ex po sure 
as sess ment, haz ard char ac ter iza
tion, and risk char ac ter iza tion. The 
re la tion ship among all  these parts 
can be seen in the fig ure. The 
orig i nal defi  ni tion of risk as sess
ment dates back to a sem i nal 1983 
doc u ment pub lished by the Na
tional Academy of Sciences (NAS). 
The NAS doc u ment re viewed the 
state of man age ment of the risk 
as sess ment pro cess in the fed eral 
gov ern ment. The NAS fourcompo
nent defi  ni tion (haz ard iden ti fi ca
tion, ex po sure as sess ment, haz ard 
char ac ter iza tion, and risk char ac ter
iza tion) has since been adapted to a 
wide va ri ety of risks (pes ti cides, air 
pol lu tion, haz ard ous waste, cel lu lar 
tele phones, nanomaterials, etc.).

The Codex Alimentarius Commis
sion de vel ops food stan dards and 
guide lines to pro tect the health of 

con sum ers and en sure fair food 
trade prac tices. It adapted this risk 
as sess ment defi  ni tion to spe cifi  cally 
ad dress mi cro bial haz ards in food. 
The Codex Alimentarius Commis
sion de fi nes the dif er ent com po
nents of mi cro bial risk as sess ment 
as fol lows: haz ard iden ti fi ca tion is a 
qual i ta tive pro cess to iden tify 
haz ards in a food or group of foods; 
ex po sure as sess ment is a qual i ta
tive or quan ti ta tive eval u a tion of the 
chance that a mi cro bial haz ard is 
in gested and causes an ad verse 
health ef ect; haz ard char ac ter iza tion 
de scribes the ad verse ef ects of 
mi cro bial in ges tion, us ing a 
doseresponse func tion if avail  able; 
and fi nally, risk char ac ter iza tion 
in te grates the three pre vi ous steps 
to ob tain an over all risk es ti ma te.

In the last de cade, ac a demic 
re search ers, na tional reg u la tory 
agen cies, and in ter na tional ex pert 
bod ies have de vel oped a num ber of 
mi cro bial risk as sess ments for 
var i ous path o genproduct com bi na
tions (e.g., Escherichia coli O157:H7 
in ground beef and Vibrio parahae-
molyticus in raw oys ters). A mi cro
bial risk as sess ment may con sider a 
sin gle stage (e.g., re tail) or mul ti ple 
stages (farm to fork) in the sup ply 
chain. The pri mary out  come of a 

mi cro bial risk as sess ment is an 
es ti mate of the chance of ill ness 
from con sump tion of the food 
prod uct in ques tion. Once the risk 
model is de vel oped, sce nario 
anal y sis can be used to see the 
im pact of con trol mea sures and 
mit i ga tion strat e gies on the over all 
risk to con sum ers. A sen si tiv ity 
anal y sis can also be per formed to 
iden tify fac tors that have the most 
sig nifi  cant in flu ence on the risk. 
Inputs and out  puts in quan ti ta tive 
mi cro bial risk as sess ment are 
usu ally rep re sented by sta tis ti cal 
dis tri bu tions in stead of sin gle point 
val ues. This means that a typ i cal 
in put might be the av er age con cen
tra tion of a path o gen on a raw 
ma te rial, e.g., 1 CFU or cell per 
100 g, but that this con cen tra tion is 
known to vary by ±1log CFU. The 
use of such dis tri bu tions pro vi des a 
more re al is tic and ac cu rate as sess
ment of risk than one that is based 
on a sin gle point value in put such as 
the mean or the worstcase val ue.

The very first na tional gov ern ment 
and peerreviewed mi cro bial 
risk as sess ments for food were 
pub lished in 1998. In 12 short years 
an en tire sci en tific sub dis ci pline 
has de vel oped. The com mu ni ties 
of quan ti ta tive food mi cro bi ol o gists 

Risk assessment

Risk
management

Risk
communication

Hazard
identification

Risk
characterization

Exposure
assessment

Hazard
characterization

The re la tion ship among the parts of the risk as sess ment pro cess, risk com mu ni ca tion, and 
risk man age ment.

(continued)
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An ex ten sive list of DALs is avail  able for prod ucts from all spice to 
wheat four. The de fect may be mold, ro dent filth, in sects, rot, or mam
ma lian ex creta. Below are a few ex am ples of DALs (listed as prod uct, 
de fect, and ac tion lev el).

•  Apple but ter: ro dent filth; av er age of four or more ro dent hairs
per 100 g of ap ple but ter

•  Cocoa beans: mam ma lian ex cre ta; mam ma lian ex creta at 10 mg 
or more per pound

•  Fig paste: in sects; >13 in sect heads per 100 g of fig paste in each
of two or more sub sam ples

•  Peaches, canned and fro zen: moldy or wormy; av er age of 3% or
more of fruit by count is wormy or moldy

•  Potato chips: rot; av er age of 6% or more of pieces by weight con
tain rot

Although not spec i fied or re quired in the CGMPs, main tain ing ac cu
rate re cords to doc u ment com pli ance with laws and reg u la tions is im plied. 
Records from all  phases of the food op er a tion should be main tained 
to ver ify that raw ma te ri als, foodpackaging ma te ri als, and the fin ished 
prod uct com ply with the pro vi sions of the Act. Records re lated to pro
cesses used to de stroy or pre vent the growth of mi cro or gan isms of pub lic 
health con cern are also im por tant. To fa cil i tate track ing of fin ished 
prod ucts and re calls, re cords re lated to dis tri bu tion must be main tained. 
Record keep ing also aids in the de vel op ment of a HACCP pro gram.

SANITATION
Many stu dents, and for that mat ter food plant work ers, in cor rectly con
sider san i ta tion to be only the re moval of trash and the clean ing of 
equip ment. However, san i ta tion in cludes a host of ac tiv i ties that are ul
ti mately de signed to pre vent the adul ter a tion of a prod uct dur ing pro
cess ing. The true goal of any san i ta tion pro gram is to pro tect the health 
of the con sumer. In ad di tion, a sound san i ta tion pro gram in creases the 
shelf life of a prod uct, thereby min i miz ing eco nomic loss, and pre vents 
con tam i na tion of a prod uct with ma te ri als that may of end the con sumer 
(e.g., pieces of wood, rocks, or ma chin ery). During the past 50 years, 
sig nifi  cant ad vances have been made in pro duc tiv ity and the ways that 
foods are pro cessed. These ad vances have en hanced the safety and shelf 
life of prod ucts, but they re quire strict san i ta tion pro grams to en sure 
that con tam i na tion does not oc cur.

used the frame work de vel oped for 
chem i cal risk as sess ment to 
de velop doz ens of fed eral and 
in ter na tional mi cro bial risk 
 as sess ments. These are con tin u ously 

be ing re vi sed as ad di tional data 
are col lected and new mod el ing 
ap proaches are de vel oped. 
 Microbial risk as sess ment not only 
is a use ful tool for global food 

safety but also is used by the food 
in dus try as a means to un der stand 
and man age risk.
Schaffner DW (ed). 2008. Microbial Risk 
Analysis of Foods. ASM Press, Wash ing ton, DC.

Quantitative microbial risk assessment of foods (continued)
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Before san i ta tion can be dis cussed, it must be de fined with re spect to 
the food in dus try. Sanitation is the cre a tion of a com pre hen sive pro gram 
de signed to con trol mi cro or gan isms in a foodprocessing plant. A san i
ta tion pro gram must be based on sound sci ence to en sure that healthy 
work ers han dle food in a clean en vi ron ment. The goal of the pro gram is 
to pre vent con tam i na tion of food with path o gens that cause hu man ill
ness and to limit the in tro duc tion and growth of mi cro or gan isms that 
re sult in spoil age. To achieve this goal, per sonal and en vi ron men tal hy
giene must be prac ticed. Sanitation is con sid ered an ap plied sci ence be
cause of the hu man health is sues that could arise should a break down 
in san i ta tion prac tices oc cur.

Within the san i taryoperations sec tion of the CGMPs, gen eral re
quire ments are cov ered for the main te nance of build ings, fix tures, and 
other phys i cal fa cil i ties; pest con trol; san i ta tion of food con tact sur fac es; 
and stor age and han dling of cleaned equip ment and uten sils. Depend
ing on the prod uct, the USDA may have ju ris dic tion over foodprocess
ing fa cil i ties, spe cifi  cally those as so ci ated with meat, poul try, and eggs 
(ac cord ing to the Fe de ral Meat Inspection Act, Poultry Products Inspec
tion Act, and Egg Products Inspection Act). Other agen cies may also 
be come in volved. For in stance, the Environmental Protection Agency 
may be in volved if is sues arise over wa ter pol lu tion (Fe de ral Water Pollu
tion Control Act) or air pol lu tion (Clean Air Act) or through the use of 
pes ti cides (Fe de ral Insecticide, Fungicide, and Rodenticide Act).

The ben e fits of san i ta tion can be nu mer ous, but first and fore most, 
san i ta tion aids in pro tect ing the con sumer from ill ness. An ef ec tive 
san i ta tion pro gram fa cil i tates the de vel op ment of an ef ec tive HACCP 
pro gram. Inspections of foodprocessing plants, not only by fed eral in
spec tors but also by other com pa nies (e.g., if com pany A buys a prod uct 
from com pany B for use in a com pany A prod uct), are be com ing more 
strin gent. An ef ec tive san i ta tion pro gram can limit the num ber of 
neg a tive con sumer con tacts re lated to food spoil age (a prod uct has an 
ofodor or offavor) and foodborne ill ness. These types of prob lems 
weaken con sumer con fi dence, caus ing de creased sales and in creased 
claims. A strin gent san i ta tion pro gram can in crease the stor age life and 
shelf life of food, min i miz ing eco nomic loss. Regular clean ing and 
main te nance of pro cess ing equip ment and heat ing and cool ing sys tems 
per mit more ef  cient op er a tion and re duce the mi cro bial load in the fa
cil ity and the prod uct. In fact, the spread of mi crobes from cool ing sys
tems has been linked to the con tam i na tion of food and out  breaks of 
foodborne ill ness. Overall, a sound san i ta tion pro gram can in crease the 
qual ity of the prod uct, im prove cus tomer re la tions, and in crease the trust 
of in spec tors as so ci ated with reg u la tory agen cies.

Before san i ta tion stan dard op er at ing pro ce dures (SSOPs) can be de
vel oped, a san i ta tion au dit must be con ducted. A re view of the fa cil i ties 
aids in iden ti fy ing ar eas of non com pli ance and es tab lish ing cor rec tive 
ac tions. A sys tem atic ap proach should be used when con duct ing an au
dit. Starting at the re ceiv ing area, check food ma te ri als (in gre di ents) for 
tem per a ture, odor, color, and ap pear ance. Next, move to the gen eral plant 
area and in spect walls, foors, drains, and foot baths. Processing equip
ment, tanks, pumps, pas teur i za tion charts, and re tort charts can also be 
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in spected. While mov ing through the plant, ob serve em ployee prac tices 
and de ter mine com pli ance. Check for em ploy ees who ap pear ill, have 
open le sions, are wear ing jew elry, or are walk ing in re stricted ar eas; check 
for the use of pro tec tive de vices (hair nets, beard nets, and gloves) and foot
baths. The build ing and the area around the out  side of the build ing must 
also be checked for signs of pests, bro ken win dows, a dam aged roof, open 
doors and win dows, stand ing wa ter, and trash. Recall that san i ta tion is 
more than trash re mov al.

Microbes can be brought into pro cess ing fa cil i ties on raw ma te ri als 
or picked up by food dur ing pro cess ing as it passes through or over han
dling equip ment. Employees can spread mi crobes to equip ment and to 
food. Microbes from pro cess wa ters dur ing wash ing, con vey ing, or prep
a ra tion can con trib ute to the mi cro bial load of the product (Box 29.1). 
Microorganisms can also be pres ent in in gre di ents that may be added to 
the prod uct. This is par tic u larly im por tant if in gre di ents are added af ter 
a pro cess de signed to re duce or elim i nate mi crobes has been com plet ed.

Sanitization (us ing ger mi cidal or san i tiz ing agents) of food con tact 
sur faces is the key to main tain ing a san i tary foodprocessing en vi ron
ment, thereby re duc ing the num ber of mi cro or gan isms as so ci ated with 
a food. Sanitization in volves the treat ment of a food con tact sur face so 
that the pro cess ef ec tively de stroys veg e ta tive cells of mi cro or gan isms 
ca pa ble of caus ing hu man ill ness and ad e quately re duces pop u la tions 
of other mi crobes. The pro cess does not need to re duce pop u la tions of 

Box 29.1
Practice of crisping lettuce at 
supermarkets

Supermarkets and other stores that 
sell pro duce of ten crisp leafy greens 
and other veg e ta bles to im prove 
ap pear ance and qual ity. For ex am
ple, dur ing trans port leafy greens 
can de hy drate, no lon ger ap pear ing 
crisp and fresh. Produce (e.g., 
Romaine let tuce head) is sub merged 
in wa ter for 5 to 10 min utes, drained, 
placed into a cooler to “crisp,” and 
then placed in the dis play case for 
sale. The prac tice of crisp ing has 
the po ten tial to re sult in cross
contamination of com mod ity. 
A pru dent prac tice would be the 
use of an antimicrobial agent in the 
crisp ing wa ter to con trol mi cro bial 
pop u la tions in the wa ter and re duce 
the like li hood of crosscontamination. 
(Photo courtesy of Yangjin Jung.)
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bac te rial spores. The treat ment should not have an ad verse im pact on 
the food (im part an ofodor or ofcolor) or the safety of the con sum er.

The main cri te rion for se lect ing a chem i cal san i tiz ing agent is the abil
ity of the agent to kill mi cro or gan isms of con cern within a spec i fied time. 
While chlo rine or other chem i cal san i tiz ing agents can be ex tremely ef
fec tive in re duc ing the mi cro bial load, they must be used ap pro pri ately. In 
foodprocessing fa cil i ties, chlo rine com pounds are the most widely used 
san i tiz ing agents. A num ber of fac tors can re duce or ef ec tively in ac ti vate 
sanitizers. Sanitizers can re act with or ganic ma te ri als (soil, food, bac te ria, 
oils, etc.) that have not been re moved from equip ment sur faces, re duc ing 
the ef ec tive ness of the sanitizer. Impurities in wa ter, in clud ing iron, 
man ga nese, ni trites, and sul fi des, can re act with a sanitizer and de crease 
its ef ec tive ness. Although tem per a ture is gen er ally not a fac tor, tem per a
tures be low 10°C and above 90°C can dra mat i cally in fu ence the avail abil
ity and ac tion of some sanitizers. Generally, in creas ing the con cen tra tion 
of a sanitizer in creases the rate of de struc tion of the mi cro or gan isms. 
However, in the case of hy po chlo rites (e.g., so dium hy po chlo rite), this is 
not the case. For ex am ple, the ad di tion of hy po chlo rite to wa ter to give 
1,000 parts per mil lion (ppm) of chlo rine pro duces a so lu tion that re quires 
three times as long to kill the same num ber of bac te ria as a so lu tion con
tain ing 25 ppm. This is be cause hy po chlo rites are pro duced by com bin
ing chlo rine with hy drox ides. The ad di tion of hy po chlo rite re sults in the 
ad di tion of a pro por tional amount of al kali that raises the pH of the so lu
tion. A 1,000ppm so lu tion of chlo rine has a pH of ∼11.0, whereas a 25
ppm so lu tion has a pH of 8.0. In gen eral, the ef ec tive ness of chlo rine and 
io dine com pounds de creases as the pH in creas es.

Chlorine sanitizers may be the most pop u lar sanitizers, but a num ber 
of other chem i cal sanitizers are avail  able that are more use ful than chlo
rine com pounds for cer tain ap pli ca tions. Iodophors are good as skin dis
in fec tants, since they do not ir ri tate the skin at rec om mended lev els of 
use. They can be used to clean equip ment but may stain ep oxy and po ly
vi nyl chlo ride and may cause dis col or ation of starchy food. Hydrogen per
ox ide is ef ec tive against bio films and may be used on all  types of sur faces 
(equip ment, foors, and walls). Ozone, glu tar al de hyde, and qua ter nary 
am mo nium are also ef ec tive. The ef  ca cies of these com pounds against 
cer tain mi crobes dif er from those of chlo rine com pounds. For ex am ple, 
qua ter nary am mo nium sanitizers are ef ec tive against molds and Gram
positive bac te ria but are in ef ec tive against most Gramnegative bac te ria.

Sanitizing can be ac com plished with out  the use of chem i cal agents. 
Ultraviolet (UV) ir ra di a tion is used to de stroy mi cro or gan isms in hos pi
tals. In Eu rope, UV light units are com monly used to dis in fect drink ing 
wa ter and foodprocessing wa ters. Steam can be used, but it is costly and 
not par tic u larly ef ec tive. In fact, con den sa tion from the ap pli ca tion of 
steam may com pli cate the clean ing pro cess and pro vide mois ture for 
sur viv ing mi cro or gan isms. Hot wa ter may be use ful for san i tiz ing small 
com po nents (eat ing uten sils and small con tain ers), but like steam, the 
pro cess is ex pen sive be cause of high en ergy costs.

A sound san i ta tion pro gram re sults in the man u fac ture of foods that 
are safe and whole some and that meet le gal ob li ga tions. Sanitation is the 
re spon si bil ity of ev ery per son in a foodprocessing plant. Sanitation 
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must be prac ticed ev ery day, a pol icy the food com pany must re in force 
through proper train ing and en cour age ment of em ploy ees. If ev ery per
son un der stands his or her re spon si bil ity in a san i ta tion pro gram, in di vid
ual ef orts will en sure that a con sis tent prod uct is pro duced and con sumer 
con fi dence is main tained. If ex e cuted prop erly, san i ta tion should re duce 
(per haps elim i nate) con cern about the spread ing of hu man dis eases and 
food poi son ing. Moreover, if san i ta tion is main tained, a prod uct with a 
re duced mi cro bial pop u la tion will be pro duced and waste and spoil age 
will be min i mized.

SSOPs
SSOPs are guided by CGMPs de tail ing a spe cific se quence of events 
nec es sary to per form a task to en sure san i tary con di tions. To pre vent di
rect prod uct con tam i na tion, SSOPs should con tain a de scrip tion of pro
ce dures that a foodprocessing fa cil ity will fol low to ad dress the el e ments 
of pre op er a tional and postoperational san i ta tion. A set of writ ten SSOPs 
must be de vel oped and main tained by fed er ally in spected and statein
spected meat and poul try plants.

The USDA Food Safety and Inspection Service (FSIS) felt that SSOPs 
would per mit each com pany to con sis tently fol low ef ec tive san i ta tion 
pro ce dures, thereby re duc ing the like li hood of di rect prod uct con tam i
na tion or adul ter a tion. The SSOPs must in clude in for ma tion re lated to 
daily pre op er a tional and op er a tional pro ce dures for the plant per son nel 
re spon si ble for mon i tor ing daily plant san i ta tion ac tiv i ties. Companies 
must de ter mine whether the SSOPs are ef ec tive and, if not, take cor rec
tive ac tion. Corrective ac tions in clude pro ce dures to en sure the ap pro pri
ate dis po si tion of con tam i nated prod ucts, re stor ing san i tary con di tions, 
and pre vent ing the re cur rence of di rect con tam i na tion or prod uct adul
ter a tion. SSOPs writ ten for meat and poul try plants must be signed and 
dated by the in di vid ual with over all au thor ity over the es tab lish ment to 
en sure that the com pany will im ple ment the SSOPs.

Although writ ten SSOPs are not re quired for all  food pro duc tion es tab
lish ments, they are the cor ner stones of HACCP. SSOPs go be yond spe
cific pro cesses. HACCP plans are de vel oped as a pro ac tive ap proach to 
en sure the safety of a prod uct. Interfacing CGMPs and san i ta tion (SSOPs) 
per mits the de vel op ment of an ef ec tive HACCP pro gram.

HACCP
The de vel op ment of HACCP pro grams by com pa nies has be come rou tine 
since the mid1990s. In some in stances, the FDA and the USDA FSIS have 
pub lished fi nal rules man dat ing the de vel op ment and im ple men ta tion of 
HACCP pro grams to en hance the safety of do mes tic and im ported sea
foods, juices, and meat and poul try. In fact, HACCP can be used by all  
seg ments of the food in dus try to ef ec tively and ef  ciently en sure farmto
table food safety in the United States (or, for that mat ter, in any coun try). 
HACCP is a pro ac tive, pre ven tionoriented pro gram that ad dresses food 
safety through the anal y sis and con trol of bi o log i cal (pre dom i nantly path
o genic mi cro or gan isms), chem i cal (in clud ing those nat u rally pro duced 
by mi cro or gan isms), and phys i cal (metal, wood, and plas tic) haz ards. 
The haz ards may come from raw ma te rial pro duc tion or the han dling, 
manufactur ing, dis tri bu tion, and con sump tion of the fin ished prod uct.
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A food pro ces sor must iden tify po ten tial sources of food safety haz
ards for each prod uct and pro duc tion line (pro cess). Preventative steps 
can then be iden ti fied to re duce or elim i nate po ten tial haz ards. Since 
this is a pro ac tive ap proach, the man u fac turer de ter mines in ad vance 
what to do with a prod uct or pro cess should a pre ven ta tive step fail. This 
re quires con tin u ous mon i tor ing and doc u men ta tion to ver ify that the 
ap pro pri ate cor rec tive ac tion was taken. Records can be re viewed to aid 
in im prove ment of the plan. HACCP is a con tin u ous sys tem, and HACCP 
plans re quire up dat ing as in gre di ents and pro cesses change and as new 
tech nol o gies emerge.

Background
The HACCP con cept was de vel oped nearly 70 years ago by the National 
Aeronautics and Space Administration (NASA) and Na tick Laborato
ries as the Failure Mode Efect Analysis sys tem for use in aero space 
manufactur ing. Through col lab o ra tive work by the Pillsbury Company, 
NASA, and Na tick Laboratories, the pro cess was ap plied to foods pro
duced for the U.S. space pro gram. This was done to en sure that the food 
used would be 100% free of bac te rial path o gens. Could you imag ine be
ing in space and de vel op ing a case of pro jec tile vom it ing and se vere di
ar rhea? This ini tial work led to what is now HACCP.

Although HACCP was in tro duced to foodmanufacturing com pa nies 
in the early 1970s, the con cept was met with lim ited in ter est. However, 
in 1985, a sub com mit tee of the Food Protection Committee of the 
National Academy of Sciences made a strong en dorse ment of HACCP. 
The  National Advisory Committee on Microbiological Criteria for Foods 
was formed in 1988 and given the mis sion of de vel op ing ma te rial to 
pro mote un der stand ing of HACCP. HACCP is now prac ticed by food 
man u fac tur ers and food ser vice es tab lish ments, and even in the home.

HACCP Basics
The HACCP sys tem is based on seven prin ci ples, or steps, which are 
dis cussed in more de tail be low. They are as fol lows: (i) con duct a haz ard 
anal y sis, (ii) de ter mine the crit i cal con trol points (CCPs), (iii) es tab lish 
crit i cal lim its, (iv) es tab lish mon i tor ing pro ce dures, (v) es tab lish cor rec
tive ac tions, (vi) es tab lish ver i fi ca tion pro ce dures, and (vii) keep re cords 
and doc u men ta tion. There are a num ber of ap proaches that can be taken 
in the de vel op ment of a HACCP pro gram; how ever, they all  stress a com
mon sense ap proach to food safety man age ment. Template HACCP plans 
can be ob tained through the FDA and USDA FSIS for spe cific prod ucts 
for which HACCP have been man dat ed.

Before a HACCP plan can be de vel oped, there are a num ber of ac tiv i
ties that must be com pleted. Obviously, man age ment must sup port the de
vel op ment and im ple men ta tion of HACCP. Without such sup port, ef orts 
to de velop and im ple ment HACCP will likely prove fu tile. A HACCP team 
should be as sem bled and should in clude line work ers and per son nel in
volved in san i ta tion and in pro duc tion and qual ity as sur ance. Including per
son nel in volved in mar ket ing and com mu ni ca tion may also be ap pro pri ate. 
To bal ance the team and bring a fresh per spec tive, an out  side ex pert may 
be ben e fi cial. In small com pa nies, it may be dif  cult to es tab lish an ef ec
tive HACCP team; this is when an out  side ex pert(s) is es pe cially use ful.

