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Many of us have suffered from what we believed may have been a foodborne illness,
and have suffered at home without seeking clinical care because we knew it was likely
to be over in a day or so. However, foodborne illness may present under unusual cir-
cumstances, as I know from having been a victim of a multi-state outbreak of Salmo-
nella  serotype Agona present in a toasted oat cereal in May of 1998 (JAMA 280
(5):411). This was the first known case of Salmonella contamination of a breakfast
cereal; although, Salmonella serotype Senftenberg contamination of an infant cereal
has been reported in the United Kingdom.

In case of contaminated breakfast cereal, exposure may occur daily or intermittently
for several days. By the time I sought clinical advice from a gastroenterologist I felt
fine, and after a battery of tests he said, “I wish all of my patients were as healthy as
you.” It wasn’t until I heard a report on CNN later that summer that I realized what had
happened. My mother, who shops at the outlet store in Indiana that carried the brand in
question, had brought a box of the oat cereal to me during a visit to Tennessee. The box
was from the contaminated lot, so it is likely that one undiagnosed clinical case from
Tennessee can be added to the MMWR 1998; 47:462-464 report.

This case exemplifies several of the problems that plague food processing, prepara-
tion and inter- and intra- country shipping and importation. Exposure and clinical
symptoms may differ in ways that neither patients nor clinicians suspect a foodborne
pathogen. All of these factors lead to the under reporting of foodborne illnesses.

Today people expect a safe food supply and to meet these goals global cooperation
in food pathogen research, monitoring and education are necessary. Foodborne
Diseases covers several significant foodborne bacterial pathogens, viral infections, tox-
ins and pathogen control strategies in an effort to educate and reduce the risk of
foodborne infections in this millennium.

Toni L. Poole, PhD

Foreword
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1
Escherichia coli

Jianghong Meng and Carl M. Schroeder 

Abstract
Following a 1982 outbreak of hemorrhagic colitis associated with the consumption of undercooked

ground beef, Escherichia coli, specifically the serotype O157:H7, burst on the scene as a serious
foodborne pathogen. Since then strains of O157:H7 and other enterohemorrhagic E. coli (EHEC)
have been implicated in numerous outbreaks of foodborne illness throughout the world. A wide
range of food vehicles, including meat, fruits, vegetables, and dairy products have been implicated
in outbreak, of EHEC infection. Notwithstanding considerable advances in our understanding of the
molecular mechanisms involved in E. coli pathogenesis, treatment for infected individuals remains
for the most part supportive, and thus, prevention is paramount in reducing the incidence of adverse
health outcomes associated with EHEC. Continued diligence in implementing strategies aimed at
curtailing the presence of EHEC in food, such as the use of good agricultural practices on farm, and
public awareness and education campaigns targeting food service personnel and consumers, remains
a principal component of protecting public health.

1. INTRODUCTION

In 1885, the then 27-yr-old German pediatrician and bacteriologist Theodor
Escherich identified and characterized a bacterium, isolated from the feces of neonates,
which he named Bacterium coli commune (1). Renamed in 1911 posthumously to honor
its discoverer, Escherichia coli has since become a standard component of the micro-
biological laboratory, having been instrumental in, among other scientific landmarks,
the discoveries of competitive inhibition and bacterial genetic recombination (2,3);
confirmation of the genetic code (4); and the invention of gene cloning (5,6). Following
a 1982 outbreak of infection related to consumption of undercooked ground beef, however,
E. coli, specifically the serotype O157:H7, emerged as an important cause of foodborne
illness (7). Today O157:H7 and other enterohemorrhagic E. coli (EHEC) remain a serious
public health threat. This review summarizes the ecology, pathogenesis, and control of
E. coli, paying particular attention to the role of EHEC in foodborne infections.

2. CLASSIFICATION AND IDENTIFICATION

2.1. General Characteristics

Gram-negative and rod-shaped, E. coli cells measure approx 1.1–1.5 by 2.0–6.0 M
when living, and 0.4–0.7 by 1.0–3.0 M when dried and stained. Cells grow singly or
in pairs and some are motile by means of peritrichous flagella (8). E. coli are facultative
anaerobes and grow optimally under aerobic conditions at 37°C, with a mean generation
time of approx 20 min in complex media (9). They produce indole, do not ferment citrate,
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are positive for the methyl red test, and negative for oxidase and the Voges–Proskauer
reaction (10). Strains that do not readily ferment sucrose or lactose, do not produce gas,
and are not motile may be mistaken for Shigella spp. (11).

Taxonomically, E. coli belongs to the family Enterobacteriaceae. It is one of the
six species of the genus Escherichia (others include E. adecarboxylata, E. blattae,
E. fergusonii, E. hermanii, and E. vulneris). Serologically, E. coli strains are differen-
tiated based on three major cell surface antigens: the O (somatic), H (flagellar), and
K (capsular) antigens. At least 167 O antigens, 53 H antigens, and 74 K antigens have
been described (12). Characterization of the O and H antigens is sufficient to identify
most E. coli strains: characterization of the former is done to determine the serogroup,
and the latter to determine serotype. The designation O157:H7, for example, is used to
describe an E. coli strain of serogroup 157 and serotype 7.

Most E. coli strains are commensal. At concentrations of approx 106 to 109 CFU/g in
stool (13), and with an estimated mean in vivo generation time of 12 h (14), they help
comprise the autochthonous intestinal microbiota of humans. E. coli, with the Entero-
bacteriaceae, benefit their hosts in facilitating competitive exclusion of harmful bacteria
and stimulating immune function (15).

2.2. Pathogenic E. coli

Based on their virulence factors (molecules directly involved in pathogenesis but
ancillary to normal metabolic functions [16]) and the diseases they cause, pathogenic
E. coli are classified into at least six distinct subgroups or pathotypes (Table 1). These
are: (1) diffuse-adhering E. coli (DAEC), (2) enteropathogenic E. coli (EPEC), (3)
enterotoxigenic E. coli (ETEC), (4) enteroinvasive E. coli (EIEC), (5) entero-aggregative
E. coli (EAEC), and (6) EHEC. The abbreviation STEC refers to E. coli strains that
produce Shiga toxin (such strains are also commonly known as verotoxin-producing
E. coli, VTEC). The abbreviation EHEC, generally speaking, refers to those STEC
strains that contain the locus of enterocyte effacement (LEE) (described in Section 7.2.1).

2.2.1. DAEC

DAEC are so named because of their characteristic diffuse adherence pattern to
HEp-2 or HeLa cells in culture (17,18). Most DAEC belong to serogroups O1, O2, O21,
and O75 (19). Strains of DAEC have been associated with persistent diarrheal illness
in children aged between 1 and 5 yr (20–24). Mild diarrhea devoid of fecal leukocytes
is a symptom of infection. DAEC-associated diarrhea appears to be age-related, with
relative risk of infection increasing with age from 1 to 5 yr (23). Pathogenesis of DAEC
is associated with the presence of adhesins, in particular those belonging to the Afa/Dr
family (25). Adhesins of this family preferentially bind to the decay-accelerating factor
(DAF) protein, which in turn promotes injury to brush border-associated proteins of
human intestinal epithelial cells (26). Recent evidence indicates that additional virulence
factors, including type III secretion systems (27) and autotransporter toxins (28), may
be important in facilitating DAEC infection. There have been no recognized outbreaks
of foodborne illness related to DAEC.

2.2.2. EPEC

EPEC strains typically cause attaching and effacing (A/E) lesions, possess the EPEC
adherence factor (EAF) plasmid, and do not produce Shiga toxin. Serogroups associated
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with human illness include O55, O158, O26, O86, O111ab, O119, O125ac, O126, O127,
O128ab, and O142 (19). EPEC strains are a cause of severe diarrhea in infants, espe-
cially those in developing countries (23,29,30). In developed countries, nurseries and
daycare centers are common sites of EPEC infection. Symptoms of EPEC infection
include acute, watery diarrhea, which may be accompanied by vomiting and low-grade
fever (31). Pathogenesis follows a three-stage model, which includes (1) localized adher-
ence, (2) signal transduction, and (3) intimate adherence (32). Makino and colleagues
have recently described a large (80 persons) outbreak of EPEC infection caused by
E. coli O157:H45 in rice (33). Barlow et al. have also described an outbreak of infantile
diarrhea caused by a novel EPEC serotype, O126:H12, the vehicle of which appears to
have been contaminated water (34).

Escherichia coli 3

Table 1
Clinical and Epidemiologic Characteristics of the Six Escherichia coli Pathotypes

Representative O Associated infections/ Common vehicles
Pathotype antigen groupsa syndromesb of infectionc

Diffuse-adhering 11, 15, 75, 126 Diarrhea (primarily in None currently 
E. coli (DAEC) young children) recognized

Enteropathogenic 18, 26, 44, 55, Acute nonbloody, Weaning foods and 
E. coli (EPEC) 86, 111ab, 114, watery diarrhea formulas; foods (e.g.,

119, 125ac, 126, (primarily in infants rice) contaminated
127, 128ab, 142, younger than 2 yr) hands; water;
157, 158 fomites (e.g., linens,

toys, rubber nipples,
and carriages)

Enterotoxigenic 1, 6, 7, 8, 9, 11, Traveler’s diarrhea; Food (e.g., tuna fish,
E. coli (ETEC) 12, 15, 20, 25, weanling diarrhea; and potato and 

27, 60, 63, 75, diarrhea ranging from macaroni salads) 
78, 80, 85, 88, mild and self-limiting and water
89, 99, 101, 109, to cholera-like purging
114, 115, 128ac,
139, 148, 149,
153, 159, 166, 167

Enteroinvasive 11, 28ac, 29, 112, Nonbloody diarrhea Food (e.g., boiled
E. coli (EIEC) 115, 121, 124, and dysentery vegetables and

136, 143, 144, cheese), water, and
147, 152, 164, 173 contaminated hands

Enteroaggregative 3, 15, 44, 51, 77, Persistent diarrhea Food
E. coli (EAEC) 78, 86, 91, 92, (primarily in infants

111, 113, 126, and children in 
127, 141, 146 developing countries)

Enterohemorrhagic 26, 103, 111, 145, Bloody diarrhea Foods (particularly
E. coli (EHEC) 157, approx ground beef) and

50 others water (see Table 2)
aData from refs. (10,19).
bData from refs. (31,120).
cData from refs. (31,19).



2.2.3. ETEC

ETEC produce heat-stable toxin (ST) and/or heat-labile toxin (LT) (35). Serogroups
of ETEC include O6, O8, O15, O20, O25, O27, O63, O78, O85, O115, O128c, O148,
O159, and O167 (19). Similar to EPEC, strains of ETEC are an important cause of
diarrhea among infants in developing countries, especially among weaning children.
Furthermore, ETEC strains account for 30–60% of diarrhea cases in travelers (36) and
have caused diarrhea among military personnel deployed in developing countries (37).
Although humans are the principal reservoir of ETEC, person-to-person transmission is
uncommon (38). Infection is characterized by watery diarrhea, ranging from mild and
self-limiting to which causes severe, cholera-like purging; and may be accompanied by
vomiting and fever (31). Pathogenesis follows from ETEC adhesion to intestinal cells
via adhesive fibrilae, from which point production and localized delivery of STs and
LTs leads to fluid loss and diarrhea production. Recent years have seen an increase in
the number of foodborne outbreaks of ETEC infection in developed countries.
Examples include an outbreak caused by E. coli O111:B4 among pupils and adults at a
school in southern Finland (vehicle unknown) (39), one among Japanese elementary
schoolchildren caused by E. coli O25:NM in “tuna paste” (40), and one among American
partygoers caused by E. coli O169:H41 in potato, macaroni, and egg salads (41). Of
note, results from the investigation of an outbreak caused by an atypical E. coli O39:NM
among patrons of a Minnesota restaurant buffet highlight the potential difficulty in
classifying diarrheagenic E. coli into defined pathotypes (42).

2.2.4. EIEC

EIEC strains invade and multiply within human colonic epithelial cells. Serogroups
commonly associated with disease include O28c, O29, O112, O124, O136, O143,
O144, O152, O164, and O167 (19). Similar to that of ETEC, humans are the natural
reservoir of EIEC. Person-to-person transmission follows the fecal–oral route, with
ingestion of contaminated food and water having been implicated in outbreaks of EIEC
infection. EIEC infection is clinically indistinguishable from that caused by Shigella
spp.; both result in bacillary dysentery, or shigellosis, a watery diarrhea containing mucous
and trace blood, and often accompanied by severe abdominal cramps and fever (43).
The ability of EIEC strains to invade epithelial cells is associated with the presence of
an approx 140-MDa plasmid on which reside genes encoding invasion-facilitating outer
membrane proteins (44). Bacillary dysentery is often endemic among institutional
settings such as prisons, daycare facilities, and nursing homes. An outbreak of infection
caused by E. coli O166:H15 linked to the consumption of boiled vegetables in Japan
provides a recent example of an outbreak of foodborne illness from EIEC (45).

2.2.5. EAEC

EAEC produce a characteristic pattern of aggregative adherence to HEp-2 cells in
culture (18). EAEC serotypes include O3, O15, O44, O77, O86, O92, O111, and O127
(19). Strains of these serotypes have been associated with persistent diarrhea in children
throughout the developing world, including those living in the Indian subcontinent and
in Brazil. Symptoms of infection range from watery diarrhea accompanied by a low-grade
fever and occasional vomiting to grossly bloody diarrhea (31). Insights from animal
models (46,47) and human intestinal biopsy samples (48) reveal that EAEC form
biofilms in adhering to intestinal mucosal cells. Adherence is largely dependent on the
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presence of aggregative adherence fimbriae, encoded by an approx 60-MDa plasmid,
pAA (49). Following adherence to mucosal cells, EAEC may produce the E. coli heat-
stable enterotoxin 1 (EAST1). Strains expressing this 38-amino-acid-long toxin have
been shown to induce diarrhea in humans (50). In 1993, an EAEC strain of serotype
O?:H10 caused an outbreak of infection from which nearly 2700 Japanese students
experienced severe diarrhea subsequent to eating school lunches (51). Zhou and colleagues
recently described an outbreak of gastroenteritis by E. coli isolates that possessed the
EAggEC heat-stable enterotoxin (EAST1) gene, but which did not demonstrate entero-
aggregative adherence to HEp-2 cells (45).

2.2.6. EHEC

All EHEC strains produce Shiga toxins (named after their discoverer, the Japanese
microbiologist Kiyoshi Shiga) which, similar to the Shiga toxin produced by Shigella
dysentariae type 1, destroy Vero cells (African green monkey kidney cells). E. coli
O157:H7 is the archetypical EHEC. Having first been described after the 1982 outbreak
of illness associated with consumption of undercooked ground beef (7,52), O157:H7
is the leading cause of EHEC infection in the United States and other industrialized
countries, including Canada and the United Kingdom. Other serogroups of EHEC
implicated in foodborne illness include O26, O103, O111, and O145 (19). Based on the
severity of illness EHEC are considered the most serious of the foodborne pathogenic
E. coli. Therefore, the remainder of this chapter, except in those few instances where
explicitly stated otherwise, focuses on EHEC, paying particular attention to their
ecology, epidemiology, and pathogenesis related to foodborne illness. Though strains of
O157 garner most attention, strains of other EHEC serogroups, especially O111, are
being increasingly reported throughout the world (161) Also of note, the emergence of
sorbitol-fermenting O157 strains will reduce the effectiveness of Sorbitol MacConkey
(SMAC) agar for isolation of EHEC. 

3. RESERVOIRS OF EHEC

3.1. Cattle

Cattle are the principal reservoirs of EHEC, an observation at least partially attributed
to the fact that these animals appear to lack the receptors for E. coli O157:H7 Shiga
toxins (53). The prevalence of EHEC in cattle nevertheless varies. Zhao and colleagues
(54) reported that in a survey of 965 dairy calves and 11,881 feedlot cattle in the United
States, 31 (3.2%) and 191 (1.6%), respectively, were positive for E. coli O157:H7.
Elsewhere, in a study of four large-scale (>35,000 animal capacity) beef cattle feedlots
in southwest Kansas, 44 of 17,050 (<0.1%) fecal pat samples were positive for E. coli
O157:H7 (55). Similarly, low prevalences (<2%) of O157:H7 have been described in
studies of cattle from Washington (56) and Florida (57). Nonculture-based methods
may offer increased sensitivity for detection. For instance, using immunomagnetic
separation technology, E. coli O157:H7 was found in 636 of 4790 (13%) cattle fecal
samples (58).

3.2. Food Animals Other Than Cattle

In addition to cattle, EHEC have been recovered from various other food animals,
including swine (3,30,59–64), poultry (30), goats, and sheep (1,36,63,65,66). Regarding
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the latter, Kudva and colleagues have shown that the prevalence of E. coli O157:H7 is
seasonal, with approximately a third the of sheep in their study positive for O157:H7 in
June and none positive in November (67). The same research group has subsequently
reported findings suggesting that the colon is the primary gastrointestinal site for EHEC
persistence and proliferation in mature ruminants (68).

3.3. Wildlife and Pets

Examples of wildlife and pets in which EHEC have been found include whitetail deer
(22,69–71), reindeer (72), boars (73), geese (29), dogs (74), cats (75), and rabbits (76).
There is a possibility for EHEC infection following captive animal contact (76). Recent
research by Belongia and colleagues suggests a reduced occurrence of clinical EHEC
illness among children living in farms, owing in part to repeated EHEC antigenic stimu-
lation (65). Although EHEC are found in companion animals (77), there have not been, to
the best of our knowledge, reports of EHEC infection from contact with household pets.

3.4. Humans

Persons infected with EHEC may shed the pathogen in their feces for several weeks.
For instance, patients with hemorrhagic colitis (HC) or hemolytic uremic syndrome
(HUS; see Section 5.2) typically shed EHEC for up to 21 days (2). Shedding may in
some cases, however, persist longer. For example, in a study of an outbreak of EHEC
in a daycare center, Orr et al. found an infected child shed the pathogen for 62 days
following the diarrhea onset (76).

4. FOODBORNE OUTBREAKS OF EHEC INFECTION

In 1994, the Council of State and Territorial Epidemiologists designated the infection
from E. coli O157:H7 as a nationally notifiable disease (meaning health-care providers
required to notify local or state health departments in the case of O157:H7 infection).
Since that time, the number of annually reported O157:H7 cases are increased from 0.8
to 1.1 per 100,000 population in 2003 (78), an increase of roughly 7%. It is estimated
that 85% of EHEC infections are transmitted through food (79). Outbreaks of EHEC
infection have been associated with a wide variety of foods (Table 2), specific examples
of which are discussed in the following sections.

4.1. Outbreaks Associated With Ground Beef

Ground beef has been frequently associated with outbreaks of foodborne infection
caused by EHEC (Table 3), which is perhaps not surprising given the role of cattle as
EHEC reservoirs (see Section 3.1). The first-recognized outbreak of infection from E. coli
O157:H7 occurred in the Pacific Northwest United States in 1982 and was associated with
the consumption of undercooked ground beef (7,52). Of the 145 outbreaks of O157:H7
infection reported to the US Centers for Disease Control and Prevention (CDC) during
the period 1990–1999, ground beef was the confirmed or suspected vehicle in at least
37 (26%) cases (80). Encouragingly, however, infections from E. coli O157:H7 through
ground beef may be on the decline. Recent data show a reduction in the percent ground
beef product samples positive for E. coli O157:H7 in the United States over the period
2000–2003 (81). Similarly, during the same period, a decline was observed for the
number of O157:H7 clinical infections in the United States (78). Whether these data are
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Table 2 
Examples of Documented Food- and Waterborne Outbreaks of Infection 
From Enterohemorrhagic Escherichia coli (EHEC) Worldwide, 1982–2002

No. of
cases

Year (Month) Serotype Location Setting Vehicle (Deaths) Ref.

1982 O157:H7 Oregon, US Community Ground beef 26 (52)
(February)

1982 (May) O157:H7 Michigan, US Community Ground beef 21 (52)
1984 O157:H7 Nebraska, US Nursing Ground beef 34 (4) (121)

(September) home
1985 O157:H7 Canada Nursing home Sandwiches 73 (17) (94)
1987 (June) O157:H7 Utah, US Institutions for Ground beef/ 51 (122)

mentally person-to-
retarded person
persons

1988 O157:H7 Minnesota, US School Precooked 54 (123)
(October) ground beef

1989 O157:H7 Missouri, US Community Water 243 (4) (124)
(December)

1990 (July) O157:H7 North Dakota, Community Roast beef 65 (125)
US

1991 O157:H7 Massachusetts, Community Apple cider 23 (85)
(November) US

1992 O119:? France Community Goat cheese >4 (126)
(Unknown)

1993 O157:H7 California, Restaurant Ground beef 732 (4) (19,127,
(January) Idaho, 128)

Nevada, and 
Washington,
US

1993 (July) O157:H7 Washington, Church picnic Pea salad 16 (19)
US

1993 (August) O157:H7 Oregon, US Restaurant Cantaloupe 27 (19)
1994 O104:H21 Montana, US Community Milk 18 (129)

(February)
1994 O157:H7 Washington Home Salami 19 (130)

(November) and 
California,
US

1995 O111:NM Adelaide, Community Semidry >200 (131)
(February) Australia sausage

1995 O157:H7 Kansas, US Wedding Fruit salad/ 21 (19)
(October) punch

1995 O157:H7 Oregon, US Home Venison jerky 11 (132)
(November)

1995 (July) O157:H7 Montana, US Community Lettuce 74 (133)
1995 O157:H7 Maine, US Camp Lettuce 37 (19)

(September)
1995 O157:H– Bavaria, Throughout Commercial 28 (3) (134)

(December)– Germany Bavariaa mortadella
1996 (March) and teewurst?

(Continued)
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Table 2 (Continued)

No. of
cases

Year (Month) Serotype Location Setting Vehicle (Deaths) Ref.

1996 O118:H2 Komatsu, School Luncheon 126 (83,
Japan (salad?) 135)

1996 (July) O157:H7 Osaka, Japan Community White radish 7966 (3) (83)
sprouts

1996 O157:H7 California, Community Apple juice 71 (1) (136)
(October) Washington,

and Colorado,
US, and
British
Columbia,
Canada

1996 O157:H7 Central Community Cooked <501 (137)
(November) Scotland meat (21)

1997 (May) O157:H– Scotland Hospital Cream cakes 12 (138)
1997 (July) O157:H7 Michigan, US Community Alfalfa sprouts 60 (19)
1997 O26:H11 Southeastern Daycare Prepared foods, 32 (139)

(July/August) Japan center vegetables?
1997 O157:H7 Wisconsin, US Church Meatballs, 13 (19)

(November) banquet coleslaw
1998 (June) O157:H7 Wisconsin, US Community Cheese curds 63 (140)
1998 (June) O157:H7 Wyoming, US Community Water 114 (141)
1998 (July) O157:H7 North Carolina, Restaurant Cole slaw 142 (19)

US
1998 (July) O157:H7 California, US Prison Milk 28 (19)
1999 (March) O157 PTb North Cumbria, Community Milk 114 (142)

21/28 England
1999 (May, O157:? Applecross, Campsite Untreated 6 (143)

June, July) Scotland drinking 
water

1999 (June) O157 North Wales Farm festival Ice cream, 24 (144)
PTb2 cotton candy

1999 (July) O111:H8 Texas, US Cheerleading Lunch, ice, corn, 55 (145)
camp dinner roll

1999 (August) O157:H7 New York, US Fair Well water 900 (2) (87)
1999 O157:? Göteberg, Hospital staff Lettuce 11 (146)

(September) Sweden party
1999 O157:H7 California, Restaurant Beef tacos 13 (13)

(November) Nevada, and 
Arizona, US

2000 O26:H11 Mecklenburg- Daycare Beef 11 (147)
(March West center (“Seeme-
and April) Pomerania, rolle”)?

Lower 
Saxony,
Hesse,
Germany

2000 (May) O157:H7c Walkerton, Community Municipal 2300c (7) (148–
Ontario water supply 150)

(Continued)
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Table 2 (Continued)

No. of
cases

Year (Month) Serotype Location Setting Vehicle (Deaths) Ref.

2000 (July) O157:H7 Wisconsin, US Restaurant Watermelon 736 (?) (151)
2001 (July) O157:H7 Illinois, US Private home Ground beef 19 (?) (152)
2001 O157 PTb Lancashire, Butcher’s Cooked 30 (153)

(November/ 21/28 England shop meats
December)

2002 O157:H7 Colorado, Community Ground beef 28 (74)
(June/July) California,

Iowa, Michigan,
South Dakota,
Washington,
and Wyoming,
US

2001 O157: Eastern Slovakia Milk 9 (154)
(November)

2003–2004 O157:H- Copenhagen, Community Organic 25 (159)
(September/ Denmark milk
March)

2005 O157:H7 The Netherlands Community Steak tartare 21 (157)
(September/ (locations
October) throughout)

2005 O157:H7 South Wales, Schools Cooked 157 (1) (158)
(October) United meats

Kingdom
2006 (May/ O157:H7 Edmonton, Restaurant Beef donairs 12 (156)

June) Alberta (a specialty
food of 
Middle
Eastern
origin)

2006 O157:H7 United States Community Spinach 183 (1) Centers 
(September) (locations for 

throughout) Diease
Control
and
Preven-
tiond

(160)

aOutbreak defined based on hospital admission record review for children admitted with the hemolytic
uremic syndrome to the four pediatric hemodialysis centers in Bavaria from 1990 to March 1996.

bPT, phage type.
cIn addition to E. coli O157:H7, Campylobacter jejuni and C. coli were implicated in the Walkerton

waterborne outbreak. Although it is not possible to apportion the precise number of the ca. 2300 out-
break cases due to each of these pathogens, insight may be gleaned from the following observations: of
the 675 cases for which a stool sample was obtained, 163 (24%) were positive for E. coli O157, 97
(14%) were positive for C. jejuni, and 7 (1%) were positive for C. coli; of the seven persons who died
as a result of the outbreak, five developed the hemolytic uremic syndrome (HUS); and stool cultures
from the five HUS cases showed that three were infected with E. coli O157:H7 and two were infected
with C. jejuni (149,155).

dPreliminary report.



reflective of a cause-and-effect relationship is not clear, but they suggest that efforts
at reducing E. coli O157:H7 in ground beef have a direct impact on public health by
curtailing the number of EHEC infections.

4.2. Outbreaks Associated With Produce

Various raw vegetables, including lettuce, alfalfa sprouts, and radish sprouts have
been implicated in outbreaks of EHEC infection. Several recent outbreaks underscore
the importance of fresh produce as the vehicles for EHEC. In July 1995, for instance,
lettuce was implicated in an outbreak of E. coli O157:H7 in which 40 Montana resi-
dents were clinically confirmed of infection, 13 were hospitalized, and one developed
HUS (82). A massive outbreak of EHEC infection occurred in Japan when 7966
cases of illness and 3 deaths ensued from the consumption of white radish sprouts (83).
In the fall of 2006 an outbreak of infection with E. coli O157:H7 linked to fresh
spinach sickened approx 200 people, resulting in approx 100 hospitalizations, 30 cases
of HUS, and 1 death.

EHEC contamination of produce may occur through the application of manure-based
fertilizers and from spraying and irrigating with contaminated water (1,74). Furthermore,
EHEC appear capable of entering lettuce internally via the root system and, as such,
avoiding destruction by externally applied sanitizing agents (84). Regardless of the site
of contamination, however, an experimental evidence indicates that the practice of washing
the produce with water should not be relied on to decrease EHEC contamination signi-
ficantly (6). Instead, attention should be given to prevent contamination and to control
the temperature of cut lettuce and other vegetables.

4.3. Outbreaks Associated With Fresh-Pressed Juice

Concomitant with consumer preference for all-natural-type products, EHEC infection
has been increasingly linked to the consumption of fresh-pressed, unpasteurized juices.
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Table 3 
Food Vehicles Implicated in Outbreaks of Infection With Escherichia coli 
O157:H7 in United States, 1990–2004a

Rank Vehicle No. of outbreaks (% known modes of transmission)

1 Ground beefb 63 (39.9)
2 Vegetables/salad barsc 33 (20.9)
4 Juice/punch 7 (4.4)
3 Roast beef/steak 9 (5.7)
5 Fruit 5 (3.2)
6 Milk 3 (1.9)
7 Water/Ice 2 (1.3)
7 Veal 2 (1.3)

Others 34 (21.5)
Unknown 85

aBased on data from the US Centers for Disease Control and Prevention, Foodborne and Diarrheal
Diseases Branch, Foodborne Outbreak Response and Surveillance Unit, US Foodborne Disease Outbreaks
Annual Summaries, 1990–2004. Available at: http://www.cdc.gov/foodborneoutbreaks/outbreak_data.htm.

bReported as “suspected” in five outbreaks.
cReported as “suspected” in two outbreaks.



Perhaps the best-known examples of EHEC illness from juice have been caused by
E. coli O157:H7 in a contaminated apple cider. Instances of the contaminated apple
cider implicated in O157:H7 infection include a 1991 outbreak in Massachusetts that
resulted in 23 illnesses (85) and a 1996 outbreak in the western United States that
resulted in 66 illnesses and one death (86). Although not a foolproof method, washing
and brushing of apples, pasteurization of cider, and the use of preservatives such as
sodium benzoate (13) can be used to increase the safety of apple cider related to EHEC.

4.4. Outbreaks Associated With Water

The first-documented case of waterborne EHEC infection occurred in 1989 when a
community outbreak in Missouri caused 243 cases of illness (18). The outbreak was
linked to consumption of unchlorinated water and the number of cases declined shortly
after the residents were instructed to boil water and following the chlorination of the
water supply. Shortly thereafter, in 1990 at a nursery school in Saitama, Japan, an outbreak
of E. coli O157:H7 infection related to ingestion of contaminated tap water occurred
among 174 children, in which 14 of them developed HUS (43). In 1999, an outbreak of
waterborne O157:H7 infection occurred when 900 persons became ill and two died
after an ingestion of contaminated well water at a fair in New York (87). In 2000, E. coli
O157:H7 and Campylobacter jejuni contaminated the drinking water supply in Walkerton,
Ontario, resulting in 2000 cases of illness and seven deaths (18). The above outbreaks
notwithstanding, given the susceptibility of EHEC to conventional water-treatment
processes (17), EHEC infection from water consumption should remain minimal in
developed countries.

5. CLINICAL CHARACTERISTICS OF EHEC INFECTION

5.1. Spectrum of Disease

Clinical outcomes of infection with EHEC may range from symptom-free carriage
to death (88). Infections typically appear as watery diarrhea accompanied by abdominal
pain, usually within 3–4 d postingestion. Nausea and vomiting may be accompanying.
Low-grade fever occurs in roughly 30% of cases (88). Bloody diarrhea may develop
in 24–48 h after appearance of watery diarrhea; and blood leukocytosis has been
associated with increased detection of EHEC in stool and a more severe disease
course (74). Of those cases with bloody diarrhea, roughly 95% cases resolve within
5–7 d (88).

5.2. Sequellae

The main sequellae from infection with EHEC are HC and HUS. HC manifests as
diarrhea characterized by bloody, mucoid stool and is frequently accompanied by fever
and severe abdominal pain (3). Individual patient variability in expression of inflam-
matory mediators is thought to be a key element in determining the progression of
severity of the disease in patients (65). The majority of HC cases resolve spontaneously
within 7 d (88).

HUS typically occurs in children aged less than 5 yr, following HC (67). Karmali and
colleagues were among the first to make the link between Shiga toxin production and
HUS, a postdiarrheal clinical condition characterized by acute renal injury, thrombo-
cytopenia, and hemolytic anemia (89). Approx 90% of HUS cases in industrialized
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countries are the result of EHEC infection (90). Risk factors for progression of E. coli
O157:H7 infection to HUS include bloody diarrhea, use of antimotility agents, fever,
vomiting, elevated serum leukocytes, age of less than 5 yr, and the female sex (88). In
a study of German and Austrian pediatric patients, Gerber et al. found that patients with
O157:H7 serotypes required dialysis for a longer time and had bloody diarrhea detected
more frequently compared to patients with non-O157:H7 serotypes (91). About 3–7%
and 20% of sporadic and outbreak cases, respectively, progress to HUS (77,88,92–94).
Among the patients with HUS, about 60% of cases resolve, 30% lead to minor sequellae
such as proteinuria, 5% lead to severe sequellae such as stroke and chronic renal failure,
and 3–5% result in death (88).

5.3. Treatment Options

Patient management for EHEC infections focsses on maintaining fluid and electrolyte
balance, control of hypertension, provision of nutritional support, and treatment of severe
anemia (90). Diagnosis of HC relies on information concerning patient age, travel history,
epidemiological associations, sexual practice, and medical history. Flexible colonoscopy
and biopsy may be used to differentiate bacterial HC from other forms of colitis (95).
Progression to HUS necessitates prompt hospitalization (88), whereupon further treat-
ment options include dialysis, hemofiltration, packed erythrocyte transfusion, platelet
infusions, and, in the cases of utmost severity, renal transplantation (31). Work such as
that recently done to construct recombinant bacteria expressing a modified lipopolysac-
charide mimicking the Shiga toxin receptor which binds Shiga toxin holds promise related
to the future use of probiotics in treating EHEC infection (1).

5.4. Role of Antimicrobials

The usefulness of antimicrobials in preventing the progression of EHEC infection
to HC and HUS is not fully resolved. Because antimicrobials may lyse bacterial cell
walls, which in turn facilitate the release of Shiga toxins (96) and/or increase the
expression of Shiga toxins in vivo (63), their use may facilitate the progression of
EHEC infections (97). In a retrospective study following an outbreak of EHEC infec-
tion in a nursing home, Carter et al. found that the antibiotic therapy during exposure
was associated with acquiring a secondary infection, and that the antibiotic therapy
after symptom onset was associated with a higher case-fatality rate in the more severe
cases (94). Pavia and colleagues, during the investigation of an EHEC outbreak in a
home for mentally retarded persons, found that of the eight residents in whom the
HUS developed, five had received trimethoprim-sulfamethoxazole, compared with
none of the seven residents for whom there were no subsequent complications (76).
For further information on the subject of antimicrobial use in EHEC infections, the
reader is referred to reviews by Guerrant et al. (29), Paton and Paton (97), and Mead
and Griffin (88). Lastly, the use of antimotility agents is contraindicated for EHEC
infections (74).

6. PATHOGENESIS OF EHEC

6.1. Susceptible Populations

Those at the extremes of age and those with compromised immune systems are most
susceptible to EHEC infection. The highest incidence of E. coli O157:H7 occurs in
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children. For example, based on data ascertained by the US Centers for Disease Control
and Prevention via the Foodborne Diseases Active Surveillance Network (FoodNet) for
the year 1998, the incidence of reported O157:H7 cases was 2.01 in children younger
than 1-yr-old, 4.57 in 1–4-yr-olds, and 1.83 in 5–14-yr-olds per 100,000 population.
The lowest incidence occurred in persons aged 15 yr or above, ranging from 1.15 to
0.61 reported cases per 100,000 population (74). In 1999, approx 35% of reported cases
occurred in 1–10-yr-olds, 17% in 10–20-yr-olds, and 14.1% in persons older than 60 yr
(72). Regarding the age group most-at-risk, data for the year 2002 show that the highest
incidence rate of E. coli O157 occurred in children aged 1 yr, and steadily tapered off
thereafter (Fig. 1) (98).

6.2. Infectious Dose

Because of the severity of disease, ethical considerations preclude prospective
dose–response studies for EHEC in humans. Nevertheless, based on data gathered during
the investigations of outbreaks, retrospective analyses suggest that the infectious dose
for STEC may be fewer than 100 cells. In an examination of outbreak data from 1996
among schoolchildren in Japan, Teunis et al. estimated the ingested dose of E. coli
O157:H7 at 31 CFU among pupils (attack rate of 0.25) and 35 CFU among teachers
(attack rate of 0.16) (99).

7. EHEC VIRULENCE FACTORS

7.1. Shiga Toxins

Shiga toxins are named because of their prototype originated from Shigella dysen-
tariea type 1 (recall the aforementioned similarity between E. coli and Shigella). Shiga
toxins produced by E. coli are characterized into two main groups: Shiga toxin 1 (Stx1),
which differs from the Shiga toxin produced by S. dysentariea by one amino acid;
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Fig. 1. Escherichia coli O157 incidence rates in children aged under 10 yr, Foodborne Diseases
Active Surveillance Network (FoodNet), 2002 (98).



and Shiga toxin 2 (Stx2), which shares approx 50% homology at the amino-acid level
with Stx1. Together, the toxins in these two groups comprise the Shiga toxin family.

At the molecular level, Shiga toxins consist of A and B subunits, of which the former
is an enzymatically active glycohydrolase and the latter mediates substrate-specific
binding to intestinal cell wall receptors. The A subunit specifically cleaves a single
adenine residue from the eukaryotic 28S rRNA thereby resulting in an inhibition of
protein synthesis (100). Shiga toxins also induce macrophage production of tumor
necrosis factor , interleukin-1 , and interleukin-6. Various cells, including tubular
epithelial cells, may be the targets for Shiga toxin-mediated apoptosis, which in turn is
considered to contribute to the pathogenesis of HUS caused by STEC. Current evidence
suggests Stx2 to be more important than Stx1 in the development of HUS (100).

7.2. Adherence Factors

Establishment of infection for many Gram-negative pathogens is dependent on
adhesion to host cells. EHEC possess adherence factors which allow them to colonize
host sites, such as the small intestine, that are not usually inhabited by E. coli. These
adhesins typically form fimbriae (pili) or fibrillae. It has recently been demonstrated
that expression of thin aggregative fimbriae, termed curli, on the surface of E. coli
O157:H7 cells results in massive aggregative adherence (compared to localized
adherence) in cultured Hep-2 cells (74). Because adhesins are the main determinant
in facilitating the bacterial adhesion to host cell tissues, these molecules are potential
vaccine candidates for preventing EHEC infection (101).

7.2.1. Locus of Enterocyte Effacement

Bacterial virulence factors such as toxins and adhesins are often encoded by genes
located on specific regions of the bacterial genome, termed pathogenicity islands.
The locus of enterocyte effacement (LEE) is one such pathogenicity island and is
found on the chromosomes of EHEC and EPEC. The LEE encodes a type III secre-
tion system, an adhesin (intimin), an intimin receptor (Tir), a regulator (Ler), and
various secreted proteins and chaperones. Proteins encoded by LEE are involved in
the adherence of pathogens to intestinal cells, initiation of host signal-transduction
pathways, and formation of A/E lesions (see Section 2.2.2). The observation that
the G+C content of the LEE is ca. 40%, whereas the G+C content of the E. coli
genome proper is ca. 51%, suggests the EHEC have acquired the LEE by horizontal
genetic transfer.

The 43,359-bp sequence of the LEE from an E. coli O157:H7 serovar isolated from
contaminated hamburger implicated in an outbreak of EHEC infection has been deter-
mined (102). This LEE was found to contain 54 open reading frames (ORFs), with
genes putatively encoding intimin (eae), chaperones (cesD), and type III secretion
apparatus (multiple different genes). Subsequently, based on systematic mutagenesis
of each of its constituent genes and functional characterization of individual deletion
mutants, the LEE has been further characterized into astonishing details (103). This
same group of researchers have recently reported the evidence indicating multiple
trans-acting factors interact with LEE (103,104). Further, the characterization of struc-
ture and function of LEE and associated molecules promises additional insight into
EHEC pathogenesis.
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7.2.2. Intimin

Intimin is an outer membrane protein encoded by the eae (E. coli attaching and
effacing) gene. eae is located within the LEE pathogenicity island (see Section 7.2.1)
and encodes a ca. 94 to 97-kDa product. The Eae protein is produced by enteric
pathogens that cause A/E lesions (i.e., EHEC, EPEC, Hafnia alvei, and Citrobacter
rodentium). Sequence homology between EPEC and EHEC intimin has been reported
to be 86 and 83% at the nucleotide and amino-acid levels, respectively (76). Although
EPEC strains produce A/E lesions in both the small and large intestines, EHEC strains
produce only in the large intestine. Until recently, intimin was the only factor which had
been demonstrated to play a role in intestinal colonization by EHEC; however, recent
evidence has begun to shed light on other elements, including OmpA, which are important in
EHEC adhesion to host cells (105).

7.2.3. Tir Protein

The translocated intimin receptor (Tir) protein is mainly responsible for the A/E
virulence trait associated with EHEC pathogenesis. Similar to eae, the gene encoding
the Tir protein, tir, is located within the LEE and is part of a large quorum-sensing-
regulated operon (106), which in addition to Tir encodes its chaperone protein (CesT)
and intimin (107). Structurally Tir consists of an extracellular domain containing
intimin-specific receptors, a transmembrane domain, and a cytoplasmic domain. Tir is
initially transcribed in the bacterial cell as a 78-kDa protein after which it is transported
to the host cell and phosphorylated on a tyrosine residue (Tyr 474), thereby increasing
to 90-kDa in mass. (It should be noted that the process of tyrosine phosphorylation of
Tir has been shown to occur in EHEC serotypes such as O26:NM but not in O157:H7
[108].) At this point Tir interacts with intimin, which in turn facilitates nucleation of
actin and other cytoskeletal proteins beneath the adherent bacteria (109), the result of which
is the formation A/E lesions on the host cell.

7.3. 60-MDa Plasmid

EHEC strains of serotype O157:H7 typically contain a 60-MDa plasmid, pO157,
which, although its precise role in virulence remains clouded, has nevertheless been
strongly implicated in the pathogenesis of EHEC infections. pO157 contains 100 ORFs
interspersed with seven insertion sequence elements located primarily at the boundaries
of putative virulence gene segments (100). Expression of the toxB gene on pO157
appears to be required for full epithelial cell adherence of E. coli O157:H7 cells (110).
Kim et al. (111) have recently demonstrated that a homologue of the msbB gene located
on pO157 encodes an acyltransferase involved in lipid-A biosynthesis. Of note, Brunder
and colleagues have reported a novel type of fimbriae in sorbitol-fermenting E. coli
O157:H(–) strains (important cause of diarrheal disease and HUS in Germany), termed
Sfp fimbriae (112). The genes encoding Sfp fimbriae are located on the plasmid
pSFO157 found in O157:H(–) strains, which differs markedly from the plasmid pO157,
and are not found in classical EHEC.

7.4. Antimicrobial Resistance

The antimicrobial-resistant phenotypes observed most often among E. coli have
been those for ampicillin, streptomycin, sulfa, and tetracycline. A survey of data
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from 11 studies published during the past 25 yr showed that among E. coli recovered
from retail meats, 0–50% were resistant to ampicillin, 0–74% to sulfamethoxazole,
and 7–83% to tetracycline (113). Recent years have seen an emergence of E. coli
strains exhibiting resistance or decreased susceptibility to clinical frontline antimi-
crobials, including fluoroquinolones and third-generation cephalosporins. Similarly,
this has been the case for isolates recovered from food animals (60,61,114–116),
retail food (60,61,113), and humans (76). Nevertheless, the extent to which antimi-
crobial resistance in EHEC portends adverse clinical consequences is not clear (see
Section 5.4).

7.5. Acid Tolerance

E. coli O157:H7 is, in comparison to most other foodborne pathogens, acid-tolerant.
Acid tolerance in E. coli is brought about by any one of the three inducible systems, the
so-called acid resistant (AR) systems 1, 2, and 3. Its tolerance to acid plays a key role
in protecting E. coli cells not only from the acidic environments encountered in both the
reservoir and the host, but also against the acidic stress associated with various stages
of food processing (117). For instance, Lee and Chen (118) have demonstrated the
protective role of colanic acid in enabling cells of E. coli O157:H7 to survive acidic
conditions found in foods such as yogurt. Recent data suggest EHEC strains vary in
their tolerance to acid, and the strains of serotype O91:H21 (which were shown to
survive at pH 2.5 for more than 24 h) may have greater acid-tolerance than that of
serotype O157:H7 (119). From a virulence factor point of view, acid tolerance likely
facilitates the low infectious dose required for E. coli infection (117).

8. SUMMARY AND CONCLUSIONS

Since its advent some 20 yr ago E. coli O157:H7 remains an important foodborne
pathogen. Moreover, other EHEC, including O26, O103, O111, and O145, have
emerged to cause foodborne illness. Although EHEC have been found in a wide range
of animals, including deer, rabbits, poultry, swine, and sheep, their animal reservoir
must still be considered as cattle. As such, food products derived from cattle, in
particular ground beef, remain the important vehicles of EHEC infection; as do fresh
produce, water, and other foodstuffs that may be contaminated by cattle manure.
In this regard, recent data offer encouragement: from 2000–2003 in the United
States, declines have been observed for the number of O157:H7 clinical infections
and the percent ground beef product samples positive for E. coli O157:H7. Further-
more, the progress aimed at gaining insight into the molecular mechanisms of disease
caused by EHEC has been remarkable. Despite these advances, treatment for indi-
viduals infected with EHEC remains for the most part supportive. Prevention remains
paramount in reducing the incidence of adverse health outcomes associated with
EHEC. Continued work is required to further reduce the public health impact of EHEC
foodborne infection.

ACKNOWLEDGMENTS

We thank Karl Bettelheim, Peter Feng, Steve Hrudey, Alecia Naugle, Jonathan Rose
and M. Jude Smedra for thoughtful review of the manuscript.

16 Meng and Schroeder  



REFERENCES

1. Escherich, T. (1885) Die darmbacterien des neugeborenen und saunglings. Fortschr. Med.
3, 515–522; 547–554.

2. Luria, S. E. (1947) Recent advances in bacterial genetics. Bacteriol. Rev. 11, 1–40.
3. Lederberg, J. and Tatum, E. L. (1946) Gene recombination in Escherichia coli. Nature

158, 558.
4. Crick, F. H. and Brenner, S. (1967) The absolute sign of certain phase-shift mutants in

bacteriophage T4. J. Mol. Biol. 26, 361–363.
5. Morrow, J. F., Cohen, S. N., Chang, A. C., Boyer, H. W., Goodman, H. M., and Helling, R. B.

(1974) Replication and transcription of eukaryotic DNA in Escherichia coli. Proc. Natl.
Acad. Sci. USA 71, 1743–1747.

6. Cohen, S. N., Chang, A. C., Boyer, H. W., and Helling, R. B. (1973) Construction of
biologically functional bacterial plasmids in vitro. Proc. Natl Acad. Sci. USA 70,
3240–3244.

7. Riley, L. W., Remis, R. S., Helgerson, S. D., et al. (1983) Hemorrhagic colitis associated
with a rare Escherichia coli serotype. N. Engl. J. Med. 308, 681–685.

8. Orskov, S. (1974) Genus I. Escherichia. In: Bergey’s Manual of Determinative Bacteriology
(Buchanan, R. E., Gibbons, N. E., Cowan, S. T., et al., eds.), 8th edn, Williams & Wilkins,
Baltimore, MD, pp. 293–296.

9. Martinez-Salas, E., Martin, J. A., and Vicente, M. (1981) Relationship of Escherichia coli
density to growth rate and cell age. J. Bacteriol. 147, 97–100.

10. Thielman, N. M. and Guerrant, R. L. (1999) Escherichia coli. In: Antimicrobial Therapy
and Vaccines (Yu, V. L., Merigan, T. C. Jr., and Barriere, S. L., eds.), Williams & Wilkins,
Baltimore, MD, pp. 188–200.

11. Bettelheim, K. A. (1991) The genus Escherichia. In: The Prokaryotes (Balows, A., Trüper,
H. G., Dworkin, M., Harder, W., and Schleifer, K.-H., eds.), 2nd edn, Springer Verlag, New
York, NY, pp. 2697–2735.

12. Lior, H. (1994) Classification of Escherichia coli. In Escherichia coli in Domestic Animals
and Humans (Gyles, C., ed.), CAB International, Wallingford, UK.

13. Conway, P. (1995) Microbial ecology of the human large intestine. In: Human Colonic
Bacteria: Role in Nutrition, Physiology, and Pathology (Macfarlane, G. T. and Gibson, G. R.,
eds.), CRC, London, pp. 1–24.

14. Brock, T. D. (1971) Microbial growth rates in nature. Bacteriol. Rev. 35, 39–58.
15. Gibson, G. R. and Roberfroid, M. B. (1995) Dietary modulation of the human colonic

microbiota: introducing the concept of prebiotics. J. Nutr. 125, 1401–1412.
16. Donnenberg, M. S. and Whittam, T. S. (2001) Pathogenesis and evolution of virulence in

enteropathogenic and enterohemorrhagic Escherichia coli. J. Clin. Invest. 107, 539–548.
17. Scaletsky, I. C., Silva, M. L., and Trabulsi, L. R. (1984) Distinctive patterns of adherence

of enteropathogenic Escherichia coli to HeLa cells. Infect. Immun. 45, 534–536.
18. Nataro, J. P., Kaper, J. B., Robins-Browne, R., Prado, V., Vial, P., and Levine, M. M. (1987)

Patterns of adherence of diarrheagenic Escherichia coli to HEp-2 cells. Pediatr. Infect. Dis. J.
6, 829–831.

19. Meng, J., Doyle, M. P., Zhao, T., and Zhao, S. (2001) Enterohemorrhagic Escherichia coli.
In: Food Microbiology: Fundamentals and Frontiers (Doyle, M. P., Beuchat, L. R., and
Montville, T. J., eds.), ASM, Washington, DC, pp. 193–213.

20. Scaletsky, I. C., Fabbricotti, S. H., Carvalho, R. L., et al. (2002) Diffusely adherent
Escherichia coli as a cause of acute diarrhea in young children in Northeast Brazil: a
case–control study. J. Clin. Microbiol. 40, 645–648.

21. Poitrineau, P., Forestier, C., Meyer, M., et al. (1995) Retrospective case–control study of
diffusely adhering Escherichia coli and clinical features in children with diarrhea. J. Clin.
Microbiol. 33, 1961–1962.

Escherichia coli 17



22. Jallat, C., Livrelli, V., Darfeuille-Michaud, A., Rich, C., and Joly, B. (1993) Escherichia
coli strains involved in diarrhea in France: high prevalence and heterogeneity of diffusely
adhering strains . J. Clin. Microbiol. 31, 2031–2037.

23. Levine, M. M., Ferreccio, C., Prado, V., et al. (1993) Epidemiologic studies of Escherichia
coli diarrheal infections in a low socioeconomic level peri-urban community in Santiago,
Chile. Am. J. Epidemiol. 138, 849–869.

24. Giron, J. A., Jones, T., Millan-Velasco, F., et al. (1991) Diffuse-adhering Escherichia coli
(DAEC) as a putative cause of diarrhea in Mayan children in Mexico. J. Infect. Dis. 163,
507–513.

25. Peiffer, I., Blanc-Potard, A. B., Bernet-Camard, M. F., Guignot, J., Barbat, A., and Servin,
A. L. (2000) Afa/Dr diffusely adhering Escherichia coli C1845 infection promotes selective
injuries in the junctional domain of polarized human intestinal Caco-2/TC7 cells. Infect.
Immun. 68, 3431–3442.

26. Peiffer, I., Bernet-Camard, M. F., Rousset, M., and Servin, A. L. (2001) Impairments in
enzyme activity and biosynthesis of brush border-associated hydrolases in human intestinal
Caco-2/TC7 cells infected by members of the Afa/Dr family of diffusely adhering Escherichia
coli. Cell. Microbiol. 3, 341–357.

27. Kyaw, C. M., De Araujo, C. R., Lima, M. R., Gondim, E. G., Brigido, M. M., and
Giugliano, L. G. (2003) Evidence for the presence of a type III secretion system in diffusely
adhering Escherichia coli (DAEC). Infect. Genet. Evol. 3, 111–117.

28. Taddei, C. R., Moreno, A. C., Fernandes Filho, A., Montemor, L. P., and Martinez, M. B.
(2003) Prevalence of secreted autotransporter toxin gene among diffusely adhering
Escherichia coli isolated from stools of children. FEMS Microbiol. Lett. 227, 249–253.

29. Quiroga, M., Oviedo, P., Chinen, I., et al. (2000) Asymptomatic infections by diarrhea-
genic Escherichia coli in children from Misiones, Argentina, during the first twenty months
of their lives. Rev. Inst. Med. Trop. Sao Paulo 42, 9–15.

30. Rosa, A. C., Mariano, A. T., Pereira, A. M., Tibana, A., Gomes, T. A., and Andrade, J.
R. (1998) Enteropathogenicity markers in Escherichia coli isolated from infants with
acute diarrhoea and healthy controls in Rio de Janeiro, Brazil. J. Med. Microbiol. 47,
781–790.

31. Nataro, J. P. and Kaper, J. B. (1998) Diarrheagenic Escherichia coli. Clin. Microbiol. Rev.
11, 142–201.

32. Donnenberg, M. S. and Kaper, J. B. (1992) Enteropathogenic Escherichia coli. Infect.
Immun. 60, 3953–3961.

33. Makino, S., Asakura, H., Shirahata, T., et al. (1999) Molecular epidemiological study of a
mass outbreak caused by enteropathogenic Escherichia coli O157:H45. Microbiol. Immunol.
43, 381–384.

34. Barlow, R. S., Hirst, R. G., Norton, R. E., Ashhurst-Smith, C., and Bettelheim, K. A. (1999)
A novel serotype of enteropathogenic Escherichia coli (EPEC) as a major pathogen in an
outbreak of infantile diarrhoea. J. Med. Microbiol. 48, 1123–1125.

35. Levine, M. M. (1981) Adhesion of enterotoxigenic Escherichia coli in humans and animals.
Ciba. Found. Symp. 80, 142–160.

36. Levine, M. M. (1983) Travellers’ diarrhoea: prospects for successful immunoprophylaxis.
Scand. J. Gastroenterol. Suppl. 84, 121–134.

37. Hyams, K. C., Bourgeois, A. L., Merrell, B. R., et al. (1991) Diarrheal disease during
Operation Desert Shield. N. Engl. J. Med. 325, 1423–1428.

38. Levine, M. M., Rennels, M. B., Cisneros, L., Hughes, T. P., Nalin, D. R., and Young, C. R.
(1980) Lack of person-to-person transmission of enterotoxigenic Escherichia coli despite
close contact. Am. J. Epidemiol. 111, 347–355.

39. Viljanen, M. K., Peltola, T., Junnila, S. Y., et al. (1990) Outbreak of diarrhoea due to
Escherichia coli O111:B4 in schoolchildren and adults: association of Vi antigen-like
reactivity. Lancet 336, 831–834.

18 Meng and Schroeder  



40. Mitsuda, T., Muto, T., Yamada, M., et al. (1998) Epidemiological study of a food-borne
outbreak of enterotoxigenic Escherichia coli O25:NM by pulsed-field gel electrophoresis
and randomly amplified polymorphic DNA analysis. J. Clin. Microbiol. 36, 652–656.

41. Beatty, M. E., Bopp, C. A., Wells, J. G., Greene, K. D., Puhr, N. D., and Mintz, E. D.
(2004) Enterotoxin-producing Escherichia coli O169:H41, United States. Emerg. Infect.
Dis. 10, 518–521.

42. Hedberg, C. W., Savarino, S. J., Besser, J. M., et al. (1997) An outbreak of foodborne illness
caused by Escherichia coli O39:NM, an agent not fitting into the existing scheme for
classifying diarrheogenic E. coli. J. Infect. Dis. 176, 1625–1628.

43. Day, W. A. and Maurelli, A. T. (2002) Shigella and enteroinvasive Escherichia coli: para-
digms for pathogen evolution and host-parasite interactions. In: Escherichia coli: Virulence
Mechanisms of a Versatile Pathogen (Donnenberg, M. S., ed.), Academic, San Diego, CA,
pp. 209–237.

44. Harris, J. R., Wachsmuth, I. K., Davis, B. R., and Cohen, M. L. (1982) High-molecular-
weight plasmid correlates with Escherichia coli enteroinvasiveness. Infect. Immun. 37,
1295–1298.

45. Zhou, Z., Ogasawara, J., Nishikawa, Y., et al. (2002) An outbreak of gastroenteritis in
Osaka, Japan due to Escherichia coli serogroup O166:H15 that had a coding gene for
enteroaggregative E. coli heat-stable enterotoxin 1 (EAST1). Epidemiol. Infect. 128,
363–371.

46. Vial, P. A., Robins-Browne, R., Lior, H., et al. (1988) Characterization of enteroadherent-
aggregative Escherichia coli, a putative agent of diarrheal disease. J. Infect. Dis. 158,
70–79.

47. Tzipori, S., Montanaro, J., Robins-Browne, R. M., Vial, P., Gibson, R., and Levine, M. M.
(1992) Studies with enteroaggregative Escherichia coli in the gnotobiotic piglet gastro-
enteritis model. Infect. Immun. 60, 5302–5306.

48. Hicks, S., Candy, D. C., and Phillips, A. D. (1996) Adhesion of enteroaggregative
Escherichia coli to formalin-fixed intestinal and ureteric epithelia from children. J. Med.
Microbiol. 44, 362–371.

49. Nataro, J. P., Deng, Y., Maneval, D. R., German, A. L., Martin, W. C., and Levine, M. M.
(1992) Aggregative adherence fimbriae I of enteroaggregative Escherichia coli mediate
adherence to HEp-2 cells and hemagglutination of human erythrocytes. Infect. Immun. 60,
2297–2304.

50. Menard, L. P. and Dubreuil, J. D. (2002) Enteroaggregative Escherichia coli heat-stable
enterotoxin 1 (EAST1): a new toxin with an old twist. Crit. Rev. Microbiol. 28, 43–60.

51. Itoh, Y., Nagano, I., Kunishima, M., and Ezaki, T. (1997) Laboratory investigation of
enteroaggregative Escherichia coli O untypeable:H10 associated with a massive outbreak
of gastrointestinal illness. J. Clin. Microbiol. 35, 2546–2550.

52. Wells, J. G., Davis, B. R., Wachsmuth, I. K., et al. (1983) Laboratory investigation of
hemorrhagic colitis outbreaks associated with a rare Escherichia coli serotype. J. Clin.
Microbiol. 18, 512–520.

53. Pruimboom-Brees, I. M., Morgan, T. W., Ackermann, M. R., et al. (2000) Cattle lack vascular
receptors for Escherichia coli O157:H7 Shiga toxins. Proc. Natl Acad. Sci. USA 97,
10,325–10,329.

54. Zhao, T., Doyle, M. P., Shere, J., and Garber, L. (1995) Prevalence of enterohemorrhagic
Escherichia coli O157:H7 in a survey of dairy herds. Appl. Environ. Microbiol. 61,
1290–1293.

55. Galland, J. C., Hyatt, D. R., Crupper, S. S., and Acheson, D. W. (2001) Prevalence, antibiotic
susceptibility, and diversity of Escherichia coli O157:H7 isolates from a longitudinal study
of beef cattle feedlots. Appl. Environ. Microbiol. 67, 1619–1627.

56. Hancock, D. D., Besser, T. E., Rice, D. H., Herriott, D. E., and Tarr, P. I. (1997) A longitudinal
study of Escherichia coli O157 in fourteen cattle herds. Epidemiol. Infect. 118, 193–195.

Escherichia coli 19



57. Riley, D. G., Gray, J. T., Loneragan, G. H., Barling, K. S., and Chase, C. C. Jr. (2003)
Escherichia coli O157:H7 prevalence in fecal samples of cattle from a southeastern beef
cow-calf herd. J. Food Prot. 66, 1778–1782.

58. LeJeune, J. T., Besser, T. E., Rice, D. H., Berg, J. L., Stilborn, R. P., and Hancock, D. D.
(2004) Longitudinal study of fecal shedding of Escherichia coli O157:H7 in feedlot cattle:
predominance and persistence of specific clonal types despite massive cattle population
turnover. Appl. Environ. Microbiol. 70, 377–384.

59. Stephan, R. and Schumacher, S. (2001) Resistance patterns of non-O157 Shiga toxin-
producing Escherichia coli (STEC) strains isolated from animals, food and asymptomatic
human carriers in Switzerland. Lett. Appl. Microbiol. 32, 114–117.

60. Zhao, S., White, D. G., McDermott, P. F., et al. (2001) Identification and expression of
cephamycinase bla(CMY) genes in Escherichia coli and Salmonella isolates from food
animals and ground meat. Antimicrob. Agents Chemother. 45, 3647–3650.

61. Schroeder, C. M., Zhao, C., DebRoy, C., et al. (2002) Antimicrobial resistance of Escherichia
coli O157 isolated from humans, cattle, swine, and food. Appl. Environ. Microbiol. 68,
576–581.

62. Gallien, P., Klie, H., Lehmann, S., et al. (1994) Detection of verotoxin-producing E. coli
in field isolates from domestic and agricultural animals in Sachsen-Anhalt. Berl. Munch.
Tierarztl. Wochenschr. 107, 331–334.

63. Zhang, X., McDaniel, A. D., Wolf, L. E., Keusch, G. T., Waldor, M. K., and Acheson, D. W.
(2000) Quinolone antibiotics induce Shiga toxin-encoding bacteriophages, toxin production,
and death in mice. J. Infect. Dis. 181, 664–670.

64. Mizan, S., Lee, M. D., Harmon, B. G., Tkalcic, S., and Maurer, J. J. (2002) Acquisition of
antibiotic resistance plasmids by enterohemorrhagic Escherichia coli O157:H7 within
rumen fluid. J. Food Prot. 65, 1038–1040.

65. Brenner D. J. (1984) Family I. Enterobacteriaceae. In: Bergey’s Manual of Systematic
Bacteriology (Krieg, N. R. and Holt, J. G., eds.), vol. 1, Williams and Wilkins, Baltimore,
MD, pp. 408–420.

66. Blanc-Potard, A. B., Tinsley, C., Scaletsky, I., et al. (2002) Representational difference
analysis between Afa/Dr diffusely adhering Escherichia coli and nonpathogenic E. coli
K-12. Infect. Immun. 70, 5503–5511.

67. Proulx, F., Seidman, E. G., and Karpman, D. (2001) Pathogenesis of Shiga toxin-associated
hemolytic uremic syndrome. Pediatr. Res. 50, 163–171.

68. Grauke, L. J., Kudva, I. T., Yoon, J. W., Hunt, C. W., Williams, C. J., and Hovde, C. J.
(2002) Gastrointestinal tract location of Escherichia coli O157:H7 in ruminants. Appl.
Environ. Microbiol. 68, 2269–2277.

69. Renter, D. G., Sargeant, J. M., Hygnstorm, S. E., Hoffman, J. D., and Gillespie, J. R.
(2001) Escherichia coli O157:H7 in free-ranging deer in Nebraska. J. Wildl. Dis. 37,
755–760.

70. Fischer, J. R., Zhao, T., Doyle, M. P., et al. (2001) Experimental and field studies of
Escherichia coli O157:H7 in white-tailed deer. Appl. Environ. Microbiol. 67, 1218–1224.

71. Sargeant, J. M., Hafer, D. J., Gillespie, J. R., Oberst, R. D., and Flood, S. J. (1999)
Prevalence of Escherichia coli O157:H7 in white-tailed deer sharing rangeland with cattle.
J. Am. Vet. Med. Assoc. 215, 792–794.

72. Blanco, J., Blanco, M., Garabal, J. I., and Gonzalez, E. A. (1991) Enterotoxins, colonization
factors and serotypes of enterotoxigenic Escherichia coli from humans and animals. Micro-
biologia 7, 57–73.

73. Wahlstrom, H., Tysen, E., Olsson Engvall, E., et al. (2003) Survey of Campylobacter
species, VTEC O157 and Salmonella species in Swedish wildlife. Vet. Rec. 153, 74–80.

74. Barrett, T. J., Kaper, J. B., Jerse, A. E., and Wachsmuth, I. K. (1992) Virulence factors in
Shiga-like toxin-producing Escherichia coli isolated from humans and cattle. J. Infect. Dis.
165, 979–980.

20 Meng and Schroeder  



75. Beutin, L., Geier, D., Zimmermann, S., and Karch, H. (1995) Virulence markers of Shiga-
like toxin-producing Escherichia coli strains originating from healthy domestic animals of
different species. J. Clin. Microbiol. 33, 631–635.

76. Bettelheim, K. A., Goldwater, P. N., Evangelidis, H., Pearce, J. L., and Smith, D. L. (1992)
Distribution of toxigenic Escherichia coli serotypes in the intestines of infants. Comp.
Immunol. Microbiol. Infect. Dis. 15, 65–70.

77. Le Saux, N., Spika, J. S., Friesen, B., et al. (1993) Ground beef consumption in non-
commercial settings is a risk factor for sporadic Escherichia coli O157:H7 infection in
Canada. J. Infect. Dis. 167, 500–502.

78. Anonymous. (2004) Preliminary FoodNet data on the incidence of infection with pathogens
commonly transmitted through food—selected sites, United States, 2003. MMWR Morb.
Mortal. Wkly Rep. 53, 338–343.

79. Mead, P. S., Slutsker, L., Dietz, V., et al. (1999) Food-related illness and death in the United
States. Emerg. Infect. Dis. 5, 607–625.

80. US Centers for Disease Control and Prevention. (2000) US Foodborne Disease Outbreaks.
Annual Summaries, 1990–1999. Foodborne and Diarrheal Diseases Branch, Atlanta, GA.
Available at http://www.cdc.gov/foodborneoutbreaks/outbreak_data.htm (accessed on 06
February 2007).

81. Holt, K. G., Levine, P., Naugle, A. L., and Eckel, R. (2004) Food Safety and Inspection
Service microbiological regulatory testing program for Escherichia coli O157:H7 in raw
ground beef products, United States, October 1994–September 2003. International
Conference on Emerging Infectious Diseases, Atlanta, GA.

82. Ge, B., Zhao, S., Hall, R., and Meng, J. (2002) A PCR-ELISA for detecting Shiga toxin-
producing Escherichia coli. Microbes. Infect. 4, 285–290.

83. Michino, H., Araki, K., Minami, S., et al. (1998) Recent outbreaks of infections caused by
Escherichia coli O157:H7 in Japan. In: Escherichia coli O157:H7 and other Shiga toxin-
producing strains. ASM, Washington, D.C. 73–82.

84. Solomon, E. B., Yaron, S., and Matthews, K. R. (2002) Transmission of Escherichia coli
O157:H7 from contaminated manure and irrigation water to lettuce plant tissue and its
subsequent internalization. Appl. Environ. Microbiol. 68, 397–400.

85. Besser, R. E., Lett, S. M., Weber, J. T., et al. (1993) An outbreak of diarrhea and hemolytic
uremic syndrome from Escherichia coli O157:H7 in fresh-pressed apple cider. JAMA 269,
2217–2220.

86. Centers for Disease Control and Prevention. (1997) Outbreaks of Escherichia coli O157:H7
infection and cryptosporidiosis associated with drinking unpasteurized apple cider—
Connecticut and New York, October 1996. MMWR Morb. Mortal. Wkly Rep. 46, 4–8.

87. Centers for Disease Control and Prevention. (1999) Outbreak of Escherichia coli O157:H7
and Campylobacter among attendees of the Washington County Fair–New York, 1999.
MMWR Morb. Mortal. Wkly Rep. 48, 803–805.

88. Mead, P. S. and Griffin, P. M. (1998) Escherichia coli O157:H7. Lancet 352, 1207–1212.
89. Karmali, M. A., Steele, B. T., Petric, M., and Lim, C. (1983) Sporadic cases of haemolytic–

uraemic syndrome associated with faecal cytotoxin and cytotoxin-producing Escherichia
coli in stools. Lancet 1, 619–620.

90. Siegler, R. L. (1995) The hemolytic uremic syndrome. Pediatr. Clin. North Am. 42,
1505–1529.

91. Gerber, A., Karch, H., Allerberger, F., Verweyen, H. M., and Zimmerhackl, L. B. (2002)
Clinical course and the role of shiga toxin-producing Escherichia coli infection in the
hemolytic–uremic syndrome in pediatric patients, 1997–2000, in Germany and Austria: a
prospective study. J. Infect. Dis. 186, 493–500.

92. Slutsker, L., Ries, A. A., Greene, K. D., Wells, J. G., Hutwagner, L., and Griffin, P. M.
(1997) Escherichia coli O157:H7 diarrhea in the United States: clinical and epidemiologic
features. Ann. Intern. Med. 126, 505–513.

Escherichia coli 21



93. Wall, P. G., McDonnell, R. J., Adak, G. K., Cheasty, T., Smith, H. R., and Rowe, B. (1996)
General outbreaks of vero cytotoxin producing Escherichia coli O157 in England and Wales
from 1992 to 1994. Commun. Dis. Rep. Rev. 6, R26–R33.

94. Carter, A. O., Borczyk, A. A., Carlson, J. A., et al. (1987) A severe outbreak of Escherichia
coli O157:H7—associated hemorrhagic colitis in a nursing home. N. Engl. J. Med. 317,
1496–1500.

95. Ina, K., Kusugami, K., and Ohta, M. (2003) Bacterial hemorrhagic enterocolitis. J. Gastro-
enterol. 38, 111–120.

96. Walterspiel, J. N., Ashkenazi, S., Morrow, A. L., and Cleary, T. G. (1992) Effect of sub-
inhibitory concentrations of antibiotics on extracellular Shiga-like toxin I. Infection 20, 25–29.

97. Paton, J. C. and Paton, A. W. (1998) Pathogenesis and diagnosis of Shiga toxin-producing
Escherichia coli infections. Clin. Microbiol. Rev. 11, 450–479.

98. Fullerton, K. E. (2004) Personal communication.
99. Teunis, P., Takumi, K., and Shinagawa, K. (2004) Dose response for infection by

Escherichia coli O157:H7 from outbreak data. Risk Anal. 24, 401–407.
100. Burland, V., Shao, Y., Perna, N. T., Plunkett, G., Sofia, H. J., and Blattner, F. R. (1998) The

complete DNA sequence and analysis of the large virulence plasmid of Escherichia coli
O157:H7. Nucleic Acids Res. 26, 4196–4204.

101. Smith, H. R., Cheasty, T., and Rowe, B. (1997) Enteroaggregative Escherichia coli and
outbreaks of gastroenteritis in UK. Lancet 350, 814–815.

102. Guerra, B., Junker, E., Schroeter, A., Malorny, B., Lehmann, S., and Helmuth, R. (2003)
Phenotypic and genotypic characterization of antimicrobial resistance in German Escherichia
coli isolates from cattle, swine and poultry. J. Antimicrob. Chemother. 52, 489–492.

103. Deng, W., Puente, J. L., Gruenheid, S., et al. (2004) Dissecting virulence: systematic and
functional analyses of a pathogenicity island. Proc. Natl Acad. Sci. USA 101, 3597–3602.

104. Gruenheid, S., Sekirov, I., Thomas, N. A., et al. (2004) Identification and characterization
of NleA, a non-LEE-encoded type III translocated virulence factor of enterohaemorrhagic
Escherichia coli O157:H7. Mol. Microbiol. 51, 1233–1249.

105. Torres, A. G. and Kaper, J. B. (2003) Multiple elements controlling adherence of entero-
hemorrhagic Escherichia coli O157:H7 to HeLa cells. Infect. Immun. 71, 4985–4995.

106. Sperandio, V., Mellies, J. L., Nguyen, W., Shin, S., and Kaper, J. B. (1999) Quorum sensing
controls expression of the type III secretion gene transcription and protein secretion in
enterohemorrhagic and enteropathogenic Escherichia coli. Proc. Natl Acad. Sci. USA 96,
15,196–15,201.

107. Sanchez-SanMartin, C., Bustamante, V. H., Calva, E., and Puente, J. L. (2001) Transcriptional
regulation of the orf19 gene and the tir-cesT-eae operon of enteropathogenic Escherichia
coli. J. Bacteriol. 183, 2823–2833.

108. DeVinney, R., Stein, M., Reinscheid, D., Abe, A., Ruschkowski, S., and Finlay, B. B. (1999)
Enterohemorrhagic Escherichia coli O157:H7 produces Tir, which is translocated to the
host cell membrane but is not tyrosine phosphorylated. Infect. Immun. 67, 2389–2398.

109. Goosney, D. L., DeVinney, R., Pfuetzner, R. A., Frey, E. A., Strynadka, N. C., and Finlay,
B. B. (2000) Enteropathogenic E. coli translocated intimin receptor, Tir, interacts directly
with -actinin. Curr. Biol. 10, 735–738.

110. Tatsuno, I., Horie, M., Abe, H., et al. (2001) toxB gene on pO157 of enterohemorrhagic
Escherichia coli O157:H7 is required for full epithelial cell adherence phenotype. Infect.
Immun. 69, 6660–6669.

111. Kim, S. H., Jia, W., Bishop, R. E., and Gyles, C. (2004) An msbB homologue carried in
plasmid pO157 encodes an acyltransferase involved in lipid A biosynthesis in Escherichia
coli O157:H7. Infect. Immun. 72, 1174–1180.

112. Bopp, C. A., Greene, K. D., Downes, F. P., Sowers, E. G., Wells, J. G., and Wachsmuth, I. K.
(1987) Unusual verotoxin-producing Escherichia coli associated with hemorrhagic colitis.
J. Clin. Microbiol. 25, 1486–1489.

22 Meng and Schroeder  



113. Schroeder, C. M., White, D. G., and Meng, J. (2004) Retail meat and poultry as a reservoir
of antimicrobial-resistant Escherichia coli. Food Microbiol. 21, 249–255.

114. van den Bogaard, A. E., London, N., Driessen, C., and Stobberingh, E. E. (2001) Antibiotic
resistance of faecal Escherichia coli in poultry, poultry farmers and poultry slaughterers.
J. Antimicrob. Chemother. 47, 763–771.

115. Schroeder, C. M., Meng, J., Zhao, S., et al. (2002) Antimicrobial resistance of Escherichia
coli O26, O103, O111, O128, and O145 from animals and humans. Emerg. Infect. Dis. 8,
1409–1414.

116. Meng, J., Zhao, S., Doyle, M. P., and Joseph, S. W. (1998) Antibiotic resistance of
Escherichia coli O157:H7 and O157:NM isolated from animals, food, and humans. J. Food
Prot. 61, 1511–1514.

117. Richard, H. T. and Foster, J. W. (2003) Acid resistance in Escherichia coli. Adv. Appl.
Microbiol. 52, 167–186.

118. Lee, S. M. and Chen, J. (2004) Survival of Escherichia coli O157:H7 in set yogurt as influ-
enced by the production of an exopolysaccharide, colanic acid. J. Food Prot. 67, 252–255.

119. Molina, P. M., Parma, A. E., and Sanz, M. E. (2003) Survival in acidic and alcoholic
medium of Shiga toxin-producing Escherichia coli O157:H7 and non-O157:H7 isolated in
Argentina. BMC Microbiol. 3, 17.

120. Donnenberg, M. S., ed. (2002) Escherichia coli: Virulence Mechanisms of a Versatile
Pathogen. Academic, London, 417 pp.

121. Ryan, C. A., Tauxe, R. V., Hosek, G. W., et al. (1986) Escherichia coli O157:H7 diarrhea
in a nursing home: clinical, epidemiological, and pathological findings. J. Infect. Dis. 154,
631–638.

122. Pavia, A. T., Nichols, C. R., Green, D. P., et al. (1990) Hemolytic–uremic syndrome during
an outbreak of Escherichia coli O157:H7 infections in institutions for mentally retarded
persons: clinical and epidemiologic observations. J. Pediatr. 116, 544–551.

123. Belongia, E. A., MacDonald, K. L., Parham, G. L., et al. (1991) An outbreak of Escherichia
coli O157:H7 colitis associated with consumption of precooked meat patties. J. Infect. Dis.
164, 338–343.

124. Swerdlow, D. L., Woodruff, B. A., Brady, R. C., et al. (1992) A waterborne outbreak in
Missouri of Escherichia coli O157:H7 associated with bloody diarrhea and death. Ann.
Intern. Med. 117, 812–819.

125. Centers for Disease Control and Prevention. (1991) Foodborne outbreak of gastroenteritis
caused by Escherichia coli O157:H7—North Dakota, 1990. MMWR Morb. Mortal. Wkly
Rep. 40, 265–267.

126. Deschenes, G., Casenave, C., Grimont, F., et al. (1996) Cluster of cases of haemolytic
uraemic syndrome due to unpasteurised cheese. Pediatr. Nephrol. 10, 203–205.

127. Bell, B. P., Goldoft, M., Griffin, P. M., et al. (1994) A multistate outbreak of Escherichia
coli O157:H7-associated bloody diarrhea and hemolytic uremic syndrome from hamburgers.
The Washington experience. JAMA 272, 1349–1353.

128. Centers for Disease Control and Prevention. (1993) Preliminary report: foodborne outbreak
of Escherichia coli O157:H7 infections from hamburgers—western United States, 1993.
MMWR Morb. Mortal. Wkly Rep. 42, 85–86.

129. Centers for Disease Control and Prevention. (1995) From the Centers for Disease Control
and Prevention. Outbreak of acute gastroenteritis attributable to Escherichia coli serotype
O104:H21—Helena, Montana, 1994. JAMA 274, 529–530.

130. Centers for Disease Control and Prevention. (1995) From the Centers for Disease Control
and Prevention. Escherichia coli O157:H7 outbreak linked to commercially distributed
dry-cured salami—Washington and California, 1994. JAMA 273, 985–986.

131. Centers for Disease Control and Prevention. (1995) Community outbreak of hemolytic uremic
syndrome attributable to Escherichia coli O111:NM—South Australia 1995. MMWR Morb.
Mortal. Wkly Rep. 44, 550–551, 557–558.

Escherichia coli 23



24 Meng and Schroeder  

132. Keene, W. E., Sazie, E., Kok, J., et al. (1997) An outbreak of Escherichia coli O157:H7
infections traced to jerky made from deer meat. JAMA 277, 1229–1231.

133. Ackers, M. L., Mahon, B. E., Leahy, E., et al. (1998) An outbreak of Escherichia coli
O157:H7 infections associated with leaf lettuce consumption. J. Infect. Dis. 177,
1588–1593.

134. Ammon, A., Petersen, L. R., and Karch, H. (1999) A large outbreak of hemolytic uremic
syndrome caused by an unusual sorbitol-fermenting strain of Escherichia coli O157:H–.
J. Infect. Dis. 179, 1274–1277.

135. Hashimoto, H., Mizukoshi, K., Nishi, M., et al. (1999) Epidemic of gastrointestinal tract
infection including hemorrhagic colitis attributable to Shiga toxin 1-producing Escherichia
coli O118:H2 at a junior high school in Japan. Pediatrics 103, E2.