Authors’ note
A firm foun da tion for 
 de vel op ment of a solid HACCP 
sys tem is strict ad her ence to 
GMPs and SSOPs. Without 
im ple men ta tion of GMPs and 
SSOPs, an ef fec tive HACCP 
sys tem can not be achieved.
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The HACCP team must rec og nize that a ge neric HACCP plan can not 
be de vel oped for all  food prod ucts pro duced in a manufactur ing plant. 
A HACCP plan should be spe cific for each prod uct. However, once a 
HACCP plan is de vel oped, it may be ap pro pri ate to use the plan as a tem
plate for the de vel op ment of sub se quent plans. A de scrip tion of the prod
uct should in clude the name, for mu la tion, method of dis tri bu tion, and 
stor age re quire ments. The in tended use and an tic i pated cus tom ers for 
the food should be es tab lished. The prod uct may not be in tended for use 
by the gen eral pub lic but, rather, by in fants, the im mu no com pro mised, 
or some other highrisk group.

The de vel op ment and ver i fi ca tion of a fow di a gram de scrib ing the 
pro duc tion pro cess are im por tant steps that are of ten over looked. The 
fow di a gram is es sen tial for haz ard anal y sis and es tab lish ing CCPs 
(Fig. 29.1). Moreover, the di a gram be comes a guide and is es sen tial in 
the ver i fi ca tion pro cess. Even though a fow di a gram has been con
structed, a “walkthrough” of the pro duc tion fa cil ity must be done to 
ver ify that the di a gram is ac cu rate. For ex am ple, new equip ment, such 
as metal de tec tors, may have been added or the route for re work may 
not have been ac counted for. The fow di a gram should be mod i fied if 
and when nec es sary.

The fol low ing par a graphs dis cuss the seven prin ci ples of HACCP, 
pro vid ing a brief de scrip tion of each.

Principle 1: Hazard anal y sis. Through haz ard anal y sis, a list of haz ards 
that are likely to cause in jury or ill ness if not con trolled is de vel oped. 
This should be done sys tem at i cally, start ing with raw ma te ri als and 
fol low ing through each step of the food pro duc tion fow di a gram. Hazards 
that pres ent lit tle or no risk to the con sumer should not be con sid ered in 
a HACCP plan. Indeed, those haz ards are gen er ally ad dressed within 
GMP pro grams, a build ing block for the HACCP sys tem. A haz ard as 
set forth by the National Advisory Committee on Microbiological Criteria 
for Foods for HACCP is “a bi o log i cal, chem i cal, or phys i cal agent that is 
rea son ably likely to cause ill ness or in jury in the ab sence of its con trol.” 
Even though a haz ard may not be con sid ered for in clu sion in a HACCP 
plan, this does not mean that food pro ces sors can ig nore the haz ard, 
es pe cially if the haz ard fits the defi  ni tion of adul ter a tion.

Once the haz ards have been iden ti fied through the re view of in gre
di ents, the en tire pro duc tion pro cess, equip ment, stor age, and dis tri
bu tion, each haz ard must be eval u ated. During haz ard eval u a tion, the 
HACCP team de cides which haz ards pres ent a sig nifi  cant risk to con
sum ers and must be ad dressed through the HACCP plan. Generally, this 
in volves de ter min ing the se ver ity of the haz ard in terms of the ill ness 
or in jury it could pro duce and the like li hood of oc cur rence. For ex am ple, 
the like li hood that an undercooked beef patty might be con tam i nated 
with Escherichia coli O157:H7 might be low, but the ill ness that could 
re sult is se vere and the po ten tial for sub se quent ill ness (e.g., dis ease 
in volv ing kid ney fail ure) is high. Therefore, these haz ards should be 
ad dressed through HACCP. Alternatively, the haz ard may be small pieces 
of card board that en ter when in gre di ent pack ages are opened dur ing mix
ing. The like li hood of this oc cur ring may be high, but the se ver ity of the 
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haz ard is low (the card board may not be very tasty, but it pres ents lit tle, 
if any, health haz ard). This type of haz ard can be ad dressed through 
GMPs. The eval u a tion of the se ver ity of haz ards can be based on ep i de
mi o log i cal in for ma tion, sci en tific re search, com pany re cords, and in for
ma tion pro vided by gov ern ment agen cies.

During this pro cess, the HACCP team must iden tify ap pro pri ate con
trol mea sures. Since not all  haz ards can be pre vented or elim i nated, the 
term “con trol” is more ap pro pri ate. Control mea sures may vary sig nifi 
cantly from one food pro cess to an other, even for the same haz ard. To 
con trol a haz ard, a change in pro cess ing, such as the ad di tion of metal 
de tec tors, or a cer tifi  cate of anal y sis from a sup plier in di cat ing the ab sence 
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Figure 29.1

Representative fow di a gram and CCPs for a nonthermally pro cessed prod uct. The fow 
di a gram with CCPs is for peeled re frig er ated minicarrots. Note that GAPs, GMPs, and 
a san i ta tion pro gram are key el e ments in the pro duc tion of a safe, whole some prod uct.
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of a given haz ard may be re quired. Additionally, ex ist ing plans, in clud ing 
GMPs and san i ta tion, can be re viewed to de ter mine whether the haz ard 
is con trolled through those plans.

Principle 2: De ter min ing CCPs. Once all  sig nifi  cant haz ards and con trol 
mea sures have been iden ti fied, the CCPs to con trol each haz ard must be 
iden ti fied. A CCP can be any point, step, or pro ce dure at which con trol 
can be ap plied and a food safety haz ard (chem i cal, bi o log i cal, or phys i cal) 
can be con trolled (pre vented, elim i nated, or re duced to an ac cept able 
level). A CCP may be a cooler, a metal de tec tor, or a pack age la bel in di
cat ing stor age and cook ing in struc tions. Many pro cesses may be re dun
dant, for ex am ple, pass ing dry ma te ri als through mul ti ple sieves to con trol 
en try of phys i cal haz ards into the fi nal prod uct or the use of mul ti ple 
metal de tec tors on a pro duc tion line. In ei ther case, the last sieve or metal 
de tec tor is con sid ered the CCP.

The temp ta tion in es tab lish ing CCPs in a pro cess is to as sign each 
step as a CCP. This is par tic u larly true for raw prod ucts. The num ber of 
CCPs for any pro cess should be kept to a min i mum to fa cil i tate mon i tor
ing and doc u men ta tion (Fig. 29.1). Otherwise, re cords are gen er ated that 
have lit tle mean ing with re spect to the ef ec tive ness of the HACCP plan. 
Keep in mind that a CCP may con trol a haz ard that has oc curred up
stream in the pro cess. For ex am ple, the haz ard might be en teric path o
gens in ground beef be ing used for cooked beef pat ties. The cook ing 
pro cess is the CCP, since this step will kill path o gens of con cern. This 
does not mean that the ground beef can be left at room tem per a ture or 
oth er wise abused prior to or af ter be ing cooked. Indeed, keep ing the 
ground beef at ≤4°C may also be a CCP.

Principle 3: Crit i cal lim its. Critical lim its must be set for each CCP. A crit
i cal limit is based on pre de ter mined tol er ances that must be met at a 
CCP to pre vent, elim i nate, or re duce a bi o log i cal, chem i cal, or phys i cal 
haz ard to an ac cept able level. Critical lim its for pre ven ta tive mea sures 
may be set for such fac tors as time, tem per a ture, pH, wa ter ac tiv ity, salt 
con cen tra tion, mois ture level, and even the pres ence or con cen tra tion of 
pre ser va tives. Each food com pany is re spon si ble for en sur ing that the 
crit i cal lim its in di cated in its HACCP plan will con trol the iden ti fied 
haz ard. Critical lim its may be based on inhouse ex per i men tal stud ies 
or de rived from reg u la tory stan dards and guide lines or re view of the sci
en tific lit er a ture. Validation (see prin ci ple 6 be low) that the crit i cal lim
its are ef ec tive and be ing met is the key to HACCP.

Principle 4: Mon i tor ing pro ce dures. Monitoring is con ducted to en sure that 
a CCP and its lim its are ef ec tive. The re sults of mon i tor ing are doc u
mented and pro vide a re cord for fu ture use in ver i fi ca tion. Monitoring 
may be done au to mat i cally (e.g., by com puter) or man u ally. Monitoring 
ac tiv i ties in clude mea sure ment of the pH, tem per a ture, and mois ture 
level or wa ter ac tiv ity. Monitoring must be a planned se quence of ob ser
va tions or mea sure ments to as sess whether a CCP is un der con trol. If it 
is not con ducted as a rou tine, the HACCP plan be comes com pro mised 
and con tam i nated prod ucts may reach the con sumer. Ideally, mon i tor
ing should be con tin u ous and al low ad vance warn ing of a prob lem be fore 
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vi o la tion of a crit i cal limit oc curs. However, when con tin u ous mon i tor ing 
is im prac ti cal, a mon i tor ing in ter val must be es tab lished, pro ce dures for 
the col lec tion of data and equip ment to be used must be de fined, and 
the per son re spon si ble for mon i tor ing must be iden ti fied. The fre quency 
of mon i tor ing will de pend in large part on the prod uct and the type of 
mea sure ment made.

The mon i tor ing pro ce dure(s) for a given CCP should be rapid, which 
rules out  the use of timecon sum ing an a lyt i cal tests. Therefore, mi cro bial 
test ing is rarely used for mon i tor ing CCPs. Personnel in volved in mon i
tor ing must be prop erly trained, un der stand the im por tance of mon i tor
ing, and know the proper ac tion to take should de vi a tion from crit i cal 
lim its oc cur. For ex am ple, if ground beef pat ties were to be cooked for 
60 s but the belt in creased in speed and the pat ties were cooked for only 
30 s, what should be done? To ad dress this de vi a tion, cor rec tive ac tions 
must be es tab lished.

Principle 5: Cor rec tive ac tions. HACCP is a pro ac tive sys tem to con trol 
haz ards that may be as so ci ated with a food prod uct. Therefore, cor
rec tive ac tions de signed to ad dress de vi a tions from es tab lished crit i
cal lim its should be writ ten into the HACCP plan. Corrective ac tions 
should ad dress how the com pany will fix or cor rect the cause of de vi a
tion to en sure that the pro cess is brought un der con trol and that crit i
cal lim its are achieved, in di cate what is to be done with a prod uct in 
which de vi a tion from the crit i cal limit oc curred, and fa cil i tate the 
pro cess for de ter min ing whether ad just ments to the HACCP plan are 
re quired.

Corrective ac tion for the beef pat ties that were not cooked ad e quately 
would in clude cor rect ing the equip ment prob lem, i.e., ad just ing the con
veyor belt speed. Moreover, the prod uct in volved in the de vi a tion must 
not be re leased. The prod uct could be sent through the oven again to 
re ceive the proper timetemperature treat ment, dis posed of as waste, or 
per haps used in some other prod uct.

Principle 6: Ver i fi ca tion pro ce dures. Verification within and of the HACCP 
plan is con ducted at sev eral lev els. The ver i fi ca tion pro cess de ter mines 
whether the HACCP plan is be ing fol lowed and whether re cords of mon i
tor ing ac tiv i ties are ac cu rate. The en tire HACCP plan should be re val i
dated through the use of out  side au di tors. Verification should be done to 
en sure that the HACCP plan is func tion ing sat is fac to rily and in com pli
ance, if re quired, with gov ern ment reg u la tions. In the case of cook ing 
ground beef pat ties, the timetemperature pa ram e ters must be ver i fied 
to kill, for ex am ple, E. coli O157:H7.

Verification at some level, a given crit i cal limit or the en tire HACCP 
plan, should take place on a reg u lar and pre de ter mined sched ule. This 
may be daily, weekly, monthly, or yearly. The fre quency is de ter mined by 
the op er a tion be ing ver i fied.

Principle 7: Re cord keep ing. Record keep ing is the heart of a HACCP plan. 
All re cords gen er ated in as so ci a tion with a HACCP plan must be on file 
at the food es tab lish ment, par tic u larly those re lat ing to CCPs and any 
ac tion on crit i cal de vi a tions and prod uct dis po si tion. Records pro vide a 
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means for im ple men ta tion of changes by the HACCP team to as sess and 
doc u ment the safety of prod ucts. HACCP plan re cords should in clude 
the names of team mem bers, a prod uct de scrip tion and in tended use, 
fow di a gram with CCPs in di cated, types of haz ards, crit i cal lim its, and a 
de scrip tion of mon i tor ing, cor rec tive ac tions, and types of re cords.

HACCP: Beyond the Food Processor
Whether din ing at a fine res tau rant or en joy ing a meal at a lo cal bur ger 
es tab lish ment, cus tom ers ex pect that the food served will be whole some 
and safe. Operators of food ser vice and re tail es tab lish ments are not re
quired to uti lize HACCP. However, many such es tab lish ments have vol
un tar ily im ple mented a food safety man age ment sys tem based on HACCP 
prin ci ples. This pro ac tive ap proach is en cour aged by the FDA to en sure 
that the food served or sold at a given es tab lish ment is safe. In fact, uti
liz ing HACCPbased sys tems can help food ser vice and re tail es tab lish
ments meet reg u la tions as so ci ated with the Food Code.

The fow of food through a food ser vice op er a tion is crit i cal to lim it
ing the con tam i na tion of the fin ished prod uct. Of par tic u lar con cern is 
crosscontamination, whereby a cooked or readytoeat food comes into 
con tact with an un cooked or raw prod uct. The hold ing tem per a ture of 
cold or hot foods is also crit i cal to pre vent ing or lim it ing the growth of 
mi crobes that may be pres ent on a food. In or der to en sure that the food 
is han dled ap pro pri ately, a fow di a gram must be de vel oped (Fig. 29.2). 
The pro cess of de vel op ing a HACCP plan for a food ser vice fa cil ity is 
clearly very sim i lar to that used by the food pro ces sor. In fact, HACCP 
plans can be de vel oped for the home by us ing the same ap proach.

HACCP Established for Specific Food Industries
In 1996, the USDA FSIS es tab lished the Pathogen Reduction and 
HACCP sys tem pro gram for meat and poul tryprocessing plants. The 
Pathogen Reduction and HACCP rule en com passes more than HACCP. 
The plan re quires all  meat and poul try plants to de velop and im ple ment 
HACCP to im prove the safety of their prod ucts, sets path o gen re duc tion 
per for mance stan dards for Salmonella, re quires all  meat and poul try 
plants to de velop and im ple ment writ ten SSOPs, and re quires an i mal 
and poul tryslaughtering plants to con duct test ing for ge neric E. coli 
to ver ify the ad e quacy of their pro cess con trols for the pre ven tion of 
fe cal con tam i na tion. The plan was pre cip i tated by a large out  break of 
foodborne ill ness caused by the con sump tion of undercooked ham burg ers 
that were con tam i nated with E. coli O157:H7.

In 1996, the FDA pub lished the Fish and Fishery Products Hazards and 
Control Guide to as sist pro ces sors in the de vel op ment of HACCP plans. 
The plans must ad dress the var i ous haz ards to which seafood can be 
ex posed from the fish ery to the ta ble, in clud ing vi ruses, bac te ria, par a
sites, nat u ral tox ins, and chem i cal con tam i nants. Under the reg u la tion, 
seafood com pa nies must also write SSOPs. The FDA will pe ri od i cally 
in spect seafood pro ces sors and re view HACCP re cords to de ter mine how 
well a com pany is com ply ing over time. The ac tion by the FDA to im ple
ment a man da tory HACCP sys tem for the seafood in dus try is in part 
linked to the knowl edge that more than onehalf of the seafood eaten in 
the United States is im ported from al most 135 coun tries.
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Figure 29.2

The fow and han dling of prod uct in a food ser vice fa cil ity are of the ut most im por tance 
to en sur ing that the prod uct served to the con sumer is whole some and safe. The fow 
di a gram out  lines the fow of foods in tended to be served hot or cold.

The FDA Center for Food Safety and Applied Nutrition pro posed the 
HACCP fruit and veg e ta ble juice reg u la tion in 1998, which ap plies to juice 
prod ucts in both in ter state and in tra state com merce. As in other HACCP 
reg u la tions, juice pro ces sors are re quired to eval u ate their manufactur ing 
pro cesses to de ter mine whether any chem i cal, bi o log i cal, or phys i cal haz
ards could con tam i nate their prod ucts. The real con cern is mi cro bi o log i
cal haz ards. The most no ta ble as pect of this reg u la tion is that pro ces sors 
must im ple ment con trol mea sures that achieve a 5logunit re duc tion in 
the num bers of the most re sis tant path o gens in their fin ished prod ucts 
com pared with lev els that may be pres ent in un treated juice. A com bi na
tion of meth ods can be used to achieve this goal. Citrus pro ces sors can 
use sur face treat ments that achieve the 5log unit path o gen re duc tion. 
Processors are ex empt from the mi cro bi o log i cal haz ard re quire ments of 
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the HACCP reg u la tion if they are mak ing shelfstable juices or con cen
trates by us ing a sin gle ther mal pro cess ing step. Finally, re tail es tab lish
ments that pack age and sell juice di rectly to con sum ers are not re quired 
to com ply with the reg u la tion. A driv ing force be hind this HACCP reg u la
tion was a large out  break of foodborne ill ness linked to the con sump tion 
of un pas teur ized ap ple juice that was con tam i nated with E. coli O157:H7.

FOOD SAFETY MODERNIZATION ACT
The Food Safety Modernization Act (FSMA) was de signed to dra mat i cally 
re form the food safety laws in the United States. The fi nal rule on FSMA 
went into ef ect in 2015. Specific sec tions cover hu man food (Current 
Good Manufacturing Practices, Hazard Analysis, Riskbased Preventative 
Controls for Human Food), an i mal food (Current Good Manufacturing 
Practices, Hazard Analysis, Riskbased Preventative Controls for Food for 
an i mals), pro duce (Standards for the Grow ing, Har vest ing, Pack ing, and 
Hold ing of Pro duce for Hu man Con sump tion), and for eign sup pli ers 
(Foreign Supplier Ver i fi ca tion Pro grams for Im port ers of Food for Hu mans 
and An i mals). This dis cus sion will fo cus on hu man food. Essentially, all  
fa cil i ties that man u fac ture, pro cess, pack, or hold hu man food are sub ject 
to this reg u la tion un less they are al ready op er at ing un der reg u la to ry
required HACCP plans (Meat, Poultry, Eggs, Seafood, and Juice).

Companies that must ad here to Preventive Controls for Human Food 
(PCHF) reg u la tion are re quired to de velop and im ple ment a “Food Safety 
Plan” that in cludes writ ten Hazard Analysis and RiskBased Preventive 
Controls (HARPC). The (writ ten) hazard analysis must iden tify bi o log i
cal, chem i cal (in cludes “unlabeled al ler gens” and “ra dio log i cal exposure”), 
and phys i cal haz ards which are known or are rea son ably fore see able. 
Preventative con trols must be es tab lished to ad dress re call plan, sup ply 
chain, san i ta tion, food al ler gens, and pro cess es.

The food safety plan must be writ ten and main tained by a “qual i fied 
in di vid u al.” A qual i fied in di vid ual must have com pleted a stan dard ized 
course or be able to dem on strate equiv a lent com pe tence through work 
ex pe ri ence. Ensuring that a food safety plan is writ ten by a qual i fied in
di vid ual is an im por tant step in im ple men ta tion of best prac tices that 
will en sure the safety of food be ing pro duced by a com pa ny.

CONCLUSIONS
Implementation of GMPs and san i ta tion and HACCP pro grams pre vents 
the sale of adul ter ated food prod ucts to the con sumer. These mea sures 
also have a pos i tive im pact by de creas ing the num ber of cases of foodborne 
ill ness. In to day’s global mar ket place, mea sures need to be in place to pre
vent in ten tional con tam i na tion of food or to pre vent food that is po ten
tially con tam i nated from reach ing the con sumer. Governments are 
es tab lish ing FSOs to trans late a pub lic health goal to mea sur able at tri
butes that al low a com pany to set con trol mea sures for pro cesses. GMPs 
and HACCP can be used to en sure that FSOs are met. The pro grams 
dis cussed above have mainly con cen trated on foods post har vest. On the 
farm, mea sures such as good ag ri cul tural prac tices (GAPs) are be ing used 
to de crease bi o log i cal, chem i cal, and phys i cal haz ards that may be as so
ci ated with raw ag ri cul tural prod ucts. Indeed, many fruit and veg e ta ble 
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pro ces sors are now re quir ing pro duc ers (farm ers) to im ple ment GAPs. 
Reducing the mi cro bi o log i cal load of a food at the farm level should aid 
in keep ing the mi cro bi o log i cal load of the fin ished prod uct in an ac cept
able range.

Summary

•  HACCP can be used as ev i dence that FSOs are be ing met.

•  FSOs are not the same as mi cro bi o log i cal cri te ria.

•  GMPs and san i ta tion are the build ing blocks of a HACCP pro gram.

•  GMPs are de signed to pre vent the man u fac ture of food un der un san i tary con di tions and the sale of 
 adul ter ated food.

•  Sanitation in cludes per sonal and en vi ron men tal hy giene.

•  HACCP is a pro ac tive ap proach to ef ec tively and ef  ciently en sure farmtotable food safe ty.

•  HACCP can be ef ec tively ap plied to food ser vice fa cil i ties to en sure safety of pre pared food.

•  HACCP is man da tory for meat and poul tryprocessing plants, fruit and veg e ta ble juice pro duc ers, and seafood 
pro ces sors.

Suggested reading
Eu ro pean Commission. 2011. Food safe ty—from farm to fork. http:// europa. eu / pol / 
food/ index_ en. htm.

FDA. 2015. 80 FR 55907. Current Good Manufacturing Practice, Hazard Analysis, and 
RiskBased Preventive Controls for Human Food. 21 CFR Parts 1, 11, 16, 106, 110, 114, 
117, 120, 123, 129, 179, and 21. 1. http:// www. regulations. gov/ #!documentDetail;D 
=FDA 2011 N 0920 1979.

FDA. 2015. 80 FR 74535. Standards for the Growing, Harvesting, Packing, and 
Holding of Produce for Human Consumption. 21 CFR Parts 11, 16, and 112. https:// 
www. federalregister. gov/ articles/ 2015/ 11/ 27/ 2015 28159/ standards for the growing 
 har vesting packing and holding of produce for human consumption.

U.S. Department of Health and Human Services, Food and Drug Administration, 
Center for Food Safety and Applied Nutrition. 2006. Managing Food Safety: a 
 Manual for the Voluntary Use of HACCP Principles for Operators of Food  Service 
and  Retail Establishments. http:// www. fda. gov/ downloads/ Food/ FoodSafety / Retail 
Food Protection / ManagingFoodSafetyHACCPPrinciples/ Operators/ UCM077957 . pdf.

Questions for critical thought
  1.  Why is it nec es sary to have DALs for raw ag ri cul tural prod ucts?

  2.  What are the seven HACCP prin ci ples? Is a HACCP plan the same as a Food Safety 
plan us ing HARPC (see chap ter 7 and selfinvestigation)? Explain.

  3.  How do GMPs and san i ta tion dif er? Are they needed for the de vel op ment of a 
HACCP plan and Food Safety plan?
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 4.  The FSMA re quires food pro ces sors to de velop a Food Safety plan. As a qual ity con
trol food safety man ager, would you chose to im ple ment both or only a food safety
plan? Justify your re sponse.

 5.  Develop a sim ple HACCP plan for a ther mally pro cessed prod uct (pre cooked ham
burger pat ties) and for a min i mally pro cessed prod uct, such as bagged leaf spin ach. 
In ad di tion to HACCP, in di cate a pro cess that could be ap plied to both com mod i ties 
that would dra mat i cally im prove mi cro bial safety and shelf life.