136. Centers for Disease Control and Prevention. (1996) From the Centers for Disease Control
and Prevention. Outbreak of Escherichia coli O157:H7 infections associated with drinking
unpasteurized commercial apple juice—British Columbia, California, Colorado, and
Washington, October 1996. JAMA 276, 1865.

137. Ahmed, S. and Donaghy, M. (1998) An outbreak of Escherichia coli O157:H7 in Central
Scotland. In: Escherichia coli O157:H7 and Other Shiga Toxin-Producing Strains, ASM,
Washington, D.C. 59–65.

138. O’Brien, S. J., Murdoch, P. S., Riley, A. H., et al. (2001) A foodborne outbreak of Vero
cytotoxin-producing Escherichia coli O157:H-phage type 8 in hospital. J. Hosp. Infect. 49,
167–172.

139. Brook, M. G., Smith, H. R., Bannister, B. A., et al. (1994) Prospective study of verocyto-
toxin-producing, enteroaggregative and diffusely adherent Escherichia coli in different
diarrhoeal states. Epidemiol. Infect. 112, 63–67.

140. Centers for Disease Control and Prevention. (2000) From the Centers for Disease Control.
Outbreak of Escherichia coli O157:H7 infection associated with eating fresh cheese
curds—Wisconsin, June 1998. JAMA 284, 2991–2992.

141. Barwick, R. S., Levy, D. A., Craun, G. F., Beach, M. J., and Calderon, R. L. (2000)
Surveillance for waterborne-disease outbreaks—United States, 1997–1998. MMWR CDC
Surveill. Summ. 49, 1–21.

142. Goh, S., Newman, C., Knowles, M., et al. (2002) E. coli O157 phage type 21/28 outbreak
in North Cumbria associated with pasteurized milk. Epidemiol. Infect. 129, 451–457.

143. Licence, K., Oates, K. R., Synge, B. A., and Reid, T. M. (2001) An outbreak of E. coli
O157 infection with evidence of spread from animals to man through contamination of a
private water supply. Epidemiol. Infect. 126, 135–138.

144. Payne, C. J., Petrovic, M., Roberts, R. J., et al. (2003) Vero cytotoxin-producing Escherichia
coli O157 gastroenteritis in farm visitors, North Wales. Emerg. Infect. Dis. 9, 526–530.

145. Brooks, J. T., Bergmire-Sweat, D., Kennedy, M., et al. (2004) Outbreak of Shiga toxin-
producing Escherichia coli O111:H8 infections among attendees of a high school cheerleading
camp. Clin. Infect. Dis. 38, 190–198.

146. Welinder-Olsson, C., Stenqvist, K., Badenfors, M., et al. (2004) EHEC outbreak among
staff at a children’s hospital—use of PCR for verocytotoxin detection and PFGE for
epidemiological investigation. Epidemiol. Infect. 132, 43–49.

147. Werber, D., Fruth, A., Liesegang, A., et al. (2002) A multistate outbreak of Shiga toxin-
producing Escherichia coli O26:H11 infections in Germany, detected by molecular subtyping
surveillance. J. Infect. Dis. 186, 419–422.

148. Hrudey, S. E., Payment, P., Huck, P. M., Gillham, R. W., and Hrudey, E. J. (2003) A fatal
waterborne disease epidemic in Walkerton, Ontario: comparison with other waterborne
outbreaks in the developed world. Water Sci. Technol. 47, 7–14.

149. Hrudey, S. E. 2004. Personal communication.
150. Holme, R. (2003) Drinking water contamination in Walkerton, Ontario: positive resolutions

from a tragic event. Water Sci. Technol. 47, 1–6.



151. Centers for Disease Control and Prevention (2002) Summary of notifiable diseases—United
States, 2000. MMWR Morb. Mortal. Wkly Rep. 49, i–xxii; 1–100.

152. Centers for Disease Control and Prevention (2003) Summary of notifiable diseases—United
States, 2001. MMWR Morb. Mortal. Wkly Rep. 50, i–xxiv; 1–108.

153. Rajpura, A., Lamden, K., Forster, S., et al. (2003) Large outbreak of infection with Escherichia
coli O157 PT21/28 in Eccleston, Lancashire, due to cross contamination at a butcher’s
counter. Commun. Dis. Public Health 6, 279–284.

154. Liptakova, A., Siegfried, L., Rosocha, J., Podracka, L., Bogyiova, E., and Kotulova, D.
(2004) A family outbreak of haemolytic uraemic syndrome and haemorrhagic colitis caused
by verocytotoxigenic Escherichia coli O157 from unpasteurised cow’s milk in Slovakia.
Clin. Microbiol. Infect. 10, 576–578.

155. Bruce-Grey-Owen Sound Health Unit. (2000) The investigative report of the Walkerton
outbreak of waterborne gastroenteritis: May–June, 57 pp. Available at http://www.pub-
lichealthgreybruce.on.ca/_private/Report/SPReport.htm (accessed on 06 February 2007).

156. Honish, L., Zazulak, I., Mahabeer, R., et al. (2007) Outbreak of Escherichia coli O157:H7
gastroenteritis associated with consumption of beef donairs, Edmonton, Alberta, May – June
2006. Can. Commun. Dis. Rep. 33, 14–19.

157. Doorduyn,Y., CM de Jager, C. M., van der Zwaluw, W. K., et al. (2006) Shiga toxin-producing
Escherichia coli (STEC) O157 outbreak, The Netherlands, September – October 2005.
Euro. Surveill. 11, 182–185.

158. Salmon, R., and the Outbreak Control Team. (2005) Outbreak of verotoxin producing E.
coli O157 infections involving over forty schools in south Wales, September 2005. Euro.
Surveill. 10, E051006.1.

159. Jensen, C., Ethelberg, S., Gervelmeyer, A., Nielsen, E. M., Olsen, K. E. P., Molbak, K., and
the Outbreak Investigation Team. (2006) First general outbreak of verocytotoxin-producing
Escherichia coli O157 in Denmark. Euro. Surveill. 11, 55–58.

160. Centers for Disease Control and Prevention. (2006) Ongoing multistate outbreak of Escherichia
coli serotype O157:H7 infections associated with consumption of fresh spinach–United States,
September 2006. MMWR Morb. Mortal. Weekly Rep. 55, 1045–1046.

161. Brooks, J. T., Bergmire-Sweat, D., Kennedy, M., et al. (2004) Outbreak of Shiga toxin-pro-
ducing Escherichia coli O111:H8 infections among attendees of a high school cheerlead-
ing camp. Clin. Infect Dis. 38, 190–198.

Escherichia coli 25



2
Listeria

Franz Allerberger

1. INTRODUCTION

Listeria monocytogenes, the causative agent of human listeriosis, was discovered in
1927 by E.G.D. Murray and J. Pirie, working independently of each other on outbreaks
among laboratory rabbits and guinea pigs (1). L. monocytogenes is an aerobic, Gram-
positive bacterium that produces severe sepsis, meningoencephalitis, and a wide variety
of focal infections in infants and adults. Listeria is frequently found in raw and unprocessed
food products such as meats, vegetables, dairy, and delicatessen products intended for
consumption without further heating. The first-documented case on human listeriosis
involved a soldier who suffered from meningitis at the end of World War I (2). Since
then listeriosis has emerged as an atypical foodborne illness of major public health
concern because of its severity (infections of the central nervous system, septicemia,
and abortion), the high case-fatality rate (20–30% of cases), and the long incubation
time. Outbreaks associated with contaminated coleslaw, soft cheese, hot dogs, chocolate
milk, rice salad, and corn salad have been reported (3). L. monocytogenes causes invasive
illness mainly in certain well-defined high-risk groups, including immunocompromised
persons, pregnant women, neonates, and the elderly. However, listeriosis can occur in
otherwise healthy individuals, particularly during an outbreak.

2. CLASSIFICATION AND IDENTIFICATION

2.1. Classification

The genus Listeria belongs to the Clostridium subbranch, together with Staphylococcus,
Streptococcus, Lactobacillus, and Bronchothrix. This phylogenetic position of Listeria
is consistent with its low G+C DNA content (36–42%).

L. monocytogenes is one of the six species in the genus Listeria. The other species
are L. seeligeri, L. ivanovii, L. innocua, L. welshimeri, and L. grayi (1). Two subspecies
of L. ivanovii have been described: L. ivanovii subsp. ivanovii and L. ivanovii subsp.
londoniensis (4). L. murrayi, which was a separate species in the genus Listeria, is now
included in the species L. grayi (5). Based on the results of DNA–DNA hybridization,
multilocus enzyme analysis, and 16S rRNA sequencing, the six species in the genus
Listeria are divided into two lines of descent: (i) L. monocytogenes and its closely
related species, L. innocua, L. ivanovii, L. welshimeri, and L. seeligeri; and (ii) L. grayi.
All of these species are widespread in the environment, but only L. monocytogenes is
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considered to be a significant human and animal pathogen. However, occasional human
infections due to L. ivanovii and L. seeligeri have also been reported (6). L. ivanovii is
nevertheless mainly responsible for abortion in sheep.

2.2. Identification

The identification of Listeria species is based on a limited number of biochemical
markers, among which hemolysis is used to differentiate between L. monocytogenes
and L. innocua, the most frequently encountered nonpathogenic Listeria species.
Hemolysis, a major differential characteristic of Listeria species, may be difficult to
read on blood agar in some cases (especially for environmental and food isolates). The
API-Listeria test (bioMérieux, Marcy-l’Etoile, France) was specifically designed for
the genus Listeria and consists of 10 biochemical differentiation tests in a microtube
format. It includes a patented “DIM,” based on the absence or presence of arylamidase,
which distinguishes between L. monocytogenes and L. innocua without additional tests
for hemolytic activity (7). Amino-acid peptidase activity against alanyl as well as glycyl
(as in the DIM test) produces the same reactions and can be established in a laboratory
without using the API test kit (8,9). The optimum growth temperature of the facultative
anaerobic Listeria spp. is between 30 and 37°C, but growth occurs at 4°C within a few
days. Catalase is produced except in a few strains and the oxidase test is negative (10).

The biochemical tests used to differentiate the species are the acid production from
D-xylose, L-rhamnose, -methyl-D-mannoside and D-mannitol. The scheme for bio-
chemical identification of Listeria species is shown in Table 1. Without using the DIM
test, the assessment of hemolysis is essential in differentiating L. monocytogenes and
L. innocua, the most frequently isolated nonpathogenic Listeria species.

Listeria strains are divided into serotypes on the basis of somatic (O) and flagellar
(H) antigens (11,12). There are 13 serotypes known for L. monocytogenes: 1/2a, 1/2b,
1/2c, 3a, 3b, 3c, 4a, 4ab, 4b, 4c, 4d, 4e, and 7. Serotyping antigens are shared among
L. monocytogenes, L. innocua, L. seeligeri, and L. welshimeri. Serotyping, although not
allowing speciation, serves a useful purpose in confirming the genus diagnosis of Listeria
and for allowing a first-level subtyping for epidemiological purposes. The introduction
of a commercial kit for serotyping Listeria (Denka Seiken, Tokyo, Japan) has greatly
improved the availability of this method.

3. RESERVOIRS

L. monocytogenes is widespread in nature and has been isolated from soil, dust, food
products for humans—both of animal and vegetable origin, feed, water, and sewage,
and it can be carried by almost any animal species, including asymptomatic humans.
The principal reservoir of the organism is said to be in soil, forage, water, mud, and
silage (13). Microbiological surveys have documented that L. monocytogenes may be
present in a wide range of retail foods (14,15). Unlike most other foodborne pathogens,
Listeria tends to multiply in refrigerated foods that are contaminated. In the United
States, regulations require food companies to guarantee zero L. monocytogenes levels
in all ready-to-eat products. In France, milk products and other products having
undergone heat treatment should be entirely free from L. monocytogenes; for raw pro-
ducts, the objective also remains total absence but a level of 100 L. monocytogenes per
gram is tolerated at the consumption stage. In Austria, health authorities enforce zero
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L. monocytogenes levels in milk, milk products, and ready-to-eat products; although for
the latter, there is no written law on this subject.

Investigation of several outbreaks has demonstrated that epidemic listeriosis is caused
by foodborne transmission of L. monocytogenes. H.P.R. Seeliger even dubbed listeriosis
a “man-made disease” (16). Outbreaks of listeriosis have been associated with the inges-
tion of raw milk, soft cheeses, contaminated vegetables, and ready-to-eat meat products
such as paté. Also a substantial proportion of sporadic cases of listeriosis results from
foodborne transmission. Eating soft cheeses, food purchased from store delicatessen
counters, and eating undercooked chicken have been shown to increase the risk of sporadic
listeriosis (14,15). In several cases, by tracing a strain of L. monocytogenes isolated
from a patient to a food item in the patient’s refrigerator, and then to the retail source,
public health officials were able to provide microbiological confirmation of foodborne
transmission of sporadic listeriosis (15).

In neonatal infections, L. monocytogenes can be transmitted from mother to child
in utero or during passage through the infected birth canal. There are rare reports of
nosocomial transmission in the nursery attributed to contaminated material or patient-
to-patient transmission via health-care workers.

4. FOODBORNE OUTBREAKS

L. monocytogenes is one of the most feared pathogens in the food industry. It has
been the cause of several major outbreaks in the United States, Canada, Switzerland,
Austria, France, England, and Wales during the past 20 yr (17–21). A feasibility study
for a collaborative surveillance of Listeria infections in Europe financed by the European
Commission revealed a total of 19 outbreaks of invasive listeriosis from 1991 to 2002
(22). A total of 526 outbreak-related cases were reported from nine different countries.
In addition, four outbreaks of acute Listeria gastroenteritis were reported in Italy in
1993 involving 18 cases and in 1997 involving 1566 cases, in Denmark in 1996 involving
three cases, and in Belgium in 2001 involving two cases of acute gastroenteritis and one
case of invasive listeriosis. Incriminated foods at the origin of the outbreaks of invasive
listeriosis were: a processed meat product (six outbreaks), cheese (five outbreaks),
processed fish product (three outbreaks), butter (one outbreak) and undetermined (three
outbreaks). Two outbreaks of gastroenteritis were linked to the relative consumption of
contaminated rice salad and corn salad, whereas the Belgian outbreak of gastroenteritis
and invasive listeriosis was linked to a contaminated frozen cream cake. The origin of
one outbreak of gastroenteritis remained unknown. The number of outbreaks reported
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Table 1 
Biochemical Differentiation of Species in the Genus Listeria

L. monocytogenes L. seeligeri L. ivanovii L. innocua L. welshimeri L. grayi

D-xylose + + +
L-rhamnose + V V V

-Methyl- + + + +
D-mannoside

D-mannitol +

+, Positive; , negative; V, variable.



increased gradually over time: 11 outbreaks in the 5-yr period between 1997 and 2001,
compared to seven from 1992 to 1996.

Changes in the way the food is produced and distributed have increased the potential
for widespread outbreaks involving many countries as a result of contamination of
widely distributed commercial food products. This risk of transnational outbreaks is not
hypothetical. From 1987 to 1989, more than 350 cases of listeriosis occurred in England
and Wales because of the contaminated imported paté (23). In 2001, an outbreak in
Belgium was identified by French investigators because a person had developed symp-
toms during his vacation in France (22). Recently, an outbreak of 11 cases in France was
linked to the consumption of raw sausage spread. The incriminated product, having
been exported to Belgium, Germany, and Luxembourg, might have given rise to cases
in these countries. In the absence of European surveillance and mechanisms for colla-
borative outbreak investigation, it is difficult at present to link cases in these countries
to the French outbreak (22).

The discovery of L. monocytogenes mainly in raw and ready-to-eat meat, poultry,
seafood, and dairy products has prompted numerous product recalls leading to large
financial losses for the industry and to numerous health scares. These discoveries and
the multiple outbreaks that have occurred as a result of food contamination have led to
increased regulatory activity, implementation of Hazard Analysis and Critical Control
Points (HACCP) programs throughout the food industry and specific recommendations
to high-risk groups. Following these measures, a substantial decrease in incidents has
been documented in several countries, such as France and the USA where a respective
threefold and twofold reduction over the last decade has been attributed to the series of
preventive and control measures (24,25).

5. PATHOGENICITY (VIRULENCE FACTORS)

Only two of the six Listeria species currently recognized cause listeriosis: L. mono-
cytogenes and L. ivanovii. Whereas L. monocytogenes can infect humans and a wide
range of animals, including mammals and birds, L. ivanovii is mainly pathogenic for
ruminants. After ingestion of Listeria-contaminated food, bacteria pass through the
stomach and cross the intestinal barrier, presumably via M-cells. They are then trans-
ported by lymph or blood to the mesenteric lymph nodes, the spleen, and the liver.
L. monocytogenes and L. ivanovii are facultative intracellular pathogens, which are
able to replicate in macrophages and a variety of nonphagocytic cells, such as epithe-
lial and endothelial cells, and in hepatocytes. After entering the cell, Listeria escapes
early from the phagocytic vacuole, multiplies in the host cell cytosol, and then moves
through the cell by induction of actin polymerization. The bacteria then protrude into
cytoplasmic evaginations, and these pseudopod-like structures are phagocytosed by the
neighboring cells (26).

All major virulence factors of L. monocytogenes and L. ivanovii are involved in a
single process: the cell-to-cell spread. By this function, the pathogens can avoid extra-
cellular environment and can escape humoral effectors of the immune system during
their dissemination in the host. These virulence genes form a 9-kb gene cluster, named
Listeria pathogenicity island 1 (LIPI-1) (27). Besides LIPI-1, a second island of 22 kb,
termed LIPI-2, has been described. LIPI-2 is specific for L. ivanovii and may play a role
in the tropism of this pathogen for ruminants (28).
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The hly gene encodes the pore-forming listeriolysin O (LLO), a thiol-activated
hemolysin, which is able to lyse erythrocytes and other cells in a cholesterol-dependent
manner. LLO is an essential virulence factor of L. monocytogenes, and its inactivation
leads to avirulence. The action of LLO is needed to disrupt the phagocytic vacuole
for release of bacteria into the cytoplasm. The genes mpl, actA, and plcB are located
downstream from hly and are organized in an operon structure. ActA is a surface protein
necessary for actin-based motility and for spread from cell to cell. ActA acts as a scaffold
to assemble the actin polymerization machinery of the host cell and is also essential for
Listeria pathogenicity. PlcB is a zinc-dependent broad-substrate-range phospholipase
C, which is similar to the clostridial phospholipase C ( -toxin). This enzyme is secreted
in an inactive form and then extracellularly modified by the Mpl protease, similar to
PlcB, a zinc metalloenzyme. PlcB is, together with hly, involved in the disruption of
the primary vacuole formed after phagocytosis of extracellular Listeria cells. The main
function of PlcB is, however, the dissolution of the double-membrane secondary phago-
somes formed after cell-to-cell spread.

The genomes of L. monocytogenes and L. innocua have already been sequenced, and
comparison of these genomes with those of other Listeria species will presumably lead
to the discovery of novel virulence-associated loci (29). Presently, the variability in
L. monocytogenes with respect to traits of virulence and pathogenicity is far from being
understood. Studies on the genetic diversity of strains associated with the outbreaks in
Switzerland, California, France, and Denmark showed the presence of a homogeneous
genetic background. The suspicion that outbreak strains might constitute a lineage of
clones of increased potential to cause listeriosis in humans was first suggested by typing
and has now been further substantiated (30–32). Outbreak-associated strains of a parti-
cular genetic background are called epidemic clones (Ecs) and monitoring their presence
in foodstuffs is of particular concern for veterinary and human public health.

6. CLINICAL CHARACTERISTICS

As L. monocytogenes is prevalent in food for human consumption, exposure to this
pathogen by the consumption of contaminated food would be considered fairly common.
However clinical disease is rare and mainly occurs among the immunocompromised,
the pregnant, and the elderly (age 60 yr). Listeriosis usually manifests itself as meningo-
encephalitis and/or septicemia. In Europe, approx 20% of clinical cases are pregnancy-
associated (including neonates within the first 3 wk after birth), and the majority of the
rest occur in nonpregnant immunocompromised individuals or in the elderly. The median
incubation period is estimated to be 3 wk. Outbreak cases have occurred 3–70 d following
a single exposure to an implicated product (13).

While listeriosis during pregnancy usually presents with flu-like symptoms which
can lead to infection of the fetus causing abortion, premature birth or stillbirth, in non-
pregnancy associated cases it mainly manifests as meningoencephalitis and/or septicemia.
The onset of meningoencephalitis (which is rare in pregnant women) can be sudden,
with fever, intense headache, nausea, vomiting, and signs of meningeal irritation, or may
be subacute, particularly in an immunocompromised or an elderly host (13). Rhomben-
cephalitis is an unusual form of listeriosis, which involves the brain stem and is similar
to circling disease in sheep. L. monocytogenes can produce a wide variety of focal
infections: conjunctivitis, skin infection, lymphadenitis, hepatic abscess, cholecystitis,
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peritonitis, splenic abscess, pleuropulmonary infection, joint infection, osteomyelitis,
pericarditis, myocarditis, arteritis, and endophthalmitis (33). Endocarditis owing to
L. monocytogenes is another rare manifestation. Guerro et al. recently reviewed 68 cases
of L. monocytogenes endocarditis and reported clinical findings very similar to those
known for other listeriosis-manifestations: mean age, 65.5 yr; underlying noncardiac
conditions, 41.1%; and lethality, 35.3% (34).

In Austria (total population, approx 8 million), 81 human cases of listeriosis (case
definition based on isolation of L. monocytogenes from normal sterile material), 14 of
them pregnancy-associated, were ascertained from 1996 to 2002. Lethality was 31.9%
(abortion ×3, stillbirth ×1, and death in a newborn aged 15 d were not counted). Patients
(50.7% female) from nonpregnancy associated cases had a mean age of 65.2 yr
(median, 66; range 7–93). Age of pregnant women was documented for only 8 of 14
cases: mean 30.5 yr (median, 29–30; range 25–36). Predisposing factors could be
shown for 70 of 72 listeriosis patients (study period, 1997–2002): age 60 yr (n = 19),
pregnancy (n = 12) and 39 cases of carcinoma, blood-malignancies, auto-immune diseases
(corticosteroid therapy), and status post solid organ transplantation. Overall, 54.2% of the
patients (39 out of 72) had an underlying medical disorder. AIDS, often named as a pre-
disposing factor for listeriosis, has not been observed in Austrian listeriosis patients so far.

Diagnosis was confirmed by isolating the infectious agent from cerebrospinal fluid
(CSF), blood, amniotic fluid, placenta, meconium, lochia, gastric washings, and other
sites of infection. Of the 14 pregnancy-associated cases of listeriosis, primary causative
agent determination was carried out from maternal specimens in four cases: blood
culture ×1; uterine smear ×1; cervical smear ×2. In nine cases, diagnosis was made from
products of conception: neonate gastric secretions ×2; blood culture ×2; blood culture plus
CSF culture ×1; ear swab ×1; meconium ×1; amniotic fluid ×1; culture from placenta ×1;
and in one case from the simultaneous testing of gastric secretions plus cervical smear.
In 61 (91%) of the 67 nonpregnancy-associated patients, the primary isolate was taken
from blood (n = 42), CSF (n = 18), or simultaneously tested blood plus CSF (n = 1). Six
cases presented as local infections: cholecystitis in a 40-yr-old [serovar (SV) 1/2a];
peritonitis in a 56-yr-old (SV 4b), a 58-yr-old (SV 3a); and in an 80-yr-old (SV 4b), as
well as purulent pleuritis in a 65-yr-old (SV 1/2a) and in a 66-yr-old (SV 1/2b).

In healthy adults, exposure to L. monocytogenes-contaminated food usually causes
only a short period of fecal shedding without any illness. Now it has been recognized
that the foodborne transmission of L. monocytogens can also cause a self-limiting
acute gastroenteritis in immunocompetent persons. From the data available on outbreaks
in Italy and in Illinois (USA), it appears that the febrile gastroenteritis in normal hosts
requires the ingestion of a high dose of several million bacteria (35,36). Grif et al.
studied the incidence of fecal carriage of L. monocytogenes in healthy volunteers
(37). The PCR results of the subjects indicate an incidence of 5–9 exposures to L. mono-
cytogenes per person/year. On an average, the incidence of culture-confirmed fecal
carriage in healthy adults was two episodes of L. monocytogenes carriage per person/
year. Fecal shedding was of short duration (maximum 4 d). The discrepancy between
PCR results and the results from conventional culture could be explained by protective
host effects. In particular, secretion of gastric acid provides an important protective
factor against the passage of potentially pathogenic organisms. Cobb et al. have
shown a drastically increased prevalence of L. monocytogenes in the feces of patients
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receiving long-term H2-antagonists compared to the prevalence in patients with normal
gastric secretion (38).

7. CHOICE OF TREATMENT

Although optimal therapy of listeriosis has not been verified by randomized clinical
studies, penicillin or ampicillin alone, or in combination with gentamicin, are considered
the drugs of choice. However, L. monocytogenes strains exhibit tolerance to penicillin
and ampicillin (39). Although on an average the minimal inhibitory concentration
(MIC) of penicillin is usually less than 1 g/mL, the minimal bactericidal concentration
commonly exceeds 10 or more times that amount (39,40). The combination of penicillin
with gentamicin shows synergistic activity in vitro and for these reasons has been
considered the first-choice therapy of listeriosis in humans (39). However, in vivo
synergism has not been uniformly observed and retrospective clinical studies have not
consistently shown better results for the combined therapy of listeriosis than simple
penicillin monotherapy (17,34,39,41,42). For patients with -lactam allergy, trimethoprim–
sulfamethoxazole or erythromycin may be considered. Vancomycin together with
gentamicin may also be a reasonable alternative therapy (39). Antimicrobial suscepti-
bilities of Listeria have not changed markedly over the past 35 yr (43,44).

L. monocytogenes reproduces in the reticuloendothelial system and survives intra-
cellularly after uptake by macrophages (45). This means that the organism cannot be
reached by certain antibiotics, a fact which might contribute to the differences between
in vitro and in vivo results (45,46). Antimicrobial drugs of questionable value for human
listeriosis include cephalosporins, clindamycin, the fluoroquinolones, and aminogylco-
sides (when administered individually) (45,46). Cephalosporins have hardly any in vitro
effect against L. monocytogenes. The reason is the minimal or nonexistent affinity of
penicillin-binding proteins 3 and 5 for cephalosporins (47). Despite good in vitro activity,
even cephalothin has no effect on experimental listeriosis in mice (48). In addition,
cephalothin lacks satisfactory CSF penetration. Reports of therapeutic failures prove
that cephalosporins are not indicated in the treatment of listeriosis (49). Clinically effective
substances, apart from gentamicin, are only bacteriostatically effective in vitro against
L. monocytogenes, thus emphasizing the importance of the body’s own cellular defense
mechanisms (45,46). Because Listeria do not produce -lactamase, addition of

-lactamase-inhibitors in the treatment of listeriosis is ineffective. The MIC values of
ampicillin alone and ampicillin combined with sulbactam against L. monocytogenes
show no relevant difference (43). Kayser et al. reported good in vitro activity of meropenem
(50). Another study with this antibiotic showed good activity in experimental meningitis
in guinea pigs (51).

8. RESISTANCE

Clinical and Laboratory Standards Institute (CLSI) has not yet provided specific
guidelines for the testing of Listeria. Usually susceptibility testing is performed according
to CLSI guidelines for bacteria that grow aerobically using Mueller–Hinton agar with 5%
horse blood (43). For trimethoprim–sulfamethoxazole, the blood is lysed. The pattern of
antimicrobial in vitro susceptibility of L. monocytogenes has been relatively stable for
many years. Usually, the organism is susceptible to penicillin, ampicillin, gentamicin,
erythromycin, tetracycline, rifampicin, and chloramphenicol, but only moderately
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susceptible to quinolones (39,43). Resistant strains are rarely found (52). However, the
transfer of genetic elements from Enterococcus and Streptococcus to Listeria determines
resistance to macrolides, lincosamide, streptogramin, and tetracycline (52,53). Threlfall
et al. reported 1–5% tetracycline resistance in L. monocytogenes from humans and food
in the UK (44). Charpentier et al. documented in vitro resistance of an L. monocyto-
genes isolate to trimethoprim for the first time (54). In addition, strains resistant to gen-
tamicin, streptomycin, and sulfamethoxazole have been reported (55,56). In 1984 Rapp
et al. and in 1986 Pollock et al. reported on ampicillin resistant isolates (57,58). In 1995,
Soriano et al. noted an increase in the MIC values of ampicillin for L. monocytogenes
and suspected that the resistance against ampicillin might possibly be more widespread
than had been previously assumed (59). No indication of increased ampicillin resistance
was found by other authors (24). In 1995, Charpentier et al. tested 1100 isolates and
found all strains were susceptible to ampicillin and gentamicin (54). In vitro testing on
recently obtained clinical isolates from France, Norway, Switzerland and Austria, and
on reference strains showed that L. monocytogenes has retained in vitro susceptibility
even 70 yr after the initial reports (43).

9. EPIDEMIOLOGY

9.1. Listeriosis in Animals

In most countries listeriosis in animals is not a notifiable disease. In Europe, listeriosis
in animals is notifiable only in Germany, Finland, Sweden, and Norway. Usually, surveill-
ance in animals is based on clinical observations. The “Report on Trends and Sources
of Zoonotic Agents in the European Union and in Norway, 2001” lists the following
rates of fecal carriage of L. monocytogenes: cattle, 6.30% (dairy cattle, 14.05%; calves,
1.86%); pigs, 0.08%; sheep, 3.11%; goats, 4.64–16.13%; horses, 2.07%; fowl, 1.19%;
red deer, 8.33%; rabbit (farmed), 0.67%; cats, 0.69%; and dogs, 0.00%.

9.2. Listeria in Food

In Europe, under Council Directive No. 92/46/EEC control of L. monocytogenes in
milk products by the dairy industry is compulsory. In the “Report on Trends and
Sources of Zoonotic Agents in the European Union and in Norway, 2001” several
member states reported on investigations of foodstuffs for Listeria spp. Sample sizes
and definitions used for positive samples were very different. Therefore, results cannot
be compared between the countries. The prevalence of L. monocytogenes in food, based
on detection of the bacterium, were: beef and veal, 0.6–15.4%; pork, 0–40.6%; minced
meat, 11.9–18.3%; meat products, 0–10.2%; poultry meat, 2.6–16.7%; poultry meat
products, 0–7.6%; milk, 0–2.2%; milk products, 0–4.4%; fish products, 0–13.5%;
vegetables, 0–12.5%; and other ready-to-eat food, 0–16.7%.

9.3. Listeriosis in Humans

In Europe, listeriosis in humans is a mandatory notifiable disease in Finland, Italy,
Sweden, Denmark, and Norway. In other countries, information is based on laboratory
reports. In total, 860 listeriosis cases were reported in the European Union (total popu-
lation, 370 million) in 2001. This corresponds to an annual incidence of 0.232 cases per
100,000 inhabitants. The share of pregnancy-associated cases ranged between 4 and 24%
in the individual countries that provided this information (France, 24%; England and
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Wales, 12%; Germany, 10%). Pregnancy-associated cases refer to listeriosis in pregnant
women or in the neonates (up to 28 d of life), and the nonpregnancy-associated cases to
anyone older (>28 d). It is also standard to classify one pregnancy-associated maternal-
fetal unit or mother and neonate pair as one case. In Europe, the age groups mainly
affected are elderly persons over 60 yr old and children up to the age of 4 yr. There is
no obvious seasonal clustering of listeriosis, which is consistent with the year-round
Listeria contamination found in ready-to-eat food.

In Austria from 1996 to 2002, the annual incidence of listeriosis averaged 0.158 cases
per 100,000 inhabitants. The frequency of incidence in west European countries (14 EU
countries, Norway, Iceland, and Switzerland) varied between 0.03 and 0.75 cases per
100,000 inhabitants per year, whereby five countries had more than 0.4 per 100,000 and
three further countries had more than 0.6 per 100,000 (22). In the year 2000, the USA
registered 0.4 cases per 100,000 (personal comment: Bala Swaminathan, CDC, USA);
the FDA claims 1 case per 100,000 per year (60). The incidence of listeriosis in males
and females is approximately the same. In Germany in 2001, 0.3 cases per 100,000
population were reported for males and 0.2 cases per 100,000 population for females.

Most human infections are caused by serovars 1/2a, 1/2b and 4b (13). Serotyping
results were available for Austrian isolates from 1997 to 2002 (n = 72): SV 4b, 56.9%;
SV 1/2a, 26.4%; SV 1/2b, 11.1%; SV 1/2c, 4.2%; and SV 3a, 1.4%. Information pro-
vided by Denmark shows that most of their cases are caused by serotype 1 followed by
serotype 4. In Germany in 2001, five cases were caused by serotype 1/2a, two by SV 4b
and one by serotype 1/2b.

The emergence of listeriosis is the result of complex interactions between various
factors that reflect changes in social patterns. Swaminathan named the high degree of
centralization and consolidation of food production and processing, the increased use of
refrigerators as the primary means of preserving food, and changes in food consump-
tion habits (increased consumer demand for convenient food) as main factors (61). In
healthy adults, exposure to L. monocytogenes-contaminated food usually causes only a
short period of fecal shedding without any illness; however, in pregnant women, newborns,
the elderly, and adults with weakened immune systems, ingestion can lead to listeriosis.

10. SUMMARY AND CONCLUSIONS

L. monocytogenes has been recognized as a human pathogen for more than 50 yr. It
primarily causes abortion, infections of the central nervous system or septicemia, mainly
in certain well-defined high-risk groups, including immunocompromised persons and
pregnant women. The widespread use of immunosuppressive medications for treatment
of malignancy and management of organ transplantation, has expanded the immuno-
compromised population at increased risk of listeriosis. Also consumer life styles have
changed with less time for food preparation, more ready-to-eat, and take-away foods.
Changes in food production and technology have led to the production of foods with
long shelf life that are typical “Listeria risk foods,” because the bacteria have time to
multiply, and the food does not undergo a listericidal process such as cooking before
consumption. Increased mass production means outbreaks can change from being small
and confined to a community or region, to large, affecting hundreds of people. Unlike
infection with other common foodborne pathogens, listeriosis is associated with a high
case fatality rate of approx 20–30%. Epidemiological investigations during the last 20 yr
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have shown that epidemic listeriosis is a foodborne disease. Similarly, recent studies
have suggested that a substantial proportion of sporadic cases of listeriosis are also
caused by consumption of contaminated food. Despite the high contamination rates of
certain food with L. monocytogenes, listeriosis is a relatively rare disease compared to
other common foodborne illnesses such as salmonellosis. However, because of its high
case fatality rate, listeriosis ranks among the most frequent causes of foodborne death:
in the USA, France, and Austria, it ranks second only after salmonellosis; in England,
it ranks fourth (62–65). Therefore, besides the economic consequences, listeriosis remains
of great public health concern. In addition, its common potential epidemic source
presents a real threat and persists even in countries with a decreasing or low incidence.
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3
Clostridium botulinum and Clostridium perfringens

Jim McLauchlin and Kathie A. Grant

1. INTRODUCTION

Clostridium is a diverse genus of Gram-positive, endospore-bearing obligate anaerobes
that are widespread in the environment. This genus includes more than 100 species, and
the overall range in the G+C content (22–55 mol%) reflects the enormous phylogenetic
variation encompassed within this group. The principal foodborne pathogens are
Clostridium botulinum and Clostridium perfringens that cause toxin-mediated disease
either by preformed toxin (foodborne botulism) or by the formation of toxin in the
enteric tract (infant botulism and C. perfringens diarrhea). These two bacteria and their
foodborne diseases will be discussed here.

2. CLOSTRIDIUM BOTULINUM

2.1. Introduction

Botulism is a rare but potentially fatal disease caused by neurotoxins (BoNTs)
usually produced by C. botulinum. Disease symptoms result from paralysis owing
to the inhibition of neurotransmitter release by BoNTs. Human foodborne disease
results from either ingestion of preformed BoNT in foods contaminated by C.
botulinum, or production of BoNT following intestinal colonization by C. botu-
linum (usually in infants). The disease can also be transmitted by nonfoodborne
routes including the production of BoNT from C. botulinum-infected wounds as
well as accidental and deliberate release of BoNT (1). Although botulism has been
reported as causing a tooth abscess, and hence was probably foodborne (2), wound
botulism is most often associated with the trauma at other sites (especially at injec-
tion sites to illegal drug users) and are outside the scope of this work and will not
be discussed here.

Foodborne botulism represents a potential national (or international) public
health emergency. Prompt diagnosis and early treatment are essential to reduce the
considerable morbidity and mortality of this disease. The laboratory investigation
of botulism is highly specialized, but is essential for the rapid identification of
reservoirs of infection and provides vital information allowing the most appropriate
interventions to be implemented. Key reviews on C. botulinum can be found in the
literature(1,3–17).
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2.2. Classification, Identification, Isolation and Diagnosis
2.2.1. Taxonomy of C. botulinum

The species C. botulinum is defined on the basis of a single phenotypic characteristic,
i.e., neurotoxin production, and is classified into four distinct taxonomic lineages (des-
ignated groups I–IV; [18]). Characteristics of these four groups are shown in Table 1.
This grouping combines highly diverse phylogenetic organisms that consequently show
considerable differences in genotype and phenotype. Indeed the genetic (phylogenetic)
differences within C. botulinum are greater than that between Bacillus subtilis and
Staphylococcus aureus (18). This situation is further, and somewhat inconsistently,
complicated because there are genetically very closely related Clostridium species that
do not possess neurotoxins and are, therefore, not named C. botulinum (i.e., Clostridium
sporogenes, Clostridium novyi, and un-named organisms) and neurotoxin containing
Clostridium baratii and Clostridium butyricum (18). Further complications exist becaue
there is evidence for instability and horizontal gene transfer of BoNT genes as well as
nontoxigenic C. botulinum variants containing cryptic or fragmentary copies of BoNTs.
It has been proposed (18) that the four taxonomic lineages should be reclassified into
separate species, and a precedence has been set by a proposal to rename C. botulinum
Group IV (as well as some Clostridium subterminale and Clostridium hastiforme) as
Clostridium argentinense (148). However, this proposed revision for the classification
of C. botulinum has not found common use and the taxonomy remains unresolved.

The genome size of both C. botulinum groups I and II has been estimated at between
3.6 and 4.1 Mbp by pulsed-field gel electrophoresis analysis (19,149). A complete
genome sequence for a single C. botulinum Type A (Hall strain, ATCC 3502) is available,
and at the time of writing the annotation is not yet complete: the genome size is
3,886,916 bp in size, with a G+C content of 28.2 mol %, and one 16,344 bp plasmid
was detected (20).

2.2.2. Neurotoxin Types

BoNTs are proteins that can be divided into seven antigenically distinct types,
designated A to G, and are among the most potent toxins known (1). The distribution
of BoNTs among the four taxonomic groups is shown in Table 1. Group I includes the
proteolytic strains producing BoNTs A, B, and F, either singly or as dual toxin types
AB, AF, and BF. Group II includes the nonproteolytic strains producing toxins B, F,
and E. Group III organisms produce either type C or D toxins and are generally
nonproteolytic. Group IV strains produce type G toxin and differ from other groups in
not producing lipase. Important C. botulinum for human foodborne diseases are in
groups I (BoNTs A, B, and F) and II (BoNTs B, E, and F), with type F being the least
common (1). However human infection resulting from type C has been reported (21).
Organisms from groups I–III cause diseases among animals especially aquatic birds,
horses, and cattle. Group IV organisms producing BoNTG have been isolated from
autopsy specimens, although evidence that botulism was the cause of death in these
cases was not demonstrated (22). BoNTG has not been associated with any other naturally
occurring cases of botulism in humans or any other animals (9). BoNT production, pre-
sumably as a result of horizontal gene transfer, has also been detected in C. baratii
(type F) and C. butyricum (type E), both of which have been associated with human
diseases (23–26).
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2.2.3. Detection of BoNTs By Mouse Bioassay

Detection of BoNT production is the cardinal feature for both the classification and
identification of C. botulinum as well as providing confirmation of a clinical diagnosis
of botulism. Traditionally this has relied on the use of an in vivo mouse bioassay to
detect BoNT activity (8,11).

Toxin extracts for bioassays are prepared as described here and injected intra-
peritoneally into mice. The biological action of the toxin is generally observed within
24 h and initially often presents with hyperactivity followed by reduced mobility, ruffled
fur, labored breathing, contraction of the abdominal muscles (wasp waist), and total
paralysis. Respiratory failure and death follow unless animals are humanely euthanized.
Animals are observed initially after injection and then at 2, 4, 8, 12, and 24 h, and then
daily for up to 4 d. Those showing signs within 2–6 h usually die within 24 h. The
rapidity of symptoms (and time of death) is proportional to the amount of toxin present
in the sample. Confirmation of the toxin (together with the determination of the toxin
type) is achieved by an absence of the above symptoms in the mice following injection
of the inoculum after preincubation with specific antitoxin (8,11).

Extracts from food or feces are generally prepared by homogenization in gelatin-
phosphate buffer (pH 6.2) which is centrifuged and filtered (to prevent infection) prior to
injection. When low levels of toxin or nonproteolytic strains are suspected, the preparation
can be pretreated with trypsin to activate the neurotoxin.

Clostridium 43

Table 1
Characteristics of C. botulinum Groups

Group

I II III IV

Neurotoxin types A, B, F B, E, F C, D G
Human disease Yes Yes Noa No
Growth temperatures

Minimum 10 3.3 15 ND
Optimum 35–40 18–25 40 37

Minimum pH for growth 4.6 5.0 5.0 ND
Minimum aw for growth 0.94 0.97 ND ND
Inhibition by NaCl 10% 5% 2% 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
Proteolytic activity Yes No No Yes (weak)
Lipolytic activity Yes Yes Yes No
Saccharolytic activity No Yes Yes (weak) No
Related non-neurotoxigenic C. sporogenes C. beijerinkii C. novyi C. subterminale

Clostridium species C. putrificum C. haemolyticum C. histolyticum
C. linosium

Location of neurotoxin Chromosomal Chromosomal Phage Plasmid
genes

Overall G+C content 26–29 27–29 26–28 28–30
(mol%)
aOne case of infant botulism due to type C has been reported (21).
ND, not determined.



Assays for toxin are applied to direct analysis of clinical material (serum), extracts
from clinical material (feces, gastric contents, and vomitus) and food, as well as to
the supernatants from enrichment and pure cultures growing in broths. In vitro growth
of C. botulinum in enrichment cultures is achieved by inoculation of broths with feces,
gastric contents, and vomitus as well as food samples. For nonfoodborne infections (i.e.,
material from infected wounds), additional toxin tests are performed to the extracts
from pus or tissue, together with application of cultural methods in these samples.

It should be noted that the detection of toxin by bioassays is highly specialized
and is likely to require specific authority (including ethical considerations) for their
performance.

2.2.4. Identification and Isolation of C. botulinum

As stated earlier, C. botulinum is defined on the basis of a single phenotypic
characteristic, i.e., neurotoxin production, and hence more conventional phenotypic
reactions such as the fermentation of carbohydrates, cellular fatty-acid analysis, and
16S rDNA gene sequence in not sufficient to provide an unequivocal identification
(18,27,28). The identification process, therefore, relies on the detection of neurotoxins
(or their genes).

The initial process for culture of C. botulinum is the enrichment in prereduced
cooked meat medium with or without glucose, chopped-meat glucose-starch
medium, or tryptone–peptone glucose yeast extract broth. Trypsin may be added to
inactivate bacteriocins and to activate neurotoxin. Replicate inoculated broths are
treated either with or without a heat shock (60–80°C for 10–20 min). Lysozyme is
also added to assist in the reversal of heat-injured spores, especially for nonproteolytic
C. botulinum strains.

Because of the different physiologies of the C. botulinum groups (Table 1), the opti-
mal incubation temperature for isolation is problematic. Some authors recommend
35°C, and 28°C for which the Group II organisms are suspected (i.e., when examining
fish or shellfish; [11]). Others recommend 30°C as a compromise to cover all groups,
with the proviso that Group I organisms will not be growing optimally (8). Broths
should be tested for toxin production using bioassay after 5 d, and an additional 10 d
may be necessary to detect the growth from the delayed germination of injured spores.
Broths should also be examined microscopically: typical C. botulinum in Gram-stained
smears have a ‘drum stick’ or ‘tennis racket’ appearance with a subterminal spore
markedly swelling the vegetative cell.

Broths suspected to contain C. botulinum together with foods and clinical samples
(especially feces) should be subcultured onto prereduced solid media and incubated in
an anaerobic environment. Specific media for C. botulinum isolation have been
described, which incorporates egg yolk to detect lipase-positive C. botulinum colonies
(29) as well as the selective antimicrobial agents: cycloserine, sulfamethoxazole, and
trimethoprim (29–31). Because of the considerable diversity within this species, especially
between C. botulinum groups I and II, plates with and without added antimicrobial
agents should both be inoculated and incubated in parallel. Care should be taken to analyze
all suspicious colonies since lipase negative C. botulinum occur, although these are rare
(1). Typical colonial growth showing a C. botulinum, together with an atypical lipase
negative culture are shown in Fig 1.
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Classically, C. botulinum colonies are usually gray-white on blood containing agars
with circular irregular edges, and a clear zone of -hemolysis. However a large amount
of phenotypic variation in colonial appearance should be expected. Purified cultures
suspected to be C. botulinum should be reinoculated into the broths, and following incu-
bation retested in the bioassay to ensure production of BoNT. Additional methods based
on 16S rDNA sequencing and detection of BoNT gene fragments by PCR are increasingly
used for identification (see Section 2.2.5.). However, because 16S rDNA does not
equivocally differentiate C. botulinum from its closest relative (e.g., C. sporogenes and
C. novyi), tests for neurotoxin or the presence of neurotoxin genes are still necessary.

2.2.5. Diagnosis of Botulism in Humans

The diagnosis of botulism is based primarily on clinical symptoms and for both food-
borne and infant botulism illnesses presents with variable severity, presumably because
of the amount of toxin presented to the patient. Common symptoms are diplopia,
blurred vision, and bulbar weakness and rapidly progressing symmetric paralysis: a
more detailed description of the presentation of this disease is given in Section 2.6.
Criteria for a confirmed laboratory diagnosis for foodborne, infant, and wound botulism
have been produced (32) and these include the detection of botulinum toxin in serum,
stool, or patient’s food and/or the isolation of C. botulinum from stool. Cases are further
classified as: confirmed, those with a clinically compatible presentation and occurring
among persons who ate the same food as persons who have laboratory-confirmed cases
of botulism; and probable, those clinically compatible and with an epidemiologic link
(e.g., ingestion of a home-canned food within the previous 48 h) but without laboratory
confirmation (32). Laboratory confirmation of a clinical diagnosis may not always be
possible by the detection of BoNT in patients’ body fluids because, an appropriate
sample is not always available, the toxin concentration is below the detection limit of
the bioassay, or toxin degradation has occurred during transit prior to testing in the
laboratory. As stated previously, in 30–40% of patients, the concentration of BoNT
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is below the detection level for the bioassay (9). Arnon (4) summarized results from 21
studies and showed that C. botulinum (but not C. botulinum neurotoxin) could be recov-
ered from the feces of 1.9% of >1400 individuals feces which were not suspected to
have botulism. Thus, the isolation of C. botulinum from feces in the absence of this disease
symptoms is very rare, and the above case definition with respect to the isolation of the
organism is appropriate in almost all circumstances. Difficulties in the laboratory diagno-
sis of foodborne botulism are illustrated by large outbreaks where despite appropriate
testing regimes, none or a very low percentage of laboratory tests provide evidence for
the disease (33,34).

All clinical specimens for BoNT detection must be collected prior to the administration
of botulinum antitoxin. Suspect foods should also be examined by direct detection of
BoNT together with isolation and identification of C. botulinum vegetative cells and
spores (8,11). In infant botulism, implicated sources are identified by the detection of
C. botulinum spores in food or in the environment (8,11).

2.2.6. Alternatives to In Vivo Methods

PCR-based assays have been reported for BoNT gene fragments using conventional
block-based PCR assays with gel electrophoresis for detection of amplified products
(35–47). These assays either detect a single toxin type or suffer from a lack of specificity
owing to low melting temperatures of the primers, some requiring subsequent use of
hybridization probes to confirm the specific toxin type, hence having shortcomings for
the routine identification of cultures or for the detection of the bacterium in enrichment
broths. A conventional multiplex PCR assay has been described for BoNT A, B, E and
F, and although primers with higher annealing temperatures are used, specific toxin
gene detection is still achieved by differential migration of amplified products during
agarose gel electrophoresis (45). Advances in nucleic-acid detection technologies have
seen a plethora of real-time PCR-based methods for the detection of a wide range of
microbial pathogens. Fluorescence-based PCR using hybridization probes allows online
monitoring of amplified gene fragments at each cycle of PCR, thus, permitting simulta-
neous amplification and detection at high sensitivities of pathogen specific nucleic acids
within 1–2 h. A real-time PCR assay has been described for a BoNTE (48) and for
BoNT A, B and E (49). The later method showed that rapid detection of neurotoxin gene
fragments could be performed directly on foods, clinical samples, enrichment broths,
and bacterial cultures (49). It was also demonstrated that the use of PCR has consider-
able advantages for the investigation of both foodborne and infant botulism in terms of
speed of analysis, nonsubjectivity of testing regimes, reduction in cost and reduction
(although not total elimination) in the numbers of animal tests (49).

Considerable efforts have been made in the development and evaluation of
immunoassays for the detection of BoNTs, because of the recent increase in interest in
bioterrorism agents (50–54). However, despite these efforts, immunoassays have not
been found to be suitable alternatives to the mouse for public health applications. This
is probably because of both the sensitivity and specificity of the mouse bioassay, and
the need to detect relatively small amounts of toxin complex in various matrices. To
increase both the sensitivity and specificity of tests, Wictome et al. (55,56) described
assays based on both the immunoassays as well as the detection of the specific zinc
endopeptidase activities of the BoNTs (see Section 2.5.). Recent data has shown that
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the BoNT toxins A–E and F can be unequivocally identified by matrix assisted laser
desorption ionization and electrospray mass spectrometry (57,58). The approaches of
improved immunoassays, functional in vitro assays, and mass spectrometric approaches
have yet to be proven for the detection of these toxins in complex matrices such as
serum, feces, and food. However, applications of these technologies to detect other
targets suggest that this will be possible in the near future and is likely to be of a level
of a similar level of sensitivity to that of the mouse bioassay.

2.2.7. Epidemiological Typing

Despite the realization that C. botulinum is widespread in the environment, the use
of epidemiological typing systems to track strains of the bacterium through the food
chain is relatively underdeveloped, and an association between food sources is assumed
on the results of toxin type alone. This is probably adequate where there is a strong
epidemiological evidence linking a specific product in a case of food botulism (together
with large numbers of the bacterium in incriminated foods); however, typing systems
may be invaluable where low levels of the organism are present (as may be the case in
infant botulism). From our experience, with a single infant botulism case in the United
Kingdom, heterogeneous populations of C. botulinum can be present in both the infant’s
feces and in single packets of implicated food (dried infant-formula feed; [59]).

In addition to toxin typing of C. botulinum, DNA-based typing methods have been
applied to this bacterium and these include pulsed field gel electrophoresis (19,60,61),
randomly amplified polymorphic DNA (62), ribotyping (63,64), and amplified fragment
length polymorphism analysis (59). These studies indicate a high level of heterogeneity
of the bacterium in the environment.

2.3. Reservoirs

C. botulinum is widely distributed in soils and in the sediments of oceans and lakes.
However, their types, and the numbers present vary widely. In the Western USA, parts
of South America, and China, type A predominates. However, in the Eastern USA,
proteolytic type B is most common; and in Europe, nonproteolytic type B. Type E is
particularly associated with temperate aquatic environments worldwide (hence, botulism
resulting from this type is associated with fish and other seafood), and types C and D in
warmer environments. The numbers of the organism present in natural environments
also varies widely, some soils being frequently contaminated with >1000 organisms
per kg. Examples of the incidence of C. botulinum in different soils and sediments are
shown in Table 2.

Because of the widespread distribution of this bacterium, foods can contain viable
C. botulinum spores, but will not cause foodborne botulism unless the organism is able
to grow and produce toxin. However, for infant botulism, since viable organisms are
required to colonize the gut, C. botulinum spores in food (especially, honey and syrup)
may act as the reservoir for infection (65,66). In the majority of infant botulism cases,
a reservoir has not been identified and other environmental exposures (e.g., spores in
dust) have been hypothesized as the reservoir of infection (65,66). A recent case in
England identified contaminated dried infant-formula milk as a possible source of
infection (59).

Historically, poorly processed canned and bottled foods have been associated with
foodborne botulism outbreaks. However, because canning and bottling processes are
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better controlled by the food industry, home produced products now represent the
greatest risk for intoxication. However, swollen or flat cans from any source (flat cans
imply loose seams sufficient to allow loss of gas) suggest poor processing and should
be considered as likely reservoirs when investigating suspect botulism cases.

2.4. Incidents of Botulism and Risk Factors
2.4.1. Foodborne Incidents

Foodborne outbreaks of botulism occur worldwide and have the potential to cause
large morbidity and mortality that require considerable public heath and acute care
resources. In addition, the costs for treatment, investigation, food recalls, and any legal
actions are likely to be in millions of dollars/pounds even for a relatively small outbreak
(67,68). The potential for large outbreaks is illustrated by an outbreak of 91 botulism
cases with 18 deaths related to type E and which were associated with traditionally
salted fish dish (fesaikh) in Egypt in 1991 (69). Fesaikh is prepared from ungutted fish
that, in this outbreak, were suspected to have been salted, warmed (placed in the sun)
and then sealed into barrels. This environment was clearly sufficient to allow germination
and growth of C. botulinum type E, probably in the fish viscera.
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Table 2
Occurrence of C. botulinum in Soils and Sediments (7)

Sample BoNT type (% Identified)

Location size (g) % Positive MPN/kga A B C & D E F

USA, eastern, soil 10 19 21 12 64 12 12 0
USA, western, soil 10 29 33 62 16 14 8 0
USA, Green Bay, 1 77 1280 0 0 0 100 0

sediment
USA, Alaska, soil 1 41 660 0 0 0 100 0
Britain, soil 50 6 2 0 100 0 0 0
Britain, coastal 2 4 18 0 100 0 0 0

sediment
Scandinavian, 6 100 >780 0 0 0 100 0

coastal sediment
The Netherlands, soil 0.5 94 2500 0 22 46 32 0
Switzerland, soil 12 44 48 28 83 6 0 27
Rome, Italy, soil 7.5 1 2 86 14 0 0 0
Caspian Sea, Iran, 2 17 93 0 8 0 92 0

sediment
Sinkiang, China, soil 10 70 25000 47 32 19 2 0
Japan, Hokkaido, soil 5–10 4 4 0 0 0 100 0
Japan, Ishikawa, soil 40–50 56 16 0 0 100 0 0
Brazil, soil 5 35 86 57 7 29 0 7
Paraguay, soil 5 24 10 14 0 14 0 71
South Africa, soil 30 3 1 0 100 0 0 0
Thailand, sediment 10 3 3 0 0 83 17 0
New Zealand, soil 20 55 40 0 0 100 0 0

aMPN/kg, highest most probable number/kg of sample.



As previously stated, foodborne outbreaks are now most often associated with home
preservation (e.g., canning, bottling, and preservation in oil) and hence are most common
in parts of the United States, central and southern Europe where these preservation
practices are more common (8,70,71). In the United States, between 9 and 10 outbreaks
of botulism have been reported each year since 1899 (8,70). Home-canned vegetables
have traditionally been recognized since the 1950s as the most common cause and were
responsible for over 40% of all outbreaks (8,70). Foodborne botulism in an infant has
been reported resulting from home-canned infant food (72). Most of the remainder of
the cases have been related to readily identifiable poor processing and handling practices
as the likely causes allowing the growth of C. botulinum (Table 3). The majority of
incidents of foodborne botulism in the United States are related to C. botulinum type A
and to a lesser extent type B, except in Alaska (8,70). Recent changes in ‘traditional’
fish and marine mammal preservation practices in Alaska have resulted in the highest inci-
dence in this state where 90% of outbreaks are related to type E (70). A list of foods and
processing problems for foodborne outbreaks in the United States is shown in Table 3.

All identified foodborne botulism incidents in the United Kingdom are shown in
Table 4. The two most recent outbreaks were associated with home-produced products
(bottled mushrooms in 1998 and sausage in 2002), both of which were owing to type B
and were produced in areas of Europe where botulism is much more common
(150,151). The three most recent outbreaks associated with commercially prepared
products all had evidence of poor handling and processing. The outbreak associated
with tinned salmon in 1978 was caused by a defect in a single can that was contaminated
from the factory environment: most probably from factory overalls which were allowed
to dry over cans during cooling after being autoclaved (73). The second outbreak was
related to a ‘shelf-stable’ airline meal which was given an unfeasibly long shelf-life
which supported the growth of C. botulinum type A (74). The third recent outbreak (the
largest recorded in the United Kingdom) associated with a commercial product was
caused by the consumption of hazelnut yogurt in 1989 (75). This is an unusual vehicle
for transmission because the pH of yogurt is normally too low to allow the growth of
C. botulinum. However, the toxin production occurred in cans of hazelnut conserve
which were not sufficiently heated to kill this bacterium and did not contain any other
physico-chemical hurdles to prevent the growth of C. botulinum. The conserve
(together with neurotoxin) was added as a flavoring at the end of the yogurt manufacture,
and clearly sufficient toxin retained its biological activity in the acid environment to
cause illness.

2.4.2. Infant Botulism

Infant botulism results from the colonization of the immature enteric tract by C.
botulinum that produces neurotoxin in vivo. As stated previously, risk factors for infant
botulism include consumption of honey and corn syrup, age (95% of case occur in the
first 6 mo after delivery, the remainder at less than 12 mo), and location (California has
the highest rate wordwide). However, the consumption of honey and corn syrup is an
identifiable risk factor in <20% of cases (65). Although the disease is orally acquired,
it is not clear what proportion is foodborne, or contracted via oral exposure to the
environment. The attack rate for infection is likely to be very low and all cases appear
sporadic. Almost all cases are owing to C. botulinum types A and B (6), with additional
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very rare cases related to C. botulinum type C (21), C. baratii (type F) and C. butyricum
(type E; [23–26]).

In the United Kingdom, there have been six cases of infant botulism identified between
1978 and 2001 (Table 5). Infant-formula milk powder was identified as a source of infection
in only one case (59). All these six cases have been at the severe end of the spectrum of
illness and were ventilated. This raises the possibility of under-recognition in the United
Kingdom from the fact that not all cases of infant botulism require ventilation (3).
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Table 3
Foodborne botulism in the United States, 1990–2000. Adapted from ref. (7)

Food type Incidents Cases Comments

Continental USA and Hawaiia

(Total 160 cases: 130 type A, 16 type B, 6 type E, 3 type F, and 5 not known)
Noncommercial home-canned 47 70 Likely to be weak acid foods (pH >4.6).

vegetables Asparagus (9 incidents, 14 cases) 
and olives (4 cases) were the most
common vehicles. Also includes two
episodes with garlic in oil which was 
insufficiently heated to kill 
C. botulinum spores

Noncommercial home-prepared 7 9 Sausages (3 cases) were the most
meat products (sausage, pate, common vehicle. Failure to refrigerate
beef chili, meatballs, roast beef chili after cooking associated
beef, hamburger) with two cases

Noncommercial home prepared 14 18 Soup (4 cases) of unspecified type was
other products (salsa, potato the most common vehicle. Salsa 
salad, bread pudding, soup, was responsible for 2 cases and was 
apple pie, potatoes, and prepared from raw vegetables and 
pickled herring) stored at room temperature in an 

airtight plastic container
Commercial (preserved fish, 5 10 All outbreaks involved poor handling

burrito, and bean dip) practices
Restaurant made (cheese sauce 2 25 One outbreak (17 cases) was associated 

and skordalia) with skordalia which involved 
potatoes baked in aluminium foil and 
left at ambient temperature for several 
days. The second outbreak (8 cases) 
involved a cheese sauce which
was left unrefrigerated

Other and unknown 26 27 One case associated with peyote tea

Alsakab

(103 cases: 11 type B, 91 type E, and 1 not known)
Noncommercial preserved fish 49 92 All associated with native foods 

or marine mammals consisting of whale, beaver, seal, or fish
Unknown 3 11
Total 160 263

aIncidence rate <0.1–0.6 cases per million.
bIncidence rate 19 cases per million.



2.5. Pathogenicity and Virulence Factors
2.5.1. Characteristics and Action of Toxins

BoNT is directly responsible for the characteristic clinical symptoms of botulism
which arise as a result of blocking of acetylcholine release from peripheral cholinergic
sites, particularly neuromuscular junctions leading to typical flaccid paralysis (14,17).
All seven BoNTs (A–G) are synthesized as single polypeptide chains and have an
approximate molecular weight of 150 kDa. To become biologically active, the single
polypeptide is proteolytically cleaved, usually by a botulinum enzyme, to a heavy
(~100 kDa) and a light chain (~50 kDa) linked by a single disulfide bond and other
noncovalent bonds to give the biologically active toxin (Fig 2.; [15]). The BoNT heavy
chain contains two functional domains: the C-terminal end, responsible for both receptor
binding and internalization; and the N-terminal end, involved in translocation of the light
chain across the endocytic membrane into the neuronal cell cytoplasm (15,16). The central
region of the light chain shows a high degree of homology conserved in all toxin types
and contains the active site of the enzyme, now identified as a zinc endopeptidase, specific
for SNARE proteins. SNARE proteins are part of the hosts neurotransmitter release
apparatus and when inactivated by the light-chain prevents acetylcholine release.

X-ray crystallography analysis of BoNTA demonstrates the three structurally distinct
functional domains, namely, the enzymatic domain corresponding to the light chain, the
translocation domain corresponding to the N-terminal part of the heavy chain, and the
binding domain composed of two subdomains corresponding to the C-terminal part of
the H chain. The enzymatic domain is composed of a mixture of -sheets and -helices.
The translocation domain, at the N-terminal of the heavy chain, is characterized by two
long -helices that are twisted around each other in coiled-coil-like fashion and a long
loop that wraps around the catalytic domain and occludes the active site. The two
subdomains comprising the C-terminal of the heavy chain are approximately equivalent
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Table 4
Foodborne Botulism in the United Kingdom 1922–2002

Implicated food (Country 
Year Cases (Deaths) Home-prepared of origin, if outside the UK) BoNT type

1922 8 (8) No Duck pâté A
1932 2 (1) Yes Rabbit and pigeon broth NK
1934 1 (0) Yes Jugged hare NK
1935 5 (4) Yes Vegetarian nut brawn A
1935 1 (1) Yes Minced meat pie B
1949 5 (1) Yes Macaroni cheese NK
1955 2 (0) NK Pickled fish (Mauritius) A
1978 4 (2) No Canned salmon (USA) E
1987 1 (0) No Rice and vegetable shelf A

stable airline meal
1989 27 (1) No Hazelnut yoghurt B
1998 2 (1) Yes Bottled mushrooms (Italy) B
2002 1 (1) Yes Sausage (Poland) B

NK, not known.
Based on ref. (140,151).



in size and contain predominantly -sheet structures. The N-terminal subdomain has a
so-called “jelly roll fold,” whereas the C-terminal subdomain forms a -trefoil fold and
has a -hairpin at the base of the domain (15).

BoNTs are released from bacterial cells noncovalently complexed with hemagglutinin
(HA) and nontoxic, nonhemagglutinin (NTNH) proteins, which, although do not play a
role in blocking neurotransmitter release, appear to have a crucial role in protecting BoNT
from low pH and enzymic degradation in the human gut (13). BoNT protein complexes
dissociate at physiological pH and ionic strength, and thus, intact complex does not reach
the peripheral nerve endings and most likely dissociates in the circulation and lymph
(17). BoNT complexes vary in size from 300 to 900 kDa depending on toxin type, strain
and growth conditions, particularly the availability of iron (12).

Once orally ingested, the BoNT complex is transported across the lumen of the small
intestine via intestinal epithelial cells and passes into interstitial fluid and into the circu-
lation. Although transportation across the gut lumen is thought to involve receptor binding,
the exact location of the binding domain on the BoNT complex remains controversial with
either HA protein or BoNT itself having been proposed as mediating binding (17). On
gaining access to the bloodstream and lymph, BoNT is transported to its target site, the
neuronal cell. In order to exert its effect, BoNT must leave the vasculature although, at
present, it remains to be elucidated if this transportation is by diffusion between the
endothelial cells or if an active process of endocytosis and transcytosis is involved (17).

The BoNT mechanism of inhibition of acetylcholine release occurs in four stages:
binding, internalization, translocation and intracellular enzymic activity (Fig. 2). Firstly,
BoNT binds to the plasma membrane of the neuronal cell followed by internalization
by receptor-mediated endocytosis. Then, BoNT is translocated across the endosome
membrane, and finally, there is a intracellular endopeptidase action on the SNARE
proteins leading to the abolition of endocytosis of acetycholine (13,17). BoNT binds to
specific receptors on unmyelinated areas of the presynaptic membrane. Although the
exact identity of the BoNT receptor has not been fully elucidated, there is considerable
experimental and structural evidence to suggest that binding involves a dual receptor
composed of a polysialoganglioside of the G1b series and a specific glycoprotein on the
surface of the neuromuscular junction, and it has been proposed for BoNT/B that
synaptotagmin II associated with GT1b could be the specific receptor (13,14,17). Different
neurotoxins bind to specific receptors as evidenced by the considerable sequence diversity
in the binding domain of the heavy chains of the different BoNT serotypes despite their
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Table 5
Infant Botulism in the United Kingdom

Laboratory confirmation by analysis of

Year Age (in mo)/Sex Toxin Type Feces Serum Ref.

1978 5.5/F A Toxin & organism ND (141)
1987 4/M B+F Toxin & organism ND (142)
1989 2/F B Toxin ND (143)
1993 4/F B Toxin & organism Toxin (144)
1994 4.5/M B Toxin & organism Toxin (145)
2001 5/F B Toxin & organism ND (146)

M, male; F, female; ND, not detected.



similar structural homology. Receptor specificity together with specificity for the intra-
cellular target accounts for the different sensitivity of animal species to the different
serotypes (13). Once bound to its specific receptor, BoNT is internalized by receptor-
mediated endocytosis and remains at the nerve terminal where the catalytically active
light chain is translocated into the cytosol. The precise mechanism of internalization
is not known although it involves clathrin-coated vesicles and is temperature- and
energy-dependent (13,16).

During translocation, the light chain of BoNT crosses the endocytic membrane to
reach the neuronal cytosol. The process is triggered by acidification of the endocytic
vesicle which induces a conformational change in the N-terminal portion (translocation
domain) of the heavy chain such that it inserts into the lipid bilayer forming possibly
either a channel or cleft which facilitates translocation of the partially unfolded light
chain through the membrane (15,16). Although the precise details of the translocation
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Fig. 2. Schematic representation of the structure and mode of action of C. botulinum neurotoxin.
(A) Cleavage of single neurotoxin peptide to heavy and light chain. The black area (heavy chain)
is the translocation domain, and grey the binding domain. (B) Schematic mechanism of action
of botulinum neurotoxin.



process have yet to be established, at some point both the disulfide bond and noncovalent
bonds linking the heavy and light chains are cleaved. Once in the cytoplasm, the light-chain
refolds owing to the neutral pH (13) and is able to proteolytically cleave highly specific
synaptic proteins involved in neurotransmitter release.

The light chain of the BoNT containing metallo-protease activity acts on specific
synaptic proteins known as soluble NSF-attachment protein receptors (SNAREs) that
are involved in the exocytosis of acetylcholine. SNARE proteins form part of a complex
that is involved in fusion of the acetylcholine containing synaptic vesicle with the pre-
synaptic membrane. BoNT A and E cleave SNAP-25 (synaptosomal-associated proteins
of 25 kDa); BoNTs B, D, F and G cleave synaptobrevin (also known as vesicle-associated
membrane or VAMP) and C can act on both the SNAP-25 and syntaxin. Each clostridial
neurotoxin recognizes its substrate at specific binding sites (SNARE motifs) and each
cleaves a different peptide bond even when the substrate is the same (17). SNARE
proteins must be in the uncomplexed form for BoNT action to occur and although
cleavage does not prevent formation of the SNARE complex, it results in a nonfunctional
complex in which the uncoupling of Ca2+ influx and fusion prevents neurotransmitter
being released (13,15). The duration of action of the different BoNTs varies significantly
with BoNTA having the most persistent action. Duration of BoNT action may be effected
by differences in either the persistence of BoNT LC in the cytosol and or persistence of
the specific cleaved protein in the SNARE complex. An important factor effecting
recovery from BoNT is how quickly and successfully nerve sprouting occurs.

2.5.2. Molecular Genetics of Clostridium botulinum Neurotoxins

C. botulinum types A, B, E and F neurotoxin genes are encoded chromosomally,
whereas in types C and D the genes are found on a bacteriophage (Table 1). The BoNT
genes are clustered in close proximity to the nontoxic nonhemagglutinin (NTNH) and in
most strains with hemagglutanin (HA) genes, forming what is known as the botulinum
neurotoxin locus. A positive regulatory gene botR coding a 21–22 kDa protein is asso-
ciated with the neurotoxin gene locus. C. botulinum strains usually produce only one
type of neurotoxin and the neurotoxin locus is present in only one copy on the genome.
However, in a few strains, two toxin types are synthesized, one usually being produced
in excess of the other. These strains contain two BoNT genes. Some C. botulinum type
A strains have silent bont B genes (76), which, although present on the genome with a
fully functional BoNTA gene, contain several mutations within the coding region leading
to transcription disruption.

The ability of clostridial species other than botulinum to produce neurotoxin, the
presence of more than one bont gene in some botulinum strains, as well as the similarity
between BoNT and tetanus toxin, indicates that bont genes are derived from a common
ancestor and are transferable between different clostridial strains; it is likely that this is
mediated by mobile genetic elements (18).

2.6. Clinical Characteristics

Early symptoms of foodborne or infant botulism affect the gastrointestinal tract and
often involve nausea, abdominal pain, vomiting and diarrhea followed by constipation.
Neurological symptoms then follow and are the same, irrespective of the route of entry
of botulinum neurotoxin. The classical picture is of descending symmetrical flaccid
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paralysis, with no fever. Early symptoms include cranial nerve palsies—blurred and
double vision (diplopia), difficulty in focusing, drooping eyelids (ptosis), facial weakness,
sluggishly reacting or enlarged pupils, difficulty in swallowing (dysphagia), difficulty
in speaking (dysphonia) and slurred speech (dysarthria). Weakness in the neck and
arms, loss of the gag reflex, weakness in lower limbs, and respiratory paralysis may follow.
There may be autonomic signs with dry mouth, fixed or dilated pupils, and gastro-
intestinal, urinary, and cardiovascular dysfunction. Altered sensory awareness and fever
are not associated with botulism. Deep tendon reflexes may decrease over time in some
cases. Initial differential diagnoses from foodborne botulism includes: Guillain-Barré
syndrome, myasthenia gravis, spinal/paralytic poliomyelitis, viral or bacterial encephalitis,
rabies, cerebrovascular accident, tick paralysis, paralytic shellfish poisoning, diphtheria,
chemical intoxications (carbon monoxide, barium, methyl chloride, methyl alcohol, organic
phosphorus, and atropine), mushroom poisoning, and reaction to pharmaceutical com-
pounds such as antibiotics (151,8).

For foodborne botulism, the incubation period ranges from 6 h to 10 d, but symptoms
are generally present 18–36 h after consumption of contaminated food. In both foodborne
and infant botulism there is a spectrum of disease: severity being related to the amount
of neurotoxin. If illness is severe, involvement of respiratory muscles occurs, and venti-
latory failure and death can occur unless supportive care is provided. Recovery follows
regeneration of new neuromuscular connections and 2–8 wk of ventilatory support is
common: some patients may require >7 mo before the return of muscular function.

The presentation of infant botulism is very similar to foodborne disease; however, since
the infants are unable to complain, symptoms often develop suddenly. In mild cases,
weakness, lethargy, and reduced feeding occur. In severe infant botulism cases weak-
ened cry, suck, and swallowing are observed together with muscle weakness, diminished
gag reflex, and loss of head control. Infants are described as “floppy”. In infants, sepsis
(especially meningitis), electrolyte-mineral imbalance, metabolic encephalopathy, Reye
syndrome, Werdnig–Hoffman disease, congenital myopathy, and Leigh disease should
also be considered (8).

Although intestinal colonization by C. botulinum is classically associated with infants
of <1 yr old, this has also been described, albeit very rarely, in an older infant and
among adults (77–82). The diagnosis is supported by prolonged excretion of toxin,
C. botulinum in the feces and an absence of a specific contaminated food vehicle. A single
case has been reported in a 3-yr-old neuroblastoma patient following intense immuno-
suppression and antibiotic treatment (83). Specific risk-factors among adults include
Chron’s disease, gastrointestinal surgery, and prior antibiotic treatment. A cases of
C. baratii intestinal colonization in an adult has been reported (79). The reservoirs of infec-
tion in these cases of adult colonization are equally obscure as for the majority of infant
botulism cases, but clearly food and other environmental sources such as dust are the
likely candidates.

Similarities exist between infant botulism and sudden infant death syndrome (SIDS)
and causal link has been suggested (6). Botulinum neurotoxin (especially type E) was
detected in the feces of 12% of SIDS infants (84) although this was not a universal
finding (85) and this connection remains controversial.

As noted previously, most cases of botulism are related to BoNT A and BoNT B,
BoNTE in which there is an association with marine products, and occasionally BoNT F
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(1,6,9). In addition, a single case of infant botulism owing to C. botulinum type C
(21) together with food and infant botulism related to C. baratii (type F), and C.
butyricum (type E; [23–26]) have been described. However, there are no recognized
differences between the clinical characteristics of botulism and the toxin type or the
Clostridium species.

2.7. Treatment and Control

The mainstay of treatment of foodborne botulism is the inactivation of toxin in the
patient by intravenous administration of equine antitoxin. Early administration is essential
because the action is directed towards free toxin which has not yet bound to nerve endings.
A single dose is given because the antibodies have a half life of 5–8 d in the patients
serum. Treatment is not without risk because up to 9% of patients are hypersensitive to
horse serum; an initial skin test prior to administration is advised to establish this. In
contrast with foodborne botulism, treatment with equine antitoxin is not recommended
in infants because of the possibility of serum sickness. A human derived antitoxin
product has been used in the United States (86). Treatment of infant botulism is primarily
through meticulous supportive care. Antibiotic treatment has no role in the treatment of
foodborne or infant botulism because this may increase toxin release.

Because the administration of antitoxin is the only specific therapy for foodborne
botulism, and that this is only effective early in the course of neurological dysfunction
(87), the decision for treatment is almost always based on clinical observation, case history,
and physical findings; and should not be delayed for the results of laboratory tests.

The control of C. botulinum in the food chain relies on the killing of organisms in
foods that will support the growth of this bacterium, or the formulation of food ingredi-
ents and processes to prevent growth. Although many foods satisfy the nutritional
requirements for the growth of C. botulinum, not all of these have the necessary anaerobic
environments to support growth. Anaerobic requirements are, however, supplied in
many canned and bottled vegetables, meat, and fish products, and these should either be
subjected to a botulinum 12D ‘kill’ or have one or more of the following to prevent
growth: low pH, low water activity, high salt, high sodium nitrite, and/or other preserv-
atives. Refrigeration will not prevent growth and toxin production unless the temperature
is kept below 3°C. Foods processed to prevent spoilage but not refrigerated are the most
common vehicles of botulism. Because of the association of infant botulism with honey,
and since this food does not undergo a botulinum ‘cook,’ some countries and manufactur-
ers recommend not feeding honey to infants less than 1 yr old.

Because of the extremely protracted course of both foodborne and infant botulism,
the cost of treatment can be considerable. For example, it was estimated that an average
cost for hospitalization and treatment of a single infant botulism case was $80,000, with
those infants with most protracted illness (>10 mo hospitalization) to be >$635,000 (6).

2.8. Summary and Conclusions

Foodborne botulism results from the ingestion of preformed toxin in contaminated
foods which may still be available to cause illness in others and a single case can precede
a severe public health emergency. It is, therefore, critical for acute care clinicians to
be able to rapidly recognize botulinum cases and to alert public health microbiologists
to investigate incidences, identify implicated food sources, and advise those responsible
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for food regulation on rapid withdrawal of implicated product and appropriate addi-
tional interventions. Identical considerations apply to a deliberate release (bioterrorism)
incident if botulinum toxin or C. botulinum (or indeed another species of bacteria
engineered to produce botulinum neurotoxins) were to be introduced into the food
chain. The use of a mouse bioassay to detect active toxin has been the mainstay for
laboratory diagnosis and identification of this very diverse group of bacteria; however,
molecular biological advances (either for the detection of neurotoxin genes by PCR,
detection of toxin by immunoassay, or the detection of biologically active toxins using
specific in vitro assays) are likely to become more widespread in the future.

Infant botulism is also a foodborne disease, but occurs via the production of neuro-
toxin in the immature intestinal tract. The epidemiology is less well-understood than
foodborne botulism, but the molecular advances outlined above may also contribute to
improved diagnosis and a greater understanding of the disease.

3. CLOSTRIDIUM PERFRINGENS

3.1. Introduction

Clostridium perfringens is probably one of the most widely occurring bacterial
pathogens and is ubiquitous in the environment and as part of the normal intestinal flora
of humans and other animals (1). This bacterium causes a wide range of diseases in
humans, indeed there is hardly a site that has not been reported as infected by C. per-
fringens especially following penetrating wounds (88). The most commonly occurring
C. perfringens infections are summarized in Table 6.

The pioneering work of Hobbs et al. (89) extended earlier observation and firmly
established this bacterium as a frequent cause of foodborne diarrheal disease (see
Section 3.4.1.). Among those diseases which are transmitted to humans via the oral
route it is now known that C. perfringens (type A) is not only responsible for diarrhea
associated with the consumption of contaminated food as originally described by Hobbs
et al. (89), but also antibiotic associated and infectious diarrhea. C. perfringens (type C)
is also a cause of necrotizing enterocolitis (Pig-bel or Darmbrand) in humans which
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Table 6
Diseases Caused by C. perfringens

C. perfringens Diseases in

type Humans Other animals

A Gas gangrene; foodborne, Enterotoxemia (lambs, cattle, goats,
antibiotic-associated, horses, dogs, alpacas, kangaroos, pigs,
and infectious diarrhea rabbits, reindeer, and others)

Necrotic enteritis (domestic and wild birds)
Acute gasrtic dilation (nonhuman primates

and others)
B, D, and E None identified Enteritis and enterotoxemia (sheep, goats,

guinea pigs, rabbits, and others)
C Necrotizing enteritis (jejunitis) Enterotoxemia (lambs)

Necrotic enteritis (piglets, lambs, calves,
foals, and birds)



is also foodborne. This bacterium also causes enteric infections in a very wide range of
other animals (Table 6). A more detailed description of the intestinal diseases in humans
is given in later sections.