 6.  Using this book and other re sources, pro vide a defi  ni tion for FSO, PO, and per for
mance cri te rion. Now try to de velop an ex am ple for each.

 7.  Why are san i tiz ing agents used in pro cess wa ters? Compare the prop er ties of three
san i tiz ing agents (spec trum of an ti mi cro bial ac tiv ity, in fu ence of or ganic mat ter, 
tem per a ture, hu man health risks) and based on that in for ma tion jus tify the se lec
tion of one san i tiz ing agent.

 8.  The FDA and USDA FSIS made HACCP man da tory for meat and poul try pro ces
sors, fruit and veg e ta ble juice pro duc ers, and the seafood in dus try. Write one
page for each, de tail ing events that ne ces si tated man da tory HACCP for those
in dus tries.

 9.  If the DAL of an in gre di ent is ex ceeded, can it be blended with more of the same
in gre di ent to bring the en tire batch into com pli ance? Explain.

  10.  Explain why HACCP can be used to dem on strate that FSOs are be ing achieved.

  11.  You have been hired by a large re tail su per mar ket chain to im prove inhouse prac
tices used in the pro duce de part ment. The owner wants to elim i nate the prac tices
of crisp ing and mist ing, but you are con fi dent you can en hance each pro cess and
re duce safety risks. What would you do? Provide a de tailed re sponse.

  12.  Establishing a HACCP pro gram for a res tau rant can be dif  cult since food may be
served cooked (grilled steak) or raw (house salad). If pos si ble, visit the kitchen of
one of your school’s din ing halls and re cord the fow of food through the kitchen.
Now de ter mine CCPs for hot and cold foods. Consider whether the fow of food
needs to be changed to en sure that raw foods do not crosscontaminate cooked
foods. This ex er cise could be con ducted in teams, and then the teams could com
pare the HACCP pro grams that they have de vel oped.

  13.  Using the “Suggested Reading” and other re sources, in di cate how the FSMA will
in fu ence for eign sup pli ers. If you live out  side the United States, de ter mine whether 
your coun try has a reg u la tion sim i lar to FSMA and whether it will af ect for eign
sup plies.
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We are bom barded with hun dreds of pieces of (of ten con flict ing) in for
ma tion each day. What should we be lieve? When should we be skep ti
cal? The guide lines be low will help you to crit i cally eval u ate sci en tific 
in for ma tion.

Consider the source of the in for ma tion

What is the me dium of pub li ca tion?
Is it the In ter net, Twitter, a flier, a book, a mag a zine, TV (which net
work?), or a peerreviewed jour nal? (Papers pub lished in peerreviewed 
jour nals must pass the re view of other ex perts in the field. Peer re views 
en sure that the ex per i ments are prop erly de signed, that the data are 
cor rectly in ter preted, and that the con clu sions fol low from the re sults. 
Peerreviewed jour nals are the “gold stan dard” for sci en tific pub li ca
tion.) Websites can be made by any one at lit tle cost, mak ing it easy to 
cham pion any cause. Books are ex pen sive to pub lish and take more time 
and ef ort to pro duce. They are sub ject to more scru tiny, but their in for
ma tion can go out  of date fast er.

Who is the source of the in for ma tion?
Is it a “sci en tist,” a “doc tor” (in what dis ci pline and from where?), an “ex
pert” (with what cre den tials?), “a nu tri tional coun sel or” (for which there 
are no rec og nized pro fes sional cre den tials), a “reg is tered di e ti cian” (whose 
train ing is quite rig or ous), “a con sumer ac tiv ist,” or some one else? Do 
they have a de gree in their field of ex per tise? Have they pub lished pa pers 
on the topic in peerreviewed jour nals?

Which or ga ni za tions do the au thors rep re sent?
Why do these or ga ni za tions ex ist? Which other is sues are the or ga ni za
tions in volved with? Are they for profit or non profit? Who funds the or
ga ni za tion? Dig down one or two lay ers.

Critical Thinking Skills
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If the in for ma tion is on a web page, what type of web page is it?
There is a dif er ence be tween “web pag es,” where any one with ac cess to 
a com puter can say any thing they want, and “pages on the Web” (elec
tronic ren der ings of highly re spected peerreviewed print jour nals such 
as Science, Proceedings of the National Academy of Sciences, or, for that 
mat ter, gov ern ment pub li ca tions such as the Fe de ral Register).  There are 
also distinctions among web pages.  Generally, “. edu” pages have the 
most credibility since they are associated with educational institutions.  
“. com” pages vary in credibility from the opinion of “some guy named 
Joe” to the opin ion of a giant corporation.  Pages ending with “. org” can 
be at either end of the spectrum.  Be aware of these issues when visiting 
a website. 

Be quan ti ta tive
Num bers can be used to in flu ence your opin ion. Do not be afraid of 
sim ple math.

Put num bers into terms you un der stand. It is bet ter to be ap prox i ma tely 
right than clue less. For ex am ple, parts per mil lion (ppm) = mi cro grams 
per ki lo gram (µg/kg) = “one in a mil li on.” (This is ac cu rate.)

Use ap prox i ma tions to con vert be tween units. Approximations are 
ad mit tedly wrong, but they get one close to the right an swer.

• Two ki lo me ters are about a mile.

• One me ter is about a yard.

• A li ter is about a quart.

• A ki lo gram is about 2 pounds.

• There are about 30 grams in an ounce. (Actually, a more ac cu
rate value is 28.3, but 30 al lows us to use men tal math.)

• One cen ti me ter is about 2 × 10−18 light years.

Understand what the num bers mean
Be es pe cially aware of per cent ages. Does the re port of “a 100% in crease 
in the in ci dence of pro tru sive um bil i cal dis am big u a tion” mean that “1 
in a mil li on” changed to “2 in a mil li on”? (Beware also of the use of big 
words to con fuse and con found. A pro tru sive um bil i cal dis am big u a tion 
is an “outie” belly but ton.) Are the num bers “es ti mat ed,” “prob a ble,” “re
lat ed,” “con firmed,” or “as many as”? Examine the claim, “Experts es ti
mate that there may be as much as a 20% in crease in xitis among some 
peo ple who drink as lit tle as three cups of cof ee per day.” In ad di tion to 
all  of the qual i fi ers, the 20% in crease may rep re sent a change from 1 per 
100,000 to 1.2 per 100,000.

Compare the num ber with a ref er ence value you know and un der stand

Is a given num ber a lot or a lit tle?
The pop u la tion of United States is about 319,000,000. Remember that 
when con sid er ing the num bers in the ex am ples be low.
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• The U.S. Environmental Protection Agency con sid ers a haz ard 
ac tion able if it causes more than one in 1 mil lion ex cess deaths. 
So, is one in a mil lion a lot?

• In the United States ev ery year, about 300 peo ple are killed by 
light ning, about 50,000 peo ple are killed in auto ac ci dents, and 
about 3,000 peo ple are killed by foodborne dis ease.

Here is a sim ple ex am ple. At the time of writ ing, the U.S. na tional debt 
was about $19 tril lion. That prob a bly means noth ing to you. But com
pare it with some thing you un der stand. Take that $19 tril lion and di vide 
it by 319,000,000, the num ber of peo ple in the United States. The an swer 
is that ev ery man, woman, and child in the United States car ries a debt 
of about $60,000. Now the num ber is not so ab stract.

Compare in for ma tion with data from other sourc es
The World Wide Web is great for com par ing data. If the same num ber 
comes up again and again, it is prob a bly right. Alternatively, these num
bers may have orig i nated from the same, but in cor rect, source. For many 
years 9,000 was a widely re ported num ber for an nual deaths in the United 
States from foodborne bac te ria. However, this num ber was traced back 
to the in ac cu rate es ti mate of a sin gle in di vid ual. Five thou sand deaths 
then be came the ac cepted fig ure, but that es ti mate has re cently been re
vi sed down to 3,000 to re flect the ac tual data. Note also that, by the na ture 
of the beast, this num ber can on ly be es ti mat ed.

Follow the mon ey
How is the web site funded? Is the “Society for Sane Snacking” funded 
ex clu sively by snack com pa nies?

When in doubt, doubt
This is the close cor  ol lary of “If it sounds too good to be true, it prob a bly is.”





Useful Websites for Food Safety 
Information

Websitea Commentsb

www. usa. gov This is the grand por tal for any web site re lated to the fed eral 
gov ern ment. If in doubt, start here.

www. fda. gov The home page for the FDA pro vi des in for ma tion about ev ery thing 
the FDA does. This in cludes items re lated to food, drugs, and 
med i cal de vic es.

www. fda. gov/ Food/ Guidanceregulation/ FSMA/ default  
.htm

The sub set of the main FDA por tal that pro vi des in for ma tion on 
ev ery thing re lated to the FSMA.

www. foodsafety. gov The ga te way to fed eral food safety in for ma tion is pre sented in a 
con sum er-friendly fash ion.

www. usda. gov This is the main USDA homepage and cov ers ev ery thing un der the 
ju ris dic tion of the USDA. It is easy to fol low the links to food safety 
is sues.

www. fsis. usda. gov The Food Safety Inspection Service is the reg u la tory arm of the 
USDA. This site con tains in for ma tion rang ing from re calls to the 
cor rect cook ing tem per a ture for pork.

www. epa. gov The Environmental Protection Agency has reg u la tory over sight of 
pes ti cides, but the site also has in for ma tion on mi cro bial food safety, 
food ir ra di a tion, and cur rent is sues re lated to food mi cro bi ol o gy.

www. fda. gov/ RegulatoryInformation/ Legislation/ Federal 
FoodDrugandCosmeticActFDCAct/ default. htm

This site con tains the en tire text of the Food Drug and Cosmetic Act. 
“The Act” is the foun da tional doc u ment for all  food laws and 
reg u la tions.

www. accessdata. fda. gov/ scripts/ fcn/ fcnNavigation. cfm 
?rpt=eafusListing

All food ad di tives are listed on this site.

www. cdc. gov/ foodsafety The Centers for Disease Control and Prevention is re spon si ble for 
in ves ti gat ing the ep i de mi  ol ogy of foodborne dis ease. The site also 
con tains con sumer in for ma tion.

www. fightbac. org This site is de voted to in form ing the pub lic of safe food han dling 
prac tices.c

www. ift. org The Institute of Food Technologists is the pro fes sional so ci ety for 
food sci ence and tech nol o gy.

(continued)
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Websitea Commentsb

foodsafe. ucdavis. edu/ index. html# Carl Winter, a pro fes sor of food mi cro bi ol ogy at the University of 
Cal i for nia, puts food safety to song. This is a very clever site and lots 
of fun.

www. acsh. org The American Council on Science and Health is an in de pen dent 
or ga ni za tion ded i cated to bring ing sound peer-reviewed sci ence on 
con tro ver sial is sues to the pub lic and to pol icy mak ers. A wide 
va ri ety of top ics are cov ered on this site.

www. cast- science. org The Council for Agricultural Science and Technology plays a role 
sim i lar to that of the ACSH, but it is more nar rowly fo cused and 
gen er ates its own ex pert re ports.

www. foodinsight. org The site of the International Food Information Council pro vi des 
re sources in the area of food safety and nu tri tion. The site is very 
up-to-date, for ex am ple, pro vid ing in for ma tion on en ergy drinks, 
high-fructose corn syrup, and func tional foods.

www. cspinet. org The Center for Science in the Public Interest is the pre mier con sumer 
ad vo cacy group fo cus ing on food and nu tri tion. Sometimes it sides 
with gov ern ment and in dus try; more of ten it does not.

www. foodprotection. org The International Association for Food Protection pro vi des food 
safety pro fes sion als a fo rum to ex change in for ma tion in its peer-
reviewed jour nals and meet ings.

www. truthinlabeling. org This site is mainly de voted to the fight against mono so dium 
glu ta mate and is easy to de bunk. See its claims that fla vor en hanc ers 
are made from aborted hu man em bry onic kid ney cells.

www. pure- food. com Automatically re di rects to www. organicconsumers. org, a largely 
pro-organics site.

www. notmilk. com This site con sists of a few hun dred links to other sites that the 
au thors have not eval u at ed.

a These links were ac tive as of 30 Jan u ary 2017.
b FDA, Food and Drug Administration; USDA, U.S. Department of Agriculture; ACSH, Amer i can Council on Science and Health.
c It is es ti mated that as much 70% of foodborne dis ease orig i na tes in the home.
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Glossary

Acid tol er ance re sponse The re sponse of cells to an ini tial acid treat ment 
which al lows them to sur vive more se vere acid treat ments. Abbreviated 
ATR.

Adenosine tri phos phate A com pound that serves as cel lu lar en ergy cur
rency. Abbreviated ATP.

Aerobe An or gan ism that re quires ox y gen to grow.

Aerobic plate count A count that pro vi des an es ti ma tion of the num ber 
of aer o bic mi cro or gan isms in a food. Abbreviated APC.

Alcohol and Tobacco Tax and Trade Bureau In 2003, re spon si bil ity for 
tax a tion and reg u la tory con trol of the al co hol and to bacco in dus tries in 
the United States was trans ferred from the Bureau of Alcohol, Tobacco, 
Firearms and Explosives (U.S. Department of Justice) to this agency within 
the U.S. Department of the Treasury. Abbreviated TTB.

Anaerobe An or gan ism that can not grow in the pres ence of air.

Antibody Immunoglobulin pro tein, pro duced by B cells (or plasma cells 
de rived from B cells), that binds with a spe cific an ti gen.

Antibody ti ter Measure of the amount of an ti body pres ent, usu ally given 
in units per mil li li ter of se rum or de ter mined in an end point by di lu tion.

Antigenic Capable of elic it ing an im mune (an ti body) re sponse. Small 
mol e cules may be non an ti genic. Large mol e cules may have sev eral an ti
genic sites.

AOAC International An or ga ni za tion in volved in val i da tion of test ing 
meth ods. Formerly the Association of Official Analytical Chemists.

APC See Aerobic plate count.

Ascospore A heatresistant re pro duc tive fun gal spore.

ATP See Adenosine tri phos phate.
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ATR See Acid tol er ance re sponse.

Attaching and ef ac ing le sions Lesions that oc cur when a bac te rium 
(e.g., Escherichia coli O157:H7) ad heres to the sur face of an in tes ti nal ep
i the lial cell, re sult ing in loss of mi cro villi (ef ace ment).

Autoxidation The spon ta ne ous ox i da tion of a sub stance.

aw See Water ac tiv i ty.

Bacteremia The pres ence of bac te ria in the blood.

Bioprocess A pro cess that has a bi o log i cal ba sis, e.g., fer men ta tion, an 
en zymecatalyzed re ac tion such as the pro duc tion of highfructose corn 
syrup, etc.

Bradyzoite Small stage in var i ous pro to zoa; it de vel ops into a cyst.

Bureau of Alcohol, Tobacco, Firearms and Explosives An agency of the 
U.S. Department of Justice, for merly the reg u la tory au thor ity over beer, 
wine, and li quor. See Alcohol and Tobacco Tax and Trade Bureau.

Capsid The pro tec tive pro tein struc ture or coat that en cases vi ral nu
cleic acid (RNA or DNA).

Catabolic path way A path way that leads to the break down or uti li za tion 
of a com pound. All path ways for the uti li za tion of sug ars are cat a bol ic.

Cell-mediated im mu ni ty Immunity in which an an ti gen is bound to re
cep tor sites on the sur face of sen si tized T lym pho cytes that have been 
pro duced in re sponse to prior im mu niz ing ex pe ri ence with that an ti gen 
and which man i fests through the mac ro phage re sponse with no in ter
ven tion of an ti body.

Centers for Disease Control and Prevention The agency within the U.S. 
Department of Health and Human Services that tracks foodborne ill ness 
and helps solve out  breaks. It has no reg u la tory au thor ity. Abbreviated 
CDC.

CFU See Colonyforming unit.

Chelate To bind ions.

Chlamydospores Asexually pro duced rest ing spores of cer tain fun gi.

-cidal A suffi x in di cat ing the abil ity to kill.

Colony-forming unit A col ony on an agar plate that in the ory arises 
from a sin gle bac te rial cell. Abbreviated CFU.

Commercial ste ril i ty A level of ste ril ity that in di cates that an item is free 
of or gan isms that can cause ill ness.

Compatible sol utes “Harmless” com pounds which cells ac cu mu late to 
equil i brate their in ter nal wa ter ac tiv ity with the wa ter ac tiv ity of the en
vi ron ment.

Cortex The spore struc ture re spon si ble for re sis tance prop er ties, pre
sum ably through de hy dra tion of the core.

Cucurbits A group of plants that in cludes squashes, cu cum bers, and 
pump kins.
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Cytokines Substances or com pounds that are pro duced and se creted by 
cells of the im mune sys tem. These sub stances play a sig nifi  cant role in 
the im mune re sponse.

Cytotoxic Lethal to cells.

Definitive host The host in which a par a site achieves sex ual ma tu rity. If 
there is no sex ual re pro duc tion in the life of the par a site, the host most 
im por tant to hu mans is the de fin i tive host.

Diferential me dia Media that al low spe cific bac te ria to be vi su al ized 
(e.g., through a color re ac tion) among a pop u la tion of other bac te ria.

Disulfide link age A co va lent bond formed be tween two cys te ine mol
e cules in dif er ent parts of a pro tein; serves to sta bi lize the pro tein 
shape.

Eh See Oxidationreduction po ten tial.

Emetic tox in A toxin that causes vom it ing.

Empirical Determined by trial and er ror with out  re gard to the ory or a 
hy poth e sis.

Endemic dis ease A dis ease that is con tin u ally prev a lent in a spe cific 
pop u la tion or ar ea.

Endophthalmitis A type of in fec tion of the eye.

Endospore A bac te rial spore formed in the body of the mother cell.

Endotoxin A toxin struc tur ally as so ci ated with the cell.

Enterocolitis Inflammation of the lin ing of the in tes tine.

Enterotoxin A toxin that acts in the gas tro in tes ti nal tract.

Environmental Protection Agency A fed eral agency whose reg u la tory 
au thor ity in cludes some foodrelated is sues, such as sanitizer effi  cacy 
and pes ti cides. Abbreviated EPA.

Enzyme-linked im mu no sor bent as say An im mu no di ag nos tic test de
signed to de tect the pres ence of fixed an ti body through link age with an 
en zy matic re ac tion. Abbreviated ELISA.

Epidemiology The study of ep i dem ics; it is used to de ter mine the fac
tors that lead to an out  break of foodborne ill ness.

Eukaryote Any of the sin glecelled or mul ti cel lu lar or gan isms whose cell 
con tains a dis tinct, mem branebound nu cle us.

Exopolysaccharide A sugar po ly mer that is ex creted by, and ex te rior to, 
the cell. “Slime” is made of exopolysaccharides.

Exotoxin An ex creted tox in.

Extrinsic fac tor An ex ter nal fac tor, such as tem per a ture or at mo sphere, 
that in flu ences the abil ity of mi crobes to grow in a food.

Facultative Able to do some thing that is not in the pre ferred mode. For 
ex am ple, a fac ul ta tive an aer obe can grow in the ab sence of ox y gen but 
grows bet ter in its pres ence.
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FDA See Food and Drug Administration.

Fecal-oral route A route of dis ease trans mis sion from fe cal mat ter to the 
body via the oral cav i ty.

Fecal-oral trans mis sion The trans mis sion of path o gens from one per
son’s fe ces to an other per son’s mouth, usu ally due to poor hand wash ing.

50% Lethal dose The con cen tra tion of a sub stance that will kill 50% of 
a pop u la tion. Abbreviated LD50.

Flaccid pa ral y sis A pa ral y sis char ac ter ized by limp or “flop py” mus cles, 
as op posed to rigid pa ral y sis.

Food and Drug Administration The U.S. gov ern ment agency that has 
le gal au thor ity over all  foods ex cept meat, poul try, eggs, and al co hol. It is 
part of the Department of Health and Human Services. Abbreviated 
FDA.

Food Safety and Inspection Service The food safety reg u la tory arm of 
the U.S. Department of Agriculture. It in spects all  meat and poul try
processing plants. Abbreviated FSIS.

Food safety ob jec tive A quan ti ta tive goal for the fre quency of a par tic u
lar foodborne ill ness. Abbreviated FSO.

FSIS See Food Safety and Inspection Service.

FSO See Food safety ob jec tive.

Fungicide A com pound that kills fungi (i.e., yeasts and molds).

GAPs See Good Agricultural Practices.

Gastroenteritis Broadly speak ing, a dis ease or ill ness that acts in the 
gut.

Generally Recognized as Safe A le gal clas si fi ca tion of food ad di tives in 
use be fore 1958; it in cludes ad di tives affi rmed as safe since that time. 
Abbreviated GRAS.

Genetic fin ger print ing A nu cleic ac idbased tech nique that pro vi des 
spe cific iden ti fi ca tion (a “fin ger print”) of a mi cro or gan ism.

Genotype A trait that is char ac ter ized ge net i cally (as op posed to phe no
type).

Germinant A com pound that in duces spore ger mi na tion.

Germination The first ir re vers ible step in the pro cess by which a spore 
be comes a veg e ta tive cell.

Glyco- A pre fix mean ing “con tain ing a sug ar.”

GMPs See Good Manufacturing Practices.

Good Agricultural Practices Prescribed prac tices, such as the use of 
po ta ble wa ter for rinses, pro hi bi tion against fer til iz ing with hu man ma
nure, and good worker hy giene, that help en sure the mi cro bial safety of 
food at the farm level. Abbreviated GAPs.

Good Manufacturing Practices Prescribed prac tices, such as ro dent con
trol pro grams, use of hair nets and gloves, and pro hi bi tion of jew elry, that 
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help en sure the safety of food in food pro cess ing plants. Abbreviated 
GMPs.

GRAS See Generally Recognized as Safe.

Grocery Manufacturers’ Association A trade as so ci a tion that pro vi des 
tech ni cal sup port and lob bies on be half of mem ber food com pa nies. Ab
breviated GMA.

Guil lain-Barré syn drome A dis ease in which pa ral y sis starts at the hands 
and feet and pro gresses to ward the trunk. Because of this symp tom atic 
sim i lar ity to bot u lism, bot u lism is of ten mis di ag nosed as Guil lainBarré 
syn drome.

HACCP See Hazard Analysis and Critical Control Points.

Halotolerant Able to tol er ate high salt con cen tra tions.

Hazard Analysis and Critical Control Points A pro ac tive, pre ven tion
oriented pro gram that ad dresses food safety through the anal y sis and con
trol of bi o log i cal, chem i cal, and phys i cal haz ards. Abbreviated HACCP.

Hemolysin A com pound that causes ly sis of red blood cells.

Hemolytic Able to break open red blood cells.

Hemorrhagic co li tis A dis ease char ac ter ized by bloody di ar rhea.

Hepatomegaly Enlargement of the liv er.

Hermetically sealed Sealed un der a vac u um.

Heterofermentative Forming lac tic acid, ace tic acid, and eth a nol as fer
men ta tion prod ucts. Also called heterolactic.

High-performance liq uid chro ma tog ra phy Method used to sep a rate 
com pounds dis solved in a so lu tion.

Homeostasis An at tempt by a mi cro or gan ism to main tain a con stant 
in tra cel lu lar state, e.g., main te nance of pH.

Homolactic Forming only lac tic acid as a fer men ta tion prod uct. Also 
called homofermentative.

Homology A mea sure of sim i lar ity, usu ally when com par ing pro tein or 
ge netic se quences.

Host An or gan ism that pro vi des an en vi ron ment in which a sec ond or
gan ism lives. In the case of foodborne path o gens, the host is the vic tim.

Humoral im mune re sponse Binding of an an ti gen to a sol u ble an ti body 
in blood se rum. Also the en tire pro cess by which the body re sponds to an 
an ti gen by pro duc ing an ti body to that an ti gen.

Hydrophilic Orienting to ward wa ter (lit er ally, wa ter lov ing).

Hydrophobic Orienting away from wa ter (lit er ally, afraid of wa ter).

Immunity State in which a host is more or less re sis tant to an in fec tive 
agent; pref er a bly used in ref er ence to re sis tance aris ing from tis sues 
that are ca pa ble of rec og niz ing and pro tect ing the an i mal against 
“non self.”
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Immunocompromised Having an im mune sys tem that is un able to 
com bat nor mal dis ease pro cess es.

Inoculum (pl., in oc u la) The pop u la tion of or gan isms ini tially pres ent 
that ini ti ate growth.

Intervention An ac tion taken to pre vent an ad verse ef ect. For ex am ple, 
the use of an acid wash on slaugh tered beef is an in ter ven tion that re
duces the prob a bil ity of bac te ria be ing car ried over to the food.

Intrinsic fac tor A prop erty, such as pH or wa ter ac tiv ity, in her ent in a food.

Isoelectric point The pH at which a pro tein has no net char ge.

Isolate A strain of a bac te rium ob tained (“iso lat ed”) from a spe cific 
source. Strains of the same spe cies that are en vi ron men tal or clin i cal 
iso lates can be quite dif er ent.

Kilogray A unit of ab sorbed ra di a tion equal to 1 joule of en ergy. Abbre
viated kGy.

Larva Progeny of any or gan ism that is mark edly dif er ent in body form 
from the adult.

Lavage A wash.

LD50 See 50% Lethal dose.

Leukocyte A white blood cell.

Low-acid food A food with a pH of >4.6 and a wa ter ac tiv ity of >0.85.

Lyse To break open.

Lysis The break age of cells.

Lysozyme An en zyme that de grades cell walls.

MAP See Modifiedatmosphere pack ag ing.

Meningitis Inflammation of the tis sue (me nin ges) sur round ing the 
brain and spi nal cord.

Mesophile An or gan ism with an op ti mal growth range of 20 to 45°C.

4-Methylumbelliferylβ-d-glucuronide A sub strate used to de ter mine 
pro duc tion of βdglucuronidase by Escherichia coli O157:H7. Abbreviated 
MUG.

Modified-atmosphere pack ag ing Storage or pack ing of foods un der el e
vated lev els of car bon di ox ide. Abbreviated MAP.

Monoclonal an ti body An an ti body that de tects a spe cific cell tar get.

Most prob a ble num ber A sta tis ti cal method for es ti mat ing small pop u
la tions of bac te ria. Abbreviated MPN.

MPN See Most prob a ble num ber.

MUG See 4Methylumbelliferylβdglucuronide.

Mutagenesis The pro cess of cre at ing a mu tant by al ter ing an or gan ism’s 
DNA.

Mycotoxins A ge neric term for the chem i cal tox ins formed by fun gi.

|  Glossary  



561

Necrotic Dead (in ref er ence to tis sue).

Neurotoxin A toxin that acts on nerves.

Nosocomial in fec tions Infections that are ac quired in a health care fa
cil ity. (Hospitals are very dirty plac es.)

Oocyst The cys tic form re sult ing from spo rog ony in the Apicomplexa 
pro to zoa; the oo cyst may be cov ered by a hard, re sis tant mem brane.

Opportunistic path o gen An or gan ism that causes ill ness only in peo ple 
with some pre ex ist ing med i cal con di tion.

Organic ac ids Acids formed from an or ganic (car boncontaining) com
pound, e.g., ace tic, lac tic, and cit ric ac ids. There are also min eral ac ids 
such as phos pho ric and ni tric ac ids, but these are not as im por tant in 
foods.

Osmotolerant Tolerant of con di tions (i.e., high salt or sugar con cen tra
tions) in which there is lit tle avail  able wa ter (low wa ter ac tiv i ty).

Outgrowth The pro cess by which a ger mi nated spore be comes a veg e ta
tive cell.

Oxidation-reduction po ten tial The abil ity to ac cept or do nate elec trons. 
Negative ox i da tionreduction po ten tials are as so ci ated with an aer o bic 
con di tions. Abbreviated ORP or Eh.

Pandemic Epidemic over an es pe cially wide geo graphic ar ea.

Paracrystalline Materials hav ing only short or longrange or der in their 
struc tures. True crys tals have longrange or der. Paracrystalline struc
tures have a cer tain de gree of fixed struc ture, but not enough to be char
ac ter ized as true crys tals.

Parasite An or gan ism that ob tains nour ish ment and shel ter from an
other or gan ism.

Parasitophorous vac u ole A vac u ole within a host cell that con tains a 
par a site.

Pasteurization A heat pro cess de signed to kill path o gens but not nec es
sar ily spoil age or gan isms.

PCR See Polymerase chain re ac tion.

Phagosome A mem brane struc ture formed around a cell ab sorbed by 
phago cy to sis.

Phenotype An ob serv able char ac ter is tic such as the abil ity to fer ment a 
spe cific sugar, mo til ity, etc.

Planktonic cells Single cells that are not phys i cally as so ci ated with other 
cells.

Plasmid A piece of cir cu lar DNA, sep a rate from the chro mo some, that 
con tains genes for traits such as vir u lence, toxin pro duc tion, bac te rio cin 
pro duc tion, and var i ous bio chem i cal traits. Plasmids can be trans mit ted 
among dif er ent spe cies of bac te ria.

Plasmolysis Shrinkage of a cell due to wa ter loss.
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Poliomyelitis A de gen er a tive dis ease of the mus cles that causes pa ral y
sis. Also called po lio.

Polyclonal an ti body An an ti body that de tects many cel lu lar tar gets.

Polymerase chain re ac tion A tech nique in mo lec u lar bi  ol ogy that 
 am pli fies a few cop ies of DNA to quan ti ties (thou sands to mil li ons) suf
fi cient for fur ther anal y sis. It is used in food mi cro bi ol ogy for iden ti fi ca
tion, de tec tion, and quan ti fi ca tion of tar get bac te ria. Abbreviated PCR.

Pomaceous fruits A group of fruits that in cludes ap ples and pears.

Premunition Resistance to re in fec tion or su per in fec tion, con ferred by a 
stillexisting in fec tion, that does not de stroy the or gan isms of the in fec
tion al ready pres ent.

Prion An un usual type of pro tein which, by chang ing shape, causes 
trans mis si ble en ceph a lop a thies.

Prokaryote An or gan ism pri mar ily char ac ter ized by the lack of a true 
nu cleus and other mem branebound cell com part ments such as mi to
chon dria and chlo ro plasts.

Prostration An ex treme state of ex haus tion.

Proteolytic Producing en zymes that de grade pro teins.

Pseudoappendicular syn drome A syn drome in which, in broad terms, 
an in di vid ual ex pe ri ences symp toms com monly as so ci ated with ap pen
di ci tis.

Psychrophile An or gan ism that “loves” to grow in the cold, has an 
op ti mum growth tem per a ture of 15°C, and can not grow at 30°C.

Psychrotroph An or gan ism that can grow in the cold but has an op ti mum 
growth tem per a ture of >20°C and can grow at 30°C.

Pulsed-field gel elec tro pho re sis A mod i fi ca tion of stan dard elec tro pho
retic meth ods that, through the use of al ter nat ing volt ages, al lows large 
pieces of DNA to be sep a rated. Abbreviated PFGE.

Quorum The num ber of or gan isms that must be pres ent be fore ac tion 
can be tak en.

Ready-to-eat food A food that can be eaten with out  fur ther cook ing, such 
as a del i ca tes sen meat.

Reiter’s syn drome An au to im mune dis ease char ac ter ized by ar thri tis 
and in flam ma tion around the eye.

Resuscitated Brought back to life.

Reverse tran scrip tion-polymerase chain re ac tion The pro cess of mak
ing a dou blestranded DNA mol e cule from a sin glestranded RNA tem
plate through the en zyme re verse tran scrip tase. Abbreviated RTPCR.

rpoS genes Genes that en code DNAdependent RNA po ly mer ase.

Saprophyte An or gan ism that sur vives by liv ing of dead or de cay ing 
plant ma te ri al.

SASP See Small ac idsoluble pro teins.
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Scolex The head or hold fast or gan of a tape worm.

SEA See Staphylococcal en tero toxin A.

Selective me dia Media that se lect for the growth of spe cific bac te ria by 
in hib it ing the growth of other bac te ria that may be pres ent.

Semilogarithmic Pertaining to a re la tion ship or graph where the plot of 
one var i able on a log a rith mic scale and the other on a lin ear scale yields 
a straight line. Graphs of heat ing le thal ity for bac te ria are semi log a rith
mic when the log of the re main ing vi a ble cells is plot ted against the du
ra tion of heat ing.

Septicemia A gross, wholebody in fec tion.

Serological Able to cause an an ti body re sponse.

Serotypes Varieties of a bac te rial spe cies that re spond to dif er ent an ti
bod ies.

Sigma fac tor A pro tein that binds to a DNAdependent RNA po ly mer ase.

Small ac id-soluble pro teins Spore pro teins that con fer re sis tance prop
er ties. Abbreviated SASPs.

Sporadic Occurring ran dom ly.

Sporulation The pro cess by which a veg e ta tive cell forms and re leases a 
spore.

Staphylococcal en tero toxin A One se ro log i cal type of staph y lo coc cal en
tero toxin. Abbreviated SEA.

-static A suffi x in di cat ing the abil ity to in hibit or stop some thing.

Sublimation The pro cess by which a com pound goes from the solid to 
the gas phase with out  be com ing a liq uid.

T cells A type of lym pho cyte with a vi tal reg u la tory role in im mune 
re sponse; so called be cause they are pro cessed through the thy mus. Sub
sets of T cells may be stim u la tory or in hib i tory. They com mu ni cate with 
other cells in volved in an im mune re sponse by means of pro tein hor
mones called cy to kines.

Temperature abuse The hold ing of food at tem per a tures that per mit 
mi cro bial growth, i.e., 40 to 135°F.

Tenesmus The sen sa tion of an ur gent need to def e cate while be ing un
able to do so.

Thermophile An or gan ism that grows at high tem per a tures.

Titer The con cen tra tion of a sub stance in a so lu tion as de ter mined by 
ti tra tion.

Toxicoinfection An infection producing an enterotoxin that causes fluid 
loss.

Transmissible spon gi form en ceph a lop a thy A dis ease, such as scra pie, 
kuru, or bo vine spon gi form en ceph a lop a thy (“mad cow dis ease”), that is 
caused by pri ons. Abbreviated TSE.

Transposable el e ments Pieces of DNA that can move from one chro mo
somal lo ca tion to an oth er.
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TSE See Transmissible spon gi form en ceph a lop a thy.

Turkey “X” dis ease A dis ease of tur keys for which the causal agent was 
not ini tially known.

USDA See U.S. Department of Agriculture.

U.S. Department of Agriculture A cab i netlevel gov ern ment de part
ment that has le gal au thor ity over meat, poul try, and eggs. Abbreviated 
USDA.

Variant Creutz feldt-Ja kob dis ease A hu man neu ro log i cal dis ease caused 
by pri ons. Abbreviated vCJD.

Vascular Related to blood ves sels.

vCJD See Variant Creutz feldtJa kob dis ease.

Vehicle A source or car ri er.

Viable but nonculturable A term ap plied to cells that can not be cul tured 
by con ven tional meth ods but that still cause ill ness if in gested. Abbrevi
ated VBNC.

Virulent Causing ill ness.

VBNC See Viable but nonculturable.

Water ac tiv i ty The mea sure of wa ter avail  able for mi cro bial growth and 
chem i cal re ac tions, de fined as the equi lib rium rel a tive hu mid ity of a 
prod uct. Abbreviated aw.

Xerotolerant Capable of tol er at ing dry con di tions.

Zoonosis A dis ease of an i mals that is trans mis si ble to hu mans.
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Answers to Crossword Puzzles

Chapter 2

Across:
1. es ti ma te
4. tem per a ture
5. five
7. culturability

 8. nu tri ents
 9. molds
10. hur dle
11. se lec tive

Down:
2. in ju re
3. an aer o bi cal ly

6. ex trin sic

Chapter 7

Across:
4. en vi ron men tal
6. NARMS
8. symp toms

10. 145
12. ve hi cle

Down:
1. pre ven tion
2. infantis
3. casestudy

 5. kapowsin
 7. pulsenet
 9. pigroast
11. re call

Chapter 8

Across:
3. pas ta
4. dairy
8. te nes mus

 9. cy clic
10. hy dro pho bic
11. Bacillus

Down:
1. spore
2. Bacillus ce re us
5. emet ic

6. anthracis
7. di ar rhe al

Chapter 16

Across:
1. an ti ge nic i ty
4. min i mal
7. microslide

 9. sum mer
12. san i ta tion

Down:
1. AGR
2. tem per a tures
3. tox in
5. vom it ing

 6. peo ple
 8. low er
10. shock
11. rap id
13. abuse
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Chapter 27

Across:
1. pro por tion al
5. her met i cal ly
6. freez ing
8. pas teur i za tion
9. le thal

10. ap pli ca tion
13. de na tur ation
15. dry ing
17. rai sins
18. non ther mal
19. phys i cal

Down:
2. pas teur i za tion
3. log a rith mic
4. spores
7. ra dio ac tive
8. psychrotrophs

11. ion iz ing
12. pen e tra tion
14. Napoleon
15. dec i mal
16. DNA
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Answers to Selected Questions 
for Critical Thought

Chapter 1

1. Spores in Pas teur’s flask would have ger mi nated, grown, and “dis
proved” his the o ry.

2. They could spread the cul ture onto a pe tri dish and com pare col ony 
mor phol ogy, pig men ta tion, ap pear ance (dry, glis ten ing).

3. Who knows what the fu ture holds? We will un doubt edly “dis cov er” 
“new” path o gens. Perhaps there will be an im mu ni za tion for nor o vi ruses, 
the lead ing cause of foodborne dis ease. Acceptance of food ir ra di a tion 
might al low pro duce to be “pas teur ized.” Can you think of mo re?

4. The re search con ducted by Appert re sulted in a new method for food 
pres er va tion, can ning. This spawned sub se quent re search to de ter mine 
why the pro cess worked.

6. Student must an swer in de pen dent ly.

Chapter 2

1. These as sump tions are al ways false for strep to cocci which ex ist in 
chains. They are also false when cells clump. The state ment also as
sumes that the proper me dium is used and that there are no “vi a ble but 
nonculturable” cells. Incubating cells at the wrong tem per a ture or at mo
sphere keeps bac te ria from form ing col o nies.

2. There are 24 col o nies on the plate. The 24 col o nies come from the 10−1 
(or 10fold) dilution, so at this point there are 240 col o nyforming units 
(CFU) in the tenth of a mil li li ter that was plated. To get num ber of CFU 
per mil li li ter, mul ti ply by 10. The an swer is 2,400 CFU/ml, usu ally ex
pressed as 2.4 × 103 CFU/ml.

3. The smaller pop u la tion of path o gens would be ob scured by the larger 
pop u la tion of to tal bac te ria on the plate.
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4. In this ex am ple of 3, 3, 2, 1 pos i tives, one starts from the high est di lu
tion that has all  pos i tives. Thus, the pat tern be comes 3, 2, 1. The most
probablenumber (MPN) ta ble yields a nu mer i cal value of 150, which is
mul ti plied by the 10fold di lu tion for the sec ond “3” to give a bac te rial
level of 1,150 MPN/g in the sam ple. Note that the ta ble is con structed to
fac tor in the 0.1g in oc ula for the first three tubes.

5. Intrinsic fac tors such as pH, salt, in hib i tors, etc., are in her ent to the
food. Extrinsic fac tors such as tem per a ture and at mo sphere are ex ter
nal to the food. pH is im por tant be cause it pro vi des the di vid ing line
for the pro cess ing of “highacid” and “lowacid” food. Temperature is
im por tant be cause it con trols mi cro bial growth rates. Cold tem per a
tures can be very in hib i to ry.

6. The “ho meo stat ic” re sponse is al ways “on” and in creases the ac tiv ity of
pro ton pumps. The “acid tol er ance re sponse” is trig gered by mod er ate acid
and then al lows the cell to sur vive un der strong acid. “Acid shock pro teins”
are turned on by strongly acidic con di tions. The ho meo static re sponse is
the most im por tant since it is the first line of de fense for growth at low pH.

7. The amount of su crose re quired to lower the wa ter ac tiv ity (aw) fur
ther would be be yond its sol u bil ity lim it.

8. The aw is cal cu lated from mo les of the sol ute. One mole of su crose
yields 2 mo les (mol) of mono sac cha rides. The aw would de crease.

9. The cal cu la tions are based solely on the ad di tion of salt. In re al ity,
there are other ions that de press the aw so that less salt is needed. (This 
is much like the freez ing point of wa ter. In the ory, it is 0°C, but in food 
sys tems, other sol utes make it lower.) One could test this ex pla na tion by 
mak ing dif er ent con cen tra tions of some other sol ute (like glu cose) and 
then de ter min ing how much salt is needed to re duce the aw. If the hy
poth e sis is cor rect, the amount of salt needed would de crease with in
creas ing glu cose con cen tra tions.

10. Use ra tios in your cal cu la tions. This ap proach is not very so phis ti
cated, but it al ways works.

a. The mo lec u lar mass of NaCl is 58.4 g/mol.

b. 5 g × (1 mol/58.4 g) = 0.0856 mol (fol low the units).

c. When salt dis as so ci ates in wa ter, 1 mol of salt gives rise to 2 mol of
ions. Thus, for 5% salt one gets 0.17 mol. (For 3% salt, just mul ti ply
these by 3/5 to get 0.102 mol.)

d. Turn to the equa tion aw = 55.5/(55.5 + mo les of sol ute). For 5% salt,
the aw is 55.5/55.67 = 0.996. For 3% salt, the aw is 0.998. The 5% salt ex erts
no mi cro bial sig nifi  cant de pres sion on the aw. Reformulating to 3% salt
would have no ef ect on mi cro bi o log i cal safe ty.

Chapter 3

1. The re quired Fo is equal to a D250°F of 0.2 min times the de sired 12D re
duc tion of C. bot u li num spores. This gives the le gally man dated Fo of 2.4.
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This can be ex pressed as fol lows:

2.4 min/1log re duc tion (0.2 min)−1 = 12log re duc tion (1)

For the case of a shorter time, sub sti tute the ap pro pri ate val ues into 
equa tion 1.

2.16 min/1log re duc tion (0.2 min)−1 = 10.8log re duc tion (2)

For the case of a lower tem per a ture, sub sti tute the ap pro pri ate val ues 
into equa tion 1. In this case, how ever, be cause the tem per a ture changed, 
the D value also changes. You have to cal cu late the new D value. The 
tem per a ture is con ve niently 232°F, ex actly 18°F lower than the re quired 
250°F. The z value is 18°F, so the D232°F must be 2 min. Substitute the 
ap pro pri ate val ues into equa tion 1:

2.4 min/1log re duc tion (2.0 min)−1 = 1.2log re duc tion (3)

The re duced tem per a ture is much worse than the re duced time.

2. The z value is the num ber of (Cel sius or Fahr en heit) de grees re quired 
to change the D value by a fac tor of 10. The z value for the prob lem is 
15°C.

3. Either an swer is ac cept able if it is sup ported by some facts. For ex am
ple, I would rather be a spore be cause they just sit around and wait for 
the right con di tions to ap pear. Then they spring into ac tion.

4. The exosporangium pro tects the spore from lytic en zymes. The cor
tex helps main tain the core in the de hy drated state.

5. It is per mit ted be cause C. bot u li num can not grow at a pH be low 4.6. 
(This is the rea son ing be hind the dif er ent pro cess re quire ments for 
lowacid and highacid foods.)

6. “Gene ex pres sion” means that the genes are “turned on” to do what
ever they do, i.e., code for pro teins, reg u la tory sig nals, etc. So genes can 
be turned on or of at dif er ent times and in dif er ent plac es.

Chapter 4

1. Addition of cer tain com pounds that the or gan ism of in ter est ei ther 
can or can not uti lize. For ex am ple, cer tain com pounds when me tab o
lized ap pear blue in col or.

2. The method can not dis tin guish live from dead cells.

3. Strict an aer obes would not grow.

4. Bacteria of ten ad here to lip ids that would be found in hot dogs, pre
vent ing dis per sion. Also, clump ing of cells can oc cur on large pieces of 
hot dog. Both would re sult in un der es ti mat ing the mi cro bial load of the 
hot dogs.

5. Bacteria could mul ti ply in the di lu tion me dium prior to be ing plat ed.

6. The sponge method, since rel a tively large ar eas can be tested us ing 
this meth od.
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Chapter 5

1. Bacteria may be clumped or ad hered to cer tain com po nents in a food
ma trix. Processing a sam ple will de crease the like li hood that mi cro bial
num bers are un der es ti mat ed.

2. Samples con tain ing known pop u la tions of bac te ria would need to be
tested us ing the new method and the Food and Drug Administration
(FDA)approved method. Validation of re sults by a third party should be
sought.

3. Student must an swer in de pen dent ly.

4. Student must an swer in de pen dent ly.

Chapter 6

1. Student must an swer in de pen dent ly.

2. Student must an swer in de pen dently. Consider for qual ity and safety
issues.

3. Countries that have less strin gent mi cro bi o log i cal cri te ria may serve 
as a “dump ing ground” for food of poor mi cro bi o log i cal qual ity. Food
com mod i ties would be fun neled to those coun tries so that they could be
im ported based on mi cro bi o log i cal cri te ria.

4. Student must an swer in de pen dent ly.

5. Fecal co li forms in clude Klebsiella, Enterobacter, and Citrobacter spe
cies, but these or gan isms may be con sid ered falsepositive in di ca tors of
fe cal con tam i na tion since they can grow in nonfecal niches, in clud ing
wa ter, food, and waste. The re main ing por tion of the ques tion must be
an swered in de pen dently by the stu dent.

6. n = 5, num ber of sam ples test ed; c = 0, num ber sam ples that can be
pos i tive; m = M = 0, up per limit for tar get or gan ism in a given sam ple. If
one sam ple had 10 col o nyforming units (CFU), it would be re ject ed.

7. S. au re us must achieve a crit i cal num ber such that the toxin as so ci
ated with foodborne ill ness achieves a con cen tra tion ca pa ble of caus
ing a hu man health risk. There is zero tol er ance for Salmonella in
readytoeat foods.

8. Diferences in growth of bac te ria could be as so ci ated with prop er ties
of the food, in clud ing pH and wa ter ac tiv ity. The tem per a ture at which
the food is held can also im pact mi cro bial growth. Perhaps one prod uct
is more heavily con tam i nated with a mi crobe that will grow at re frig er a
tion tem per a tures.

Chapter 7

1. Food safety and qual ity were cer tainly im por tant be fore the reg u la
tions that be came re al ity in 1906 and 1938 from the U.S. Department of
Agriculture (USDA) and Food and Drug Administration (FDA). The
FDA ac tu ally has its roots in the USDA. As you can see by read ing about
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the cre a tion and de vel op ment of these agen cies, some as pects were cer
tainly dic tated by his tory and some as pects by chance. In re view ing the 
var i ous acts that were passed in his tory, you should see how the agen
cies were be com ing more like the ones we have to day.

2. The Jungle pro vided the mo ti va tion needed to se cure an im por tant role 
for the USDA. The novel is still used to day to show case his tor i cal prob
lems as well as con tem po rary so cial is sues sur round ing in dus tri al ized 
an i mal ag ri cul ture. The Jungle ex posed the un san i tary con di tions in the 
Chi cago meat pack ing in dus try. This ig nited pub lic out  rage, which gave 
President The o dore Roo se velt sup port and rea son to in ves ti gate the tale 
told by Sin clair. The Fe de ral Meat Inspection Act was passed by Con
gress in June 1906 in re sponse. This act es tab lished the san i tary re quire
ments for the meat pack ing in dus try and is as im por tant to day as it was 
over 100 years ago. These in clude man da tory in spec tion of live stock be fore 
slaugh ter, man da tory post mor tem in spec tion of ev ery car cass, and ex plicit 
san i tary stan dards for ab at toirs. In ad di tion to these, the act granted the 
agency the right to con duct in spec tions at slaugh ter and pro cess ing op er a
tions and en force food safety reg u la tory re quire ments. As a re sult, the 
agency grew in size, hir ing more than 2,000 in spec tors to carry out  in
spec tion ac tiv i ties at 700 es tab lish ments by 1907.