Studies of infectious intestinal disease in the 1990s identified C. perfringens as
responsible for diarrhea in 4 and 2.3% of patients in the community in England and
Wales (152) and in Holland (90), respectively. The study in England and Wales also esti-
mated that for each case identified in the laboratory, an additional 186 cases present to
a medical practitioner, and 343 cases occur in the community (91). Thus demonstrating
that this disease is considerably underdiagnosed. Further analysis in England and Wales
(92) and in the United States (93) estimated C. perfringens as the second and the ninth
most common foodborne diseases, respectively (Table 7). Adak et al. (92) further estimated
that C. perfringens was responsible for 2% of the total hospitalizations and 18% of all
the deaths from preventable foodborne diseases in England and Wales (Table 7).

More detailed reviews about C. perfringens and gastrointestinal disease can be found
in the following literature (94–100).
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Table 7
Estimated Illness Resulting From 10 Most Common Foodborne Pathogens 
in the United States, and England and Wales. Adapted for refs. (92,93)

Numbers of cases

Total Hospitalizations Deaths

USA (After 1993)
Total 76,000,000 323,000 5200
Norovirus 23,000,000 50,000 310
Rotavirus 3,900,000 50,000 30
Astrovirus 3,900,000 12,500 10
Campylobacter 2,453,926 13,174 124
Giardia 2,000,000 5,000 10
Salmonella 1,412,498 16,430 582
Shigella 448,240 6,231 70
Cryptosporidium 300,000 1,989 66
C. perfringens 248,520 41 7

Toxoplasma gondii 225,000 5,000 750
England and Wales (After 1992)
Total 1,338,772 20,759 480
Campylobacter 359,466 16,946 86
C. perfringens 84,081 354 89
Norovirus 57,781 37 9
Yersinia 45,144 216 1
Salmonella 41,616 1,516 119
Astrovirus 17,291 12 4
Bacillus 11,144 27 0
Rotavirus 8,979 46 4
Staphylococcus aureus 2,276 57 0
Cryptosporidium 2,063 39 3
Giardia 1,673 5 0



3.2. Classification and Identification
3.2.1. Taxonomy

C. perfringens is a Gram-positive, endospore-forming, encapsulated, nonmotile
anaerobic bacillus: straight rods with blunt ends occurring singly or in pairs are produced,
which are 0.6–2.5 m wide and 1.3–19 m long. The bacterium sporulates extremely
poorly in laboratory media; but when this occurs, endospores are large oval central or
subterminal and distend the cell (101). The organism has a G+C range of 24–27 mol%
and on the basis of 16S rDNA sequence, the organism belongs to the Clostridium
cluster I which is typical for other low G+C species within this genus (102). The bacte-
rium is divided into five different types (A–E) according to the range of ‘major’ toxins
produced (Table 8): the five toxin types can not be distinguished on the basis of cellular
and colonial morphology, biochemical reactions, fatty acid, end products of metabolism,
or chromosomal arrangement (101). The majority of human infection is related to type A
(1). A further range of other ‘minor’ toxins (gamma, delta, eta, theta, kappa, lambda,
mu, nu and neuraminidase) together with the enterotoxin are produced by C. perfringens
(97). Analysis of the C. perfringens genome also identified additional putative toxin
genes, including five distinct hyaluronidase genes (103). The role of the enterotoxin and

-toxin in enteric infection are outlined in Section 3.5.
Methods for C. perfringens toxin typing were developed in the 1930s and involve the

use of specific antitoxin (antisera) in neutralization tests in mice (97). However, these
tests are now rarely performed, not least because of ethic issues resulting in the reduction
of tests using animals and difficulty in the supply of antitoxin. DNA-based techniques
(hybridization and PCR) are now more usually performed (104,105). The presence of
toxin genes, however, is not necessarily equivalent to the tests for toxin production: for
example, the enterotoxin gene (cpe) has been detected in C. perfringens type E, but this
was shown not to be expressed (106).

C. perfringens is synonymous with Clostridium welchii, the latter being more frequently
cited in historic UK literature. Precedence was given to C. perfringens because this
species name was first used.

A complete genome sequence is available for a single C. perfringens type A: this
strain was originally isolated from a case of gas gangrene and does not contain the
enterotoxin gene (103). The genome is 3.03 Mbp in size, has a G+C content of 28.6 mol%
and encodes 2660 genes.

3.2.2. Identification

Colonies of C. perfringens are circular, semi translucent, smooth, with an entire edge
and growth of 1–2 mm in diameter after 24 h. Colonies also appear umbonate with
radial striations and a crenated edge, although these are less common. On horse blood
agar, colonies show a double zone of hemolysis. The inner clear zone owing to the -toxin,
the outer more hazy zone owing to the -toxin (107). Nonhemolytic strains occur.

Failure to grow aerobically, but not anaerobically, on a suitable medium (e.g., blood
agar) incubated at 35 or 37°C for 18–24 h is often used as an initial screening for the
identification of suspect C. perfringens colonies. Clinical laboratories traditionally
relied on the Nagler reaction for identification of C. perfringens (153). Nagler media
contain either a human serum or an egg yolk emulsion, and a dense white opalescence
is obtained around C. perfringens colonial growth resulting from the activity of the
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-toxin is observed, which is inhibited by specific antisera. Nagler plates are prepared
and half-treated with the antisera, and suspect colonies are streaked perpendicularly to
the antitoxin (Fig. 3). A positive reaction is recognized when the inhibition of the
lecithinase (opalescence) occurs in the region of the Nagler plate treated with antitoxin.
However, because of the difficulties in obtaining good quality antisera and the avail-
ability of alternative methods (see final paragraph, this section), the Nagler reaction is
now rarely performed. Nagler reaction negative C. perfringens have been described which
were associated with incidents of food poisoning (107): later analysis by the authors
showed that these strains do contain at least a fragment of the -toxin gene which is
not expressed in a biologically active form (Food Safety Microbiology Laboratory,
unpublished data).

Identification of C. perfringens in both food and clinical laboratories relies on British
and European Standard Methods (108) which utilize motility nitrate and lactose
gelatine media. On lactose gelatine agar, C. perfringens ferments lactose (as indicated
by a color change of phenol red to yellow resulting from the acidification) and gelatine
is liquified when the media is cooled to 5°C for 1 h. In nitrate motility agar slopes,
C. perfringens reduces nitrate to nitrite, and is nonmotile because the growth occurs
only along the site of stab inoculation.

Because all C. perfringens produce the -toxin (as detected in the Nagler reaction)
detection of the -toxin gene is, therefore, a suitable method for identification. A variety
of PCR-based procedures have been described for amplification of this gene (105). It is
the authors’ experience that a simple duplex PCR for both the -toxins and enterotox-
ins (109) correlates very well with the results of identification using Nagler reactions
as well as motility nitrate and lactose gelatine agars (unpublished data). The PCR
approach has considerable advantages in terms of the speed of results without the need
to manipulate pure cultures and advances in nucleic-acid detection technologies
(including real-time PCR procedures) are likely to considerable increase the speed of
throughput in the near future.

3.2.3. Selective Isolation

For investigation of food poisoning incidents, samples of feces should be collected
as soon as possible and examined for the presence of enterotoxin (see Section 3.2.5.)
and for the presence of large numbers of the bacterium. C. perfringens is readily isolated
from stool specimens by plating onto neomycin blood agar followed by overnight
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Table 8
Patterns of Toxin Production for Differentiation of C. perfringens Types A–E

Toxin types

C. perfringens Type Enteroa

A + +
B + + + +
C + + +
D + + +
E + + (+)
Location of toxin Chromosomal Plasmid Plasmid Plasmid Chromosomal or plasmid

aNot all some strains carry the enterotoxin; enterotoxin in type E cultures is not expressed.



anaerobic incubation. Quantification of spores and vegetative cells is important because
large numbers of spores (>105/g of feces) are usually only found following C. perfringens
food poisoning. The method outlined in Table 9 given below is that recommended by
the Public Health Laboratory Service (147).

Collection and quantitative analysis for the presence of C. perfringens in suspect
foods is also important for the investigation of food poisoning. The current European
Standard Method (108) recommends the use of a pour plate technique with tryptose
sulfite cycloserine (TSC) agar incubated anaerobically overnight (Table 9). Suspect
(sulphite-reducing black) colonies are enumerated and identified. Because the numbers
of vegetative C. perfringens decline rapidly in some foods (especially those which have
been refrigerated) enrichment in cooked meat broths or reinforced clostridial medium
broths may be necessary if there is a significant delay before examination.

As outlined above, the conventional methods for isolation of C. perfringens from
clinical and food material often differ, and it is the authors’ experience that these may
select different subpopulations of the bacterium. Only enterotoxin containing C. per-
fringens are responsible for food poisoning, but these may be present with large numbers
of other nonenterotoxigenic in both food and feces.

3.2.4. Epidemiological Typing

Hobbs et al. (89) originally reported the usefulness of serotyping C. perfringens
using agglutination reactions against specific antisera. This approach was extended by
combining schemes from both the United Kingdom with those from the United States
and Japan, and over 100 serotypes of C. perfringens were recognized (110).
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Fig. 3. Nagler reaction for the identification of C. perfringens. Antisera is spread on the
left-hand side of the plate and the right-hand side is untreated. The organisms are (from top
to bottom): C. perfringens (no reaction, a typical strain), C. perfringens (positive reaction),
C. perfringens (positive reaction), C. absonum (negative reaction, lecithinase-positive but not
inhibited by the antitoxin), and C. barattii (negative reaction, lecithinase positive but not
inhibited by the antitoxin). (Please see color insert.)



However, there are difficulties over the control and production of reagents, stability
of types and because >20% of isolates are nontypeable, alternative subtyping methods
have been described. Molecular typing techniques for C. perfringens have included
ribotyping (111), plasmid profiling (111), pulsed field gel electrophoresis (PFGE;
Maslanka et al., 1999, Ridell et al., 1998), randomly amplified polymorphic DNA
(RAPD; [111]) and amplified fragment-length polymorphism (AFLP) analyses
(McLauchlin et al., 2000).

As outlined in later sections, establishing a diagnosis of C. perfringens food poison-
ing can be problematic. Epidemiological typing (together with enterotoxin gene typing),
and enterotoxin detection are essential for the investigation of food poisoning outbreaks.

3.2.5. Enterotoxin Detection

Several biological assays have been described for the detection of enterotoxin. These
include the use of rabbit ileal loop, erythemal activity, lethality in mice (112), and
the use of vero cells growing in vitro (113). Because of relative insensitivity of these
methods and the need to reduce the use of experimental animals, the analysis of cyto-
toxicity to vero cells growing in vitro is the principal biological assay for enterotoxin.

Enterotoxin is now almost universally detected using immunoassays. Initial formats
for detection included gel-diffusion methods and latex-agglutination tests. These tests
have been replaced by other immunoassays of higher sensitivities, which includes
commercially available reverse passive latax agglutination (RPLA; [113]) and an ELISA
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Table 9
Selective Isolation Methods for C. perfringens From Feces and Food

I. Examination of fecesa

a. Spore count dilution series
1. Prepare a 1:5 dilution of feces in PBS (minimum 0.1 g feces to 0.5 mL PBS) 
2. Add equal volume of 95% (v:v) ethanol
3. Leave for 30 min at room temperature
4. Dilute to 1:1000 in PBS

b. Vegetative cell count dilution series
5. Prepare 1:10 and 1:100 dilution of feces in PBS

c. Enumeration procedure
6. Inoculate 0.1 mL of each spore count and vegetative cell count dilution series onto

neomycin (75 mg/L) fastidious anaerobe blood agar
7. Incubate anaerobically at 35–37°C for 16–24 h and enumerate presumptive

C. perfringens colonies
II. Examination of foodsb

1. Homogenize food in MRD and prepare decimal dilution series 
2. Add 1 mL to an empty Petri dish and pour 10–15 mL of Moulton TSC AGAR, mix well 
3. Allow to solidify and add a 10 mL overlayer of TSC agar
4. Allow to solidify and incubate anaerobically at 35 or 37°C for 20 h 
5. Enumerate sulphite reducing black colonies with halos (presumptive C. perfringens)

and identify at least five colonies

Abbreviations: PBS, sterile phosphate-buffered saline; MRD, maximum recovery diluent; TSC, tryptose
sulfite cycloserine.

aPublic Health Laboratory Service Standard Operating Procedure (8).
bBritish and European Standard Methods (108).



test (114). The relative sensitivities of vero cell assays, RPLA, and ELISA have been
reported to be 40, 4 and 4 ng/g of feces (113,115); the RPLA has the disadvantage of
requiring some subjectivity in reading results and some nonspecific reactions.

Although not strictly a method for enterotoxin detection, PCR has been used for
detection of C. perfringens enterotoxin gene fragments directly in feces (109,116).
Analysis by PCR was of similar sensitivity to the use of immunoassays (116), and from
our experience, this can act as a suitable screening test for the presence of enterotoxigenic
C. perfringens in feces.

3.3. Reservoirs

C. perfringens is ubiquitous in the environment (95). For example, it occurs in soils
(commonly at 103–104/g), in foods (e.g., in at least 50% of raw and frozen meat), is
common in dust and the intestinal tracts of humans and animals (human feces, espe-
cially in the elderly, commonly contains 103–106/g). However, there is increasing
evidence that this superficial understanding does not reflect a more complex microbiol
ecology of subpopulations within this bacterial species. As has already been outlined,
C. perfringens enterotoxin is required for both the food poisoning and the antibiotic and
infectious diarrhea, and not all representatives of this bacterial species encode this gene.
Furthermore, analysis of isolates from food poisoning outbreaks in both North America
and Europe found that these had the enterotoxin gene chromosomally encoded, whereas
the enterotoxin gene was found on a plasmid among unrelated isolates from antibiotic-
associated and sporadic diarrhea (117,118). This relationship may not be absolute and a
C. perfringens strains with a plasmid-encoded enterotoxin has been identified as associated
with an outbreak of food poisoning in Japan (119). A comparison of C. perfringens with
plasmid and chromosomally encoded enterotoxin showed that the former were consi-
derably less heat-resistant than the latter (120). The D values of C. perfringens with
plasmid and chromosomally encoded enterotoxin for vegetative cells at 55°C in 5–9 min
as compared to 12–16 min, respectively, and for spores at 100°C, 0.5–1.9 min as
compared to 30–124 min, respectively (120). Furthermore, unrelated C. perfringens
which produce the enterotoxin were more heat-resistant than those that do not (121): the
location of the enterotoxin gene for these isolates was not determined. Recent surveys
of foods on retail sale in the United States have shown that >98% of C. perfringens do
not contain the enterotoxin gene (122,123). The minority of C. perfringens from retail
foods that did contain the enterotoxin (and, therefore, had the potential to cause food
poisoning) all were chromosomally encoded and all had a high heat resistance.

Hence, the recent data have revealed a further level of complexity of the distribution
of C. perfringens type A. It has been suggested that selection of food poisoning C.
perfringens may occur in kitchens because of their higher heat resistance. Although this
selection may occur, the increased heat resistance appears to be an intrinsic trait of these
strains even when directly isolated from food and food components (157). Further work
is required to better understand the reservoirs of the C. perfringens type A causing
enteric infections.

Reservoirs for C. perfringens type C are equally intriguing. It is generally believed
that C. perfringens type C is an obligate parasite of animals’ intestinal tracts (1). However
when investigating Pig-bel in Papua New Guinea, Walker (124) reported that despite
readily finding C. perfringens type C in the feces of affected individuals, conventional
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microbiological culture methods of the environment revealed only C. perfringens type
A. Immunofluorescent assays, however, showed that C. perfringens type C was widespread
in the feces of unaffected individuals, as well as the soil, in the ovens where meat is
cooked. Walker (124) further speculated that C. perfringens type C is part of the normal
fecal flora, or an organism with transient passage through the enteric tract, which in
both instances only causes disease under specific circumstances of unusual, increased
protein consumption in the diet together with low proteinase activity in the gut (see
Section 3.4.3.). However, the true reservoirs of both enterotoxigenic C. perfringens type A
and C. perfringens type C appear poorly understood.

3.4. Foodborne Outbreaks
3.4.1. Food Poisoning

The pioneering work of Hobbs et al. (89) established C. perfringens as a cause of
the food poisoning of previously unknown origin. This publication described the dis-
ease together with likely food vehicles, established methods for diagnosis, and by
human volunteer feeding experiments showing that viable organisms were essential
for establishing the diarrhea. The principal finding of this seminal publication is shown
in Table 10. The significance of the heat resistance (spore-forming ability) correctly
identified by Hobbs et al. (89) together with the rapid growth rates at a wide range
of temperatures are the features that allow C. perfringens to multiply and survive in
food and cooking processes. Because of the nutritional requirement of this bacterium
(C. perfringens requires 13 amino acids to grow), and the need for anaerobic environ-
ments, multiplication is particularly associated with protein rich foods, especially
those containing meat. Features of C. perfringens that favor transmission through
food are summarized in Table 11.

C. perfringens food poisoning presents as a profuse diarrheal illness often with
abdominal pain 8–24 h after the ingestion of heavily contaminated (usually >106

vegetative C. perfringens per g or mL) of food. The symptoms usually subside within
10–24 h, and fatalities, although rare, can occur especially in the elderly and immuno-
compromised persons. Disease symptoms are caused by the production of enterotoxin
(cpe) in the intestine from sporulating organism ingested from food (1). Data on >1500
outbreaks of C. perfringens food poisoning in the United Kingdom has been collected
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Table 10
The Principal Finding of the Seminal 1953 Publication From Hobbs et al. (89)

A large proportion of food poisoning of unknown origin may be due to heat resistant 
C. perfringens

Almost all outbreaks are caused by meat which has been cooked and allowed to cool slowly
Colic, diarrhea but rarely vomiting occur 8–20 h after consumption
Large numbers of C. perfringens are found in the food and feces of patients
Heat resistant C. perfringens are commonly found in the feces of animals, and this is 

possibly the source of infection
Results of human volunteer experiments with cooked meat broths showed that:

diarrhea occured after consumption of broths with viable cultures;
no diarrhea occured after consumption of uninoculated broths or filtrates of broths containing
viable cultures



([125]; Food Safety Microbiology Laboratory, unpublished data) and are summarized
in Table 12. The majority of outbreaks were associated with, meat or poultry, larger
scale institutionalized catering, and with poor temperature and time control prior to
serving. Most outbreaks were small (less than 50 cases) but 3 and 0.3% involved >200
and >600 cases, respectively (Table 12). Similar (albeit not so extensive) epidemio-
logical data is available for the United States (126–129).

Examples of two typical outbreaks are given here. An explosive outbreak of diarrhea
affecting 170 patients occurred in a mental hospital from which three of the patients
died. Patients had eaten a roast lamb which had been cooked, stored at room tempera-
ture for 20 h and served cold. The same type of C. perfringens was recovered from,
the lamb dish, patients’ feces, and post-mortem samples. The storage of the lamb pro-
vided ample time for the growth of the organism which was not killed by thorough
reheating of the meat (Food Safety Microbiology Laboratory, unpublished data). In a
second outbreak, 36 people were ill with diarrhea following the meal at a public
house. Food samples were not available for examination but six large rolled turkey
joints had been consumed, cooked to a core temperature of 73°C, cooled, and stored
in the refrigerator for up to 36 h. Prior to serving, the meat was reheated with the
gravy prepared from meat stock. (Food Safety Microbiology Laboratory, unpublished
data). This outbreak occurred during a busy Christmas period when refrigeration was
more likely to be poorly controlled. In this outbreak either the meat or the gravy was
most likely to have been responsible. Large rolls of meat can be problematic to cook
and cool because of their size and the fact that the external contamination becomes
located in their centre. It is recommended that the stock is not used to make gravy
because it provides ideal conditions for the growth of C. perfringens and a potent
inoculum for other food items.
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Table 11
Properties of C. perfringens That Favor Transmission Through Food

Conditions Properties of C. perfringens

Growth temperature
Range 15–52°C
Optimum 43–45°C

Generation time at 33–49°C 8–20 min

Heat resistancea

Minimum 20 min at 65°C
Maximum 3 h at 100°C

The pH range for growth 6.0–7.0
Minimum aw for growth 0.95–0.97
Growth in food Rapid growth in a wide range of highly protein-

aceous foods, especially meat based products
Atmosphere for growth Anaerobic conditions including some modified 

atmosphere and sous vide products
Distribution Widespread in the environment, foods and food

ingredients, and gastrointestinal tract of animals
aHigher heat resistance has been associated with C. perfringens strains with a chromo-

somally encoded enterotoxin gene (120).



Outbreaks can be associated with more unusual types of food. An outbreak of 56
cases of diarrhea occurred in an English hotel and was associated with boiled salmon
that had been left at room temperature prior to serving cold in the following day (130).
The possibility of foods other than meat or fish as vehicles is illustrated by an outbreak
in an old peoples’ home in Japan where 30 cases of diarrhea occurred after consump-
tion of spinach and fried bean curd dish (131). The food had been cooked, stored at
room temperature, and served in the following day after a brief reheat (131).
Furthermore, an outbreak with 77 cases of diarrhea occurred in a school, 2–10 h after
the consumption of a milk shake. The milk shake was boiled and left for 20 h at room
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Table 12
Features of 1566 Cases of C. perfringens Food Poisoning Outbreaks 
in the United Kingdom, 1979–1996

Number of outbreaks 1566
Number of cases per outbreak

<50 88.5%
50–99 8.0%
100–299 3.1%
300–499 0.4%

Place where outbreak occurred
Residential institutions (hospital, old peoples’ home, hotel, nursing home, 42%

prison, oil rig, ship, and other) 
Canteen in nonresidential settings (school, nursery, university, and other) 22%
Commercial catering (restaurant, hotel, wedding, and other functions) 30%
Private house and other 6%

Implicated foods
Beef 37%
Pork 11%
Lamb 9%
Other meat 16%
Chicken 12%
Turkey 10%
Duck 1%
Soup/stock/gravy 2%
Other 3%

Possible contributing factors (more than one factor may be associated 
with each outbreak)

Inadequate:
Thawing 9%
Cooking 22%
Cooling 62%
Re-heating 49%

Preparation too far in advance 69%
Too large quantities prepared 20%
Use of leftovers food 4%
Cross-contamination 3%

Based on ref. (125) and HPA Food Safety Microbiology Laboratory (unpublished).



temperature before consumption. C. perfringens was isolated from both milk and feces,
and is likely to multiply during the slow cooling of large volumes of food or beverages
(Food Safety Microbiology Laboratory, unpublished data).

3.4.2. Infectious and Antibiotic-Associated Diarrhea

C. perfringens type A also causes enterotoxin-mediated infectious or antibiotic-
associated diarrhea which differs from the classical food-poisoning described by Hobbs
et al. (89). Infectious and antibiotic-associated diarrhea is generally more profuse and
of longer duration than classical food poisoning: blood and mucus occur in the stools
which is also unusual in the classical disease (132). This form of the infection occurs
almost exclusively in the elderly, and hospital-acquired cases are often associated with
antibiotic treatment (132). The recovery of the bacterium from hospital environments
and hands suggests that the disease may be truly infectious. (132). However, carriage of
the bacterium is also important in this disease, and although food may also play a role
in transmission, this has not been demonstrated.

3.4.3. Necrotizing Enteritis

Necrotizing enteritis resulting from C. perfringens type C is very rare in the indus-
trialized world (133). The incubation time is 5–6 h with acute sudden-onset severe
lower-abdominal pain, bloody diarrhea, and vomiting. This is in contrast to type A
disease in which the diarrhea without vomiting predominates. During necrotizing
enteritis, necrotic inflammation of the jejunum and small intestines occurs, and if not
treated, it can have a mortality rate of >85%. The disease is mainly owing to the pro-
duction of -toxin in the gut, with possible contributions from the -toxin and -toxins
(96,134). The infection is associated with the consumption of foods contaminated with
C. perfringens type C together with low levels of proteolytic enzymes in the intestines,
caused for example by prior low protein (meat) uptake. A further risk-factor is concurrent
Ascaris lumbricoides (roundworm) infection, because the parasite secretes a powerful
trypsin inhibitor (135).

Outbreaks of necrotizing enteritis were detected in Germany just after the World
War II. The disease was named Darmbrand (‘fire bowels’) and was associated with
the scarcity of meat and consumption of under-processed home-canned foods, and
rabbit. In Papua New Guinea, the disease (named Pig-bel) was much more common
and is traditionally associated with feasting. The population has a low-meat diet and
consequently low-chymotrypsin secretion. In addition, sweet potatoes are consumed
as a staple source of carbohydrate; and because this vegetable contains high concen-
trations of a trypsin inhibitor, this also acts as a risk factor for the disease (124). During
feasts, large amounts of undercooked pork (which contain the bacterium) are consumed
and the absence of trypsin and chymotrypsin results in active C. perfringens -toxin
in the jejunum and small intestines (124).

3.5. Pathogenicity and Virulence Factors
3.5.1. Enterotoxin

Hobbs et al. (89) initially described experiments with the consumption of cooked
meat broths by human volunteers. Diarrhea occurred after the consumption of viable
cultures of C. perfringens but did not occur after the consumption of uninoculated
broths or sterile filtrates of broths which contain viable cultures (89). Thus, it was
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demonstrated that the consumption of viable organisms is essential for the development
of the disease. Initial evidence that the enterotoxin is the single factor associated with
food poisoning (as well as antibiotic and infectious diarrhea) was shown using purified
protein and experimental animal tests (158). Peroral administration of purified entero-
toxin to human volunteers with neutralized stomach acid was later shown to generate
diarrhea, nausea and abdominal pain indistinguishable from the natural disease (136).

Large amounts of enterotoxin production occur in the C. perfringens cytoplasm after
activation by factors which also control the onset of sporulation. The protein is not
secreted but is released on lysis of the mother cell on completion of sporulation where
up to 30% of the total cell protein is enterotoxin. During food poisoning, vegetative cells
are consumed in high numbers in contaminated foods and these sporulate (releasing
large amounts of enterotoxin) in the small intestines. The bacterium sporulates poorly
in most laboratory media: Duncan and Strong (137) described a specialist medium to
stimulate this process, and most other formulations are derivatives of this original
medium (138). The time course for production of enterotoxin in vitro correlates well
with the natural disease where spore formation occurs after 3–4 h with maximum
numbers after about 7 h. Enterotoxin formation parallels spore formation but decreases
after about 10 h when lysis of the mother cells occur (159).

The sequence of the enterotoxin has been investigated by several groups and was
found to be highly conserved (100). The enterotoxin comprises a single 35 kDa protein
of 319 amino acids which is both heat and pH labile (100). The secondary structure is
of 80% -sheet, and 20% random coil. There is an increased biological activity under
limited trypsin and chymotrypsin treatment, which is associated with hydrolysis of the
first 25–34 amino acids at the N-terminal: this activation process probably naturally
occurs in the intestine during the disease (100). There are no known homologies with
any other toxins except for a weak relationship with a Clostridium botulinum complex
protein (100). The current model of the toxin action involves two domains at either
end of the single enterotoxin polypeptide chain (100). The first domain is located at the
C-terminal and binds to host cell claudin proteins which are located in the tight junctions
of a wide variety of cells, including enterocytes. This process disrupts efficient cell/cell
tight junction formation and leads to some cell disintegration and disassociation. The
claudin/enterotoxin complex then undergoes a confirmational change and interacts with
a second host membrane protein (a binding domain near to the N-terminal is associated
with this interaction) and form unique cation permeant pores and allows excess leakage
of Ca2+ ions from the h ost cell. The loss of Ca2+ ions leads to cytoskeletal collapse and
cell lysis.

3.5.2. -Toxins

There are two -toxins of C. perfringens (designated 1 and 2) which have approx
15% sequence homology. The 1 toxin is associated with necrotizing enteritis causing
C. perfringens type C strains (as well as type B, Table 8). The 2 toxin also occurs in
C. perfringens type C strains (with or without the 1 toxin) as well as some C. per-
fringens type A strains (105). The gas gangrene type A strain where there is a whole
genome sequence contains the 2 toxin (103). Both the 1 and 2 toxins are cytotoxic
and induce hemorrhagic necrosis of the intestinal mucosa in experimental intestinal
loop tests; however, the exact mode of action is not understood (105). However,
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because of similarities with other toxins, it has been suggested that the -toxins form
pores in eukaryotic membranes (105).

3.6. Clinical Characteristics and Diagnosis

Ideally, the diagnosis of C. perfringens food poisoning is confirmed by: detection of
enterotoxin and high numbers of C. perfringens vegetative cells and spores in patient’s
feces; detection of high numbers of C. perfringens vegetative cells in the implicated
food; and the demonstration that isolates from the implicated food and patient’s feces
are the same type and are capable of producing enterotoxin. However, the diagnosis
can be problematic because: C. perfringens vegetative cells in food decrease, if stored
cold or if examination is delayed; spores in feces may germinate, if examination
delayed; high counts and mixed C. perfringens populations occur in individuals without
C. perfringens diarrhea, especially in the elderly; not all C. perfringens contain the
enterotoxin gene and these are phenotypically indistinguishable from those with the
enterotoxin gene; C. perfringens sporulates poorly in vitro and hence enterotoxin pro-
duction is difficult to assess; and enterotoxin may not be detected in the feces, especially
if examination is delayed >2 d after the onset.

From our experience, the use of PCR to identify enterotoxigenic C. perfringens is
invaluable when investigating outbreaks. This process allows the distinction of organisms
capable of causing disease from those that do not and which may be part of the normal
food or fecal flora. Cases of viral diarrhea have been investigated by the authors where
large numbers of C. perfringens occurred in the feces. PCR was useful in this instance
because none of the C. perfringens was found to contain the enterotoxin gene. Prior to
the availability of PCR, C. perfringens “outbreaks” were reported where large numbers
of C. perfringens but no enterotoxin was detected in patient’s feces (115); these outbreaks
could have been associated with other microbiological agents.

3.7. Treatment and Control

There is no specific treatment for C. perfringens food poisoning, and dehydration
should be treated by oral or in more sever cases parenteral fluid replacement. Successful
treatment of antibiotic-associated and infectious diarrhea with metronidazole has been
reported (139).

Treatment of necrotizing enteritis is related to rapid blood transfusion and fluid
replacement together with intestinal decompression, vitamin supplements, and anti-
biotic treatment. Surgery (resuscitation, typically by removal of 50–200 cm of jejunum
or less often the ileum) has been recommended in cases where: toxicity, bleeding, or
pain persists; intestinal obstruction and distension persists; and perforation is a suspect.
The incidence of Pig-bel in Papua New Guinea was reduced by vaccination with a
toxoid of C. perfringens type C (124).

Control of C. perfringens food poisoning involves the adequate performance of
temperature and time control to cooling, storage, and reheating of foods. Since the
organism survives many cooking processes, foods should be cooled rapidly (particularly
through 55–15°C) as soon as possible after cooking, preferably within 90 min, to mini-
mize the growth of this bacterium. Limiting the sizes of meat joints will greatly facilitate
adequate cooling. Precooked foods should be thoroughly reheated to >70°C immediately
before consumption to kill vegetative C. perfringens cells. Care should also be taken
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(especially in institutional catering) to avoid the use of repeated reheated ingredients
and left-over foods such as soups, stocks, and gravy which could promote the build-up
of large numbers of spores. Care should also be taken in general kitchen hygiene by
thorough cleaning of all surfaces, cloths and utensils, and the removal of dust and soil
from food components.

3.8. Summary and Conclusions

Despite after 50 years since the correct identification and description of control
measures of C. perfringens in institutional catering by Hobbs et al. (89), this disease
remains an important cause of food poisoning. The bacterium also causes infectious
and antibiotic associated diarrheal disease as well as necrotising enteritis which is very
rare in industrialized countries. The disease is caused by the consumption of foods
containing large numbers of the bacterium which produces diarrhoea by the synthesis
of enterotoxin in the gut. Diagnosis of C. perfringens food poisoning can be problematic
and ideally should be confirmed by: detection of enterotoxin and high numbers of C.
perfringens vegetative cells and spores in patient’s feces; detection of high numbers
of C. perfringens vegetative cells in the implicated food; and the demonstration that
isolates from implicated food and patient’s feces are the same type and are capable of
producing enterotoxin. The bacterium is widespread in the environment, although only
a small proportion of C. perfringens have the ability to produce enterotoxin. The eco-
logical role of enterotoxin is not known, although recent data has indicated that there
are physiological differences associated with this phenotype.

C. perfringens food poisoning can be prevented by adequate temperature and time
control together with basic food hygiene. Hobbs et al. (89) gave advice on the control
of C. perfringens that is as relevant today as at the time of writing some 50 yr ago:

“Outbreaks of this kind should be prevented by cooking meat immediately before con-
sumption, or if this is impossible, by cooling the meat rapidly and keeping it refrigerated
until it is required for use.”
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4
Yersinia enterocolitica and

Yersinia pseudotuberculosis

Maria Fredriksson-Ahomaa

1. CLASSIFICATION AND IDENTIFICATION

Yersinia enterocolitica and Yersinia pseudotuberculosis are included in the genus
Yersinia. These species were formerly included in the genus Pasteurella and later placed
into the genus Yersinia, named in honor of the French bacteriologist A. J. E. Yersin, a
discoverer of the plague bacillus (1). Y. pseudotuberculosis was the first species identified
in this genus (2). This organism was described in 1889 as a disease in guinea pigs. How-
ever, Y. pseudotuberculosis has shown to be the ancestor of Y. pestis, which was the cause
of pandemic plague already during 541–767 AD (3). The Y. enterocolitica was identified
in 1939 and named by Frederiksen in 1964 (4). The genus Yersinia is presently composed
of 11 species, three of which can cause disease in humans and animals: Y. enterocolitica,
Y. pseudotuberculosis, and Y. pestis (5–8).

The three pathogenic species, the enteric foodborne pathogens Y. enterocolitica and
Y. pseudotuberculosis, andY. pestis are invasive pathogenic bacteria, which have a common
capacity to resist nonspecific immune response and are lymphotrophic (9). These three
pathogenic species differ considerably in invasiveness. While Y. enterocolitica and
Y. pseudotuberculosis can cross the gastrointestinal mucosa to infect underlying tissue,
Y. pestis is injected into the body through an insect bite, and thus, does not require
penetrating any body surface on its own (9).

The genus Yersinia is classified into the family Enterobacteriaceae, a group of Gram-
negative, oxidase-negative and facultatively anaerobic bacteria. All bacteria, belonging
to the genus Yersinia, are catalase-positive, nonspore-forming rods or coccobacilli of
0.5–0.8 × 1–3 m in size (5). These bacteria are lactose-negative and have the ability to
grow at 0–4°C. Y. enterocolitica and Y. pseudotuberculosis are urease-positive and can be
differentiated from other urease-positive Yersinia species on the basis of Voges–Proskauer
test and their ability to ferment sorbitol, rhamnose, sucrose, and melibiose (Table 1).

Y. enterocolitica is a heterogeneous species, which can be divided into six biotypes (1A,
1B, 2–5) on the basis of variations in biochemical reactions (10). Subdivision into these
six biotypes can be done using the following reactions: pyrazinamidase activity, esculin
hydrolysis, tween-esterase activity, indole production, and xylose and trehalose acidi-
fication (Table 2). Biotypes 1B and 2–5 include strains that are associated with disease in
man and animals when biotype 1A consists of nonpathogenic strains. However, strains
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of biotype 1A have constituted a sizeable fraction of strains from patients with gastro-
enteritis (11,12). Neubauer et al. (13,14) have demonstrated on the basis of the different
DNA–DNA hybridization values and the 16S rRNA gene sequences that Y. enterocolitica
should be divided into two subspecies, with one subspecies consisting of strains of biotype
1B, and the other of the remaining strains.

Compared to Y. enterocolitica is Y. pseudotuberculosis a phenotypically more homo-
geneous species. Nevertheless, Y. pseudotuberculosis can be divided into four biotypes
according to their behavior in citrate, melibiose, and raffinose (15) (Table 2). No cor-
relation of pathogenicity of Y. pseudotuberculosis with biotype was found in this study.
However, melibiose-positive strains (biotypes 1 and 4) have shown to be more pathogenic
than melibiose-negative strain (biotypes 2 and 3) (16).
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Table 1
Biochemical Differentiation of Urea-Positive Yersinia Species
After Incubation at 25°C for 18–20 h

Reaction

Voges–
Species Proskauer Sorbitol Rhamnose Sucrose Melibiose

Y. enterocolitica + + +
Y. pseudotuberculosis +/ +/
Y. frederiksenii + + + +
Y. intermedia + + + + +
Y. kristensenii +
Y. aldovae + + +
Y. rohdei + + +/
Y. mollaretii + +
Y. bercovieri + +

Table 2
Biochemical Tests Used for Biotyping Y. enterocolitica 
and Y. pseudotuberculosis Isolates

Y. enterocolitica Y. pseudotuberculosis

Reactiona BTb1A BT1B BT2 BT3 BT4 BT5 BT1 BT2 BT3 BT4

Melibiose + +
Citrate +
Raffinose +
Pyrazinamidase +
Esculin + + + + +
Tween + +
Indole + + +
Xylose + + + + + + + +
Trehalose + + + + + + + + +

aAll tests done at 25°C.
bBT, biotype.



Y. enterocolitica and Y. pseudotuberculosis can be divided into numerous serotypes
on the basis of antigenic variations in cell-wall lipopolysaccharide (LPS). Aleksic and
Bockemühl (17) have proposed a revised and simplified typing scheme, which includes
20 antigenic factors for Y. enterocolitica alone. Serotype O:3 is most frequently isolated
from humans in general (18–22). Other common serotypes obtained from humans
include serotype, serotype O:9 and serotype O:8. However, several O-antigens, including
O:3, O:8, and O:9, have been found in pathogenic and nonpathogenic strains (23). An
accurate biochemical characterization is needed before or after serological typing that
leads to correct assessment of the relevance of strains especially from foods and the envi-
ronment, because related species and biotype 1A strains are widely distributed in these
samples (24).

The bioserotypes Y. enterocolitica differ in their geographical distribution, ecological
niches, and pathogenic properties. The vast majority of clinical isolates belong to a relatively
few bioserotypes. These bioserotypes have different geographical distributions (Table 3).
Strains of biotype 1B serotypes O:4,32; O:8, O:13; O:18; O:20 and O:21 are frequently
found associated with human diseases, mostly in the United States and Canada (25), but
bioserotype 1B/O:8 has occasionally also been found in Japan and Europe (26–30). Strains
that are largely responsible for human yersiniosis in Europe, Japan, Canada, and the United
States belong to bioserotype 4/O:3 (25). Bioserotype 3/O:3 has been recovered in Japan (31)
and China (32); serotypes O:9 and O:5,27 are more widely distributed (33). Non-
pathogenic strains of biotype 1A (e.g., serotypes O:5; O:6,30; O:6,31; O:7,8; O:10, O:18;
O:46 and nontypable trains) are distributed worldwide and are predominantly isolated from
the environment, water, feces, and food (25).
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Table 3
Distribution of Pathogenic Y. enterocolitica Belonging to Different 
Bio-, Sero- and Phage Types

Biotype Serotype Phagetype Host Distribution

1B O:4,32 Man United States
O:8 X Man, pig, wild rodents Europe, Japan, North America
O:13 Man, monkey North America
O:18 Man United States
O:20 Man, rat, monkey United States
O:21 Man, rat flea North America

2 or 3 O:5,27 X Man, pig, dog, monkey Australia, Europe, Japan,
North America

O:9 X Man, pig, cattle, goat, Australia, Canada, Europe,
dog, cat, rat Japan

3 O:1,2,3 I Chinchilla Europe, United States
O:3 II Man, pig, dog Japan

Man, pig, rabbit, rat Korea
4 O:3 VIII Europe, Japan

IXA Man, pig, dog, cat, rat South Africa
IXB North America

5 O:2,3 II Hare, goat, sheep, Europe, Australia
rabbit, monkey
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Table 4
Distribution of Serotypes O:1 to O:5 of Y. pseudotuberculosis Isolated
From Human and Nonhuman Sources

No. of
Country Source isolates 1a 1b 2a 2b 2c 3 4a 4b 5a 5b Ref.

Japan Human 272 30 11 18 6 9 4 11 26 54 (42)
4

Pig 195 28 7 10 10 40 2 1
7

Dog 40 12 2 1 1 2 17 5
Cat 19 2 1 1 4 11
Rabbit 16 3 1 1 2 9
Rat 8 1 7
Water 39 2 2 2 12 5 16

Japan Human 45 14 1 2 28 (247)
Raccoon dog 23 3 2 17 1
Wild mouse 9 2 7
Deer 8 1 6 1

Japan Water 110 9 5 2 1 14 19 54 6 (84)
Italy Human 5 5 (127)

Pig 8 1 7
Germany Human 52 21 10 7 3 7 2 2 (40)

Hare 35 17 8 5 1 4
Bird 19 11 4 3 1
Sheep 5 2 2 1
Cat 5 2 2 1
Deer 4 1 1 2
Pig 3 1 3

Belgium Human 8 4 2 2 (124)

Y. enterocolitica can also be divided into phage types. Two schemes (Swedish and
French) are used for phage typing of Y. enterocolitica (34). Of these, the French scheme
has been used frequently and it recognizes 12 phage types: I–X (including IXa–c). The
Swedish scheme recognizes seven phages (A1, A2, B1, B2, C32, C61, and E1) and is
used less frequently. Neither of these schemes has produced a large number of distinct
epidemiological types because many strains fall into the same phage types. Strains of
bioserotype 4/O:3 and phage type VIII predominate in Europe and Japan (35), whereas
phage type IXb has been isolated in Canada (36) and in the United States (37). Y. entero-
colitica of bioserotype 1B/O:8 and phage type X, which is a typical North American
type, has also sporadically been isolated in Japan (28,30). Because of the need to maintain
stocks of biologically active phages and control strains, phage typing is available at only
a few laboratories.

A simplified antigenic scheme for serotyping of Y. pseudotuberculosis consists of 15
O-serotypes of which serotypes O:1 and O:2 are divided into three subtypes a, b, and c;
and serotypes O:4 and O:5 into subtypes a and b (15,38). The serotypes of Y. pseudotu-
berculosis differ in their geographical distribution and ecological niches (Table 4).



Serotypes O:1b and O:3 of Y. pseudotuberculosis have been isolated from the patients
in Canada (39), whereas serotypes O:1a, O:1b and O:3 have most often been found in
humans in Europe (40,41). In the Far East, serotypes O:1b, O:2a, O:2b, O:3, O:4a,
O:4b, O:5a and O:5b, of which O:4b and O:5b are dominant, have been isolated from
clinical samples (16,42). The relationship between pathogenicity and serological prop-
erties of Y. pseudotuberculosis is poorly understood (43). However, serotypes O:1 to
O:5 have been isolated from humans, whereas serotypes O:6 to O:14 have been isolated
from wild animals and from the environment, but not from the clinical samples (38).

2. RESERVOIRS

Y. enterocolitica and Y. pseudotuberculosis are widely spread in nature. They have
been isolated from many natural sources, such as animals, foods and the environment.
Animals have long been suspected to be the reservoirs for Y. enterocolitica and Y.
pseudotuberculosis, and thus, the source of human infections. Numerous studies have
been carried out to isolate Y. enterocolitica from a variety of animals (44), including
wild animals (45–55) and farm animals (45,56–60). However, most of Y. enterocolitica
strains isolated from the animals differ both biochemically and serologically from
strains isolated from humans with yersiniosis. Human pathogenic strains of Y. entero-
colitica have frequently been isolated only from slaughter pigs, which have shown to
be a reservoir of serotypes O:3. Serotypes 5,27, O:9, and O:8, which are also common
among humans, have sporadically been isolated from pigs (33) (Fukushima et al.
1993). In Japan, serotypes O:3, O:8, and O:9 have been isolated from wild rodents,
especially from field mice (61,62). Hayashidani et al. (62) have suggested that the
small rodents living in the wild may be a source of Y. enterocolitica O:8 infection for
humans in Japan. In this study, restriction endonuclease analysis of virulence plasmid
patterns of wild rodents was indistinguishable from the patterns of humans. In France,
Y. enterocolitica O:9 has frequently been isolated from the stools of cattle and goats in
infected herds (63).

The highest prevalence of Y. enterocolitica, belonging to serotypes associated with
human yersiniosis, has been obtained in pig tonsils, with serotype O:3 being the most
common (Table 5). Experimental infection of pigs has shown that Y. enterocolitica
remains longer (64,65), and the number of isolates is higher (66) in tonsils than in feces.
Y. enterocolitica of bioserotype 4/O:3 has a global distribution among the pig popu-
lation, but the prevalence does vary between herds in many countries. This herd-wise
distribution has been demonstrated by culture methods in Denmark, Norway, Finland,
and Canada (58,67–71) and by serological tests in Denmark and Norway (72,73).
By culture method, 18% (70) to 64% (69) of the herds have been shown negative for
Y. enterocolitica 4/O:3. On the contrary, serological investigations have shown that
70–90% of the slaughter herds in Denmark and 63% in Norway are infected with
serotype O:3, and that nearly all finishing pigs in infected herds are seropositive (72,73).

Pet animals, such as cats and dogs, have been suspected of being reservoirs for
human infections with Y. enterocolitica, because of their close contact with humans
(34). However, strains of Y. enterocolitica 4/O:3 have only occasionally been isolated
from dogs and cats (45,56,58,74–77). These strains have mostly been isolated from
apparently healthy dogs (76,77). Dogs can asymptomatically carry Y. enterocolitica in
the pharynx and excrete the organism in feces for several weeks after infection (78).
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Several studies have been carried out to isolate Y. pseudotuberculosis from farm
animals, pets, and wild animals (Table 6). Y. pseudotuberculosis is a common inhabi-
tant of the intestine in a wide variety of domestic and wild mammals. Although the host
range is broad, the principal reservoir hosts are believed to be rodents, wild birds, and
domestic animals (especially pigs and ruminants). Host genetics and age influence the
susceptibility to disease. Y. pseudotuberculosis has been isolated from 11 species of
animals in Japan (42). Of those, monkeys, goats, rabbits, and guinea pigs were diseased,
where as cattle, swine, dogs, cats, hares, and rats were become the carriers. Jerrett et al.
(79) reported that Y. pseudotuberculosis is one of the most common infectious cause
of death among farmed deer in Australia. Y. pseudotuberculosis has frequently been
isolated also from raccoon dogs, marten, and fox (80). Frolich et al. (81) reported anti-
bodies against Yersinia spp. in 163 of 299 (55%) European brown hares by Western
blotting in Germany.

Y. pseudotuberculosis is also widely spread in the environment (soil and water) where
it can survive for a long time. The environment itself is contaminated from the feces of
infected animals, mainly rodents and birds (82). Y. pseudotuberculosis has been isolated
from fresh water such as river, well, and mountain stream water at a considerable high
rate (42,83,84).
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Table 5
Prevalence of Y. enterocolitica Belonging to Serotypes Associated 
With Human Disease in Slaughter Pigs

No. of
Prevalence (%) of different serotypes

Country Sample samples O:3 O:5,27 O:8 O:9 Ref.

Belgium Tonsils 54 33 (61) (95)
Canada Tonsils 202 57 (28) 15 (7) (230)

Feces 1420 235 (17) 25 (2) 1 (0.1) 9 (0.6) (71)
Tonsils 291 63 (22) 1 (0.3) 2 (0.7) (65)
Feces 291 17 (6) (65)

Chile Tonsils 100 35 (35) (248)
China Feces 510 37 (7) (32)
Denmark Tonsils 400 149 (37) (58)

Feces 1458 360 (25) (249)
Finland Tonsils 185 68 (37) (250)

Tonsils 210 122 (56) (251)
Germany Tonsils 50 10 (60) (252)

Feces 50 5 (10) (252)
Italy Tonsils 106 43 (41) 2 (2) (93)

Tonsils 150 19 (13) (253)
Feces 150 4 (3) 1 (1) (253)

Japan Throat 1200 88 (7) 1 (0.1) (254)
Feces 1200 86 (7) 1 (0.1) (254)

Netherlands Tonsils 86 33 (38) 3 (3) (91)
Feces 100 16 (16) 1 (1) (91)

Norway Tonsils 461 146 (32) 1 (0.2) (68)
Spain Feces 110 6 (5) (255)
United States Throat 3375 4 (0.1) 95 (3) (256)



Food has often been suggested to be the main source of Y. enterocolitica, even though
pathogenic isolates have seldom been recovered from food samples (29,85). Raw pork
products have been widely investigated because of the association between Y. enterocolitica
4/O:3 and pigs (86–94). The isolation rate of Y. enterocolitica belonging to serotypes asso-
ciated with human disease has been low in raw pork, except for pig tongues; the most
common type isolated was bioserotype 4/O:3 (Table 7). The prevalence of bioserotype
4/O:3 has been exceptionally high in both pig tongues and minced meat in Belgium (95),
where head meat including tonsils had been used for minced meat (96). Y. enterocolitica
strains belonging to bioserotypes associated with human disease have been recovered
only a few times from beef, poultry, and milk samples (94,97,98). In these cases,
cross-contamination had probably occurred during the process, packaging, or handling.
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Table 6
Prevalence of Y. pseudotuberculosis in Animal Sources

No. of
No. of positive

Sources samples samples % Country Reference

Pig 544 14 2.6 Canada (36)
210 8 4.0 Finland (257)
217 1 0.5 Italy (127)

1200 52 4.3 Japan (254)
585 12 2.1 Japan (80)
60 1 0.2 Norway (258)

Cattle 2639 185 7 Australia (259)
618 1 0.2 Japan (57)
330 1 0.3 New Zealand (260)

Sheep 449 21 4.7 Australia (261)
66 2 3.0 New Zealand (260)

Dear 153 29 18 Australia Jerrett et al. 1990
215 8 3.7 Japan (79)

Dog 252 16 6.3 Japan Fukushima et al. (1984)
704 13 1.8 Japan (76)
176 5 2.8 Japan (80)

Cat 318 4 1.3 Japan (262)
373 12 3.2 Japan (74)
724 64 8.8 Saudi Arabia (263)

Hare 139 2 1.4 Japan (247)
474 6 1.3 Japan (80)

Mouse 669 25 3.6 Japan (80)
107 9 8.4 China Zheng et al. (289) (1995)

Rat 148 4 2.7 China Zheng et al. (289) (1995)
301 20 6.6 Saudi Arabia (263)

Rabbits 148 4 2.7 China Zheng et al. (289) (1995)
70 1 1.4 Italy (127)

Birds 900 1 0.1 Italy (127)
259 2 0.8 Japan (247)
108 5 4.6 Japan (80)
468 3 0.6 Sweden (264)



Inefficient isolation methods can be the reason for low prevalence rates of patho-
genic Y. enterocolitica (99). The detection rate of pathogenic Y. enterocolitica in foods
has shown to be clearly higher by PCR than by culturing (Table 8). In a case–control
study, Y. enterocolitica 4/O:3 infections have been associated with eating raw or under-
cooked pork in 2 wk before the onset (96). In the United States, Y. enterocolitica 4/O:3
infections have been associated with the household preparation of chitterlings (intestines
of pigs, which are a traditional holiday dish in the South), particularly among black
children (18,100,101).

Most of the Y. enterocolitica isolates recovered from the environmental samples,
including slaughterhouses, butcher shops, fodder, soil, and water have been nonpatho-
genic in nature (52,55,58,67,90,102–105). However, strains of bioserotype 4/O:3
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Table 7
Isolation Rate of Y. enterocolitica Belonging to Serotypes Associated 
With Human Disease in Raw Pork

No. of
Isolation rate (No. of positive samples)

Sample samples O:3 O:5,27 O:8 O:9 Country Reference

Tongue 302 55 (165) 1 (3) Belgium (86)
37 33 (11) Canada (87)
31 2 (2) 19 (6) United States (37)
47 55 (26) Norway (265)
50 40 (20) Japan (266)

125 6 (8) Spain (255)
29 97 (28) Belgium (95)
40 15 (6) 5 (2) Netherlands (91)
55 25 (14) Germany (267)
86 2 (2) Italy (93)
99 80 (79) Finland (268)
20 75 (15) Germany (252)

Offala 34 50 (17) Finland (107)
16 31 (5) Finland (268)

100 46 (46) Germany (252)
Pork 91 1 (1) 13 (12)b 1 (1) Canada (87)

127 1 (1) Norway (89)
70 31 (22) 4 (3) Japan (266)

267 2 (6) Denmark (58)
50 24 (12) Belgium (95)

400 1 (3) 1 (0.3) Netherlands (91)
67 1 (1) 12 (8)b 4 (3) China (92)
48 2 (1) 2 (1) Germany (267)
40 5 (2) 10 (4) 2 (1) Ireland (97)

1278 5 (64) 1 (14) Japan (94)
255 4 (2) Finland (269)
300 2 (6) Norway (270)
120 12 (14) Germany (252)

aOffal, including liver, heart, and kidney.
bStrains belong to serotype O:5. 



have occasionally been isolated from slaughterhouses (104,106,107), butcher shops
(108,109), well-water used as drinking water (110), and sewage water (58). Sandery
et al. (111) and Waage et al. (112) have shown using PCR that pathogenic strains of
Y. enterocolitica can frequently be detected from the environmental waters.

3. FOODBORNE OUTBREAKS

Yersiniosis has been observed in all continents but seems to be most common in
Europe and Japan. Foodborne outbreaks of Y. enterocolitica and Y. pseudotuberculosis
are not common and most of the infections are sporadic. However, foodborne outbreaks
of Y. enterocolitica and Y. pseudotuberculosis may occur and have been reported from
many countries (Table 9).

Large outbreaks of Y. enterocolitica O:3 gastroenteritis has been documented in
Japan and in the former Czechoslovakia (27,113). In all cases, Y. enterocolitica O:3 was
the causative agent, but the source of infection went undetected. The food handler was
expected to be responsible for the two nursery school outbreaks in the former
Czechoslovakia (113). In the United States, after 1988, several outbreaks of serotype
O:3 infections among infants attributed to chitterlings (a dish made from intestine) have
been reported (18,29,101,114). In a case–control study of Y. enterocolitica infections
among black infants, preparation of chitterlings was significantly (p < 0.001) associated
with illness (101). In Europe, sporadic infections caused by bioserotype O:3 are
common, but outbreaks of disease are uncommon. Because of the long incubation time
and the predominance of cases going undiagnosed until 2–3 wk after the infection as
arthritic symptoms, the source of infection was not traced in most cases. Y. enterocolitica
4/O:3 infection has been associated with consumption of raw or undercooked pork and
untreated water in case–control studies (96,115,116).

Several outbreaks of other serotypes have occurred in the United States; six of
these were caused by serotype O:8 (Table 7). The outbreaks were associated with sick
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Table 8
Detection Rate of Pathogenic Yersinia enterocolitica in Natural Samples With PCR

Detection rate
Sample No. of samples (No. of positive samples) Reference

Food
Pig tongues 51 92 (47) (269)
Minced pork 255 25 (63) (269)
Pig offal 34 62 (21) (107)
Porkb 300 17 (50) (270)
Pig tongues 15 67 (10) (271)
Ground pork 100 47 (47) (271)
Ground beef 100 31 (31) (271)
Tofu 50 12 (6) (271)
Ground pork 350 38 (133) (272)
Chitterlings 350 79 (278) (272)

Environmental
Water 105 10 (11) (111)
Slaughterhouse 89 13 (12) (107)
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Table 9
Foodborne Outbreaks of Y. enterocolitica and Y. pseudotuberculosis

No. of 
Year Location Organism Cases Source Reference

1970 Norway Household YEa O:7,13 2 Well water (273)
1971 Finland Hospital YE O:9 7 Patient (274)
1971 Czechoslovakia School YE O:3 15 Unknown (113)
1972 Japan School A YE O:3 189 Unknown (275)
1972 Japan School B YE O:3 544 Unknown (275)
1972 United States Household YE O:8 15 Dog (117)
1976 United States School YE O:8 228 Chocolate milk (118)
1977 Japan Kindergarten YPb O:1b 82 Water (42)
1980 Japan School YE O:3 1051 Unknown (27)
1981 Japan School YE O:3 641 Unknown (27)
1981 Japan School YP O:5a 188 Vegetable juice (42)
1981 Canada Household YE O:21 3 River water Martin

et al.
(1992)

1981 United States Summer camp YE O:8 159 Milk powder (123)
1981 United States Residents YE O:8 50 Tofu (121)
1981 Finland School YP O:3 19 Unknown (276)
1981 Japan School YP O:5a 188 Vegetable juice (42)
1982 United States Brownie troops YE O:8 16 Bean sprouts (120)
1982 United States Residents YE O:13 172 Milk (122)
1982 Japan Mountain area YP O:4b 140 Water (42)
1984 Japan School YE O:3 102 Unknown (27)
1984 Japan Restaurant YP O:5a 39 Barbecue (277)
1984 Japan School YP O:3 63 Unknown (42)
1984 Japan Mountain area YP O:4b 11 Water (42)
1985 Japan School YP O:4b 60 Unknown (42)
1986 Belgium Day-nursery YE O:3 21 Unknown (181)
1986 Japan School YP O:4b 549 Unknown (42)
1987 Finland School YP O:1a 34 Unknown (180)
1989 United States Households YE O:3 15 Chitterlings (18)
1995 United States Residents YE O:8 10 Milk (98)
1998 Canada Households YP O:1b 74 Milk (126)
1997 Finland School YP O:3 36 Unknown (41)
1998 Finland School YP O:3 53 Unknown (41)
1998 Finland Cafeterias YP O:3 47 Iceberg lettuce (125)
1999 Finland School YP O:3 22 Iceberg lettuce (41)
2001 Finland Schools YP O:1, O:3 59 Chinese cabbage (41)
2001 United States Household YE O:3 12 Chitterlings (101)
2002 Croatia Oil tanker YE O:3 17 Unknown (278)

aYE, Y. enterocolitica.
bYP, Y. pseudotuberculosis.



puppies (117), chocolate milk (118), powdered milk and chow mein (49), tofu (119),
bean sprouts (120), and pasteurized milk (98). The source of infection in an inter-familial
outbreak of Y. enterocolitica O:8 was suggested to be a female dog and its litter from
sick puppies. The sequential onset of disease indicated that, once it had been introduced
into the households, person-to-person transmission had occurred (117). In the tofu
epidemic, the oriental soybean curd was probably packed in untreated spring-water
contaminated with Y. enterocolitica. Samples of tofu, water supply and asymptomatic
employees were positive for Y. enterocolitica O:8 (119). Inspection of the tofu plant
revealed unsanitary conditions, including poor personal hygiene and unsanitary equip-
ment. In addition, a rare serotype, O:13, has caused a large multistate outbreak in which
the pasteurized milk was the common source (121,122). In case–control studies, drinking
milk pasteurized by plan A was statistically associated with illness. In a familial outbreak
of Y. enterocolitica O:21 in Canada, three people in a four-member family were involved.
The family admitted of drinking unboiled water obtained directly from the river beside
of their home (123).

Y. pseudotuberculosis infections have been reported from all continents, but the
incidence appears to be less frequent than for Y. enterocolitica. Most of the infections
are sporadic and outbreaks are rare (124). Community outbreaks have mainly occurred
in Finland and Japan (Table 9). The source of infection has remained unknown in most
of the studies. However, iceberg lettuce was implicated as the vehicle of a widespread
foodborne Y. pseudotuberculosis outbreak in Finland (125). One more outbreak has also
been reported from Canada (126). Using case–control study, homogenized milk, pork,
and fruit juice were identified as possible risk factors. Y. pseudotuberculosis 1b was
isolated from stool specimen and a milk sample; however, the precise cause of this
outbreak remained unknown.

The frequency of Y. pseudotuberculosis in stool cultures from patients has shown to
be low in Europe (124,127). In Japan, the frequency has shown to be clearly higher.
The great differences between Europe and Japan are probably related to geographical
differences, but can also be of technical factors including different culturing methods.
Since 1970 in Japan, many reports have been made on sporadic infection and outbreaks
associated with Y. pseudotuberculosis (42). Sporadic infection appears to be concen-
trated in the 1–16-yr age group, with a peak at 1–2-yr-old children. For instance, Izumi
fever, a childhood illness, is caused by Y. pseudotuberculosis. The highest incidence of
Y. enterocolitica and Y. pseudotuberculosis infections in Europe has shown to be in
young children of 1–5 yr age (22,40).

The true incidence of Y. enterocolitica and Y. pseudotuberculosis infections is not
known. The results of studies differ depending on the population materials and the
diagnostic methods used. The isolation rates of Y. enterocolitica from stool cultures of
patients with diarrhea in Finland, Canada, Chile, the Netherlands, New Zealand, Italy,
and the United States have been reported to be 0.6–2.9% (19,128–130). The infection
rate is probably much higher because only the most serious cases are registered. The
prevalence of Y. enterocolitica O:3/O:9-specific antibodies was relatively high in
Finland (19 and 31% by enzyme immunoassay and immunoblotting, respectively) and
in Germany (33 and 43%) when healthy blood donors were studied (131). This may
indicate a high amount of subclinical Yersinia infections in the healthy population.
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4. PATHOGENICITY

Several genes contribute to the virulence of Y. enterocolitica and Y. pseudotuberculosis
(Table 10). All fully virulent Yersinia harbor an approx 70-kb virulence plasmid, termed
pYV (plasmid for Yersinia virulence), which is required for full expression of virulence
(132,133). Chromosomal-encoded factors are also needed for virulence, because virulence
functions are transferable by the virulence plasmid only to the plasmid-cured strains
derived from parental strains (134,135).

Virulence plasmids of pathogenic Yersinia are closely related to each other, sharing
functional similarities and a high degree of DNA homology (136). The presence of pYV
enables virulent Yersinia to survive and multiply in lymphoid tissues of their host (9).
The pYV codes for an outer membrane protein YadA (Yersinia adhesin A), and a set of
highly regulated secreted proteins, called Yops (Yersinia outer proteins). Yops are
secreted by means of a type III secretion system, Ysc. Protein YadA is a major outer
membrane protein, which forms a fibrillar matrix on the surfaces of Y. enterocolitica and
Y. pseudotuberculosis (137), and is only expressed at 37°C (132). YadA is an important
virulence factor of Y. enterocolitica, but seems to be dispensable for the virulence of
Y. pseudotuberculosis (138). YadA plays a protective role in Y. enterocolitica with
several functions (Table 11).

The yop genes located on the pYV code for Yops, which were originally described as
Yersinia outer membrane proteins because they were detected in the outer membrane
fraction of bacterial extracts (139). Today, they are considered secreted proteins (140),
which imbue Yersinia with the capacity to resist nonspecific immune response (141).
Yops protect Yersinia from the macrophage by destroying its phagocytic and signaling
capacities, and finally, inducing apoptosis. With the type III secretion system (Ysc),
extracellularly located Yersinia that are in close contact with the eukaryotic cell deliver
the toxic bacterial proteins (Yops) into the cytosol of the target cell. Genes specifying
the type III machinery (ysc) are also located on the pYV. The yop and ysc genes are
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Table 10
Virulence Determinants of Y. enterocolitica and Y. pseudotuberculosis

Genomic
origin Determinant Function Y. enterocolitica Y. pseudotuberculosis

Plasmid
ysc Yops Resistance to + +

phagocytosis
yadA YadA Attachment, invasion + (+)

Chromosome
Inv Invasin Attachment, invasion + +
ail Ail Attachment, invasion +

Serum resistance + +
yst Yst Fluid secretion in +

intestine
myf Myf Attachment +
psa pH6 antigen Attachment, serum +

resistance
ypm YPM Stimulation of T-cells +



temperature- and calcium-regulated, being expressed maximally at 37°C in response
to the presence of a low calcium concentration (141). All Yersinia strains carrying the
virulence plasmid exhibit a phenotype known as low-calcium response because it
manifests only when pYV-bearing strains are grown at 37°C in media containing a low
concentration of Ca2+ (142,143). This growth-restriction phenomenon is associated with
the massive production of Yops (9).

Invasion of epithelial layers require at least two chromosomal genes, inv (invasion)
and ail (attachment invasion locus) (144). The inv codes for Inv, an outer membrane
protein, which appears to play a vital role in promoting entry into epithelial cells of the
ileum during the initial stages of Y. enterocolitica and Y. pseudotuberculosis infections
(145,146). Inv binds to 1 integrins and thereby mediates invasion into eukaryotic cells
in vitro. This gene is found in all Yersinia spp.; however, nonpathogenic strains lack
functional inv homologous sequences (147). Although the Inv protein is maximally
synthesized at temperatures below 28°C, the Inv protein is equally well produced at
37°C under acidic conditions (145). The ail, in turn, codes for the surface protein Ail,
which is produced at 37°C. The Ail also mediates resistance to the bactericidal effect of
complement. In contrast to the inv, the ail is only found in Y. enterocolitica bioserotypes
associated with the disease (148).

Y. enterocolitica and Y. pseudotuberculosis migrate after ingestion through the
stomach and the small intestine to the terminal end of ileum. The bacteria bind to the
follicle-associated epithelium of the Peyer’s patches, which are a part of the gut-
associated lymphoid tissue. Y. enterocolitica and Y. pseudotuberculosis penetrate the
intestinal mucosa, through M cells, specialized cells involved in intestinal antigen
uptake (149,150). Attachment and invasion of M cells are mediated by chromosomal
determinants, Inv and Ail proteins, and plasmid determinant YadA (144,150). After
penetration of the intestinal epithelium, enteropathogenic Yersinia colonizes the
Peyer’s patches. The ability to survive and multiply within the lymphoid follicles and
other tissue is associated with the presence of virulence plasmid, which is essential
for the pathogenesis of Yersinia (151). Antiphagocytic properties of Yersinia are
mainly mediated by Yop virulon products, which through bacterium–host cell contact
subvert phagocyte function and enable survival and extracellular multiplication in
host lymphoid tissue (133). Usually the infection is limited to the intestinal area, but
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Table 11
Role of YadA in the Virulence of Y. enterocolitica

Functions of YadA References

Serum resistance (136)
Surface hydrophobicity (279)
Autoagglutination (280)
Adhesion to epithelial cells (281)
Hemagglutination (137)
Binding to intestinal brush border membrane (282)
Binding to fibronectin (283)
Binding to collagen (284)
Binding to intestinal submucosa (285)
Resistance to killing by polymorphonuclear leukocytes (286)



sometimes the microorganisms drain into the mesenteric lymph nodes and give rise
to a systemic infection.

Both Y. enterocolitica and Y. pseudotuberculosis express fimbriae that are found on
their surface (152). Y. enterocolitica synthesizes a fibrillar structure known as Myf
(mucoid Yersinia factor). The chromosomal locus involves three genes: myfA, myfB, and
myfC (153). Myf may serve as an intestinal colonization factor for Y. enterocolitica
(154). The fimbriae in Y. pseudotuberculosis are called pH6 antigen, which is synthe-
sized at 37°C under acidic conditions alone. The psa genes in the chromosome code for
pH6 antigen (155). This antigen induces agglutination of erythrocytes, skin necrosis,
upon intra-dermal injection in rabbits, and cytotoxicity for monocytes (152).

Iron is an essential growth factor for the multiplication of almost all bacteria, including
Y. enterocolitica and Y. pseudotuberculosis. The storage, transport, biosynthesis, and
regulation of iron are important for the adaptation of Yersinia species to different environ-
mental conditions (133,156). The ability to capture iron in vivo is one of the main factors
that differentiate high- and low-pathogenic bacteria. Yersinia species have developed a
variety of ingenious mechanisms for the retrieval of iron, including the ability to bind
exogenous siderophores and produce their own siderophores, along with a range of
other transport systems (156). One pathway for iron capture is to secrete small mole-
cules called siderophores. These molecules chelate the iron bound to eucaryotic proteins
and deliver the metal inside the cytosol of the bacteria. Yersiniabactin is a siderophore,
which is synthesized by high-pathogenicity Yersinia only. Mouse-lethal serotypes of
Y. enterocolitica, including serotype O:8, are able to synthesize the yersiniabactin. The
yersiniabactin biosynthesis and transport genes are clustered within a region of the
chromosome referred to as high-pathogenicity islands (HPI) (157). Low-pathogenicity
Yersinia, including serotypes O:3 and O:9 of Y. enterocolitica, use exogenous
siderophores like ferrioxamine, which is commonly used to treat patients with iron
over-load, for capturing iron, thus enhancing their ability to disseminate in the host
(152). These iron-regulation systems ensure the survival and multiplication of Yersinia
in an iron-competitive environment.

The chromosome of Y. enterocolitica, but not of Y. pseudotuberculosis, encodes a
heat-stable enterotoxin, Yst (158). It is a 30-amino acid peptide, which resembles closely
the heat-stable toxin of enterotoxigenic Escherichia coli. The role of Yst in the patho-
genesis of Y. enterocolitica diarrhea in humans is at present uncertain. Nonpathogenic
strains of Y. enterocolitica and strains of related species have been found to produce Yst
using the infant mouse model (159), and the yst gene has been detected in strains of bio-
type 1A, Y. kristensenii and Y. intermedia (158,160). Absence of enterotoxin production
in vitro at temperatures exceeding 30°C suggests that this toxin is not produced in the
intestinal lumen. However, experimental evidence suggests that Yst may play an impor-
tant factor involved in Y. enterocolitica-associated diarrhea in young rabbits (161).
Robins-Brown et al. (162) investigated the pathogenicity of Y. enterocolitica O:3, including
the role of Yst, using gnotobiotic newborn piglet model. There was evidence that
enterotoxin may promote intra-intestinal proliferation of Y. enterocolitica, thus favoring
increased shedding of bacteria and encouraging their spread between hosts.

Urease is produced by all clinical isolates of enteropathogenic Yersinia. It is encoded
by the urease gene complex (ure) in the chromosome (163). This enzyme hydrolyses
urea to form carbonic acid and ammonia, leading to an increase in pH. Urease activity
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may contribute to the virulence by conferring acid tolerance and thereby enhancing
bacterial survival in the stomach and other acidic environments (164). The decrease in
virulence after intragastric inoculation of urease-negative mutant indicates that the main
role of urease is during the initial stage of the bacterial infection, when the bacteria
reach the stomach (165).

LPS is a major surface component of the outer membrane of Gram-negative bacteria.
In Yersinia, the genes directing the biosynthesis of LPS are chromosomally located. The
full LPS molecule includes three structurally distinct parts: the lipid A anchored in
the outer membrane, an oligosaccharide core, and the O-antigenic polysaccharide
(O-antigen) (166). The lipid A part is believed to be responsible for endotoxin activity
and to play a central role in sepsis and septic shock owing to Gram-negative bacteria.
Skurnik et al. (167) have suggested that the outer core provides resistance against
defense mechanisms, most probably those involving bactericidal peptides. Although the
O-antigen is required for full virulence, its role has yet to be clarified (168). A total
absence of O-antigen in Y. enterocolitica O:3 has been shown to reduce virulence in the
infected mouse model (169).

Y. pseudotuberculosis has been described to produce a superantigen, Y. pseudotuber-
culosis-derived mitogen (YPM). YPM-producing strains can be separated into three
clusters of strains, which produce YPMa, YPMb, or YPMc encoded by the ypmA, ypmB,
and ypmC, respectively (16,170). It has been demonstrated that distribution of the ypm
genes among the strains from diverse geographical areas was in close correlation with
the difference in the severity of clinical manifestations between the different areas
(171). The frequency of YPMa-producing strains has shown to be higher in the Far East
than in Europe, where systemic symptoms in the infected patients were less common
compared with the Far East (171). Patients with systemic symptoms such as lympha-
denopathy, transient renal dysfunction, and arthritis had shown to have significantly
higher titers of anti-YPMa than patients with gastrointestinal tract symptoms alone
(172). Y. pseudotuberculosis has been divided into six subgroups by Fukushima et al.
(16). The presence of three virulence factors—YPM, HPI, and pYV—differed among
these groups (Table 12). The pathogenicity of Y. pseudotuberculosis depended on the
presence of YPMa, HPI, and pYV. The pYV is essential for pathogenicity. The differ-
ence in clinical manifestations of Y. pseudotuberculosis infection between the Far East
and the western countries is related to the heterogeneity in the distribution of YPMa and
HPI (Table 12). Most clinical strains were classified into two subgroups: Far East systemic
type (group 3: YPMa+/HPI ) and European gastroenteritis type (group 2: YPM /HPI+).
The third group was European low-pathogenicity type (group 3: YPMa /HPI ).

5. CLINICAL CHARACTERISTICS

The enteric pathogens Y. enterocolitica and Y. pseudotuberculosis can cause illness
ranging from self-limiting enteritis to fatal systematic infection. The major clinical
features of infections with these microbes are similar and usually characterized by
diarrhea, abdominal pain, and fever (Table 13). Sometimes the symptoms suggest acute
appendicitis, and the patient is operated (173–175). The findings may include mesenteric
lymphadenitis or terminal ileitis, more rarely true appendicitis is found. However,
Lamps et al. (176) reported that both Y. enterocolitica and Y. pseudotuberculosis are
important causes of granulomatous appendicitis and Yersinia infection may mimic
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Crohn’s disease. Sometimes Yersinia infection is suspected on the basis of postinfec-
tious complications such as reactive arthritis, eye inflammation, or erythema nodosum,
after an infection, which may passed unnoticed (175,177–179). The clinical manifestations
of the infection depend to some extent on the age and physical state of the patient, the
presence or absence of underlying medical conditions, and the serotype of the organism
(120). The symptom can even be faint and short-lived that yersiniosis is not diagnosed,
despite fecal carriage (19,113,180,181).

Gastroenteritis, caused by Y. enterocolitica, is the most frequent form of Yersiniosis
and occurs most commonly in infants and young children (19,129,182). The incubation
period ranges for 1 to 11 days (120). The minimal infective dose for humans has not
been determined. The illness is generally mild and self-limiting persisting for 5–14 d,
although diarrhea may persist several weeks, occasionally even for several months
(120). Sometimes diarrhea may be bloody, and the fever may be high, especially in
infants (101). Excretion of the organism in the stools continues for an average of 4 wk
after cessation of symptoms, which may contribute to intra-familial spread (183).

Intestinal yersiniosis may mimic acute appendicitis: abdominal pain in right lower
quadrant, fever, and no diarrhea (100,184–186). Upon surgery, mesenteric lymphadeni-
tis and true appendicitis may be distinguished by visual examination of the intestine and
by light microscopy of the lymph-node biopsy (180,187). Macroscopically there is
acute mesenteric lymphadenitis and terminal ileitis, and histologically normal or only
mildly inflamed appendix. Unnecessary surgery could be avoided by abdominal ultra
sound, computed tomography scanning or magnetic resonance imaging to distinguish
between normal appendix and enlarged mesenteric lymph nodes, (184). The acute
mesenteric lymphadenitis, caused by either Y. enterocolitica or Y. pseudotuberculosis, is
a common symptom among children and young adolescents (120,175).

Diarrhea and fever are usually milder in adults, but occasionally severe forms of gastro-
intestinal disease are seen. These include diffuse ulceration and inflammation of large
and small bowel (117), peritonitis, toxic megacolon, intestinal perforation, ileocolic
intussusception, and mesenteric vein thrombosis leading to intestinal necrosis and
cholangitis. Also mild hepatitis and pancreatitis may be symptoms of yersiniosis.
Yersinia infection may also be asymptomatic and pass unnoticed (180). Postinfection
manifestations occur mainly in young adults (177). Less commonly, Y. enterocolitica
may cause focal infection at extra-intestinal sites with or without bacteremia (188).
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Table 12
Correlation Between Pathogenicity and Virulence Factors Among 
Y. pseudotuberculosis Strains

Sub YPM
group Location Pathogenicity YPMa YPMb YPMc HPI pYV

1 Far East High + + +
2 Far East, West High + +
3 Far East High + +
4 Far East NPa +
5 Far East, West Low + + +
6 Far East, West High +

aNP, Nonpathogenic.



Cases of pneumonia, lung abscesses, empyema liver, splenic or renal abscesses, endo-
carditis, osteomyelitis, septic arthritis, and meningitis have all been reported (189–195).
Exudative pharyngitis caused by Y. enterocolitis has also been reported (196,197).
Rarely, in patients with a predisposing, underlying disease, such as diabetes mellitus
and hepatic cirrhosis, or iron overload, or in young infants, infection with Y. entero-
colitica may cause a septicemia illness (198,199). In Korea, several cases of septicemic
form of Y. pseudotuberculosis infections have been reported (200). Hosaka et al. (30)
reported Y. enterocolitica O:8 septicemia in an otherwise healthy adult. Sepsis can
also occur during blood transfusion (201). One source of Y. enterocolitica-contaminated
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Table 13
Clinical Symptoms Associated With Y. enterocolitica and Y. pseudotuberculosis
Infections

Bacteriological
Country No. of patients Symptoms findings Reference

Canada 74 Diarrhea 92%, fever 88%, abdominal YP O:1b (287)
pain 76%, fatigue 68%

Denmark 27 Diarrhea 93%, fever 71%, abdominal YE O:3 (21)
pain 63%, vomiting 43%

Finland 19 Abdominal pain 74%, fever 58%, YP O:3 (276)
diarrhea 21%

34 Fever 53%, abdominal pain 38%, YP 1a (180)
nausea 15%, diarrhea 15%,

47 Abdominal pain 89%, fever 68%, YP O:3 (125)
diarrhea 45%,

France 42 Diarrhea 71%, abdominal pain 64%, YE O:9 (63)
only fever 29%, arthritis 14%,
erythema nodosum 12%

Japan 189 Abdominal pain 86%, fever 76%, YE O:3 (275)
diarrhea 60%, nausea 24%,
vomiting 4%

544 Abdominal pain 64%, fever 50%, YE O:3 (275)
diarrhea 32%, nausea 25%,
vomiting 11%

39 Fever 100%, abdominal pain 68%, YP O:5a (277)
exanthema 68%

The Netherlands 189 Enteritis 63%, extramesenteric form YE (221)
21%, arthritis and erythema
nodosum 23%

Norway 67 Diarrhea 97%, abdominal pain 77%, YE O:3 (288)
fever 54%

United States Abdominal pain 100%, Fever 100%, YE O:8 (98)
9 diarrhea 78%, nausea 61%,

pharyngitis 22%
10 Diarrhea 100%, fever 80%, YE O:3 (101)

vomiting 70%
aYE, Y. enterocolitica.
bYP, Y. pseudotuberculosis.



red blood cell concentrate has been reported to be a blood donor with asymptomatic
bacteremia (202,203).