3. Student must an swer in de pen dent ly.

4. Student must an swer in de pen dent ly.

5. Epidemiological sur veil lance is the on go ing sys tem atic col lec tion, re
cord ing, anal y sis, in ter pre ta tion, and dis sem i na tion of data re flect ing 
the cur rent health sta tus of a com mu nity or pop u la tion. The Centers for 
Disease Control and Prevention (CDC) works with state pub lic health 
agen cies to mon i tor foodborne ill ness. Both ac tive and pas sive sur veil
lance has helped iden tify changes in out  break sce nar ios within the 
United States. Passive sur veil lance oc curs when health agen cies are con
tacted by phy si cians or lab o ra to ries, which re port ill nesses or lab o ra tory 
re sults to them. In ac tive sur veil lance, the health agen cies reg u larly con
tact phy si cians and lab o ra to ries to make sure that re port able dis eases 
have been re ported and that re quired clin i cal spec i mens or iso lates have 
been for warded to state lab o ra to ries for fur ther anal y sis. FoodNet is an 
im por tant ex am ple of ac tive sur veil lance or ga nized by the CDC.

Chapter 8

1. B. ce re us may be more prev a lent in Eu rope than in the United States 
be cause food con sump tion pat terns are dif er ent. For ex am ple, the Brit
ish use lots of cream. Sauces are more heavily used than in the United 
States. There may be greater con sump tion of rice and other foods as so
ci ated with B. ce re us spores.

2. “Rectal te nes mus” is anal o gous to the “dry heaves,” but at the other 
end.

3. Elements of a case study should in clude heat ing fol lowed by tem per
a ture abuse, with the ap pro pri ate time to ill ness and symp toms.
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Chapter 9

1. In gen eral, the or gan ism merely needs to sur vive on a given food. In
a sur vival state, the met a bolic ac tiv ity of the cell is ex tremely low.

2. Student must an swer in de pen dent ly.

3. The bac te rial li po po ly sac cha ride as so ci ated with Campylobacter causes
an im mune re sponse. The an ti bod ies pro duced rec og nize not only the
li po po ly sac cha ride but also pe riph eral nerve tis sue. This is likely a ma
jor mech a nism of Campylobacterinduced GBS.

4. Initial treat ment may not be ef ec tive, pro long ing the ill ness, or in
the case of a multiresistant strain, the in fec tion may not be treat able.
Although cip ro flox a cin is ef ec tive in treat ing Campylobacter in fec tions, 
re sis tant strains have emerged. The re sis tance may be linked to the use
of sim i lar an ti bi ot ics (flu o ro quin o lones) in poul try.

5. Under un fa vor able con di tions, the or gan ism can es sen tially re main 
dor mant and can not be eas ily re cov ered on growth me dia. In the vi a ble
butnonculturable (VBNC) state, the or gan ism en hances its abil ity to
sur vive un til fa vor able growth con di tions oc cur. The role of these forms
as a source of in fec tion for hu mans is not clear.

6. (i) In the United States, chil dren are not reg u larly ex posed to Campylo-
bacter, so they do not de velop im mu nity as they get older. (ii) The fla gel la.

7. Student must an swer in de pen dently. Hint: Control prac tices may vary
by type of farm ing op er a tion.

Chapter 10

1. Vichyssoise soup is served cold. Heating it (or the ched dar cheese
soup) would in ac ti vate the tox in.

2. Consider a case where a large mass of food (such as mush rooms) is
cooked, left in a big bowl on the side of the stove, and then added to the
main dish just prior to serv ing. Cooking the food kills the com pet ing
veg e ta tive cells but al lows the spores to live in a large warm an aer o bic
mass of food. The spores ger mi nate and grow. The toxin they make is
not in ac ti vated since the food is not re heated be fore serv ing.

3. Boiling in ac ti vates bot u li nal tox in.

4. Highacid foods are al lowed to con tain bot u li nal spores be cause
C. bot u li num can not grow at a pH of <4.6.

5. I would tell her that bot u li nal toxin type C does not kill hu mans. Her
con cerns should be strictly aes thet ic.

6. Think about what foods may re sult in in fant bot u lism, and how these
types of foods (like honey) may be trend ing in to day’s food cul ture.

7. This prob lem is not that hard. The amount of toxin re quired to kill
50% of the peo ple (LD50) when in jected un der the skin is 10−9 ounce. 
Let’s as sume that the oral dose is 10fold higher and that the study was 
done with pure toxin. Assume that unpurified toxin is 100fold less toxic. 
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This would in crease the LD50 to 10−6 ounce. Also as sume that none of the 
toxin is in ac ti vated dur ing dis persal and that it is (some how) dis persed 
in sin gle 10−6ounce doses. So, how many peo ple would be killed? Fifty 
per cent of 1 mil lion would die.

Chapter 11

1. Your imag i nary out  break should in clude an ap pro pri ate food, tem
per a ture abuse, and a long in ter val be tween prep a ra tion of the food and 
its con sump tion. Your out  break should also con tain an el e ment of hu mor.

2. This is up to the stu dent but should be well rea soned and show an 
un der stand ing of the dif er ence be tween a cell and a spore.

3. Steam ta bles are for keep ing hot foods hot, not for heat ing up cold 
foods. With a tem per a ture of only 212°F (com pared to an ov en’s 375°F), 
the steam ta bles would take too long to heat the food. The food would 
be in the abuse zone long enough to make foodborne dis ease a real pos
si bil ity. So what do I do? The Swed ish meat balls are the most mi cro
bi o log i cally sen si tive food. They have low acid ity and lots of nu tri ents. 
Clostridium perfringens would love these. They go into my oven. The 
chicken parmesan is less likely to cause a prob lem, so I go to my neigh bor, 
re turn her hedge clip pers, and ask if she would put the chicken par
mesan in her oven. The la sa gna has lots of acidic sauce, so I am not too 
wor ried. It goes on the grill. Everything goes onto the steam ta bles, but 
only when it is good and hot.

4. Temperature abuse is the big gest cause of C. perfringens toxico
infection.

5. Students must an swer in de pen dent ly.

6. C. perfringens has the ad van tages of be ing an aer o bic, be ing a spore
former, and hav ing an op ti mum tem per a ture slightly higher than that 
of other path o gens.

Chapter 12

1. Enhanced global sur veil lance of nonO157 STECs and bet ter re port
ing sys tems have led to the seem ing in crease in out  breaks linked to 
nonO157 STECs. Moreover, nonO157 STECs have been the pre dom i
nant STEC in many coun tries for more than a de cade.

2. Possession of an at tach ingandefacing (AE) gene (eae) and Stx 
pro duc tion.

3. Stxs act by in hib it ing pro tein syn the sis. Transfer of the toxin to the Golgi 
ap pa ra tus is es sen tial for in tox i ca tion; how ever, the mech a nism of en try 
of the A sub unit and par tic u larly the role of the B sub unit re main un clear. 
Although the en tire toxin is nec es sary for its toxic ef ect on whole cells, 
the A1 sub unit can cleave the Nglycoside bond in one aden o sine po si tion 
of the 28S ri bo somal RNA (rRNA) that com prises 60S ri bo somal sub
units. This elim i na tion of a sin gle ad e nine nu cle o tide in hib its the elon ga
tion fac tordependent bind ing to ri bo somes of aminoacylbound trans fer 
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RNA (tRNA) mol e cules. Peptide chain elon ga tion is stopped, and over all 
pro tein syn the sis is sup pressed, re sult ing in cell death.

4. The lo ca tion within the in tes tine may in flu ence the abil ity of the
path o gen to ad here and sub se quently cause dis ease. Specific re cep tors 
are re quired for the path o gens to at tach and in some in stances in vade
the host in tes ti nal ep i the li um.

5. (i) No. (ii) No. EHEC is not as so ci ated with trav el ers di ar rhea. (iii) True.
(iv) True.

7. There is no one sin gle or sim ple an swer to this ques tion. Implementa
tion of good ag ri cul tural prac tices, good manufactur ing prac tices, Haz
ard Analysis and Critical Control Points, and testandhold pro grams
and greater con sumer aware ness of proper han dling and pro cess ing of
food all  would be ben e fi cial.

Chapter 13

1. There are many rea sons that Listeria monocytogenes was not rec og
nized be fore 1980. Listeriosis ap pears as geo graph i cally dis tant spo radic
out  breaks. Only with the advent of com puter net works and cen tral ized
iden ti fi ca tion could these out  breaks be rec og nized. Moreover, the med i cal 
pro fes sion did not know about lis te ri o sis. If phy si cians did not rec og nize 
it, they could not or der the right tests and lis te ri o sis re mained un re ported.
The in creased sales of re frig er ated foods might con trib ute to in creased
cases and there fore in creased rec og ni tion. It is also pos si ble that as san i
ta tion im proved, there were fewer com pet i tors against L. monocytogenes
in foods, al low ing it to be come more prom i nent.

2. The pros of hav ing a nu mer i cal tol er ance are as fol lows. (i) With a
zero tol er ance, com pa nies are re luc tant to look for L. monocytogenes (and
of ten look for Listeria spe cies in stead). This “don’t ask, don’t tell” pol icy
can lead to in creased cases of lis te ri o sis. (ii) Testing spe cifi  cally for
L. monocytogenes would al low com pa nies to iden tify it and nip the prob lem
in the bud. (iii) Countries that have nu mer i cal tol er ances have sim i lar
rates of lis te ri o sis as do coun tries hav ing a zero tol er ance. This sug gests
that the zero tol er ance pro vi des no pub lic health ben e fit. Given this last
ar gu ment, it ap pears that nei ther cri te rion has a pub lic health im pact.
Decisions in the United States will be made on other grounds. (Con
sider the po lit i cal fall out  of ask ing your con gress woman, “How many of
those deadly bac te ria do you want to al low in my food?”)

3. Sorry, but you have to make up your own out  break. I have writ ten
mine at the be gin ning of the chap ter.

4. See Fig. 13.6.

5. Several char ac ter is tics make L. monocytogenes a suc cess ful foodborne
path o gen. (i) It grows at re frig er a tion tem per a tures. (ii) It can cross mem
brane bar ri ers, in clud ing the pla cen tal and brain bar ri ers. (iii) It sur vives
in food pro cess ing en vi ron ments for long pe ri ods. (iv) It is ubiq ui tous.
(v) There is a long pe riod be tween in ges tion and the on set of symp toms.
(vi) It mul ti plies within the host cells.
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Chapter 14

1. Student must an swer in de pen dent ly.

2. The iso late would re act with the C1 group an ti se rum, in di cat ing that 
an ti gens 6 and 7 are pres ent. Flagellar an ti gen ag glu ti na tion in po lyC 
fla gel lar an ti se rum and sub se quent re ac tion of the iso late with sin gle
group H antisera would con firm the pres ence of the r an ti gen (phase 1). 
The em pir i cal an ti genic for mula of the iso late would then be 6,7:r. 
Phase re ver sal in semi solid agar sup ple mented with r an ti se rum would 
im mo bi lize phase 1 sal mo nel lae at or near the point of in oc u la tion, 
thereby fa cil i tat ing the re cov ery of phase 2 cells from the edge of the 
zone of mi gra tion. Serological test ing of phase 2 cells with po lyE and 
1complex antisera would con firm the pres ence of the fla gel lar 1 fac tor. 
Confirmation of the fla gel lar 5 an ti gen with sin glefactor an ti se rum 
would yield the fi nal an ti genic for mula 6,7:r:1,5, which cor re sponds to 
serovar Infantis.

3. The most com mon Salmonella enterica serovars in Eu rope are Ty
phimurium, Enteritidis, and Infantis. In Can ada the most fre quently en
coun tered are Typhimurium, Enteritidis, and Hei del berg, while the most 
com mon S. enterica serovars in the United States are Typhimurium, En
teritidis, Hei del berg, New port, and Javiana. Based on the out  come of your 
search, ex plain why the dif er ent re gions fea ture the same or dif er ent 
serovars.

4. The path o gen col o nizes the ova ries of lay ing hens, mak ing it diffi  cult 
to erad i cate.

5. The re sis tance genes are lo cated on the chro mo some; there fore, all  
prog eny will carry the genes.

6. In the host, the cap sule can block an ti gen rec og ni tion and pro tect 
against de struc tion by phago cytic cells. In a pro cess ing en vi ron ment, 
cap sule can fa cil i tate biofilm for ma tion by the or gan ism, pro tect ing it 
from the ac tion of san i tiz ing agents.

7. Induction of the acid tol er ance re sponse (ATR) would per mit sur vival 
of the path o gen in highacid foods such as or ange juice. The ATR would 
al low the or gan ism to sur vive pas sage through the low pH of the stom
ach and acidic en vi ron ments in phago cytic cells.

Chapter 15

1. There are four spe cies in the ge nus Shigella: Shigella dysenteriae (group 
A), S. flexneri (group B), S. boydii (group C), and S. sonnei (group D). 
Shigellae are zoo not ic.

2. Shigellae are shed in the fe ces of symp tom atic and asymp tom atic car
ri ers. In day care cen ters, the path o gen is spread by the fe caloral route 
(chil dren plac ing dirty hands in each oth er’s mouths). Student must 
an swer in de pen dent ly.

3. Two im por tant char ac ter is tics: (i) the pro duc tion of bloody di ar rhea 
or dys en tery and (ii) the low in fec tious dose.

Answers to Selected Questions for Critical Thought  |



576

4. Treatment with an ti bi ot ics may re sult in ly sis of the bac te rial cell, 
re leas ing Shiga toxin, which is as so ci ated with he mo lyt icuremic syn
drome (HUS).

5. Longterm com pli ca tions aris ing from the dis ease in clude Reiter’s 
syn drome.

6. Student must an swer in de pen dently. Note: Viablebutnonculturable 
Shigella may re sus ci tate in the host in tes tine and cause ill ness.

7. Virulent strains of Shigella are in va sive when grown at 37°C but non in
va sive when grown at 30°C. This strat egy en sures that the or gan ism con
serves en ergy by syn the siz ing vir u lence prod ucts only when it is in the host.

Chapter 16

1. Possible sources of the con tam i na tion in clude poor worker hy giene 
(e.g., dirty hands or body sweat), im proper food han dling dur ing prep a
ra tion (e.g., crosscontamination be tween dirty sur face of equip ment 
and foods), and dis tri bu tion (e.g., re pack ing by ven dors). Potentially the 
out  break could have been pre vented with en hanced hand wash ing and 
im ple men ta tion of good manufactur ing prac tices.

2. The en tero toxin pro duced by S. au re us is ex tremely heat re sis tant. 
Thermal pro cess ing can in ac ti vate the veg e ta tive cells, but ac tive toxin 
may re main.

3. Do I prac tice what I preach? Giving a short mi cro bi ol ogy les son to 
the cabin at ten dant never helps. Whether or not I eat the undercooked 
chicken de pends on many fac tors. How hun gry am I? What other food 
is avail  able? How undercooked is it? True con fes sion: I was in this sit u a
tion once and ate the chicken, sav ing a small piece for my son, a law yer, 
in case any ill ness fol lowed. (It did not.)

4. Student must an swer in de pen dent ly.

5. You need two buck ets since staph y lo coc cal tox ins cause vom it ing and 
di ar rhea. (An air plane is a good place to con tract staph y lo coc cal food 
poi son ing be cause the lav a tory is so small that one can vomit in the sink 
with out  leav ing the toi let.)

6. Signal trans duc tion is like a tele graph that trans mits in for ma tion 
from out  side the cell to the in side of the cell. This sig nals the cell to re
spond in a met a bol i cally ap pro pri ate way. For ex am ple, when the cells 
sense that wa ter ac tiv ity is de creas ing, that sig nal may be trans duced 
across the cell mem brane to in crease the syn the sis of com pat i ble sol utes 
(see chap ter 2) that help cells main tain their vi a bil i ty.

Chapter 17

1. V. vulnificus causes wound in fec tions.

2. V. vulnificus causes wound in fec tions.

3. Student must an swer in de pen dently. Remember to con sider dif er
ences in vir u lence and path o ge nic i ty.
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4. Cold wa ter tem per a tures are thought to re sult in a coldinduced vi a
blebutnonculturable (VBNC) state, in which the cells re main vi a ble but 
are no lon ger culturable on the rou tine me dia nor mally em ployed for 
their iso la tion.

5. The path o gen can be killed through ex po sure to horse rad ishbased 
sauces. Application of these sauces to raw oys ters will not make the oys
ters safe to eat, since they do not kill bac te ria within the oys ter.

6. Most in fec tions are as so ci ated with the con sump tion of raw or under
cooked shell fish. Shellfish are bi valves, and so the or gan ism would be 
con cen trated in the stom ach of the shell fish and not influ enced by 
san i ta tion.

Chapter 18

1. Student must an swer in de pen dently. Consider that not all  strains are 
equally vir u lent.

2. Listeria monocytogenes is of greater con cern to preg nant women and 
has a higher mor tal ity rate.

3. Yersiniae may have ac quired a num ber of hu man genes that en able 
them to un der mine key as pects of the phys i o log i cal re sponse to in fec tion.

4. The pig. Pigs are the only an i mal spe cies from which Yersinia entero-
colitica of biovar 4, serogroup O:3 (the va ri ety most com monly as so ci ated 
with hu man dis ease), has been iso lated with any de gree of fre quen cy.

5. Student must an swer in de pen dent ly.

6. Human vol un teers can not be used to study yersiniosis, since they may 
de velop other dis eases. Infections with Y. enterocolitica are note wor thy 
for the large va ri ety of im mu no log i cal com pli ca tions, such as re ac tive 
ar thri tis, carditis, and thy roid itis, which fol low acute in fec tion. Of these, 
re ac tive ar thri tis is the most widely rec og nized.

7. Ability to en ter mam ma lian cells is as so ci ated with in va sion, a heat
stable en tero toxin, pYV plas mid, and he mo ly sin pro duc tion.

8. Student must an swer in de pen dently. Consider dif er ences in car
riage at the farm level by do mes ti cated an i mals.

Chapter 19

1. Heterofermentative bac te ria can only make one aden o sine tri phos
phate (ATP). Homofermentative bac te ria make two ATPs. But, hetero
fermentative bac te ria can gen er ate that one ATP from pen toses, while 
heterofermentative or gan isms can not use pen toses at all . Hence, “In the 
land of the blind, the oneeyed man is king.” Another folk say ing might 
be “An ATP in the hand is worth two in the bush.”

2. Use the hex ose: it yields twice as much en ergy as the pen tose.

3. “Fermentation” can be used to mean (i) any bioprocess, such as an 
amino acid fer men ta tion; (ii) the pro cess by which mi cro or gan isms 
make en ergy in the ab sence of ox y gen; or (iii) food fer men ta tions where 
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the mi crobes make changes in the food to al ter prop er ties im por tant to 
con sum ers.

4. Acidity con trols the de gree of ion i za tion of the pro tein’s amino ac ids.
Changes in pro ton ation can cause changes in con for ma tion. Consider what
hap pens when an egg is dropped into acid. The pro ton ation of its pro teins
changes and causes the con for ma tion to change to one that is in sol u ble
in wa ter (i.e., co ag u late). Clearly, co ag u la tion af ects the bind ing of wa ter.

Chapter 20

1. Yeasts that fa vor the pro duc tion of car bon di ox ide (as a leav en ing
agent) are used to make bread (al though you can smell a bit of al co hol in
freshly baked bread). Yeasts that make more eth a nol (and car bon di ox ide
for car bon ation) are more prev a lent in beer.

2. Barley con tains the fer ment able car bo hy drate used in beer fer men ta
tion. Unfortunately, the car bo hy drate is starch, which yeast can not fer
ment. Mashing con verts the starch to glu cose, which the yeast can use.
Grape juice con tains sug ars that the yeast can fer ment di rectly, so no
mash ing is re quired.

3. An ad junct is a fer ment able car bo hy drate that is less ex pen sive than
the malt it re places. Corn (which is very cheap in the United States) is
the most com mon ad junct, al though other ce re als and grains can be
used. Purity laws in coun tries such as Ger many for bid the ad di tion of
ad juncts in the brew ing of beer. In the United States, in ex pen sive (usu
ally tem po rary) ad junct pro fes sors are hired to teach courses that might
oth er wise be taught by ex pen sive per ma nent fac ulty mem bers.

4. A cer tain amount of “ge netic drift” oc curs when the in oc ula are used
re peat edly. The fer men ta tion needs to be “re set” pe ri od i cally us ing de
fined in oc u la.

5. Draft beer con tains live yeasts, which could spoil the prod uct. It must
be re frig er ated to keep them from grow ing. Bottled beer does not re
quire re frig er a tion be cause it is pas teur ized.

6. If I gave you the an swer, you wouldn’t an swer the ques tion.

Chapter 21

1. There are a num ber of dif er ent fac tors that could ac count for the dif
fer ence in shelf life. For ex am ple, the wa ter ac tiv ity of but ter is con sid er
able lower than milk. Try to list three ad di tional rea sons.

2. Temperate wa ters: Vibrio, Moraxella, and Pseudomonas. Tropical wa
ters: Bacillus, co ryn e forms, and Micrococcus. Other fac tors: method of har
vest, method of stor age, type of fish.

3. The ma jor mi cro bial in hib i tors in raw milk are lactoferrin and the
lactoperoxidase sys tem. Natural in hib i tors of less im por tance in clude 
ly so zyme, spe cific im mu no glob u lins, fo late, and vi ta min B12binding 
sys tems. Lactoferrin, a gly co pro tein, acts as an an ti mi cro bial agent by 
bind ing iron. Lactoperoxidase cat a lyzes the ox i da tion of thio cy a nate and 
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the si mul ta neous re duc tion of hy dro gen per ox ide, re sult ing in the ac cu
mu la tion of hypothiocyanite.

4. Generally, a chlo ri nated wa ter wash re duces the mi cro bial load of a 
prod uct by 1 to 2 log col o nyforming units (CFU)/g.

5. Pasteurization was de signed to in ac ti vate Coxiella burnetii. Diferent 
meth ods of pas teur i za tion are used for dif er ent com mod i ties—milk, 
egg nog, cream. Utilize out  side read ing to fully ad dress the ques tion.

6. Most bac te ria do not grow when the wa ter ac tiv ity (aw) is ≤0.85. Lower
ing the wa ter ac tiv ity of a prod uct would ini tially pre vent growth of most 
bac te ria, and fur ther de creas ing the wa ter ac tiv ity would con trol the 
growth of yeast and mold.

7. Generally, bac te ria start to pro duce pro te ases at lower pop u la tions than 
li pases. Most bac te ria pref er en tially uti lize pro tein prior to de grad ing lip ids.

8. The pH of most fruits and veg e ta bles is not con du cive to the growth 
of bac te ria.

Chapter 22

1. Student must an swer in de pen dent ly.

2. Patulin is a lac tone, and it pro duces ter a to genic ef ects (that is, it 
causes fe tal mal for ma tions [birth de fects]) in ro dents, as well as neu ro
log i cal and gas tro in tes ti nal ef ects. Penicillium expansum pro duces patu
lin as it rots ap ples and pears. Consequently, it is also im por tant as an 
in di ca tor of the use of poor raw ma te ri als in juice man u fac ture.

3. Student must an swer in de pen dent ly.

4. Aspergillus spe cies are con ve niently “color cod ed,” and the color of the 
co nidia (non mo tile spores) serves as a very use ful start ing point in iden
ti fi ca tion. The mi cro scopic mor phol ogy is also im por tant in iden ti fi ca
tion. The most ef ec tive me dium for rapid de tec tion of aflatoxigenic 
molds is Aspergillus flavus and Aspergillus parasiticus agar. Under in cu ba
tion at 30°C for 42 to 48 h, A. flavus and A. parasiticus pro duce a bright 
or angeyellow col ony re verse, which is di ag nos tic and read ily rec og nized. 
A se lec tive me dium, dichloran–rose bengal–yeast ex tract–su crose agar, 
is used for the enu mer a tion of Penicillium verrucosum and Penicillium 
viridicatum. P. verrucosum pro duces a vi o letbrown re verse col or a tion on 
this agar. Mycotoxins can be dif er en ti ated us ing en zymelinked im mu
no sor bent as say (ELISA), highperformance liq uid chro ma tog ra phy 
(HPLC), and gas chro ma tog ra phy/mass spec trom e try (GC/MS).

5. Liquid chro ma tog ra phy can be used for de tec tion of afl a toxin M1 in 
milk. In the United States the limit for afl a toxin M1 is 0.05 ppb, whereas 
in the Eu ro pean Union the limit is 0.005 ppb.

6. The pres ence of Fusarium verticillioides in corn is a ma jor con cern be
cause of the pos si ble con tam i na tion of corn and cornbased foods with its 
toxic me tab o lites, es pe cially the fumonisins. The main hu man dis ease as
so ci ated with F. verticillioides is esoph a geal can cer. Mycotoxins pro duced by 
F. verticillioides in clude fumonisins, fusaric acid, fusarins, and fusariocins.
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Chapter 23

1. Taxonomy is the sci ence of clas si fy ing, iden ti fy ing, and nam ing spe cies 
and ar rang ing them into a clas si fi ca tion sys tem. Members of the king
dom Protista may be the most di verse of all  or gan isms. Protozoa are clas
si fied based on cel lu lar struc tures; for ex am ple, Giardia has fla gella but
Cryptosporidium does not. After clas si fy ing pro to zoa on the ba sis of cel lu
lar struc tures and other phys i cal or phys i o log i cal cri te ria, ge nus and spe
cies dif er ences will be iden ti fied based on ge netic sim i lar i ties.

2. Both oo cysts and hel minth eggs may be spread in the en vi ron ment
via con tam i nated soil or wa ter. The ini tial con tam i na tion event may oc
cur from hu man or an i mal fe ces from sew age sludge or from raw or
undercomposted ma nure or bio sol ids.

3. Cryptosporidium oo cysts are im me di ately in fec tious upon be ing ex
creted in fe ces, while Cyclospora and Toxoplasma oo cysts are shed un
sporulated and be come in fec tious and spor u late in the en vi ron ment af ter 
about 6 days of ex po sure to ox y gen and the en vi ron ment.

5. Toxoplasma is an extraintestinal par a site. Toxoplasma oo cysts may be
trans mit ted in three very dif er ent ways: (i) oo cysts may be in gested as
de scribed in an swer 2 above; (ii) oo cysts may be in gested by an an i mal
and lead to the for ma tion of tis sue cysts that can be in gested in under
cooked meats and cause dis ease; or (iii) Toxoplasma may cause con gen i tal 
in fec tion in an un born fe tus when a preg nant woman in gests Toxoplasma
oo cysts or tis sue cysts.

6. Sometimes the lin ing of the small in tes tine is dam aged by the in fec
tion. This may lead to di ges tive diffi  cul ties even af ter the in fec tion is
gone. About half of those who are in fected with Giardia de velop prob
lems with lac tose (milk sugar) in tol er ance. This may last up to 6 months
af ter the in fec tion is treated. Symptoms of lac tose in tol er ance may in
clude di ar rhea, gas, cramps, and bloat ing af ter the in ges tion of milk
prod ucts. For ad di tional in for ma tion, see Garder TB, Hill DR, Clin Micro-
biol Rev 14:114–128, 2001.

7. There are many ways to re spond to this ques tion. Body com par i sons
are be low. While all  hel minths have com plex life cy cles, gen er ally speak
ing the trem a todes have a more com pli cated life cy cle. The trem a todes
have at least two hosts, with one of ten a mol lusk.

Feature Roundworm Tapeworm Fluke

Classification 
(tax on o my)

Nematodes Cestodes Trematodes

Body shape Elongated cy lin dri-
cal body, ta pered at 
both ends

Distinct body form 
with a head called 
a sco lex and a 
seg mented body 
com posed of 
pro glot tids; each 
seg ment con tains a 
com plete set of 
or gans

Fairly sim ple body 
shaped like a 
di a mond or a leaf, 
with a small sucker 
on the an te rior end
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Chapter 24

1. Use your fa vor ite web browser to pe ruse the sci en tific lit er a ture for 
cul ti vat ing hu man nor o vi rus and com par ing its sen si tiv ity and sur vival 
to vi ral sur ro gates.

2. The com monly ac cepted cause of bo vine spon gi form en ceph a lop a thy 
(BSE) is a mis shapen prion pro tein. This mis shapen pro tein causes other 
nor mal pro teins to be come mis shapen, and these pro teins clump to
gether to form sheets. The pres ence and de tec tion of this al tered or mis
shapen pro tein is re garded as a marker for the dis ease. Current tests 
work by de tect ing the in fec tious agent in a sam ple of cen tral ner vous 
sys tem tis sue, ei ther brain or spi nal cord. Other lab o ra tory meth ods for 
de tec tion in clude his to path o log i cal ex am i na tion and stain ing for the 
mis shapen pro tein.

3. There are many ways to dif er en ti ate vi ruses, pro to zoa, and pri ons 
based on size, life cy cle, and com plex ity. One im por tant dif er ence is the 
fact that out  of this group, bac te ria may rep li cate on their own out  side of 
a host. This dif er ence has vast im pli ca tions for pub lic health im por
tance and food safety is sues. There are many good in ter ven tions, in clud
ing heat, freez ing, ir ra di a tion, chem i cal dis in fec tion, etc.; how ever, it is 
im por tant to note that pri ons are re sis tant to heat, even at tem per a tures 
reached dur ing ren der ing.

4. Check out  food safety and pub lic health or med i cal di ag nos tics. 
One sug ges tion for an swer ing this ques tion is to look up var i ous tests 
that are mar keted for food safety, de signed by the myr iad food test ing 
com pa nies.

5. The change in prion ter tiary struc ture in flu ences the ac tion of the 
pro tein. The nor mal prion (PrPc) is com posed of αhelices, while the 
mis shapen PrPsc is com posed of runs of βpleated sheets. This struc tural 
change is re flected in the pro tein’s ac tiv ity and re sponse to de na tur ing 
en zymes and chem i cals. The con ver sion of PrPc into PrPsc ap pears to be 
mod u lated by PrPsc con sumed in the di et.

Chapter 25

1. Even if bac te ria did not grow, foods would not last for ever. There are 
many qual ity is sues in volv ing en dog e nous en zymes, loss of nu tri ents, 
color changes, and other re ac tions (such as the Mail lard re ac tion and 
lipid ox i da tion) that oc cur over time and would ren der the food un ac
cept able.

2. This is a tough nut to crack. One might freeze the food since mi
crobes do not grow at freez ing con di tions. But there could still be is sues 
with lipid ox i da tion, freezer burn, etc. One could also ir ra di ate the foods, 
but if the mar ket ing de part ment does not like pre ser va tives, it will 
like ir ra di a tion even less.

3. See Fig. 25.1. In lowacid (highpH) foods, the acid dis so ci ates (the 
pro ton comes of, leav ing an ion ized acid) and can not pass through the 
mem brane to do any harm. Highacid foods keep the acid pro ton ated, so 
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it can cross the mem brane. In the neu tral cy to solic en vi ron ment, the 
acid dis so ci ates and acid i fies the in te rior of the cell.

4. The ide al an ti mi cro bial would have to be safe, ef ec tive against all  
spe cies of bac te ria, yeasts, and molds, have no odor or taste, func tion at 
all  pH lev els, be nat u ral and mul ti func tional (i.e., do other things, such 
as pre vent lipid ox i da tion), and be very in ex pen sive. (There are no ideal 
an ti mi cro bi als.)

5. The pKa of ace tic acid is 4.5.

a. To solve at pH 5.5,

pH = pKa + log [A−]/[HA]

5.5 = 4.5 + log [A−]/[HA]

where A− is the an ion form of the acid (A), H is a pro ton, and AH is the 
pro ton ated form of the acid. Let’s try solv ing this in word math: 1 (sub
tract 4.5 from both sides of the equa tion) is equal to the log a rithm of 
[A−]/[HA]. If the log of the num ber is equal to 1, that num ber is 10. So at 
pH 5.5, there will be 10 times more an ion than acid. In other words, only 
10% of the acid be ing used is in a form that is ef ec tive.
b. At pH 3.5, solve in sym bolic math:

3.5 = 4.5 + log [A−]/[HA]

−1 = log [A−]/[HA]

There will be 1/10 as much A− as HA. Now you have 10fold more of the 
ef ec tive ac id.

c. If some one knew that ace tic acid is not very ef ec tive at pH 5.5 but 
de cided to just add more ace tic acid, they would have to add 100fold 
more to have the same ef ec tive con cen tra tion as there would be at pH 
3.5. (It would taste like vin e gar.)

The pKa con cept can be very im por tant to prod uct de vel op ers. If you 
are math pho bic, just re mem ber that at the pKa, the amounts of pro ton
ated and unprotonated ac ids are equal. Every pH unit above the pKa de
creases the amount of pro ton ated acid by a fac tor of 10. Organic ac ids are 
not very use ful above their pKa val ues but work fine be low them.

Chapter 26

1. For ex am ple, if the tem per a ture of the re frig er a tor in creases, LAB 
added to the prod uct will grow and pro duce ac id.

2. The pH drops be cause when tem per a ture abuse oc curs, the LAB are 
 able to grow and pro duce acid, thus in hib it ing C. bot u li num growth.

3. In the early days of bac te rio cin re search, for an in hib i tor to be char ac
ter ized as a bac te rio cin, it had to be a (i) plas midmediated, (ii) ribo
somally made (iii) small pro tein that (iv) was bac te ri cidal to a closely 
re lated group of bac te ria which (v) had spe cific bind ing sites for it, but it 
(vi) did not in hibit it self and (vii) was made in the sta tion ary phase of 
growth. (Yes, we know, that’s seven cri te ria.)
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4. The or gan ism that pro duces the bac te rio cin has genes that en code for 
im mu ni ty. See Fig, 26.4.

5. Since the genes needed for bac te rio cins to work are on the same op
eron, they can be tran scrip tion ally reg u lated as a group.

6. Student must an swer in de pen dent ly.

Chapter 27

1. The z value is a mea sure of how much the re ac tion rate (D) changes 
with time and thus would be anal o gous to the ac ti va tion en ergy (Ea) in 
chem i cal ki net ics.

2. The equa tion to use in both cases is

W (log re duc tion) × D (min utes/log re duc tion) = pro cess time (min utes)

(Note how the units can cel out .)

In the case of a 10% re duc tion in time,

W D × 0.2 min/D = 2.16 min

Solved for W, 2.16/0.2 = 10.8log re duc tion.
In the case of a 10% re duc tion in tem per a ture, the equa tion above 

can be used again if you know the D225°F. The z value is the num ber of 
de grees re quired to change the D value 10fold. In this case, the z value 
is 25°F, ser en dip i tously the same as the dif er ence in tem per a ture. So 
there is a 1log change in the D val ue; D250°F be comes a D225°F of 2.0 min. 
Now you can use the equa tion

W D × 2.0 min/D = 2.4 min

Solved for W, there is only a 1.2log re duc tion. (Question within an an swer: 
Why is the in flu ence of tem per a ture so much greater than that of time?)

3. The z value is the num ber of de grees re quired to change the D value 
10fold. In this case the z value is 15°C. (Every in crease of 15°C changes 
the D value by a fac tor of 10.)

Chapter 28

1. Nonthermal pro cess ing meth ods are de sir able in that they can main
tain the freshlike char ac ter is tics of food prod ucts while in ac ti vat ing 
en zymes and mi cro or gan isms for in creased shelf life and may also in ac
ti vate path o genic mi cro or gan isms.

2. Students should re search in de pen dent re sponses to this ques tion.

3. Students should re search in de pen dent re sponses to this ques tion.

4. Students should re search in de pen dent re sponses to this ques tion.

Chapter 29

1. It is not pos si ble, and never has been pos si ble, to grow (in open fields), 
har vest, and pro cess crops that are to tally free of nat u ral de fects. Certain 
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de fects that pres ent no hu man health haz ard, par tic u larly in raw ag ri
cul tural com mod i ties, may be car ried through to the fin ished prod uct.

2. The Hazard Analysis and Critical Control Points (HACCP) sys tem is
based on seven prin ci ples, or steps, which are dis cussed in more de tail
be low. They are as fol lows: (i) con duct a haz ard anal y sis, (ii) de ter mine
the crit i cal con trol points (CCPs), (iii) es tab lish crit i cal lim its, (iv) es tab
lish mon i tor ing pro ce dures, (v) es tab lish cor rec tive ac tions, (vi) es tab lish 
ver i fi ca tion pro ce dures, and (vii) keep re cords and doc u men ta tion. A flow 
di a gram of the pro cess must be de vel oped.

A HACCP plan is not the same as a Food Safety Plan un der FSMA. 
HACCP and HARPC are dif er ent ap proaches to ad dress ing haz ards of 
con cern. Students should re search in de pen dent re sponses to com plete 
this ques tion.

3. The “Current Good Manufacturing Practices in Manufacturing, Pack
ing, or Holding Human Food” (CGMPs) de tail re quire ments re lated to
var i ous op er a tions or ar eas in food pro cess ing fa cil i ties. The re quire
ments are es tab lished to pre vent con tam i na tion of a prod uct from di rect
and in di rect sources. Sanitation in cludes a host of ac tiv i ties that are ul ti
mately de signed to pre vent the adul ter a tion of a prod uct dur ing pro cess
ing. The true goal of any san i ta tion pro gram is to pro tect the health of
the con sumer. In ad di tion, a sound san i ta tion pro gram in creases the 
shelf life of a prod uct, thereby min i miz ing eco nomic loss, and pre vents
con tam i na tion of a prod uct with ma te ri als that may of end the con sumer
(e.g., pieces of wood, rocks, or ma chin ery). Implementation of CGMPs
and san i ta tion stan dard op er at ing pro ce dures (SSOPs) en sures that 
HACCP only fo cuses on true hu man health haz ards.

4. Food safety ob jec tives (FSOs) are typ i cally very low, since they rep re
sent the max i mum level of a haz ard at the point of con sump tion. Pro
grams in clud ing HACCP will pro vide the ev i dence that FSOs are met.

5. Student must an swer in de pen dent ly.

6. Student must an swer in de pen dently. To get you start ed: FSOs are the
max i mum fre quency and/or con cen tra tion of a mi cro bi o log i cal haz ard in 
a food at time of con sump tion that is con sid ered ac cept able. Performance
ob jec tives (POs) can be used by a gov ern ment agency (e.g., the Food and
Drug Administration [FDA] or U.S. Department of Agriculture [USDA])
or other au thor ity to com mu ni cate food safety lev els to in dus try and to
other gov ern ments. Basically, the FSO func tions as a tool to trans late a
pub lic health goal (e.g., level of afl a toxin in pea nuts) to mea sur able at tri
butes. The per for mance cri te rion is the fre quency or con cen tra tion of a
haz ard in a food that must be achieved by the ap pli ca tion of one or more
con trol mea sures to pro vide or con trib ute to a PO or FSO.

|  Answers to Selected Questions for Critical Thought
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Candida, sulfites against 467 
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Canned foods, spores in low-acid 50–53 
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 Campylobacter infection 160 
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 Gram-positive spore-forming bacteria 54 

 ozone  518 

 sporulation of 64 
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   inhibiting 463 

Clostridium botulinum 7 16 81 
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 bacteriology of 53–55 

 botulism outbreak 167–168 
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 sporeformer 49 
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 tolerance to preservation methods 178 

 virulence factors 182 184–185 

 water activity and shelf life 465 
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 release of enterotoxin from 199 
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Clostridium sporogenes 

 heat resistance of 54 501 

 phosphates inhibiting 463 

Clostridium thermosaccharolyticum 52 

 heat resistance of 54 

 lysozyme against 470 
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 antimicrobial activity 471 
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Coffee fermentation 339 
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Cohn, Ferdinand 50 

Cold plasma 510–511 
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advisory criteria in foods 113 
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Creutzfeldt-Jakob disease (CJD) 428 450–451 
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Cryptosporidium 392 424
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 FoodNet surveillance 132 133 
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 ozone treatment 517 
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Cucumbers, pickle fermentation 321–322 

Cutaneous transmission, anthrax 53 

Cyclopiazonic acid, Penicillium species 385 

Cyclospora 

 FoodNet surveillance 132 

 ozone treatment 517 

Cyclospora cayetanensis 20 393 

 life cycle 400 401 

 oocysts 400 

 outbreaks 400–403 

 treatment of cyclosporiasis 400 

Cyclosporidium, outbreak in Milwaukee 391–392 

Cysticercosis, pork tapeworm Taenia 

   solium 419 

Cysticercus bovis 417 
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Dack, G. M. 6 272 

Dairy fermentations 

 generic scheme for 317 

 kefir  317 

 lactic acid bacteria (LAB) for 315–316 

 manufacturer of cheeses and fermented 

   milks 315 

 production of aroma compounds 318–319 

 starter cultures 318 

 yogurt  318 

 see also Food fermentations 

Dairy industry, bacteriophages in 445–448 

Dairy products 

 advisory microbiological criteria 113 

 common spoilage types 354 
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Gram-positive spore-forming bacteria 54 

 sporulation of 64 

Desulfotomaculum nigrificans 

 heat resistance of 54 

 low-acid canned foods 52 

Diffusely adhering E. coli (DAEC) 204 206 208

Diphyllobothrium latum 418 420–421 

 life cycle 420 

Dipicolinic acid (DPA) 59 67 

Direct epifluorescence filter technique 

 enumeration of microbes 75 

 rapid method 95 

Direct microscopic count (DMC) assay 

 enumeration of microbes 75 

indicator microorganisms for 106 

Disinfectants, see also Antimicrobials 

 antimicrobials 466–469 

 chlorine 468 

 ozone  469 

 peroxides 468–469 

quaternary ammonium compounds 468 

 sulfites 467–468 
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Domesticated and wild animals, Produce 

Safety Rule 132 

Dormancy, spores 61 
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Ebola virus 439–440 

 epizootic cycle 440 

Ecology  14 

Economic Research Service (ERS) 124 

Ecosystems, foods as 15–16 

Egg albumen, naturally occurring 

   antimicrobial 471 

Eimeria stiedai 393 

Electromagnetic radiation 519 

Embden-Meyerhof-Parnas (EMP) pathway 43 44 

 fermented foods 313–314 

Emericella species 378 

Emetic toxin cereulide, Bacillus cereus 150–151 

Encephalitozoon genus 410 

 life cycle of E. intestinalis 411 

Entamoeba histolitica 409 410 

Enteraggregative E. coli (EAEC) 204 206 207 

Enterobacter 

 fecal coliforms 112 

 sodium nitrite inhibiting 463 

Enterobacteriaceae 

 cell signaling 24 

 human GI tract 483 

 miniaturized biochemical tests 85 

 Salmonella in family of 246 248 

 Shigella in family of 261 263 

 specialty medium rapid kits 87 

 Vibrio in family of 286 

 water activity 32 466 

 Yersinia in family of 298 

Enterococcus probiotics 147 

Enterocytozoon bieneusi 410 412 

 life cycle 411 
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 mechanisms of pathogenicity 216–219 

 outbreaks of 204 

 proteins and genes in pathogenesis of 217 

Enteroinvasive E. coli (EIEC) 204 206–207 

 similarity to Shigella species 263 

Enteropathogenic E. coli (EPEC) 204 206 207 

Enterotoxigenic E. coli (ETEC) 204 205–206 

Enterotoxins, Bacillus cereus 152 

Entner-Doudoroff pathway 43 44 

 fermented foods 313–314 

Enumeration methods 

 aerobic plate count (APC) 69 72 74 

 analysis 72 74–76 

 bacteria 16 17 

 Bacteriological Analytical Manual method 72 77 

 direct epifluorescent filter technique 75 

 direct microscopic count (DMC) assay 75 

 fluorescent dyes 75–76 

 hydrophobic grid membrane filter method 75 

 membrane filter technique 75 

 metabolism-based 76 

 microorganisms 69 71 

 roll tube method 74 

 sample collection and processing 61–62 

 sample preparation for determining 

   microbial load 73 

 spiral plater 74 75 

 surface testing 76 78 

Enveloped viruses 435 

Environmental Protection Agency (EPA) 14 127 466 

Epidemiology 

 curve showing outbreak pattern 138 

 outbreak investigations 135–137 

 Vibrio species 287 

Equilibrium moisture content 464 
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   Safety Rule 132 

Escherichia coli, see also Shiga toxin- 

   producing Escherichia coli (STEC) 

   O121 

 beef contaminated with Shiga toxin 109 

 categories of 204 

 comparing nonthermal inactivation 

   of 521 

 fecal coliforms and 111–112 

 heat resistance 500 

 mechanism of pathogenesis and clinical 

   syndrome of 206 

 miniaturized biochemical tests 85 

 nucleic acid-based rapid methods 91 

 ozone against 469 

 probiotics 147 

 sodium nitrite inhibiting 463 

 specialty medium rapid kits 87 

 sulfites against 467 

Escherichia coli O157:H7 6 20 81 441 

 acid tolerance 209 

 age of patients 212–213 

 antibiotic resistance 209–210 

 antibody-based assays 89 

 bacteriophages against 446 449 

 bovine carriage of 211 

 cattle model for infection by 211 

 cell signaling 24–25 

 characteristics of 208–210 

 characteristics of disease 215 

 confirmation of case of 216 

 detection of 210–211 

 disease outbreaks 212–215 

 domestic animals and wildlife 211 

 emergence as pathogen 208 

 FoodNet surveillance 132 133 
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 food regulation 121 

 geographic distribution 212 

 hemorrhagic colitis and HUS (kidney 

   disease) 219 

 humans 211–212 

 inactivation by heat and irradiation 210 

 infectious dose 215–216 

 mechanisms of pathogenicity 216–219 

 microbiological criteria 108 

 multistate outbreak 214 

 nucleic acid-based rapid methods 91 

 original outbreaks 213 

 outbreaks associated with vegetables 215 

 outbreaks from apple cider and juice 214 

 outbreaks of 204 205 

 ozone treatment 517 

 pulsed light 521 

 reservoirs of 210–212 

 seasonality of infection 212 

 transmission of 213 

 viable but nonculturable (VBNC) 23 

 waterborne outbreaks 213–214 

Essential oils, spices and their 471 472 

Esty, J. R.  50 56 

Eubacterium, human GI tract 483 

Eupenicillium, spoilage fungi 57 

European Federation of Food Science and 

   Technology 141 

European Union, international regulations 

   and guidance on mycotoxins 374 

Eutectic temperature 493 
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FADH2 (reduced flavin adenine 

   dinucleotide) 45 

Failure Mode Effect Analysis 538 

False-negative result, rapid methods 83 
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FAO/WHO (Food and Agriculture 

   Organization and World Health 

   Organization) 481 

Farkas, Dan 513 

Farm Service Agency (FSA) 124 

Fasciola hepatica 422 

 life cycle 421 

FDA Center for Food Safety and Applied 

   Nutrition 544 

Fecal coliforms, E. coli and 111–112 

Federal Food and Drugs Act 126 

Federal Meat Inspection Act (FMIA) 123 125 

Fermentation, see also Food fermentations; 

   Yeast-based fermentations 

 biochemical foundation of food 311–315 

 cocoa  335–338 

 coffee  339 

 dairy  315–319 

 definitions 311 

 diagram of culture rotation 447 

 meat  322 324 

 soybeans 322–323 

 stinky tofu 322–323 

 uses of  312 

 vegetable 319–322 

 vinegar 334–335 

 yeast-based 327 328–334 

Filobacillus, Gram-positive spore-forming 

   bacteria 54 

Filovirus  439 

Finfish 

 composition and spoilage of 348 

 origin of microbiota in 345 

Fish and Fishery Products Hazards and 

   Control Guide (FDA) 543 

Flagellin, Campylobacter species 164 

Flavobacterium, sodium nitrite inhibiting 463 
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Flukes (trematodes) 421–422 