Complications of Yersinia infection include reactive arthritis (ReA) and occasionally
Reiter’s syndrome, erythema nodosum, eye inflammations such as uveitis and conjunc-
tivitis, urethritis, balanitis, myocarditis, and glomerulonephritis (120,177,182,204–206).
Postinfection complications usually develop within 1 wk to 1 mo after initial infection
and may sometimes be the only obvious clinical manifestation of Yersinia infection
(177). Arthritis and uveitis are associated with the presence of HLA-B27 antigen
(207–211). Erythema nodosum is seen in about 10–30% of patients with yersiniosis (177).
Y. pseudotuberculosis has also been associated with Kawasaki disease (mucocutaneous
lymph node syndrome) an important illness of children in Japan and scarlet fever
disease (42).

Reactive arthritis triggered by infection with by Y. enterocolitica or Y. pseudotuber-
culosis is a frequent cause of acute arthritis predominantly in young and middle-aged
patients (120,206). The patients may suffer from arthritis, after 1–3 wk of infection
with or without gastroenteritis. Joint symptoms vary from mild arthralgia to severe
arthritis. The arthritis is typically an asymmetric oligo- or polyarthritis with sudden
onset affecting more often the joints of the lower extremities, such as knee, ankle, and
toes, but sometimes also wrist and fingers (213,214). ReA is often migrating and
painful. Lower back and muscular pains often coexist. The enteric arthritis is equally
common among women and men (213). The mean duration of Yersinia-triggered
arthritis has been reported to be between 3 and 6 mo. However, a substantial proportion
of patients, about 20% in endemic area, experience a chronic course that continues
longer than 12 mo (215). The most important factor, which influence prognosis, is
HLA-B27. Patients with HLA-B27 have not only a more severe phase of arthritis but
also a higher risk for chronic low back pain and sacroilitis, as well as chronic eye
inflammation and development of ankylosing spondylitis (177). It has been suggested
that Yersinia persist after the initial infection in those patients developing arthritis, even
through the stool cultures become negative for Yersinia shortly after the onset of infection
(179,209). Patients with Yersinia-triggered arthritis show persistent IgA antibodies
against Yersinia outer membrane proteins, which is may be the result of chronic
stimulation of the gut associated lymphoid tissue by persistent Yersinia (216). Bacteria
have not been found in affected joint but degraded LPS of Yersinia have been detected
in the joint synovium (214,217).

6. CHOICE OF TREATMENT

Yersinia strains are usually susceptible in vitro to co-trimoxazole, aminoglycosides,
tetracyclines, chloramphenicol, third-generation cephalosporins, and quinolones
(218–221). Y. enterocolitica produces frequently -lactamases and is usually resistant to
penicillins and to first-generation cephalosporins (193,221,222). In contrast, Y. pseudo-
tuberculosis is susceptible to penicillins because it lacks -lactamase.

The great majority of Yersinia enterocolitis and acute mesenteric adenitis in immuno-
competent hosts are self-limiting, and supportive care including fluid and electrolyte
replacement is usually sufficient. Antimicrobial therapy has not been proved to be essen-
tial or efficient in the treatment of uncomplicated enterocolitis or the pseudoappendicular
syndrome. In a placebo-controlled, double blind evaluation of co-trimoxazole therapy
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for Y. enterocolitica enterocolitis in children, treatment failed to shorten the clinical or
bacteriologic course of the illness (183). A prospective study has been undertaken to
evaluate the incidence, course, effect of treatment and outcome of patients with Y. entero-
colitica infections (221). A total of 189 patients were followed. The majority of the
patients with enteritis recovered without antibiotic treatment. However, the duration of
enteritis was not significantly influenced by antibiotic treatment.

Systemic infection, focal extraintestinal infection, and enterocolitis in immuno-
compromised patients should be treated with antimicrobial therapy. In an experimental
model of systemic Y. enterocolitica infection in mice, doxycycline, and gentamicin were
effective in stopping the proliferation of serotype O:8, where as cefotaxime and
imipenem were ineffective. Cover and Aber (120) recommended a combination of
doxycycline and an aminoglyside for the treatment of patients with bactremia until
antimicrobial-susceptibility tests have been performed. Co-trimoxazole, tetracyclines,
fluoroquinolones, and aminoglycosides are usually effective in the treatment of septicemic
infection and tissue abscesses in liver and spleen (223). Ciprofloxacin has shown to be
more appropriate for Yersinia osteomyelitis, and co-trimoxazole, chloramphenicol, or
third-generation cephalosporin is preferable for central nervous infection. However,
fluorochinolones should be considered as a first-line therapy for invasive infection
related to Y. enterocolitica (193,222). Before, streptomycin or sulphamethoxazole have
been recommended for the treatment of severe and acute mesenteric adenitis or enteric
fever-like syndrome (224), but these are not any more recommended for the treatment
of Y. enterocolitica infections. However, the antibiotic therapy should always be based
on the results of the antibiogram.

ReA patients are treated symptomatically with nonsteroidal anti-inflammatory drugs
or, in severe cases, with steroids, and those with chronic courses are treated with second-
line drugs, such as sulfasalazine (215). There was a tendency towards faster remission and
relief of pain in patients with ReA receiving ciprofloxacin (216). No effect of ciprofloxacin
treatment on arthritis triggered by Yersinia was reported by Sieper et al. (215). Oili et al.
(225) have described two patients with acute ReA caused by Y. enterocolitica who were
treated with infliximab with a good response in the acute phase. However, the influence
of new drugs on the prognosis of patients with ReA remains to be evaluated.

7. RESISTANCE EPIDEMIOLOGY

A number of antimicrobial agents are active in vitro against Y. enterocolitica and
Y. pseudotuberculosis strains isolated from human (218,226–228) and nonhuman
sources (219,224,229,230). These include aminoglycosides (e.g., gentamicin, strepto-
mycin, tobramycin, and kanamycin), the third-generation cephalosporins (e.g., ceftriaxone,
caftazidime, and cefotaxime), co-trimoxazole, tetracyclines, chloramphenicol, fluoro-
quinolones (e.g., ciprofloxacin, norfloxacin, and ofloxacin), imipenem, and aztreonam
(227–229,231–233). Isolates from human, environmental, and animal sources have
essentially equal susceptibility patterns (234).

Yersinia strains are generally resistant to -lactamase-sensitive penicillins, such as
ampicillin, cloxacillin, carbenicillin and ticarcillin, the first-generation narrow-spectrum
cephalosporins, erythromycin, clidamycin, and vancomycin (229,234,235). However,
some differences in antimicrobial susceptibilities of Y. enterocolitica strains to -lactam
antibiotics have been detected among different biotypes (Table 14) and serotypes (220).
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Most strains of biotype 4 have shown to be sensitive to amoxicillin/clavulanate and to
third-generation cephalosporins, but resistant to ampicillin, carbenicillin, ticarcillin, and
cephalotin (226,227,231,234). In comparison, most strains of biotype 2 and biotype 3
have shown to be more susceptible to both carbenicillin and ticarcillin, but resistant to
amoxicillin–clavulanic acid (219,226,227,231,234). Strains of biotype 1B, on the other
hand, have shown to exhibit high rates of suscebtibility to ampicillin and amoxicillin–
clavulanic acid, but resistance to carbenicillin, ticarcillin, and cephalothin, whereas strains
of biotype 1A have shown to be resistant to amoxicillin–clavulanic acid (226,231,234).

The differences in antimicrobial susceptibility among Y. enterocolitica strains of
different biotypes are largely attributed to -lactam resistance, which is mediated by
the production of two chromosomally mediated -lactamases (A and B) (236,237).
Lactamase A is a noninducible broad-spectrum enzyme and lactamase B is an inducible
cephalosporinase (238). Y. enterocolitica strains belonging to bioserotype 4/O:3,
phage types VIII (from Europe, Asia, and Brazil) and IXa (from South Africa and
Hungary) have shown to be homogenous in expression of -lactamase, with all strains
producing both enzyme A and enzyme B. However, Y. enterocolitica 4/O:3/IXb
strains isolated in Canada have shown to produce both enzyme A and enzyme B when
Y. enterocolitica 4/O:3/IXb strains from Australia and New Zealand lacked the cephalo-
sporinase enzyme B (239). These two lactamases account for resistance to ampicillin,
cephalothin, carbenicillin, and ticarcillin. Most of Y. enterocolitica strains of less-
commonly isolated biotypes 2 and 3 lack the enzyme A, which may explain the sensi-
tivity to carbenicillin and ticarcillin.

Emerging antimicrobial resistance phenotypes have been recognized among multiple
zoonotic pathogens, including Y. enterocolitica (240). Antimicrobial agents are used in
high quantities for therapy, prophylaxis and growth promotion in modern food-animal
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Table 14
Antibiotic Susceptibility of Different Biotypes of Y. enterocolitica

Biotype

Antibiotic 1A 1B 2 3 4 5 Reference

Ampicillin Sa Rb R (234)
Amoxicillin/ R S R R S S (231)

clavulanate
R R S (226)

S R S (234)
R R R R S (227)

Carbenicillin R S R (234)
R S R (226)

Cefixime R S R R S S (231)
Cefoxitin R R S S (226)

R S R S S S (231)
Fosfomycin R R S S S S (231)
Ticarcillin R R R S R R (231)

R S R (226)
R S R (234)

aSensitive.
bResistant.



production (241). Almost all Y. enterocolitica strains from pigs examined by Aarestrup
et al. (241) in Denmark were resistant to ampicillin but susceptible to streptomycin and
sulphonamides. However, a limited number of Y. enterocolitica strains were resistant
nalidixic acid and a single isolate to gentamicin and spectinomycin. In the last few
years, clinical isolates that are resistant to chloramphenicol, streptomycin, sulfonamides,
co-trimoxazole, and nalidixic acid have been reported (223,242–244). Sanchez et al.
have reported the emergence of nalidixic acid-resistant Y. enterocolitica around Madrid
in Spain (244). Prats et al. (223) showed that the rate of resistance among Y. enterocolitica
O:3 strains has increased up to 90% for streptomycin and sulfonamides, 70% for
trimethoprim–sulfamethoxazole, 60% for chloramphenicol, and 5% for nalidixic acid.
Kelley et al. (245) studied 22 Y. enterocolitica strains recovered from poultry litter in the
United States and found 4 out of 22 isolates that exhibited multi-resistance to bacitracin,
penicillin, streptomycin, and tetracycline. In total, 13 out 22 isolates were resistant to
tetracycline. Funk et al. (246) reported resistance to oxytetracycline also from slaughter
swine in the United States. Tetracyclines are commonly added to swine feeds. Oxytetra-
cycline resistance is often plasmid mediated and could be impacted by on-farm antibiotic
usage. Resistance to sulfonamides (except trimethoprim–sulfamethoxazole) is widespread
(67,246), but Preston et al. (234) found a high rate of susceptibility to sulfamethoxazole.
Sulfonamides have been used for growth promotion and prevention of diseases in
swine. The resistance to sulfonamides among slaughter swine may indicate acquired-
resistance from their use in animal feeds (229).
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5
Foodborne Pathogenic Vibrios

T. Ramamurthy and G. Balakrish Nair

1. BACKGROUND

In the past few decades, many foodborne outbreaks associated with consumption of
contaminated foods have occurred in both developing and developed countries. Factors
that influence the epidemiology of the foodborne diseases include: level of hygiene in
handling foods, globalization of the supply and distribution of raw foods, aquaculture
practices, farming, introduction of pathogens into new geographical areas, changes in
the virulence and environmental resistance of pathogens, decrease in immunity among
certain population, and changes in the eating habits.

Members belonging to the genus Vibrio of the family Vibrionaceae have acquired
increasing significance because of its association with mild-to-severe human diseases.
There is a species preponderance of vibrios and their geographic distribution of infec-
tion. For example, incidences of some vibrios are related to poor sanitation and hygiene
in developing countries, whereas other species are associated with frequent foodborne
infections in developed countries. Most of the vibrios reside in aquatic realms and asso-
ciated fauna and flora as autochthonous microflora. Toxigenic Vibrio cholerae is the
most important, because this species causes cholera, a devastating disease of global
prominence. The other important species is Vibrio parahaemolyticus. The recently
emerged pandemic strains of this species caused major concerns in both the developed
and developing countries. Studies conducted at molecular level have clearly shown that
the pandemic strains are of recent origin and are undergoing rapid changes that have not
been recorded earlier. Other vibrios of medical importance are Vibrio vulnificus, Vibrio
mimicus, Vibrio alginolyticus, Vibrio fluvialis, Vibrio hollisae, and Vibrio damsela.
However, the significance of V. furnissii and V. metschnikovii is not known owing to
inadequate number of investigations carried out on these pathogens. With the exception
of cholera, Vibrio diseases are not designated as reportable.

This chapter reviews the health hazards associated with foods carrying pathogenic
vibrios, detection techniques, virulence factors, and the effect of different decontamination
methods in eliminating the vibrios.

2. CLASSIFICATION

The family Vibrionaceae consists of seven genera. The genus Vibrio currently has 48
species; among them 11 are of clinical importance. Recently, the species V. damsela is
placed under the genus Photobacterium. Species representing the family Vibrionaceae
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are given in Fig. 1. Members of the genus Vibrio are defined as Gram-negative,
asporogenous rods that are straight or have a single, rigid curve. They are motile; most
have a single polar flagellum, when grown in liquid medium. Sodium ions at varying
concentrations stimulate the growth of all species, which are a basic growth requirement
for most of the vibrios. Most produce oxidase and catalase, and ferment glucose without
producing gas. The G+C content of the genus Vibrio is 38–51% compared to the
Photobacterium (40–44%), Aeromonas (57–63%), and Plesiomonas (51%).

3. ISOLATION AND IDENTIFICATION

For isolation of vibrios, initial enrichment in alkaline peptone water (pH 8.0) is
useful as this medium supports the growth of viable cells. An altered alkaline broth is
recommended for specific enrichment of V. fluvialis from seafood, and environmental
sample (1). Majority of the clinically important vibrios can be isolated using common
media like blood agar, MacConkey agar, taurocholate–tellurite–gelatin agar, and
thiosulfate–citrate–bile salt–sucrose agar (TCBS). The selective nature of TCBS may be
inhibitory to some of the vibrios such as V. hollisae, V. damsela, V. metschnikovii, and
V. cincinnatiensis. Use of 1–3% NaCl to the food diluent is necessary to maintain the
viability of the halophilic vibrios.

116 Ramamurthy and Nair

Fig. 1. Classification and names of taxa within the family Vibrionaceae. For each species, the
type strain number is given in parentheses. The other six genus in this family includes
Photobacterium, Allomonas, Listonella, Enhydrobacter, Salinivibrio, and Enterovibrio. The
species V. damselae is now placed under the genus Photobacterium and the nomenclature is
Photobacterrium damselae.



V. parahaemolyticus is known to exist in a viable but nonculturable state especially
in foods when incubated at low temperatures and in routine cultural methods. It is difficult
to culture cells at this state. The resuscitation of nonculturable cells of V. parahaemolyticus
is achievable after spreading onto an agar medium supplemented with H2O2-degrading
compounds, such as catalase or sodium pyruvate (2).

Conventionally, vibrios are identified using biochemical characteristics and specific
growth conditions (Table 1). However, it is recommended to use standard strains for
quality control to ensure the results. V. cholerae and V. mimicus are nonhalophils (grows
in the absence of NaCl) and are closely related. Because the production of arginine
dihydrolase by V. fluvialis and V. hollisae is often confused with the identification of
Aermonas spp., salt tolerance test is recommended for confirmation. The vibriostatic
compound 2,4-diamino-6,7-diisopropylpteridine (O/129) at concentration of 10 and
150 g/mL has been used to discriminate between Aeromonas and Vibrio species.
However, because many recent strains of V. cholerae have been found resistant to O/129
compound (3), these results should be interpreted with caution and used in conjunction
with other biochemical and salt tolerance tests.

Many diagnostic kits are now commercially available for the identification of vibrios
of clinical importance (Table 2). An antibody enzyme immuno assay for the detection
of V. cholerae O1 was developed using the rabbit antiserum, -D-galactosidase-labeled
goat antirabbit immunoglobulin G as the tracer (4). With the detection limit of 4500
cells, this assay can be used for screening V. cholerae directly from food homogenates.
V. cincinnatiensis, a new species, was identified in 1986 from the blood and cerebro-
spinal fluid of a patient. On the basis of 5S rRNA comparative sequence analysis, the
organism appears to share a recent common ancestry with V. gazogenes (98% homo-
logy) and close ancestry with V. mimicus, V. fluvialis, and V. metschnikovii (5). Strains
belonged to the aerobic biogroup 2 of V. fluvialis are now designated as V. furnissii (6).
Based on the production of gas from the fermentation of carbohydrates, V. furnissii
can be differentiated from V. fluvialis. The distinct features of V. furnissii compared to
other halophilic vibrios include positive reaction for L-arginine, L-arabinose, maltose,
and D-mannitol and negative reaction for L-lysine, L-ornithine, lactose, and Voges–
Proskauer (6).

V. cholerae serogroup O1 includes two biotypes—classical and El Tor—each
including Inaba and Ogawa, and rarely Hikojima serotypes. Currently, the El Tor
biotype is predominant. Vibrios that are bichemically indistinguishable, but do not
agglutinate with V. cholerae serogroup O1 antiserum (non-O1 strains, formerly
known as nonagglutinable vibrios [NAGs] or noncholera vibrios [NCVs] are now
included in the species V. cholerae). Before 1992, non-O1 strains were recognized to
cause sporadic infections and not associated with large epidemics. However, in late
1992, large-scale epidemics of cholera-like infection were reported in India and
Bangladesh (7,8). The causative organism was identified as a new serogroup V. cholerae
O139 (synonym: Bengal), which also elaborates cholera toxin (CT). The clinical and
epidemiological picture of illness caused by the O139 serogroup is typical of
cholera, and the cases should be reported as cholera (9). The reporting of V. cholerae
non-O1 infections, other than O139, as cholera is inaccurate and leads to confusion.
Apart from O1 and O139 serogroups, 206 O-serogroups are recognized in the current
V. cholerae serotyping scheme.
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Serotyping system of V. parahaemolyticus is based on somatic (O) and capsular (K)
antigens that include 13 different O-antigens and 71 different K-antigens (10). Until 1996,
V. parahaemolyticus infections were associated with sporadic cases of gastroenteritis
caused by multiple, diverse serovars. Since 1996, however, an increased incidence of
gastroenteritis in many parts of Asia and the United States has been associated with
V. parahaemolyticus serovar O3:K6 (11–14). Furthermore, other serovars (such as
O4:K68, O1:K25, and O1:K untypeble [O1:KUT]), which are virtually identical to
O3:K6 by a variety of molecular typing methods (15,16) and have been postulated to be
the clonal derivatives of the O3:K6.

The API 20E system was shown to be useful for the identification of members of the
family Vibrionaceae, especially V. alginolyticus, V. cholerae, V. fluvialis, V. vulnificus,
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Table 2
List of Commercial Kits for the Identification of Vibrios/Toxins

Total
time including

Test kit product Analytical technique enrichment culture Supplier name

CHECK 3 Vibrio sp. Biochemical, visual 4–18 h Contamination
detection Sciences LLC

API 20 E Biochemical, visual 6–18 h Bio Merieux
detection

Chromogenic Vibrio Chromogenic media for 48 h Biomedix
presumptive identification
of V. parahaemolyticus
and V. vulnificus

ISO-GRID method Membrane filtration with 24 h QA Life 
selective and differential Sciences, Inc.
culture medium using
sucrose fermentation. For
V. parahaemolyticus count
using VSP agar

5898 A Fatty acid profile based 26 h Hewlett-Packard,
identification of vibrios Microbial ID

Cholera and Bengal Direct fluorescent assay 5–10 min New Horizons
Smart (DFA) for the detection of Diagnostics, Inc.

V. cholerae O1 and O139
Toxin Detection kits V. parahaemolyticus heat- 12–18 h Denka Seiken Co.

stable hemolytic toxin and Ltd
heat-labile enterotoxin of
V cholerae

Differentiation kits Differentiation of 12–18 h Thayer Martin
classical and other vibrios
0/129 (2,4-diamino-6,
7-diisopropylpteridine)
Polymyxin B 50 U disks

VET-RPLA Reversed passive latex 24 h using Oxoid, Inc.
TD0920 agglutination to detect bacterial cultures

cholera toxin (1–2 ng/mL)



and V. parahaemolyticus (17,18). Using commercial bacterial identification kits such as
Vitek and API 20E systems, it is difficult to differentiate Aeromonas schubertii,
Aeromonas veronii biotype Veronii from V. damsela, and V. cholerae, respectively (19).
Some of the critical biochemical tests in the Vitek identification need specified reaction
time (20).

The cellular fatty acid composition analysis using capillary gas–liquid chromatography
(GLC) was designed for the characterization of vibrios and aeromonads. Based on
the decision-tree using the GLC profile, the groups V. alginolyticus–V. parahaemolyticus;
V. metschnikovii–V. cincinnatiensis, and V. cholerae–V. mimicus could not be differentiated
(21). The intracellular trypsin-like activity measured by the fluorescence with fluoro-
genic substrate benzol-L-arginine-7-aminomythylcoumarine has been suggested for the
identification of V. parahaemolyticus (22). However, because of the false-positive
results, this assay was not recommended for the direct detection of V. parahaemolyticus
from seafoods (23). Chemotaxonomic studies carried out with V. fluvialis and V. vulnificus
on the basis of the sugar composition of the polysaccharide portion of their lipopoly-
saccharides have shown that there is variation in the composition (24). In addition,
close similarities in the sugar composition of the same portion were demonstrated
between serologically crossreacting non-O1 group V. cholerae and V. fluvialis, and
non-O1 V. cholerae and V. mimicus (24).

Monoclonal antibodies (MAbs) raised against an array of clinically important species
of vibrios have been shown to be useful for rapidly identifying vibrios. The genus-specific
MAbs was very useful to rapidly identify vibrios in clinical specimens, with species-
specific MAbs needed to complete the diagnosis (25). For serological testing, MAbs
were also raised against V. cholerae O1 and O139 serogroups (26,27).

A total of 61 O-serogroups were recognized in the serotyping scheme of V. fluvialis
and V. furnissii (28). The serogroup O19 of V. fluvialis posses the C (Inaba) antigen but
not the B (Ogawa) or A antigen of V. cholerae O1 (29). Incidence of V. fluvialis serogroup
O19 was reported in the erstwhile USSR that cross-agglutinated with V. cholerae O1
Inaba antiserum (30). Some strains of V. mimicus may crossreact with polyclonal anti-
bodies elicited against V. cholerae O139. The nature of this crossreactivity resides in the
partial structure comprising the galactosyl residue substituted with cyclic phosphate,
which is present in the cell-wall-associated polysaccharides (31).

V. vulnificus was first identified and described by CDC in 1976 (32). A species-specific
antibody against flagellar (H) antigen expressed by V. vulnificus has been used as a rapid
and specific diagnostic reagent in the coagglutination test (33). The surface antigenic
determinants of the lateral flagella (L-flagella) of V. alginolyticus and V. harveyi are
specific to these two species (34). In V. fluvialis, the L-flagellar antigen was found to be
species specific and is useful for serological identification (35). Although the H-antigen
serotyping was claimed to be species specific (36), its utility is yet to be adopted in the
serotyping scheme.

Phage-typing scheme was established for typing V. fluvialis strains with a panel of
six stable phages that formed 12 different phage types (37). New phage-typing
schemes for V. cholerae O1 and O139 have been described for routine strain-testing
(38,39). However, the applicabilities of phage-typing schemes are on the decline with
the advent of more discriminating molecular typing techniques and with the limited
availability of phages.
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4. IDENTIFICATION OF VIBRIOS BY MOLECULAR TECHNIQUES
Timely resolution of foodborne infections requires rapid and accurate detection of

pathogens. Molecular methods have become the vital epidemiological tool in the detection,
characterization, and tracking of pathogens. Recently, detection of specific virulence
genes or other marker genes is possible by means of polymerase chain reaction (PCR)
assay or by DNA probe techniques. Simplex PCR detects a single gene of interest, and
multiplex PCR is used for 2–5 target genes in a single reaction. The frequently used
PCR assays targeting different vibrios are given in Table 3.

For the detection of V. cholerae and V. mimicus, the intergenic spacer sequence of
16S–23S rRNA and a hexaplex PCR targeting ctxA, zot, ace, tcpA, ompU, and toxR
were useful (40,41). The 16S rRNA gene (rDNA) probe V3VV was found highly specific
for the detection of V. vulnificus (42). Heat-stable enterotoxin (STN) is common among
V. cholerae non-O1, non-O139, and V. mimicus strains. A PCR method was established
for the detection of stn among vibrios (43). Multiplex PCR targeting ctx and hlyA was
developed for the detection of toxigenic V. cholerae with a detection limit of 3 CFU/g
of food (44). Direct PCR assay for the detection of ctx among V. cholerae from seafood
has also been established with the sensitivity of 1 CFU/10 g (45).

Many PCR assays with high specificity and sensitivity have been developed for the
identification of V. parahaemolyticus (46). Among vibrios, the toxin regulatory gene
toxR seems to vary with each species. Exploiting the toxR sequence difference, Kim
et al. (47) designed a species-specific PCR assay for the identification of V. parahaemo-
lyticus. The gyrB gene, which is primarily responsible for the control of negative super-
coiling of DNA, is universally present in all the bacteria. The primer pair designed
from the conserved regions of the gyrB sequence of V. parahaemolyticus was found to
be specific and useful in the routine identification of V. parahaemolyticus from food
samples (48). Because both pathogenic and nonpathogenic strains of V. parahaemo-
lyticus coexist in seafoods, the application of PCR specific for the virulence genes (tdh
and trh) helps in the detection of pathogenic strains of V. parahaemolyticus (49). In
seafoods such as oysters, squid, mackerel, and yellow tail, unknown substances inhib-
ited PCR targeting the tdh gene. Hence, a DNA-purification step should be adopted
before processing the samples for PCR to increase the detection sensitivity (50). PCR
assay targeting the thermolabile–hemolysin (tl) was reported to be useful for the
detection of V. parahaemolyticus (51). The R72H DNA sequence is highly conserved
in V. parahaemolyticus and can be used for species-specific detection by PCR (46,52).
The R72H sequence is composed of a noncoding region and a phosphatidylserine
synthetase gene.

For the detection of pandemic strains of V. parahaemolyticus, two PCR systems are
widely in use. The group-specific PCR targets unique variations in the toxRS sequence
of pandemic strains (14) whereas the orf8 PCR is useful for the identification of integrated
filamentous phage having the open reading frame 8 (ORF8) (53,54). To simplify the
assay system, a multiplex PCR assay was designed to distinguish pandemic serogroup
strains from other V. parahaemolyticus strains (55). However, some recent studies have
shown that the ORF8 was absent in considerable number of pandemic strains of V. para-
haemolyticus (16,56,57).

Real-time PCR is currently used for the diagnosis of infectious agents. Compared to
laborious and resource intensive conventional methods, the real-time PCR is very fast
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and highly sensitive. The TaqMan real-time PCR assay targeting the cytolysin and vvhA
is very sensitive for the detection of viable but nonculturable cells of V. vulnificus (58).
SYBR Green-I based real-time PCR with V. vulnificus-specific hemolysin gene (vvh)
specifically detected the target pathogen with minimum direct detection level of 1 pg
of DNA or 102 CFU/g of oyster meat or 10 mL of water sample (59). A similar assay
system was also developed for the detection of tdh gene of V. parahaemolyticus (60).
Duplex real-time PCR for the detection of foodborne V. vulnificus, V. cholerae, and
V. parahaemolyticus in less than 2 h was established targeting the genes encoding
cytotoxin hemolysin, ctx and tdh/trh, respectively (61). Three sets of primers and a
TaqMan probe targeting tdh, trh and tlh were successfully used for the detection of
V. parahaemolyticus in a foodborne outbreak in Florida (62).

Conventional PCR can amplify the target DNA from both viable and nonviable
cells of the target pathogen. Detection of viable pathogens from clinical specimens or
food samples is desired to ensure that the positive test-results are associated with live
pathogens. Positive identification caused by nonviable pathogens may lead to misguided
decisions related to the effectiveness of the treatment or whether the food should be
discarded. The reverse transcriptase PCR (RT-PCR) is useful for targeting the mRNA
from viable cells. Several RT-PCR assay methods are available for the detection of
pathogenic vibrios (63).

Polynucleotide and oligonucleotide probes are used for the detection of target
sequences in the isolated strain. Use of these probes in a colony hybridization assay
helps to screen large number of isolates, which are suspected to carry the virulence
genes. The alkaline phosphate and digoxigenin-labeled tdh gene probe was useful to
detect V. parahaemolyticus (64). 16S rRNA gene sequence analysis was found to be
specific for the identification of V. vulnificus. In addition, oligonucleotide probes based
on the sequence difference in the 23S rRNA have been useful for the in situ identification
of this species (65). DNA sequences based on the 23S rRNA gene was used as a species-
specific probe for the identification of V. parahaemolyticus (66).

5. PHYLOGENETIC APPROACH

Since 1970s, there has been an avalanche of changes, and new insights into the
phylogeny of prokaryotic species. The corner stone of natural classification above
species level was the recognition that all the traits of an excellent phylogenetic marker
are present in ribosomal RNA (rRNA) and its encoding genes. The most powerful and
most extensively used phylogenetic marker molecule is the 16S rRNA and the genes
coding for this molecule (rDNA). Amplified rRNA genes are sequenced directly by
chain-termination method or by automated DNA sequencer. The availability of the 16S
rDNA sequence in combination with a database such as ribosomal database project
(RDP) and ARBOR (ARB) (67), containing more than 12,000 sequences from more
than 90% of all described genera provides an advantage unmatched by any other rapid
screening method.

The hsp60-gene amplification and sequence comparison was useful, as an alternative
target for phylogenetic analysis and species identification of vibrios to complement the
conventional methods (68). The sequence comparison of the amplified partial hsp60
sequence revealed 71–82% homology among different species of vibrios and 96–100%
homology among epidemiologically distinct strains within the same species designation.
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In addition, Aeromonas hydrophila and Plesiomonas shigelloides that are biochemically
similar to most of the vibrios can be differentiated by means of hsp60 gene sequencing
(68). The halophilic V. parahaemolyticus is genetically more related to V. alginolyticus
than V. vulnificus (60–70% and 40–50% DNA homology, respectively).

Phylogenetic tree based on the 16S rDNA sequences of clinically important Vibrio
species showed separated identities (Fig. 2) indicating that the pathogenicity does not
evolve with its species divergence (69). In concordance to the GC content of the DNA,
V. alginolyticus and V. parahaemolyticus formed one close group, and V. mimicus and
V. cholerae form a monophyletic grouping indistinguishable from the core Vibrio group,
which contains mainly the halophilic vibrios.

6. MOLECULAR TYPING

Intraspecies characterization of pathogenic bacteria for epidemiological purpose can
now be effectively achieved by molecular typing methods. Enterobacterial repetitive
intergenic consensus sequence (ERIC) PCR, restriction fragment length polymorphism
(RFLP) in rRNA genes (ribotyping), pulsed-field gel electrophoresis (PFGE), and RFLP
analysis of the genetic locus encoding the polar flagellum (Fla locus) or the virulence
genes have been used to type the Vibrio strains. Arbitrarily primed polymerase chain
reaction (AP-PCR) is a simple and valuable tool in molecular epidemiological investi-
gations. V. mimicus isolates collected from different geographical locations were not
identical but isolates from the same region comprised a single strain (70). However,
this assay did not consistently match with serogroups. AP-PCR results showed that
V. vulnificus strains collected between 1993 and 1999 from patients after consumption
of raw oysters in the United States exhibited a high degree of variation in the genomic
organization (71). V. vulnificus strains isolated from 62 cases of wound infection and
bacteremia during 1996–1997 in Israel showed similar pattern by PCR-RFLP (72).

RFLP of the tdh gene was shown to be a less discriminating method in the molecular
typing of pathogenic V. parahaemolyticus strains (12) because all the tested strains have
two copies of tdh as reported earlier (73). Ribotyping determines the number of rrn
operons in the bacterial genome. For ribotyping, V. parahaemolyticus genomic DNA is
fragmented either with HindIII or BglI enzymes and hybridization with cDNA probe of
E. coli 16S and 23S RNA genes (12,74). The rrn-mediated recombination may be one
of the mechanisms by which pathogenic bacteria may maintain their genomic plasticity,
and the possibility of genome rearrangements is greater when there are more rrn operons
in the genome of an organism (75).

In V. cholerae, BglI restriction enzyme was successfully used to develop a ribotyping
scheme (76). Studies conducted in Calcutta showed that the pandemic V. parahaemolyticus
O3:K6 strains belonged to five different ribotypes with R4 the most common with
strains isolated during 1996–1997 (12). This study also indicated that the strains isolated
during brief interim period had genetic instability, but over a period of time the clone
stabilized as evidenced by the constant prevalence of R4 ribotype. The nonpandemic
strains, including “old O3:K6” strains (isolated before 1996) used in this study exhibited
heterogeneous ribotype profiles that were distinct from each other, as well as from the
R4 pattern exhibited by the pandemic strains. Thus, the new O3:K6 (isolated after 1996)
did not seem to have originated from the “old O3:K6” group of strains. Riotyping
results of northeastern US V. parahaemolyticus outbreak strains showed relatedness
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with the Asian clone, but was different from the Texas outbreak strains (77). Combination
of serotyping and ribotyping showed that the Pacific coast V. parahaemolyticus strains
appeared to be distinct from that of either the Atlantic coast or the Gulf coast (78).

Among different molecular typing methods, PFGE is highly discriminatory compared
with other methods and enables to separate large fragments of digested DNA with a rare
cutting enzyme. The SfiI digested chromosomal DNA banding patterns were similar
for serovars O3:K6, O4:K68 isolated from seawater and patients in Japan (79). Large
number of V. parahaemolyticus strains isolated from different outbreaks in Taiwan
showed at least 14 PFGE types after SfiI digestion (80). Pandemic strains of O3:K6
isolated during 1996 in Calcutta showed different pulsotypes following NotI digestion,
compared to the strains isolated before and after this period (12). The same study
showed that the strains isolated during the later part exhibited identical or nearly similar
pulsotypes, indicating the stability of the strains. V. parahaemolyticus strains might
show DNA degradation and these strains cannot be used for strain typing by PFGE (81).
Prevalence of V. parahaemolyticus in imported seafoods from other Asian countries is
common in Taiwan (82). However, the isolates were not similar irrespective of the country
of origin or kind of seafood when examined by PFGE.

These results reveal prevalence of genetically diverse V. parahaemolyticus strains in
seafood. Wong et al. (83) observed that the strains of O3:K6 which appeared after 1996
formed eight closely related PFGE patterns, with the predominant one (81%) consisting
of strains from Taiwan, Korea, Japan, and India. CeuI digestion of chromosomal DNA
followed by PFGE is useful for the determination of intra- and interspecies genomic
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rearrangements and elucidation of the numbers of rrn operons in the genomes of
prokaryotes. Because CeuI cleaves the DNA only in a 19-bp sequence in the 23 rRNA
gene of the rrn operon (84), it has also been successfully used to determine the number
of rrn operon in the genomes of many organisms including V. cholerae.

Multilocus sequence typing (MLST) has been used for differentiation of many
pathogens (85,86) and to detect the role of recombination during bacterial evolution
(87). Sequence analysis of amplified gyrB, recA, dnaE, and gnd of different serovars of
V. parahaemolyticus showed that prepandemic strains were highly variable and the
pandemic O3:K6 isolates shared two alleles (88). The pandemic clones, defined by a
positive GS-PCR for toxRS and the presence of ORF8 from the f237 phage, were gene-
tically nearly identical at the sequence loci, in contrast to the four distinct serovars:
O3:K6, O4:K68, O1:KUT, and O1:K25 (88). These results reconfirm the results of
other molecular typing methods that showed multiple serovars occur in a single genetic
lineage (14,53,89). The multilocus enzyme electrophoresis (MEE) with four enzyme
loci proved to be a powerful molecular tool for the differentiation of V. mimicus and
V. cholerae even when atypical strains were analyzed (90).

7. RESERVOIRS

Aquaculture is being practiced in many countries to augment the need of increasing
fish demand. In this closed environment, transmission of fish diseases is high compared
to the natural environment. Vibriosis is an economically important fish disease and is
responsible for high mortality rates in aquaculture. Some of the fish pathogens can also
infect humans. The fish disease causing bacteria, V. demsela (91), V. vulnificus (92), and
V. alginolyticus (93) were also reported as human pathogens.

V. vulnificus and V. damsela are acquired topically from fish through spine puncture
or open wounds (94). Apart from seafood, contaminated rice, millet, gruel, vegetables,
fruits, poultry, meat, and dairy products have also the potential to transmit cholera (95).
The survival dynamics of V. cholerae O1 in ceviche differ with serotypes. The survival of
V. cholerae O1 Inaba decreased in number following a liner or retarded trend, whereas,
the other serotype Ogawa followed an accelerated death-trend (96).

Investigations carried out in many countries have shown the presence of human
pathogenic vibrios in bivalves, suggesting their potential risk. The species distribution
of pathogenic vibrios present in bivalves varies from one geographical region to the
other. For example, V. alginolyticus and V. vulnificus are found more in Italy (97),
V. parahaemolyticus in Spain (98), V. alginolyticus and V. fluvialis in the blue crabs
of Turkey (99), and mussels from Atlantic coast of Brazil (100). V. alginolyticus and
V. parahaemolyticus were commonly isolated from seafood in Jakarta, Indonesia (101).
In Pacific Northwest region, British Columbia coast, the incidence of V. parahaemolyticus,
V. fluvialis, and V. vulnificus was high among oysters especially during warmer season
than in cold conditions (102). During summer months, the proportion of infections
caused by V. fluvialis, V. parahaemolyticus, V. costicola, and V. damsela is more in
Volga, Russia mainly related to water, consumption of seafood and fresh water fish
(103). Even though V. alginolyticus and V. parahaemolyticus are halophilic organisms,
in Calcutta, India, they were isolated from freshwater fishes (104).

The ubiquity and relatively high concentrations of V. parahaemolyticus, V. algino-
lyticus, and other pathogenic vibrios in shellfish are potential public health hazard in
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Hong Kong and other subtropical Asian countries (105). In Japan, the incidence of
V. cholerae non-O1 and V. mimicus (serogroup O14) in marine fishes was high during
summer (106). An infection of V. alginolyticus with acute diarrhea was ascribed to
consumption of trout roe in Japan (107). Infection owing to V. damsela and V. hollisae
has generally been associated with the consumption of raw seafood (108). In Japan, the
increasing number of V. parahaemolyticus infections are linked to the consumption of
cultured finfish (109).