Fluorescent dyes, enumeration of microbes 75–76 

Food, Drug and Cosmetic Act 6 126 529 

Food Additive Amendment and Humane 

Methods of Slaughter Act 125 

Food and Agriculture Organization of the 

United Nations (FAO) 141 

Food and Drug Act 6 

Food and Drug Administration (FDA) 14 50 84 458 

 bacteriocins 481 

Bacteriological Analytical Manual 

enumeration method 71–72 77 

 Campylobacter infection 160 

 Clostridium botulinum 171 

 cyclosporiasis outbreak 402 

 food regulation 122 125–128 

 infective dose information 134 

 logo  125 

 ozone  515 

recommendations for shellfish 288 

 viruses  434 

Food and Nutrition Service (FNS) 124 

Foodborne bacteria, catabolic pathways by 44 

Foodborne Disease Outbreak Surveillance 

System (FDOSS) 146 

Foodborne Diseases Active Surveillance 

Network (FoodNet) 132 133 160 212 

Foodborne illness 

 Clostridium perfringens 189–193 

 incidence of C. perfringens type A 

toxicoinfection 190 192 

 outbreak of Listeria monocytogenes 236 238

Foodborne pathogens 

hazard grouping of 110 

 indicators of 107–113 

molecular methods for detection and 

characterization 93–94 
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Food contact surfaces 

 bacterial attachment to food and 345–346 

 stages of biofilm development 346 

Food fermentations 

 biochemical foundation of 311–315 

 catabolic pathways 313–314 

 dairy  315–319 

 genetics of lactic acid bacteria 314–315 

 meat  322 324 

 of non-Western societies 339–340 

 regionally important 338 

 vegetables 319–322 

Food industry 

 Hazard Analysis and Critical Control 

   Point (HACCP) system 527 

 microbiological criteria proposals 114 

 spores in 49–57 

Food microbiology 3 

 future and beyond 8 10 

 microbial growth 40 

 past and present 4–5 7–8 

 selective media in 18 

 significant historical events 6–7 

FoodNet, see Foodborne Diseases Active 

   Surveillance Network (FoodNet) 

Food preservation (physical) 

 Birdseye 493 

 controlled-atmosphere storage 491–492 

 cool storage 491–492 

 dehydration processes 489–490 

 drying  489–490 

 freeze-drying 490 

 freezing and frozen storage 492–494 

 heat treatments 494–504 

 modified-atmosphere storage 492 

Food processing, see also Nonthermal processing 

 listeriosis in plants 230–232 

 rise of clean label 459–460 
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Food products, see also Spoilage 

advisory microbiological criteria 113 

 mandatory microbiological criteria 115 

Food regulation 

 CDC  130 

Food and Drug Administration (FDA) 125–128 

 foodborne outbreaks 134–135 

 future  140–141 

 global perspective 141 

guidelines to reduce foodborne illness 141–142 

 outbreak investigations 135–139 

Preventive Controls for Human Food 

Rule 128 129–130 

 Produce Safety Rule 128 131–132 

 surveillance 130 132 134–135 

U.S. agencies for 122–130 

 USDA  122–125 

Foods 

 ecosystems 15–16 

microbial contamination at retail 

markets in Mexico 70–71 

 pH values 28 

 typical aw (available water) 32 

Food safety 14 

rapid tests for ensuring 81–82 

retail markets in Mexico 70–71 

 temperature 35 

Food Safety and Inspection Service 50 72 114 123

124 253 322 490

537 

Food Safety and Quality Service 125 

Food Safety Modernization Act (FSMA) 3 7 20 81

127–129 142 527–528 545 

Food safety objectives (FSOs) 527 528 

Food security 

 agroterrorism 139–140 

 botulism and bioterrorism 173 174–175 

Food stability, pH and aw 38
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Ford, Henry 327 

Foreign Agricultural Service (FAS) 124 

Forest Service (FS) 124 

Fossaria modicella 422 

Franklin, Benjamin 329 

Franklin, Rosalind 6 

Franklin County Health Department 191 

Freeze-drying, food preservation 490 

Freezing resistance, spores 61 

Frozen storage, food preservation 492–494 

Fruits and vegetables, see Plant products 

FSMA, see Food Safety Modernization Act 

   (FSMA) 

Fusarium species 

 culture media for 376 

 detection and quantitation of toxins 388–389 

 identification 375–377 

 mycotoxins 386 

 structure of 376 

 toxigenic molds 386–389 

Fusobacterium, human GI tract 483 

Fusobacterium nucleatum, biofilms 26 

G 

Garcia, Santos 70–71 

Gari, fermentation 338 

Garlic, naturally occurring antimicrobial 472 

Gartner, A. A. 6 

Gastroenteritis 

 acute  432 433 

 Vibrio mimicus 290 

 Vibrio parahaemolyticus 291 

Gastrointestinal tract, Clostridium 

   perfringens enterotoxin action 200 

Generally Recognized As Safe (GRAS) 

 MicroGard 476 

 nisin  481 

 ozone  469 515 
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Genetic regulation, Shigella species 268 

Genetics, lactic acid bacteria (LAB) 314–315 

Geobacillus 

 Gram-positive spore-forming bacteria 54 

 sporeformer 49 

Geobacillus stearothermophilus 

 heat resistance of 54 

 low-acid canned foods 51 52 

Geobacillus thermophilus 54 

Germination, spores 65–67 

Giardia, ozone treatment 517 

Giardia intestinalis 424 

 diagram of cyst and trophozoite 408 

 diarrheal disease giardiasis 407 

 outbreaks 407–409 

Giardia lamblia 393 469 

Global Harmonization Initiative (GHI) 141 

Globalization, food supply 10 

Gluconobacter 

 cocoa fermentation 336 

 vinegar 334–335 

Glycolysis, tricarboxylic acid (TCA) cycle 45 

Good Agricultural Practices (GAPs) 204 545 

Good Manufacturing Practices (GMPs) 6 8 545 

 adherence to 99–100 104 116 

 buildings and facilities (Subpart B) 529–530 

 Clostridium botulinum 171 

 defect action levels (DALs) (Subpart G) 531 533 

 equipment (Subpart C) 530 

 Food and Drug Administration 527 528–531 533 

 general provisions (Subpart A) 529 

 production and process controls (Subpart E) 530–531 

 updates for food production 130 

Grain Inspection, Packers and Stockyards Administration (GIPSA) 124 

Grains, see also Plant products 

 effects of processing 369 

 microbiological spoilage 368–370 

 natural microbiota 369 

 types of spoilage 369–370 

Gram, Hans Christian 3 6 
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Gram-negative bacteria, miniaturized biochemical tests 85 

Gram-positive bacteria, miniaturized biochemical tests 85 

Growth and survival 

 Salmonella species 249–252 

 Salmonella within host cells 257 

 Shigella in foods 265 

Growth rates, bacteria 41 42 

Guideline  101 

H 

HACCP, see Hazard Analysis and Critical 

   Control Points (HACCP) 

Halophilic bacteria, water activity and shelf life 465 

Hansenula, sulfites against 467 

Hansenula anomala, water activity 33 466 

Hantavirus 441 

Harden, Krysta 336 

Hazard Analysis and Critical Control Points (HACCP) 3 8 50 114

    116 214 

 background of 538 

 basics of 538–539 

 beyond food processor 543 

 corrective actions 542 

 critical limits 541 

 flow and handling in food service facility 544 

 flow diagram for nonthermally processed product 540 

 food industry 527 

 fruits and vegetables 544–545 

 hazard analysis 539–541 

 juice rule 399 508 520 

 meat and poultry 543 

 monitoring procedures 541–542 

 principles of 539–543 

 record keeping 542–543 

 Salmonella species 253 

 seafood 543 

 Shigella contamination in foods 264–265 

 verification procedures 542 
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Hazard Analysis and Risk-Based Preventive 

   Controls (HARPC) 545 

Hazard grouping, foodborne pathogens or 

   toxins 110 

Heat resistance 

 Clostridium botulinum spores 55–57 

 Clostridium perfringens spores 197 198 

 sporeformers 54 

 spores  62–63 

 vegetative bacteria 500 

Heat treatments 

 bacterial spores 501 

 bacterial survival curve 498 

 calculating heat processes 502 

 death rates of bacteria 501–502 

 heat resistance 502 504 

 pasteurization 494 495 

 preservation by 494–504 

 pressure cooker 496 

 technological fundamentals 496–497 

 thermal death curve 499 

 thermobacteriology 497–502 

 vegetative bacteria 500 

Helminths, see also Parasites 

 Anisakis 415–417 

 Ascaris lumbricoides 414–415 

 Diphyllobothrium latum 418 420–421 

 Fasciola hepatica 421 422 

 flukes (trematodes) 421–422 

 roundworms (nematodes) 412–417 

 Taenia species 417–418 419 

 tapeworms (cestodes) 417–421 

 Trichinella spiralis 412–414 

Hepatitis A virus (HAV) 20 138 438–439 441 

 case study 443 

 characteristics 435 

 incubation period 438 

 mammalian cell culture 431 
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Hepatitis A virus (HAV) (Cont.) 

 outbreaks with berries 442–444 

 ozone against 469 

 Picornaviridae family 439 

 symptoms 439 

Hepatitis E virus (HEV) 434 436 

Hepeviridae, hepatitis E virus (HEV) 436 

Heredia, Norma 70–71 

Heterofermentative pathway 44 313–314 

High-pressure processing (HPP) 

 commercial 514–515 

 conventional equipment 512 

 food  511–515 

 historical aspects of 513 

 meat  353 

High-temperature short-time (HTST) 

   heating 496 

Hippocrates 262 

Hite, Bert  513 

Hong Kong, microbiological criteria 114 

Hooke, Robert 5 6 

Hoover, Dallas 460 513 

Hops, brewing 331 

Human carriers, Listeria monocytogenes 235 

Human gastrointestinal (GI) tract, as 

   microbial ecosystem 482–483 

Human immunodeficiency virus (HIV) 429 441 

Hurdle technology 36–39 458 

Hydrophobic grid membrane filter 

   (HGMF) 

 enumeration of microbes 75 

 rapid test 86 91 

The Hymn to Ninkasi 330 

I 

Immunity, Campylobacter species 164 

Immunodiffusion, rapid testing 88 90 

Immunomagnetic separation, rapid testing 88 
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Infant botulism 172–173 

Inhalation transmission, anthrax 53 

Institute of Food Technologists (IFT) 4 9 141 

Interagency Food Safety Analytics 

Collaboration (IFSAC) Project 237 

International Association for Food 

Protection (IAFP) 4 

International Commission on 

Microbiological Specifications 

for Foods (ICMSF) 15–16 101 108–109 

 microbiological criteria 114–116 

International Dairy Federation 84 

International Organization for Standardization (ISO) 84 

Intestinal transmission, anthrax 53 

Iran, botulism outbreak 170–171 

Irradiation  7 

Isobologram 38–39

Isothiocyanates, naturally occurring antimicrobial 472 

J 

Jackson, Shirley 335 

Jefferson, Thomas 332 

Jingwen Gao 9 

John XXIII (Pope) 334 

Joint Food and Agricultural Organization 101 

The Jungle (Sinclair) 123 126 142

Jurassic spores 61 

K 

Katz, Sandor 311 

Kefir, fermentation 317 338 

Kerner, Justinius 167 

Keto-deoxy phosphogluconate (KDGP) aldolase 43 44 

Kimchi, fermentation 338 

Klebsiella, fecal coliforms 112 

Koch, Robert 5 6 7 50

Kraft  459 

Kurlansky, Mark 493 
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L 

Lactic acid 461 

 dairy fermentation 318–319 

 fermentation 44 

Lactic acid bacteria (LAB) 

 biopreservation 475–476 486 

 control in milk 360 

 defenses against bacteriophages 447 

 genetics of 314–315 

 selective medium 18 

 spoilage microbiota of muscle foods 349–350 

 vegetable fermentations 319–322 

Lactobacillaceae, water activity 466 

Lactobacillus 

 homolactic bacteria 43 314 

 human GI tract 483 

 probiotics 147 

Lactobacillus acidophilus 

 cell signaling 24 

 human GI tract 483 

 probiotic bacteria 482 

 yogurt  318 

Lactobacillus brevis 316 

Lactobacillus bulgaricus 

 probiotic bacteria 481 

 yogurt  318 

Lactobacillus delbrueckii, yogurt 318 

Lactobacillus fermentum 316 

Lactobacillus kefiri 316 

Lactobacillus plantarum, heat resistance 500 

Lactobacillus sanfranciscensis, bread fermentation 329 

Lactococcus 

 dairy fermentation 315–316 

 homofermentative 314 

 homolactic bacteria 43 

 probiotics 147 

Lactococcus lactis, fermented milk 319 

Lactoferrin, naturally occurring antimicrobial 355 470 
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LAMP (loop-mediated isothermal amplification) 90 95 

Lao-chao, fermentation 338 

Latex agglutination tests 88 90 

Le Chatelier, Henry Louis 511 

Le Chatelier's principle 511 

Lettuce crisping practice 535 

Leuconostoc species 

 dairy fermentation 315 319 

 probiotics 147 

Lister, Joseph 226 

Listeria 

 antibody-based assays 89 

 FoodNet surveillance 132 

 genus  226–227 

 miniaturized biochemical tests 85 

 nucleic acid-based rapid methods 91 

 rapid method 86 

 selective medium 18 

 specialty medium rapid kits 87 

Listeria monocytogenes 18 20 81 

 bacteriophages against 446 449 

 biofilms 26–27 

 cell-to-cell spread 240 

 characteristics of disease 238–239 

 characteristics of organism 226–228 

 cheeses 229 

 cool storage 491 

 current dilemma 235 

 environmental sources of 230 

 foodborne outbreaks 236 238 

 food-processing plants 230–232 

 growth and temperature 475 

 high-pressure processing (HPP) 514 

 human carriers 235 

 infectious dose 239 

 irradiation of 159 

 listeriosis and specific foods 228–235 

 listeriosis outbreak 224–226 
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Listeria monocytogenes (Cont.) 

 lysozyme against 470 

 meat and poultry products 229 

 mechanisms of pathogenicity 239–241 

 microbiological criteria 112 114 

 in milk  316 

 milk products 338 

 nucleic acid-based rapid methods 91 

 outbreaks 223–224 

 potential routes of transmission 231 

 as preharvest risk 237 

 prevalence and regulatory status of 232–235 

 ready-to-eat foods 338 

 seafoods 230 

 sodium chloride and 464 

 sodium nitrite inhibiting 463 

 symptoms by 225 

 virulence factors 239–241 

Listeriosis  224–226 

 characteristics of 238–239 

 outbreaks 223–224 

Lot    102 

Low-acid canned foods, spores in 50–53 

Lyophilized 94 

Lysozyme, naturally occurring antimicrobial 470 

M 

McBride's medium 18 

McKay, Larry 6 

Macroconidia 387 

Macromolecules, spores 59–60 

Mad cow disease 7 

Magnetic flux density 522 

Malic acid, wine 334 

Malthus System V 95 

Markland, Sarah 518 

Maryland Department of Health and 

   Mental Hygiene 191 
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Matthews, Karl R. 9 

Meat, see also Muscle tissue 

 characteristics associated with spoilage 350 

 comminuted products 350 

 composition and spoilage of red 347 

 control of spoilage of muscle foods 351–353 

 cooked products 350 

 fermentations 322 324 

 high-pressure processing (HPP) 353 

 irradiation of 353 

 listeriosis in products 229 

 muscle tissue as growth medium 347 

 origin of microbiota in 344 

 processed products 350–351 

Mechanisms of energy generation 15 

Mechanisms of pathogenicity 

 Bacillus cereus 150–154 

 Campylobacter species 162–164 

 Clostridium botulinum 182 184–185 

 Escherichia coli O157:H7 216–219 

 Listeria monocytogenes 239–241 

 Salmonella species 256–259 

 Yersinia enterocolitica 304 306 

Medical pathogen, Bacillus cereus as 152–153 

Meister, Joseph 495 

Membrane filter technique, enumeration of 

   microbes 75 

Mental health, toxoplasmosis and 406 

Merck Veterinary Manual 53 

Metabolic products 107 112–113 

Metabolism, microbial physiology and 41–45 

Metchnikoff, Elie 481 

Mexico, microbial contamination of foods 

   at retail markets 70–71 

Meyer, K. F. 50 56 

Microbes, interactions in food 13–14 

Microbial ecosystem, human GI tract 482–483 
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Microbial growth 

 defects of foods 349 

 extrinsic factors 33–36 

 growth kinetics 39–41 

 homeostasis and hurdle technology 36–39 

 intrinsic factors 27 

 kinetics of 14–15 

 pH   27–29 

 progression during storage 346–347 

 temperature 34–36 37 352 

 time and temperature 40 

 water activity 29–33 

Microbial indicators, characteristics of 111 

Microbial physiology and metabolism 41–45 

Microbial risk assessment, food 532–533 

Microbiological criteria 

 advisory, of food products 113 

 definitions 100–101 

 establishing limits 104 

 food products with mandatory 115 

 hazard grouping of foodborne pathogens 

   or toxins 110 

 indicators of foodborne pathogens and 

   toxins 107–113 

 indicators of quality 104–107 

 need to establish 100 

 proposals in food and food ingredients 114 

 purpose of 99–100 

 sampling plans 102–104 

 scientific organizations organizing 101 

Microbiological limits, establishing 104 

Microbiological quality 

 indicator microorganisms 105–107 

 indicators of 104–107 

 metabolic products 107 112–113 

 microbial defects of food 105 

Microbiology 3 

 enrichment techniques 20 
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Microbiology (Cont.) 

 methods enumerating bacteria 16 17 18 

 plate counts 16 

 selective or differential media 16 18 

Microbiology Laboratory Guidebook (USDA) 72 79 84 

Microbiota 

 muscle foods 346–347 

 natural, in grains and grain products 369 

 normal and spoilage for fruits 367–368 

 organically grown vegetables 365 

 origin in finfish 345 

 origin in meat 344 

 origin in poultry 344–345 

 origin in shellfish 345 

 spoilage, in vegetables 365–367 

Micrococcaceae 

 staphylococci in 276–277 

 water activity 466 

Micrococcus 276 463 

Microconidia 387 

Micrographia (Hooke) 5 

Microslide diffusion tests, Bacillus cereus 152 153 

Microsporidia 410 

Microtiter plates 83 

Milk and dairy products 

 control of defects by lactic acid and 

   coliform bacteria 360 

 control of product defects 358 

 dairy products as growth media 355 

 defects in canned condensed milk 361 

 defects in cheese 359–360 361 

 defects in fluid milk products 359–361 

 listeriosis 228 

 milk as growth media 354–355 

 psychotrophic bacteria in milk 356–358 

 psychotrophic spoilage 355–356 

 spoilage 353–362 

 spoilage by fermentative nonsporeformers 359 
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Milk and dairy products (Cont.) 

 spoilage by yeasts and molds 361–362 

 spore-forming bacteria 360 

 Yersinia enterocolitica 297 

Milwaukee County, Wisconsin 

   Cryptosporidium 391–392 

Miso, fermentation 338 

Modified-atmosphere packaging (MAP) 

 food preservation 492 

 muscle foods 352–353 

Molds 

 Aspergillus flavus 373 

 Aspergillus species 377–384 

 common on cheese 362 

 Fusarium species 386–389 

 international regulations and guidance 

   on mycotoxins 374 

 isolation, enumeration and identification 373–377 

 mycotoxins 373 

 Penicillium species 384–386 

 spoilage by 361–362 

 water activity and shelf life 465 

Molecular methods, foodborne pathogens 93–94 

Molecular typing methods, Campylobacter species 162 

Monascus (Xeromyces) bisporus, water activity 33 466 

Montville, Thomas 337 

Most-probable-number (MPN) 16 

 methods 16 19–20 

 table  19 

Mucor (fungus) 5 

Muscle tissue, see also Meat 

 composition and spoilage of finfish 348 

 composition and spoilage of poultry 347–348 

 composition and spoilage of red meat 347 

 composition and spoilage of shellfish 348 

 control of spoilage of muscle foods 351–353 

 as growth medium 347 

 modified-atmosphere packaging (MAP) 352–353 
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N 

NADH2 (reduced nicotinamide adenine 

dinucleotide) 45 

Natamycin 459

Natick Laboratories 538 

National Academy of Sciences (NAS) 532 538 

National Advisory Committee on 

Microbiological Criteria for Foods 

(NACMCF) 509 538 

National Aeronautics and Space 

Administration (NASA) 538 

National Agricultural Library (NAL) 124 

National Agricultural Statistics Service 

(NASS) 124 

National Antimicrobial Resistance 

Monitoring System (NARMS) 136 

National Canners' Association 507 

National Institute of Food and Agriculture 

(NIFA) 124 

National Notifiable Disease Surveillance 

System 212 

National Research Council (NRC) 

microbiological criteria 100 

National Shellfish Sanitation Program 108 

Natto, fermentation 338 

Naturally occurring antimicrobials, see also 

Antimicrobials 

 avidin  471 

 garlic  472 

 isothiocyanates 472 

lactoferrin and iron-binding proteins 470–471 

 lysozyme 470 

 onions  472 

 phage therapy 473 

 phenolic compounds 472–473 

spices and their essential oils 471 472 

Natural Resources Conservation Service 

(NRCS) 124 
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Necrotic enteritis, Clostridium perfringens 195 

Nematodes, see Roundworms (nematodes) 

Neosartorya, spoilage fungi 57 

Neurocysticercosis 419 

Niemira, Brendan A. 510–511 

Nisin 

 application in food 479 

 bacteriocin 477 

 structure 477 

Nitrites 

 Clostridium botulinum 180 

 microbials 463 

Nitrosoamines 463 

Nonthermal processing 

 acceptance of treatments 508–509 511 

 benefits of 508 524 

 cold plasma technologies 510–511 

 comparing processes for inactivating E. coli 521 

 electromagnetic radiation 519 

 flow diagram and critical control points 

   (CCPs) 540 541 

 high-pressure processing (HPP) 511–515 

 oscillating magnetic fields 522 

 ozone  515–517 

 pulsed electric fields and pulsed light 520–521 

 spores and ozone 518 

 ultrasound 522–523 

 ultraviolet light 517 520 

NoroCORE Food Virology Collaborative 

   for Outbreak, Research and 

   Education 437 

Norovirus  20 

 Caliciviridae family 437–438 

 characteristics 435 

 high-pressure processing (HPP) 514 

 outbreaks with raspberries 444–445 

 scanning electron micrograph of 

   mouse 432 
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O 

Obama, Barack 127 129 

Ochratoxin A, Penicillium species 384 

Oncom, fermentation 338 

Onions, naturally occurring antimicrobial 472 

Oregano 

 antimicrobial activity 471 

 essential oils of 472 

Organic acids 

 antimicrobials 461–462 

 inhibitors at low pH 462 

 short-chain 461 

Oscillating magnetic fields (OMF), food 

   processing 522 

Osmophilic yeasts and molds, water 

   activity and shelf life 465 

Outbreaks 

 Bacillus cereus 145–146 149 

 botulism 167–168 169 170–171 

 Campylobacter infection 160 

 Clostridium perfringens type A 

   toxicoinfection 190 191 192 

 Cryptosporidium 391–392 

 Cyclospora cayetanensis 400–403 

 Escherichia coli O157:H7 204 205 213–215 

 Giardia intestinalis 407–409 

 hepatitis A virus, with berries 442–444 

 investigations of 135–139 

 Listeria monocytogenes 223–224 236 238 

 norovirus, with raspberries 444–445 

 Salmonella species 243–244 245 246 

 Shigella species 261–262 263 267 

 type E botulism 183 

 Vibrio cholerae 289 

 Vibrio mimicus 290 

 Vibrio parahaemolyticus 285–286 291–292 

 Vibrio vulnificus 286 293 

 Yersinia enterocolitica 297–298 303–304 
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Overnutrition 8 

Ovotransferrin, naturally occurring antimicrobial 471 

Oxidative phosphorylation 43 

Ozone 

 disinfectant 469 515 524 

 food processing 515–517 

 spores and 518 

P 

Parabenzoic acids, microbials 462–463 

Parasites, see also Helminths; Protozoa 

 detection 422–423 

 helminths 412–422 

 life cycles of 392–393 

 preventive measures 423 

 protozoa 393–412 

 science of parasitology 392 

 term  392 

 transmission 423 

Parnell, Michael 243 

Parnell, Stewart 243 

Pasteur, Louis 3 5 6 50

    494 495 507 

Pasteurization 494–495 

Pathogen Reduction/Hazard Analysis and 

   Critical Control Points system 125 

Patulin, Penicillium species 385 

PCR (polymerase chain reaction) 6 

 foodborne pathogens 93–94 

 quantitative 90 96 

 rapid method 90–92 94–95 

 representation of cycle 92 

 reverse transcription-PCR (RT-PCR) 94 

 template DNA 90 

Peanut Corporation of America (PCA) 243 

Pediocins 

 application in food 479 

 structure 478 
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Pediococcus 

 dairy fermentation 315 

 homofermentative 314 

 homolactic bacteria 43 

 probiotics 147 

Pediococcus acidilactici, meat fermentation 324 

Penicillium 

 citreoviridin 385 

 citrinin 384–385 

 cyclopiazonic acid 385 

 identification 374–375 

 ochratoxin A 384 

 patulin  385 

 penitrem A 385 

 roquefortine 386 

 secalonic acids 386 

 significant mycotoxins 384–386 

 structure of 375 

 verruculogen 385 

Penicillium camemberti 316 

Penicillium citreonigrum 385 

Penicillium citreoviride 385 

Penicillium citrinum 384–385 

Penicillium crustosum 385–386 

Penicillium expansum 385 

Penicillium griseofulvum 385 

Penicillium roqueforti 316 385 386

Penicillium verrucosum 384 

Penitrum A, Penicillium species 385 

Peroxides, disinfectants 468–469 

Petri, Julius Richard 3 6 7 

Petrifilm system 85 86 

pH 

 Clostridium botulinum 179 

 food  28 

 food stability 38 

 microbial growth 27–29 

 Salmonella species 249–250 
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Phage therapy, naturally occurring 

   antimicrobials 473 

Phenolic compounds, antimicrobials 472–473 

Phialides  375 

Phosphates, microbials 463 

Photobacterium, cell signaling 24 

Pichia, sulfites against 467 

Pickle fermentation 321–322 

Picornaviridae family, hepatitis A virus 439 

Planococcus genus 277 

Plant products 

 bacteria, yeasts, molds, and coliforms on 

   vegetables 366 

 lettuce crisping practice 535 

 mechanisms of spoilage 363–364 

 microbiological profiles of fresh fruits 

   and vegetables 363 

 microbiological spoilage of fruits 367 

 microbiological spoilage of grains 368–370 

 microbiological spoilage of vegetables 365 

 microbiota of organically growth vegetables 365 

 normal and spoilage microbiota 367–368 

 physiological state of 364–365 

 spoilage microbiota 365–367 

 types of spoilage 362–363 369–370 

Plasma technologies 510–511 

Plinius   319 

Poi, fermentation 338 

Poliovirus, ozone against 469 

Polylysine  478 481 

Polyphosphates, microbials 463 

Pork products, Yersinia enterocolitica 297 302 

Poultry/poultry products 

 advisory microbiological criteria 113 

 composition and spoilage of muscle 347–348 

 growth of Pseudomonas in chicken broth 352 

 listeriosis 229 

 origin of microbiota in 344–345 
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Poultry Products Inspection Act 125 

Preenrichment 82 

Prescott, Cate 507 

Prescott, Samuel 50 507 

Preservatives, antimicrobials 457–458 

Pressure resistance, spores 62 

Preventive Controls for Human Food (PCHF) 545 

Preventive Controls for Human Food Rule 128 129–130 

Primers  90 

Prions   6 427 449–452 

 biology 451–452 

 short history of 450–451 

 structure of normal prion protein 452 

 trait comparisons 428 

Probiotic bacteria/probiotics 147 481 

 commercially available products 484–485 

 consumption of lactic acid bacteria (LAB) 481–482 

 future use of 483 

 human GI tract as microbial ecosystem 482–483 

 possible health benefits and mechanisms 482 

Produce, see Plant products 

Produce Safety Rule 128 131–132 

Prolongation of Life (Metchnikoff) 481 

Propionibacterium, probiotics 147 

Propionibacterium freudenreichii 316 

Propionibacterium shermanii 476 

Propionic acid 461 

Protozoa, see also Parasites 

 amoebic dysentery 409–410 

 Cryptosporidium species 395–399 

 Cyclospora cayetanensis 399–403 

 diseases caused by 392–393 

 Giandia intestinalis 407–409 

 life cycles 394 395 

 microsporidia 410 412 

 structures of 394–395 

 Toxoplasma gondii 403–407 

 trait comparisons 428 
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Pruno, botulism outbreaks 168 170 

Prusiner, Stanley 450 451 

Pseudomonas 

 antibody-based assays 90 

 cell signaling 24 

 growth in chicken broth 352 

 sodium nitrite inhibiting 463 

 water activity 32 466 

Pseudomonas aeruginosa, heat 

   resistance 500 

Pseudomonas fluorescens 

 heat resistance 500 

 ozone against 469 

Psychotrophic bacteria 

 control of product defects by 358 

 in milk  356 

 sources of, in milk 356 

 spoilage 355–356 

Public Health Security and Bioterrorism 

   Preparedness and Response Act of 2002 139–140 

Pulque, fermentation 337 

Pulsed electric fields, food processing 520–521 

Pulsed-field gel electrophoresis (PFGE) 135 204 

Pulsed light 

 food processing 520–521 

 potential for 521 

PulseNet  14 226–227 

PulseNet International 135 

Q 

Quaternary ammonium compounds 

   disinfectants 468 

Quorum sensing 24 280 

R 

Rabbit ileal loop assay 152 

Radiation doses, meat 353 

y-Radiation resistance, spores 62 
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Rapid testing methods 

 agglutination tests 90 

 antibody-based assays 89–90 

based on traditional methods 84–88 

 future development of 95–96 

hydrophobic grid membrane filter 

(HGMF) 86 91 

immunologically based methods 88 90 

 microorganisms 81–82 

 molecular methods 90–91 94–95 

PCR (polymerase chain reaction) 90–92 94–95 

representative miniaturized biochemical 

tests 85 

requirements and validation of 83–84 

 sample processing for 82–83 

 specialty medium rapid kits 87 

Ready-to-eat (RTE) foods 109 112 228

Recreational water, cryptosporidiosis in 396 

Redox potential 76 

Regnard, P. 513 

Regulatory status, Listeria monocytogenes 232–235

Rendering  450 

Replicate organism direct area contact method 78 

Respiration 15

Reverse transcription-PCR (RT-PCR) 94 432 

Rhinoviruses 441

Rhizobium bacteria 4 

Risk assessment, quantitative microbial, of foods 532–533 

Risk Management Agency (RMA) 124 

Roll tube method, enumeration of microbes 74 

Roosevelt, Theodore 123 

Roquefortine, Penicillium species 386 

Rosemary, antimicrobial activity 471 

Rotaviruses 434

Roundworms (nematodes) 412–417 

 Anisakis 415–417 

 Ascaris lumbricoides 414–415 

 Trichinella spiralis 412–414 
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Rural Development (RD) 124 

Russell, Harry 50 

S 

Saccharomyces 

 probiotics 147 

 sulfites against 467 

Saccharomyces bayanus, wine 333 

Saccharomyces carlsbergensis, yeast 329 

Saccharomyces cerevisiae 

 cell signaling 25 

 wine  333 

 yeast  328 329 

Saccharomyces ludwigii, sulfites against 468 

Sage, antimicrobial activity 471 

Sake, fermentation 338 

Salmonella 7 20 81 244

    246 441 

 advisory criteria in foods 113 114 

 antibiotic resistance 254–255 

 antibody-based assays 89 

 autoimmunity 306 

 bacteriophages against 446 

 biochemical identification 246–247 

 cell signaling 24 

 characteristics of disease 253–255 

 characteristics of organism 246–252 

 foodborne outbreaks 135 

 food infections 121 

 FoodNet surveillance 132 133 

 heat resistance 504 

 human infectious doses of 256 

 infectious dose 255–256 

 miniaturized biochemical tests 85 

 modified atmosphere 252 

 nucleic acid-based rapid methods 91 

 osmolarity 251–252 

 outbreak puzzle 136–137 
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Salmonella (Cont.) 

 outbreaks 243–244 245 246 

 pathogenicity 256–259 

 pH   250–251 

 physiology 249–252 

 preventive measures 254 

 pulsed light 521 

 reservoirs of 252–253 

 serological identification 248–249 

 species and subspecies 248 

 specialty medium rapid kits 87 

 symptoms and treatment 253–254 

 taxonomy and nomenclature 247–248 

 temperature 249–250 

 virulence factors 256–259 

 water activity and shelf life 465 

Salmonella enterica, viable but 

   nonculturable (VBNC) 22–23 

Salmonella enterica serovar Enteriditis 

 essential oils and 472 

 ozone against 469 

Salmonella enterica serovar Heidelberg 244 

Salmonella enterica serovar Senftenberg 

   heat resistance 500 

Salmonella enterica serovar Typhimurium 28–29 

 heat resistance 500 

 outbreak 140 

 ozone against 469 

Sampling plans 

 attributes 102–104 

 guide for choosing 103 

 lot   102 

 microbiological criteria 102–104 

 three-class plans 103–104 

 two-class plans 103 

 types of 102 

Sanitation  533–545 

 benefits of 534 
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Sanitation (Cont.) 

 chlorine sanitizers 536 

 germicidal or sanitizing agents 535–536 

 Hazard Analysis and Critical Control Point (HACCP) 537–545 

 sanitation standard operating procedures (SSOPs) 534–535 537 

Sauerkraut fermentation 320–321 

Schaffner, Donald W. 532–533 

Seafood 

 listeriosis 230 

 origin of microbiota in 345 

Secalonic acids, Penicillium species 386 

Select Agent Act 174 

Sensitivity, rapid methods 83 

Sharma, Manan 446 

Shelf life 

 comminuted products 350 

 establishing 104 

 food in college student refrigerator 344 

 muscle foods 352–353 

Shellfish 

 composition and spoilage of 348 

 origin of microbiota in 345 

Shewanella, cell signaling 24 

Shiga toxin-producing Escherichia coli (STEC) O121, outbreak 203 205 

Shigella 

 autoimmunity 306 

 bacillary dysentery 262 

 characteristics of disease 265–266 

 classification and biochemical characteristics 263–264 

 foodborne outbreaks 263 267 

 FoodNet surveillance 132 

 in foods 264–265 

 genetic regulation 268 

 growth and survival in foods 265 

 outbreak 261–262 

 shigellosis 262 

 transmission 265 

 virulence factors 267–268 
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Shigella dysenteriae 208 

 outbreak 140 262 

Shigella flexneri 263 268 

Shigella sonnei, outbreaks of 261–262 263 

Shigellosis 262 265–266 

Shock proteins 34 

Shriver, A. K. 507 

Signal transduction, bacteria 25 

Sinclair, Upton 123 126 142 

Small acid-soluble proteins (SASPs) 67 

 α/β types 63–64 

 spore structure 59 

Small molecules, spores 60 

Snow, John 289 

Sodium chloride, antimicrobials 464 

Sodium nitrite, microbials 463 

Sorbic acid 461 

Soybeans, stinky tofu 322–323 

Soy sauce, fermentation 338 

Spallanzani, Lazzaro 5 

Specification 101 

Specificity, rapid methods 83 

Spices, essential oils 471 472 

Spiral plater, enumeration of microbes 74 75 

Spoilage, see also Plant products 

 of adipose tissue 349 

 under anaerobic conditions 349–350 

 of canned foods 57 58 

 common types in dairy products 354 

 control of, in muscle foods 351–353 

 cooked products 350 

 factors influencing 348–353 

 by fermentative nonsporeformers 359 

 food  343–344 457–458 

 lipases and contribution to 357–358 

 meat, poultry and seafood products 344–353 

 milk and dairy products 353–362 

 processed products 350–351 
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Spoilage, see also Plant products (Cont.) 

 produce and grains 362–370 

 proteases and contribution to 356–357 

 proteolytic and lipolytic activities 348–349 

 psychotrophic, of milk 355–356 

 typical shelf lives in college refrigerators 344 

Spongiform encephalopathy (SE) 450 

Spore-forming bacteria, spoilage by 360 

Spores 

 α/β-type SASP 63–64 

 activation 65 

 Bacillus cereus 153–154 

 biology 58–64 

 chemical resistance 62 

 dormancy 61 

 freezing and desiccation resistance 61 

 germination 65–67 

 heat resistance 54 62–63 

 Jurassic 61 

 macromolecules 59–60 

 outgrowth 67 

 ozone and 518 

 pressure resistance 62 

 y-radiation resistance 62 

 resistance of 61 

 small molecules 60 

 sporulation 64–65 

 sporulation temperature 63 

 structure of 58–59 

 superdormant sporeformers 66 

 UV radiation resistance 62 

Spores in food industry 49–57 

 Bacillus anthracis 53 

 bacteriology of sporeformers of public 

   health significance 53–55 

 heat resistance of Clostridium botulinum spores 55–57 

 low-acid canned foods 50–53 

 spoilage of canned and vacuum-packaged foods by 57 58 
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Sporolactobacillus 

Gram-positive spore-forming bacteria 54 

 probiotics 147 

 sporeformer 49 

 sporulation of 64 

Sporulation cycle, spores 64–65 

Sporulation temperature, spores 63 

Sprouts, Produce Safety Rule 131–132 

Stagnicola bulimoides 422 

Standard  101 

Staphylococcal enterotoxins, see also 

Staphylococcus aureus 

 antigenic properties 283 

 characterization of 281 

classification scheme based on 

antigenicity 278–279 

 general properties of 279 

molecular aspects of expression 280 282 

 nomenclature, characteristics and 

distribution 276–278 

 regulating expression 280 

regulating gene expression 280 

 regulating production 280 

 toxic structures 282 

Staphylococcal food poisoning 272 

 characteristics of 275–276 

 incidence of 274 

 outbreak 274–275 

 sources of 272–273 

Staphylococci, specialty medium rapid kits 87 

Staphylococcus 276 277

Staphylococcus aureus 7 15 16 81

see also Staphylococcal enterotoxins 

advisory criteria in foods 113 

 antibody-based assays 90 

characteristics of disease 275–276 

characteristics of organism 272–274 

 coagulase reactions for 277 278 
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Staphylococcus aureus (Cont.) 

 electron micrograph of 277 

 foodborne outbreaks 274–275 

 heat resistance 500 

 microbiological criteria 108 

 miniaturized biochemical tests 85 

 nucleic acid-based rapid methods 91 

 outbreak 271–272 

 ozone against 469 

 pathogenicity 276–283 

 prevalence in food products 273 

 resistance to adverse environmental 

   conditions 273–274 

 selective medium 18 

 sodium chloride and 464 

 sources of food contamination 272–273 

 specialty medium rapid kits 87 

 toxic dose 276 

 toxic shock syndrome (TSS) 272 279 

 water activity and shelf life 465 

Starter cultures, food fermentation 479 

Steindorff, Georg 328 

Sterilization value 502 

Stinky food, type E botulism 183 

Stinky tofu 322–323 

Streptococcus 

 human GI tract 483 

 miniaturized biochemical tests 85 

 probiotics 147 

Streptococcus oralis, biofilms 26 

Streptococcus thermophilus 

 probiotic bacteria 481 482 

 yogurt  318 

Stringency 90 109 

Strong, D.  6 

Substrate-level phosphorylation 15 43 

Sufu, fermentation 338 

Sulfites, disinfectants 467–468 
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Sulfolobus, Gram-positive spore-forming 

   bacteria 54 

Sulfolobus acidocaldarius, pH 28 

Sulfur dioxide, disinfectants 467–468 

Superdormant sporeformers 66 

Surface testing, enumeration of microbes 76 78 

Swab test method 76 

Swimming pool, cryptosporidiosis in 396 

T 

Taenia species 417–418 

 adult T. solium 418 

 cysticercosis by T. solium 419 

Talaromyces, spoilage fungi 57 

Tanaka, Nobi 476 

Tapeworms (cestodes) 417–421 

 Diphyllobothrium latum 418 420–421 

 Taenia species 417–418 

Tempeh, fermentation 338 

Temperature 

 Clostridium perfringens spores 197 

 microbial growth 34–36 37 

 Salmonella species 248–249 

Template DNA 90 

Terrorism, biosecurity and biosafety 173 174–175 

Tesla   522 

Texas, botulism outbreak 168 170 

Theobroma cacao, cocoa from 335 

Thermobacteriology 497–502 

Thiobacillus thiooxidase, pH 28 

Three-class sampling plans 103–104 

Thyme, antimicrobial activity 471 

Tofu, fermentation of stinky 322–323 

Toxic shock syndrome (TSS) 

   Staphylococcus aureus 272 279 

Toxins 

 hazard grouping of 110 

 indicators of 107–113 
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Toxoplasma 392 

Toxoplasma gondii 393 424 

 congenital toxoplasmosis 405 

 immunoglobulin G antibodies to 406–407 

 life cycle 404 

 mental health and toxoplasmosis 406 

 oocysts 403–405 

 toxoplasmosis 403 

Transmissible spongiform encephalopathies 

   (TSEs) 427 450 452 453 

Trematodes, see Flukes (trematodes) 

Tremorgenic toxins 378 

Tricarboxylic acid (TCA) cycle, glycolysis 

   and aerobic respiration 45 

Trichinella spiralis 412–414 

TSAY medium 18 

Two-class sampling plans 103 

Twort, Frederick 446 

U 

Ultrasound, food processing 522–523 

Ultraviolet light, food processing 517 520 

Underwood, William Lyman 50 507 

United States, international regulations 

   and guidance on mycotoxins 374 

Universal preenrichment broth (UPB) 20 

U.S. Department of Agriculture (USDA) 14 50 72 84

    466 

 agencies of 124 

 Campylobacter infection 160 

 food regulation 122–125 

 logo  123 

 microbiological criteria 114 

 toxoplasmosis 405 

 trichina-free swine production 413–414 

 Wisconsin process for bacon 476–477 

U.S. National Academy of Sciences 492 

UV radiation resistance, spores 62 
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V 

Validation, rapid methods 83–84 

Vanillin, antimicrobial activity 471 

Van Leeuwenhoek, Antonie 5 393 394

Variant of Creutzfeldt-Jakob disease (vCJD) 428 450–451 

Vegetable fermentations 319–322 

see also Food fermentations 

ingredients and additives for 320 

 pickles  321–322 

 sauerkraut 320–321 

steps in typical 320 

Veillonella, biofilms 26 

Viable but nonculturable (VBNC) 9 159 

Vibrio  286 

characteristics of disease 287–288 

characteristics of organism 286–287 

 epidemiology 287 

 FoodNet surveillance 132 

 outbreak 285–286 

susceptibility to physical and chemical 

treatments 288 

Vibrio alginolyticus 286 294

Vibrio carchariae 286 

Vibrio cholerae 288–290 

characteristics of disease 289–290 

 foodborne outbreaks 289 

isolation and identification 288 

 reservoirs 289 

 temperature 34 

viable but nonculturable (VBNC) 22 

 virulence mechanisms 290 

Vibrio cincinnatiensis 286 

Vibrio damsela 286 

Vibrio fluvialis 287 294

Vibrio furnissii 294 

Vibrio hollisae 294 

Vibrio metschnikovii 286 
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Vibrio mimicus 290–291 

 characteristics of disease 290–291 

 foodborne outbreaks 290 

 virulence factors 291 

Vibrion butyrique 50 

Vibrio parahaemolyticus 81 

 advisory criteria in foods 113 

 characteristics of disease 292 

 classification 291 

 cool storage 491 

 foodborne outbreaks 291–292 

 illness from consumption of oysters 285 292 

 reservoirs 291 

 viable but nonculturable (VBNC) 23 

 virulence mechanisms 292 

Vibrio vulnificus 292–294 

 characteristics of disease 294 

 classification 293 

 foodborne outbreaks 293 

 reservoirs 293 

 susceptibility to control methods 293 

 viable but nonculturable (VBNC) 23 

 virulence mechanisms 294 

Vinegar fermentation 334–335 

Virulence factors 

 Bacillus cereus 150–154 

 Campylobacter species 162–164 

 Clostridium botulinum 182 184–185 

 Listeria monocytogenes 239–241 

 Salmonella species 256–259 

 Shigella species 267–268 

 Vibrio cholerae 290 

 Vibrio mimicus 291 

 Vibrio parahaemolyticus 292 

 Vibrio vulnificus 294 

 Yersinia enterocolitica 304–306 

Virulence plastids, Salmonella species 257–258 

 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Viruses  427 

 as agents of foodborne illness 432–434 

 astroviruses 434 441 

 bacterial control 449 

 bacterial detection 448–449 

 bacteriophages in dairy industry 445–448 

 beneficial uses 448–449 

 characteristics of foodborne 435 

 Ebola virus 439–440 

 elementary virology 429–432 

 enveloped viruses 435 

 epidemic curve of acute gastroenteritis 433 

 fecal contamination incidents 434 

 food commodities at risk of 441–445 

 food relatedness of other 441 

 hantavirus 441 

 hepatitis A virus (HAV) 431 434 435 438–439

    441 

 hepatitis E virus (HEV) 436 

 human immunodeficiency virus (HIV) 429 441 

 intervention 436–437 

 life cycle 430–431 

 norovirus 432 435 437–438 

 norovirus capsid 430 

 ozone treatment 518 

 rabies  441 

 rhinoviruses 441 

 rotaviruses 434 

 structure of T-even bacteriophage 430 

 T-even phage 429 

 trait comparisons 428 

W 

Water activity 

 antimicrobials 464–466 

 aw (available water) 29 30 

 Clostridium botulinum 179 

 microbial growth 29–33 
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Watson, James 6 7 

Whole-genome sequencing (WGS) 139 

Wholesome Meat Act 125 

Wholesome Poultry Products Act 125 

Wiley, Harvey 126 

Wiley Poison Squad 126 

Wilson, D. C. 513 

Wine 

 fermentation 332–334 

 malic acid 334 

 schematic for making 333 

Wisconsin process, bacon manufacture 476–477 

Worker training and health/hygiene 

   Produce Safety Rule 132 

World Health Organization (WHO) 141 428 

 Codex Alimentarius International Food 

   Standards Program 101 141 142 

 Collaborating Centre for Reference and 

   Research 247 

 shigellosis cases 267 

World Organisation for Animal Health 

   (OIE) Terrestrial Animal Health 

   Code 53 

Wound botulism 173 174 

X 

Xianming Shi 93–94 

Y 

Yeast-based fermentations 327–328 

   see also Fermentation 

 beer  329 331–332 

 bread  328–329 

 wine  332–334 

Yeasts 

 common in dairy products 362 

 spoilage by 361–362 

 water activity and shelf life 465 
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Yersinia  298 

 FoodNet surveillance 132 

Yersinia enterocolitica 

 biofilms 27 

 biotyping scheme for 299 

characteristics of infection 300–302 

characteristics of organism 298 

 classification 298–299 

clinical symptoms and diseases by 

infection 301 

 cool storage 491 

 foodborne outbreaks 303–304 

mechanisms of pathogenicity 304 

 outbreak 297–298 

 reservoirs 302–303 

 serotyping of 299 

susceptibility and tolerance 299–300 

 virulence determinants 304–306 

Yersinia pestis 298 305

Yersinia pseudotuberculosis 298 300 305

Yersinia ruckeri 298 

Yogurt   318 

 commercially available probiotics 484–485 

Z 

Zoonosis  436 

Zygosaccharomyces, sulfites against 467 

Zygosaccharomyces bailii 

 sulfites against 468 

 water activity 33 466 

Zygosaccharomyces bisporus, water activity 33 466 

Zygosaccharomyces rouxii, water activity 33 466 
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