There was a strong association between the migration of ridley turtles for hatching
eggs in the coast of Costa Rica and the incidence of V. mimicus in coastal sand (110).
The freshly laid eggs were found contaminated with V. mimicus, and some of the isolates
(31%) carried the cholera toxin gene (ctx). Vibrios from aquaculture ecosystem may also
be transmitted directly to humans through handling of fish. A new biotype of V. vulnificus
caused hundreds of serious infections among persons handling live tilapia produced by
aquaculture in Israel (111). High incidence of several vibrios including V. alginolyticus,
V. cholerae, V. fluvialis, V. parahaemolyticus, and V. mimicus in seafood and cultured
fishes have been reported in Taiwan (112).

The ability of V. cholerae O1 to attach and colonize exoskeleton of edible crustaceans
provides a potential means of survival and proliferation in the aquatic environment. In
vitro studies clearly showed that V. cholerae O1 colonizes and multiplied several folds
even at higher saline conditions at 37°C (113). Based on the isolation of V. cholerae O1
from oysters and intestinal content of oyster feeding fishes (114), it appears that the
pathogen is stable and can be passed into the food chain of aquatic animals.

Historically, it is known that asymptomatic food handlers play a crucial role in the
transmission of foodborne diseases. Transmission of V. cholerae from food handlers
was reported in many countries (115). Cholera epidemic in Latin America caused as
many as 1 million cases and death of about 10,000 people mainly related to unchlori-
nated water supply (116). In addition, cabbage irrigated with raw wastewater contributed
to cholera transmission in Trujillo, Peru (117). Formula feeding of infant is a very
common practice throughout the world and also an alternative method to prevent
mother-to-child infection. Growth of bacterial pathogens in reconstituted infant formula
has become a health hazard when contaminated water is used for the rehydration of
infant food. Survival studies conducted with common enteric pathogens showed that
in tap water V. cholerae O1 was the most sensitive at 4°C as well as at 30°C. However,
in the reconstituted infant formula, the test pathogen reached 9.2 × 1010 CFU/mL
within 24 h at 30°C (118).

8. SPORADIC CASES AND OUTBREAKS BY FOODBORNE VIBRIOS

Foodborne outbreaks by vibrios are generally associated with the consumption of raw
or under-cooked seafood. Sporadic incidences of diarrhea caused by non-O1 V. cholerae
were reported from many countries owing to seafood consumption (119,120). Spread of
cholera to Germany through imported fresh fish from Nigeria has been reported (121).
Case–control study conducted in Guatemala showed that cholera was associated with
the consumption of left-over rice, flavored ice, and street-vended carbonated beverages
rather than the suspected drinking municipal tap water (122). In cooked foods, contami-
nation occurs through many sources. Cooked rice rinsed with contaminated drinking
water was responsible in an oil rig cholera outbreak (123).
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Since the onset of the cholera epidemic in Latin America in 1991, most cases of
cholera in the United States have occurred among persons arriving from cholera-
affected areas or who have eaten contaminated food brought or imported from these
areas. It is estimated that 7974 noncholera Vibrio infections and 57 deaths attributed to
such infections occur in the United States annually (124), and there was a sharp rise
after 1997 (125). The first report on incidence of cholera in United States associated
with the food transported from an area with epidemic disease was made during
March–April 1991 (126). V. cholerae O1 Inaba was isolated from four out of eight
patients related to the consumption of crab meat brought from the Ecuador. In
December 1994, a cluster of cholera cases occurred among persons in Indiana who had
shared a meal of contaminated food brought from El Salvador (127). An outbreak of
cholera associated with an imported commercial product occurred in the United States
in 1991 (128). Epidemiological investigations revealed detection of El Tor V. cholerae
O1 among four of the six infected persons who had consumed coconut milk imported
from Thailand as well as from the unopened cans of the same brand. Investigation in
Thailand of the manufacturing process of the implicated coconut milk showed several
sanitary violations that lead to contamination (128).

Outbreaks or epidemics of cholera attributed to raw or uncooked seafood from polluted
waters were reported in Guam, Kiribati, Portugal, Italy, and Ecuador. The Louisiana and
Texas cases have been traced to eating shellfish from coastal and estuarine waters where
a natural reservoir of V. cholerae, serotype Inaba, was presumed to exist. These cases
were not related to sewage contamination of coastal waters. Detection of carrier status
of toxigenic V. cholerae was traced in several outbreak investigations. In a village near
Chiangmai, Thailand, an outbreak of cholera was reported in 1987 ascribed to the
consumption of uncooked pork served to the funeral attendants (129). V. cholerae O1
Inaba was isolated from 24 patients in this investigation. In 1988, another outbreak of
cholera with 71 culture confirmed cases of V. cholerae O1 Ogawa, biotype El Tor
occurred in Mae Sot district of Thailand caused by the consumption of raw beef (130).
Butchers who carried V. cholerae were suspected to be the cause of these two outbreaks.

Outbreaks of cholera in international aircrafts through food contamination were
also reported (131,132). Cold seafood salad served in an international aircraft that left
Lima, Peru to Los Angeles was responsible for cholera affecting 75 of the 336 passengers,
10 were hospitalized, and one died (132). This was the largest airline-associated out-
break of cholera ever reported and demonstrates the mode of spread of cholera from
epidemic area to other parts of the world. In Hong Kong, epidemiological investigation
showed linkage of 12 cholera cases with the consumption of seafood in 1994 (133).
Microbiological findings demonstrated that contaminated seawater in fish tanks used to
keep the shellfishes alive was the most likely vehicle of contamination.

During 1973–1998, 40 outbreaks of V. parahaemolyticus infections were reported
to the CDC and these outbreaks included more than 1000 illnesses (134). Most of the
outbreaks occurred during the warmer months and were attributed to seafood, particu-
larly shellfish. The median attack rate among the persons who consumed the implicated
seafood was 56% (134). In the United States, the first outbreak related to the pandemic
strain of V. parahaemolyticus O3:K6 occurred between May 31 and July 10, 1998, and
416 persons in 13 states had gastroenteritis after the consumption of oysters harvested from
Galveston Bay; all 28 stool specimens were culture positive for the pandemic O3:K6
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strain (135). During July–August 1998, large outbreaks of V. parahaemolyticus infection
were reported from California, Oregon, Washington, and Texas (78,136). In subsequent
months (July–September), V. parahaemolyticus infection spread to Connecticut, New
Jersey, and New York (136). However, the O3:K6 serovar was not detected in any of the
environmental and food isolates (78). Like the spread of the epidemic strain of V. cholerae
O1 in 1991 to coastal waters along the Gulf of Mexico, it was suspected that the pandemic
V. parahaemolyticus O3:K6 was introduced into the US coastal waters by ballast water
discharged from ships, which had traveled to Asia (64,137).

Outbreaks of V. parahaemolyticus mediated infections were also reported in Canada
(138) and Spain (139). In the latter, it was because of the consumption of oysters
contaminated with nonpandemic strains of V. parahaemolyticus. The Canadian outbreak
in British Columbia during 1997 might be owing to exceptionally warm ocean-surface
water temperatures and heavy rainfall associated with El Nino conditions that appear to
be conducive to the growth of V. parahaemolyticus (138). Between November 1997 and
April 1998, several human gastroenteritis cases were reported in Antofagasta, Chile
(140). This outbreak was associated with the consumption of shellfish, and the etio-
logical agent V. parahaemolyticus was isolated from both the affected patients and
the shellfish samples. However, in this investigation, tests were not performed to con-
firm the pandemic V. parahaemolyticus strains. In Russia, food poisoning outbreak
ascribed to V. parahaemolyticus was reported in the city of Vladivostok (141). In Taiwan,
V. parahaemolyticus was responsible for 61–71% of the total foodborne outbreaks
during 1996–1999. Since 1996, the O3:K6 strains have caused numerous outbreaks in
Taiwan, accounting for 51–79% of the outbreaks till 1999 (13,83). The emergence and
predominance of pandemic strains of V. parahaemolyticus was also recorded in Korea,
Laos, and Indonesia (14).

Prevalence of additional serovars genetically resembling the pandemic O3:K6 strain
of V. parahaemolyticus has been recorded in many Asian countries. During 1999, the
isolation rate of pandemic V. parahaemolyticus in southern Thailand increased to 76%
and majority of the strains were O3:K6. The newer serovars such as O1:K25, O1:K41,
and O4:K12 were also reported to share all the traits of the pandemic clone except for
their somatic and capsular antigens (57,89). Studies conducted in Vietnam showed that the
risk factor for V. parahaemolyticus related to high socioeconomic status of patients as
this group could afford seafood (142). In contrast to V. cholerae infections, which tends
to occur seasonally, no clear seasonality of the V. parahaemolyticus infections were
observed in Vietnam. In India, the first outbreak of V. parahaemolyticus was reported
from Vellore (143) owing to nonpandemic strains. The pandemic strains first emerged
in India and were associated with the cases of diarrhea admitted to the Infectious
Diseases hospital in Calcutta from February 1996 (11).

The first incidence of gastroenteritis involving many cases related to V. fluvialis
infection was reported in Florida, USA owing to the consumption of contaminated
oysters, shrimps, or cooked fish (144). An outbreak of gastroenteritis was reported in
the Maharashtra State, India during June 1981 (145). Of the 34 participants who took
lunch in a religious ceremony, 14 became ill in 4–6 h after the meal with clinical mani-
festation of food poisoning. V. fluvialis was isolated from nine cases without any other
enteric pathogens. The food was suspected for this outbreak, though the left-over food
was not available for examination (145).
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In Thailand, Vibrio bacteremia was mainly owing to non-O1 V. cholerae and V. vulni-
ficus with symptoms of diarrhea, peritonitis, shock, and skin lesions. Most of the infected
patients with these pathogens had cirrhosis (146). In tropical countries, consumption of
raw turtle eggs is a common practice. Sporadic cases of V. mimicus mediated acute
diarrhea have been reported in a hospital-based surveillance at Costa Rica (147). The
interesting feature of this study is that all the clinical isolates of V. mimicus produced
CT. In China, food poisoning of V. alginolyticus was first reported in 1989 because of
the consumption of salted shrimps (148).

In the United States, 96% of the patients with primary septicemia associated with
V. vulnificus infection were associated with consumption of raw oysters within 7 d before
the onset of the disease (149). V. vulnificus was responsible for two fatalities in Florida
in 1998 and for a total of 33 deaths in the United States in 1996. During 1996–1997, 62
cases of V. vulnificus mediated wound infections, and bacteremia were reported for the
first time by handling live cultivated fish from ponds in Israel (72).

9. PATHOGENICITY AND VIRULENCE FACTORS

Overall, the infective dose of vibrios is about 106 organisms. The dose can be lowered
in the presence of antacids and can be as low as 102 of V. vulnificus in predisposed
patients. The incubation period ranges from 4 to 96 h, usually 12–24 h (mean: 15 h).
Vibrios carry many unknown virulence factors, and except for few species, there is no
hallmark of any specific gene/virulence factor. Hemolysin is the most widely distributed
toxin in the pathogenic vibrios and plays several roles in the infection process. Some
strains of V. fluvialis produce -hemolysin and cytotoxin in Hep-2 cell line (150).
Vibrios such as V. fluvialis, V. parahaemolyticus, and V. alginolyticus expressed
aggregative adherence pattern on Hep-2 cells (150) similar to the one described in
enteroaggregative Escherichia coli (151). In addition to strong lipase and protease
activities, most of the human pathogenic vibrios isolated from seafood and aquaculture
foods from Taiwan showed cytotoxic activity in Chinese hamster ovary (CHO) cells
(112). The protease act not only for processing and activation of protein toxins but also
direct extraintestinal infection factors causing edematous or hemorrhagic skin lesions,
or disturbance of host defense system. Even though the protease is considered as one of
the virulence determinants among vibrios, its prevalence in nonpathogenic vibrios is not
known (152). In V. cholerae non-O1 and non-O139 and V. mimicus, hemagglutination
is a common function of lipopolysaccharides (LPS) (153). Although, the immuno-
genecity of LPS and outer membrane proteins is well documented for important intestinal
pathogens, the hemagglutinating properties of cell-surface components are hitherto
unrecognized and will definitely contribute toward understanding their role in bacterial
adherence. The siderophores of V. hollisae and V. mimicus have been identified as
aerobactin, which is highly prevalent among several strains representing the family
Enterobacteriacae (154).

Generally, pathogenic vibrios undergo the viable but nonculturable (VBNC) pheno-
menon in microcosm studies (155). However, the virulence features of these VBNC
strains are recoverable after resuscitation cycle in the murine model (155). In some of the
environmental strains of V. alginolyticus, virulence genes specific for V. cholerae such as
ace, zot, and vibrio pathogenecity island (VPI) were detected (156). Though uncommon,
this finding indicates genetic transfer of virulence genes from one species to another
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in the environment. The ability of V. damsela strains to utilize hemoglobin and iron (ferric
ammonium citrate) has been demonstrated as a possible marker for the virulence of this
species (157). In addition, virulent strains of V. damsela were shown to be resistant to
bacteriostatic/bactericidal effect exerted by the human serum (157). A heat-labile, pro-
tease sensitive cytolysin has also been demonstrated in V. damsela, which is antigenically
distinct (Mw 57 K) from cytolysins produced by V. vulnificus, V. parahaemolyticus, and
V. cholerae O1 El Tor (158,159). This cytolysin showed a strong activity against erythro-
cytes of mammals, fishes, and on CHO. In addition, it was found that cytolysin was lethal
for mice when injected intraperitoneally (mean dose: 1 g/kg). Two steps of action have
been proposed for this toxin, which include a temperature-independent toxin-binding
step followed by a temperature-independent membrane-perturbation (159). The gene
encoding a novel hemolysin–damselysin, unique to V. damsela was cloned and expressed
in Escherichia coli (160). The damselysin gene had no homology with hemolysin genes
of other vibrios.

The cell-free culture supernatants of V. fluvialis strains grown in the presence or
absence of lincomycin exhibited several virulence factors including CHO cell elongation,
which is a characteristic for V. cholerae entrotoxin and heat-labile toxin of Escherichia
coli (161). The purified protein from V. fluvialis was identified as hemolysin of this
species (VFH), which exhibited activity on many mammalian erythrocytes (162).
Nucleotide sequence analysis of the vfh gene revealed an ORF consisting of 2.2 kb,
which encodes a protein of 740 amino acids with molecular weight of 82 kDa. The
N-terminal amino acid sequence revealed that the 82-KDa prehemolysin is synthesized
in the cytoplasm and secreted into the extracellular environment as the 79-kDa mature
hemolysin after cleavage of 25 N-terminal amino acids (162). The hemolysin produced
by V. fluvialis is heat-labile (163).

The metalloprotease produced by V. fluvialis (VFP) belongs to the thermolysin family
of toxins (164) and was found to have very similar characteristics to V. vulnificus pro-
tease including hemagglutination, permeability-enhancing and hemorrhagic activities.
V. fluvialis does not exhibit the mannose-sensitive hemagglutination, which is typical
of V. cholerae (165). Although V. fluvialis some time causes dysenteric form of the
diarrhea, it lacks the invasive property (166). However, this species caused mouse
lethality, was positive in the skin permeable factor (SPF), but produced no fluid accu-
mulation (FA) in the suckling mice (167). V. fluvialis rarely produces -hemolysin or
adheres to Hep-2 cells (150).

The hallmark of toxigenic V. cholerae is the expression of CT. Prevalence of CT
producing V. cholerae from food and environmental samples are relatively rare. Studies
conducted in Taiwan showed about 2% incidence of CT expressing strains of V. cholerae
non-O1 from the seafood (112). CT produced by V. cholerae serogroups O1 and O139
is the main factor that causes diarrhea with severe dehydration by ADP-ribosylation
of the -subunit of the GTP-binding protein, which stimulates adenylate cyclase
activity. CT is encoded in the genes ctxAB. CT-like toxins were reported in some strains
of V. cholerae non-O1 and non-O139 strains or V. mimicus but not in other vibrios. The
filamentous CTX , which encodes CT in epidemic V. cholerae, is known to propagate
by infecting susceptible strains of V. cholerae, which are generally nontoxigenic pro-
genitors, using the toxin coregulated pilus (TCP) as its receptor and, thereby, causing
the origination of new toxigenic strains of V. cholerae (168).
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Among non-O1 and non-O139 serogroups, most of the CT-producing strains were
identified to belong to serogroup O141, and there is a possibility that this serogroup
may emerge as potential pathogen in the future (169). A novel hemolysin gene hlx,
found to be active against sheep, goose, horse, and chicken erythrocytes but not guinea
pig or human, was reported among V. cholerae and V. mimicus (170). In suckling mice
assay (SMA), it was shown that irrespective of the serogroups and elaboration of CT,
V. cholerae stimulated increased FA in a growth-medium-dependent manner (171,172).
However, the FA kinetics was differentiated with neutralization with CT antibody (171).

ToxR-mediated bile resistance is an early step in the evolution of V. cholerae as an
intestinal pathogen (173). In V. cholerae and other vibrios, it was shown that the mutant
strains of toxR had a reduced minimum bactericidal concentration of bile compared to
the wild strains in a ToxT-independent manner (173). Tox-T is the direct transcriptional
activator of CT and TCP encoding genes. Unlike ctx and tcp, which are horizontally
acquired genetic elements, the toxR is in the ancestral Vibrio chromosome.

V. mimicus produces a heat-stable enterotoxin (VM-ST), which is structurally and
functionally identical to V. cholerae non-O1-ST (174). In addition, V. mimicus caused
mouse lethality and show a positive test in the SPF assay (167,175). V. mimicus elaborates
both hemagglutinating protease (agglutination with chicken erythrocytes) as well as a
nonprotease hemagglutinin (agglutination with rabbit erythrocytes) (176). The purified
protease from V. mimicus is a bifunctional molecule capable of mediating proteolysis
and hemagglutination, and is immunologically crossreactive with V. cholerae protease
(177). This protease was found to enhance extraintestinal infections as it induced vascular
permeability and form edema when injected into the skin of guinea pig and rats (178).
Like V. fluvialis, V. mimicus do not exhibit mannose-sensitive hemagglutination, which
is typical for V. cholerae (165). This pathogen secretes a pore-forming toxin, V. mimicus
hemolysin (VMH), which causes hemolysis by three sequential steps: binding to erythro-
cyte membrane, formation of a transmembrane pore, and disruption of the cell membrane
(179). The sequence analysis of structural gene vmhA encoding the VMH showed
81.6% identity with V. cholerae El Tor hemolysin (180). Some of the V. mimicus strains
may produce thermostable-direct hemolysin (TDH)-like toxin (181), which is distinct
compared to V. parahaemolyticus TDH (182).

The receptor of CTX , the TCP was also detected in the CTX -positive V. mimicus
isolates. In vitro studies have shown that the environmental isolates of V. mimicus can
be infected by CTX to express CT in a TCP-independent way (183). These finding
suggest that V. mimicus act as an important reservoir for CTX and play a substantial
role in the dissemination of toxigenic V. cholerae from the environment. The CT epitype
B of V. mimicus was immunologically indistinguishable from the CT-B produced by the
classical biotype strain of V. cholerae O1, 569B (184).

Among noncholera vibrios, the frequency of occurrence of ctx appears more among
V. mimicus. Studies conducted in Costa Rica have shown that all the clinical V. mimicus
isolates produced CT and harbored ctxA gene as confirmed by PCR assay (147). In
addition, majority of the environmental isolates and some of the clinical isolates are
reported to harbor ctxA (185). In Bangladesh, about 10% of the clinical isolates produced
CT-like toxin (186). The other virulence determinants for V. mimicus includes VM-ST,
TDH, and VMH (185). Presence of zot gene, which encodes zonula occludens toxin,
was detected among V. mimicus strains that lacked ctx (187). This indicates a possible
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of role of zot in the toxigenicity of this species. The virulence gene cascade is not uniform
in V. mimicus, though all the strains have the toxin regulatory gene toxR (188). Among
clinical strains of V. mimicus, there seems to be significant association of virulence
genes and serogroups such as O20, O41 and O115 (189).

The severity of V. vulnificus mediated infection depends on a variety of bacterial
and host factors. V. vulnificus produces a number of enzymes such as hyaluronidase,
mucinase, DNases, lipase, and proteases, which may facilitate infection in humans.
Because encapsulated V. vulnificus strains were commonly isolated from clinical source
than the environment, the capsule was considered as one of the virulence factors (190).
Acidic capsular polysaccharide (CPS) protects the cells from phagocytosis and other
antibacterial responses of the immune system. In addition, this capsule stimulates the
release of tumor necrosis factor and other cytokines and causes septic shock and
death. Persons with elevated transferrin-bond iron saturation (>70%) because of hemo-
chromatosis, thalassemia, or liver diseases, are at high risk of invasive V. vulnificus
(191). V. vulnificus hemolysin (VVH) is marker for the detection of virulent strains.

Most of the clinical isolates of V. parahaemolyticus can be differentiated from the
environmental strains by their ability to produce TDH, termed the Kanagawa pheno-
menon. This toxin is the best-studied virulence factor of V. parahaemolyticus. TDH
causes intestinal fluid secretion as well as cytotoxicity in a variety of cell lines (192).
The tdh gene encodes the production of TDH (64,73). V. parahaemolyticus TDH is
related (71.5%) to a newly described hemolysin (VC delta TH) of V. cholerae O1, which
is encoded by the dth gene (193). The gene, tdh is also present in a high percentage of
isolates of V. hollisae (194,195). Phylogenetic analysis of tdh genes of V. hollisae and
other species showed that they are distantly related. These results and the proposed
insertion-mediated transfer mechanism suggest that the tdh gene is stable in V. hollisae
and in non-V. hollisae species and may have been acquired by recent horizontal gene
transfer (194). The tdh gene of V. parahaemolyticus is flanked by nucleotide sequences
identical to the terminally inverted repeat sequences of IS102 in the chromosome (196).
Low content of the G+C (30%) of tdh compared to the average G+C content of the
V. parahaemolyticus chromosome suggest that this locus might be transferred by a
mobile genetic element. The amount of TDH produced did not significantly differ
between pandemic O3:K6 and nonpandemic O3:K6 strains (11).

Another virulence factor, the TDH-related hemolysin (TRH), encoded by the gene trh,
has been discovered in clinical strains lacking tdh (197,198). The trh shares 69%
identity with tdh2 and the sequence differences were distributed throughout the gene
(199). Most of the environmental strains possessing trh have been reported in Asia (83).
V. parahaemolyticus harboring trh almost always produces urease, which is atypical for
this species (200–202), and the ure genes may be part of a pathogenicity island (203).
The association between urease production and possession of the trh gene is owing to
a genetic linkage between the structural gene for urease (ureC) and trh on the chromo-
some of V. parahaemolyticus (204). The urease activity is known to increase gastric-acid
tolerance in Yersinia enterocolitica (205), and Helicobacter pylori (206). Presently,
there is no in vitro test to detect TRH production. Generally, V. parahaemolyticus strains
isolated from the environment or foods do not harbor the tdh or the trh genes.

McCarthy et al. (207) demonstrated the prevalence of a thermolabile hemolysin
(TLH) in all V. parahaemolyticus strains, but not in other species. V. cholerae and
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V. parahaemolyticus have distinct mechanisms to establish infection. The clinical features
of V. parahaemolyticus infection include inflammatory diarrhea and in some cases
systemic manifestations such as septicemia have been reported. In vitro adherence and
cytotoxicity studies with human epithelial cells showed that O3:K6 strains exhibited
higher levels of adherence and cytotoxicity to host cells than non-O3:K6 strains suggesting
the higher pathogenic potential of pandemic clones. The enhanced adherence and cyto-
toxicity may contribute to the unique pathogenic potential of V. parahaemolyticus O3:K6
strains (208).

The CPS of V. parahaemolyticus is reported to play an important role in the adherence
of the pathogen to epithelial cells as evidenced by comparing less CPS producing strains
with opaque colonies of the same strain (209). In addition, treatment of V. parahaemo-
lyticus with anti-CPS but not anti-LPS serum decreases the level of bacterial adherence
(209). These results indicate that CPS is one of the factors in bacterial adherence to its
target cells.

10. CLINICAL CHARACTERISTICS

Vibrio infections cause three distinct illness syndromes: gastroenteritis, wound or soft
tissue infections, that occur by exposure of a wound or broken skin to warm seawater or
seafood drippings, and septicemia, an illness characterized by fever or hypotension with
isolation of vibrios in the blood culture. Septicemia typically occurs in persons with
underlying health problems, such as liver disease, diabetes, cancer, or other immune
disorders. In the Gulf coast region (Alabama, Florida, Louisiana, and Texas), raw oyster
consumption is an important cause of gastroenteritis among adults without underlying
illness (210).

Wound infections are commonly associated with halophilic vibrios such as V. damsela
(108,211), and V. vulnificus (72). Reports have also shown that V. damsela causes aggres-
sive infection and necrotizing fascitis (212,213) and multiple-system organ failure (214).
Thus, a high index of suspicion is needed for the diagnosis of V. damsela and concordant
infection. Septicemia seems to be a very common symptom for V. damsela (215,216).
V. damsela is also associated with watery or bloody diarrhea in sporadic cases related to
seafood intake. Infection related to V. hollisae is characterized by abdominal pain,
watery to bloody diarrhea (108). With increasing number of infant gastroenteritis cases,
V. fluvialis should be considered in the differential diagnosis (217). External otitis
caused by V. alginolyticus and V. fluvialis has been reported with symptoms of itching
and seropurulent fluid. The infection may be resulting from prolonged exposure to the
seawater (218). Acute suppurative cholangitis caused by V. fluvialis has also been
reported in Japan (219). Ear infection mediated by V. parahaemolyticus and V. algino-
lyticus seems to be common in Scandinavian area with predisposing conditions such as
chronic otitis media, perforation of the tympanic membrane, or ulcus cruris (220).

V. vulnificus, V. alginolyticus, V. parahaemolyticus, and V. fluvialis were reported to
cause sight-threatening ocular infections with symptoms such as keratitis, conjunctivitis,
and endophthalmitis. Ocular trauma by shellfish from contaminated water is the most
common risk factor (221,222). Persons at high risk for V. vulnificus infection include
those with liver disease, cancer, chronic kidney disease, diabetes, and inflammatory
bowl disease. Some vibrios such as V. fluvialis and V. vulnificus are associated with
diarrhea among immunocompromised patients (223). Renal failure appears very common
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among V. vulnificus-infected patients, which can be confused with leptospirosis, scrub
typus, malaria, and other forms of sepsis (224).

Fatal gastroenteritis resulting from V. fluvialis and nonfatal bacteremia from V. mimicus
have been reported (225). Leg pain and bullous skin lesions may be a clue to the
diagnosis of V. vulnificus infection. Febrile patients with cirrhosis and leukemia should
be questioned regarding recent seafood ingestion, as they are more susceptible to the
infections caused by vibrios (226). Gangrene and endotoxin shock owing to V. parahaemo-
lyticus infection has also been reported (227).

Cholera is characterized in its severe form with sudden onset, profuse painless watery
stools, occasional vomiting, rapid dehydration, acidosis, circulatory collapse, hypo-
glycemia in children, and renal failure. Gastric achlorhydria increases the risk of illness.
Generally, the breast-fed infants are protected against cholera. Asymptomatic infection
is frequent, especially with the El Tor biotype. Cholera occurs significantly more often
among persons with ‘O’ blood group. In severe untreated cases, death may occur within
few hours, and the case-fatality rate may exceed 50%; with proper treatment, the case
fatality rate is less than 1%. V. cholerae non-O1, non-O139 also causes bacteremia
because of the consumption of raw calms (228). Cirrhotic patients with V. cholerae
non-O1, non-O139 bacteremia is rare but highly lethal if treatment measures are not
taken in time. Apart from diarrhea, the other symptoms of V. cholerae non-O1, non-O139
infection include ascites, fever, abdominal pain, and cellulitis with bullae formation (229).

In infected individuals, V. parahaemolyticus can cause chills, fever, nausea, vomiting,
watery to bloody diarrhea, abdominal cramps, and, in rare instances, death (230,231).
The major inflammatory response resulting from V. parahaemolyticus infection at the
onset of illness includes edema in laminapropria, congestion in blood vessels, and hemor-
rhage in the duodenum and rectum (232). Survey conducted in Vietnam showed that
53% of the patients presented with watery stools and 6% reported blood in the stool
(233). V. parahaemolyticus rarely causes septicemia and fulminant necrotizing fasciitis
(234). Generally, soft tissue infections often progress to fatal septicemia. Most of the
septicemia patients are immunosuppressed, especially with leukemia and cirrhosis (235).
For this reason, patients with immunosuppressed conditions or adrenal insufficiency
should avoid raw seafood. V. parahaemolyticus elicits a strong immune response so that
repeated episodes of gastroenteritis in the same individuals are unlikely (232). A com-
parative study conducted in Vietnam showed that there is no difference in the expression
of virulence between pandemic and nonpandemic strains of V. parahaemolyticus isolated
from the diarrhea patients as evidenced from the clinical symptom (57).

11. CHOICE OF TREATMENT

Most of the vibrios that cause gastroenteritis are generally susceptible to commonly
used antibiotics. V. vulnificus wound infections and primary septicemia require antimicro-
bial treatment to improve the course of illness and to prevent complications. Antimicrobial
agents most effective against V. vulnificus infections include tetracycline, fluroquino-
lones, cephalosporins and aminoglycosides (125). Treatment with ceftazidime [2 g iv,
three times a day (tid)] and doxycycline (100 mg PO or iv bid) or doxycycline with
ciprofloxacin or an aminoglycoside is currently in practice. Taiwan strains of V. vulnificus
were susceptible to ampicillin and cephalosporin (236). Because the severity of the
infection is very high and sometimes lethal, combined therapy with a third-generation
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cephalosporin or ampicillin and an aminoglycoside was also recommended (236). Surgical
treatment includes incision and drainage, fasciotomy, debridement, or amputation of the
infected parts (236).

Infection caused by V. damsela includes necrotizing fascitis and multisystem/organ
failure, for which the medical intervention includes surgical debridement, ventilation
support, vasopressors, continuous hemofiltration, and blood-product transfusions. Surgical
debridement and amputation of the infected part(s) at the early stage of infection may
be the only intervention that saves the lives of the patients affected by V. damsela (214).
Ocular infections caused by the vibrios were successfully treated with combination of
cefazolin and gentamicin (222). Administration of ciprofloxacin and ceftazidime for
external otitis patients infected with V. alginolyticus and V. fluvialis, respectively succeeded
in the remission of the symptom (218). Bacteremia associated with V. cholerae non-O1
was effectively treated after antibiotic therapy either cephalothin with gentamicin or
ceftriaxone alone (229).

The standard care of cholera patients is to treat mild-to-moderate cholera with oral
rehydration salts (ORS) solution or an oral electrolyte rehydration solution, and to
treat severe cases with intravenous fluids (Ringer’s lactate, WHO–diarrhea treatment
solution) and an antimicrobial agent. Prompt restoration of fluids and electrolytes
should be the primary goal of treatment. Normal saline solutions should never be used
to treat patients with cholera, because it does not contain the electrolytes needed to
replace the profound potassium and bicarbonate loss resulting from cholera (237).
Antimicrobial therapy has been shown to reduce the magnitude of fluid loss, duration
of illness, and duration of excretion of the pathogen. Ciprofloxacin (1 g orally in a
single dose) or doxycycline (300 mg orally in a single dose) or tetracycline (500 mg
four times a day) are the antibiotics of choice for adults (except pregnant women).
Erythromycin for 3 d is recommended for children (10 mg/kg tid) and pregnant women
(250 mg four times daily). Till date, trimethoprim–sulfamethoxazole (8 mg/kg trimetho-
prim and 40 mg/kg sulfamethoxazole daily in two divided doses for 3 d) are the drugs
recommended for the treatment of children, while furazolidone (100 mg four times
daily for 3 d) is used for the treatment of pregnant women with cholera. Except for tetra-
cycline, other antimicrobial agents are no longer recommended as first-line therapy
because of increasing global antimicrobial resistance. Whenever possible, treatment
protocols should be based on local antibiogram data. Neither the CDC nor the WHO
recommends routine use of cholera vaccine for travelers, because it may create a false
sense of security and does not affect cholera severity.

12. RESISTANCE EPIDEMIOLOGY

Antimicrobial agents have been used in aquaculture worldwide to treat infections
caused by a variety of bacterial pathogens in cultured fish. Existing molecular charac-
terization of antimicrobial resistance determinants provides further evidence of the
transmission of antimicrobial resistance between aquaculture ecosystems and humans.
Sulphonamides, tetracycline, amoxicillin, trimethoprim–sulfadimethoxine, and quinolones
are used in aquaculture in many countries (238). The use of antimicrobial agents, as with
other uses, selects for antimicrobial resistance in the exposed bacterial flora. Horizontal
spread of mobile genetic elements from fish pathogens may, therefore, transfer resistance
to variety of bacterial species, including bacteria that can infect human (239).
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The pathogenic vibrios such as V. alginolyticus, V. fluvialis, V. damsela, V. metschnikovii,
and V. vulnificus isolated from the blue crab (Callinectes sapidus) are highly susceptible
to doxycycline, tetracycline, and ciprofloxacin (99). Except for colistin, no antibiotic
resistance was recorded for V. cholerae O1, though this pathogen was frequently detected
among diarrheal patients in Indonesia (240). In Guatemala, cholera was mainly transmit-
ted through food contamination and the strains isolated from the patients were resistant to
furazolidone, sulfisoxazole, and streptomycin (122).

The clinical strains of V. mimicus isolated in India are multidrug resistant (175). In a
comparative study, it was shown that the V. mimicus strains collected from Okayama in
Japan were more resistant to ampicillin than the strains collected at Dhaka, Bangladesh
(241). In Bangladesh, all the tested environmental strains of V. mimicus were resistant
to streptomycin, kanamycin, and co-trimoxazole, whereas the clinical strains remained
susceptible to these drugs (242).

In 1991, an epidemic of V. cholerae O1 infection affected Latin America. The epidemic
strain was susceptible to 12 antimicrobial agents tested except in coastal Ecuador, where
the epidemic strain showed multidrug resistance (243). The cholera epidemic in Ecuador
began among persons working in shrimp farms. Multidrug resistance was present in
noncholera Vibrio infections that were pathogenic to shrimps. The resistance may have
been transferred to V. cholerae O1 from other vibrios (243).

13. DECONTAMINATION OF VIBRIOS FROM FOOD

Several useful methods for the decontamination of vibrios and other human pathogens
from foods are available. In vitro techniques tested with pure cultures are useful in its
applicability in the food industry. High pressure processing (HHP) technique has shown
good potential in reducing bacteria in foods. At 35K psi, for >10 min reduced the count
of V. parahaemolyticus. When treated with HHP from 200 to 300 MPa for 5–15 min
at 25°C, V. parahaemolyticus, V. cholerae (toxigenic and nontoxigenic), V. hollisae,
and V. mimicus were inactivated without triggering VBNC state (244). The results of
studies involving V. vulnificus in oysters revealed that a pressure treatment of 250 MPa
for 120 s achieved about 5-log reduction, and V. parahaemolyticus required a pressure
of 300 MPa for 180 s for a comparable 5-log reduction (245). However, the cells already
in a VBNC state appeared to possess greater pressure resistance. Because most of the
vibrios may survive at 60°C/140°F for up to 3 min, cooking temperature of seafood
must exceed 70°C/158°F for 30 s.

Boiling temperature was very damaging to V. cholerae O1 in shrimps with and
without carapace, but in shrimps contaminated and stored at –200°C, the test pathogen
survived for 26 d (246). In clams, mild heat-treatment for 23 s reduces the large Vibrio
load including V. cholerae O139 (247). V. cholerae O1 and non-O1 strains remain viable
in hot foods tested at temperatures 50–60°C for 1 h. However, an incubation period of
48 h at 37°C was found to be appropriate for the recovery of V. cholerae from hot foods
(248). Radiation dose of 3 kGy and exposure of seafood to chlorine or iodophor at 13 ppm
for 15 min was one of the guidelines for inactivation of vibrios. Ionizing irradiation
dose of 1.41 kGy by 60Co is necessary to eliminate the higher number of toxigenic and
nontoxigenic V. cholerae viable cells in oysters (249).

Several effective chemicals are in use for the treatment of raw fruits and other foods.
For decontamination of V. cholerae O1, chlorine was more effective (0.5 × 10–1) than
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copper oxychloride, sodium-O-phenylphenoate, guazatine (a polyamine mixture), and
imazalil (an imidazole), which were effective at the concentration of 102 (250). Elimination
of V. cholerae O1 by lime juice was 2–6 logs greater than the maximum infectious dose
and 4–8 logs greater than the minimum infectious dose (251,252). Addition of lime
juice to nonacidic foods, salads, beverages, ceviche, and water was shown to prevent
infection of V. cholerae (251,252). This measure is particularly important for rural and slum
population in the tropics and subtropics. Case–control study during a cholera outbreak in
Guinea-Bissau of West Africa, showed that the addition of lime juice in sauce or tomato
sauce eaten with stale cooked rice gave a strong protective effect (253).

Studies conducted in Argentina using 20 food items using V. cholerae O1 Ogawa
showed that the test pathogen survived from 1 d in pasta to 90 d in sterile milk samples
(254). Generally, foods with acidity higher than pH 5.5 did not favor the growth of V.
cholerae. The other factors, such as surface adherence, amino acids, magnesium, could
also eventually modify the persistence of V. cholerae in foods (254). V. parahaemolyticus
is very sensitive to butylated hydroxyanisole at 50 ppm, which can be used as preservative
of processed food. However, these methods are not popular in industrial practice.

Oysters accumulate greater concentration of V. cholerae O1 than E. coli and
Salmonella. In controlled experiments, it was shown that the V. cholerae persisted
during the depurification process at a higher level (255). Owing to this reason, though
effective for other enteric pathogens, the depurification (relaying) is not recommended
for most of the vibrios.

14. PREVENTION AND CONTROL

Prevention of contamination at all points of the food chain is preferred over the
application of disinfectant after contamination occurs. Prevention of infection can be
achieved through application of the principles of food hygiene and the hazard analysis
critical control point (HACCP) system. The consumers should avoid eating raw or
undercooked oysters, especially during warmer months. Avoidance of cross-contaminating
utensils, cutting boards, countertops, and foods with raw shellfish products is mandatory
while preparing shellfish. Open wounds are the source for extra-intestinal infections when
exposed to seawater or raw shellfish products. Shellfishes should be boiled thoroughly
until shells open. Avoid cross-contamination of cooked food with raw seafood, or juices
from raw seafood. Wearing gloves when handling raw shellfish is a recommended
measure to prevent seafood mediated Vibrio infections.

Persons with certain high-risk conditions should especially be advised to avoid raw
shellfish. These conditions include liver disease of any type, alcoholism, hemochromatosis
(abnormal iron metabolism), diabetes, achlorhydria (reduced acidity in the stomach),
hemochronic inflammatory bowel disease, cancer, chemotherapy, immune disorders,
and long-term steroid use. Physicians should obtain a travel history and consider cholera
in patients with diarrhea who have traveled from cholera endemic countries. Patients
with decompensated cirrhosis are susceptible to Vibrio bacteremia after ingestion of
seafood. A high index of suspicion and early administration of antibiotics may lower the
mortality rate (229).

Shellfish harvester should follow the regular environmental monitoring programs
particularly during warmer months when human illness increase. In the case of moni-
toring of Vibrio, detection of fecal coliforms as an indicator of fecal pollution may not be
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helpful in the environmental monitoring activities including in shrimp production areas
through aquaculture, because the vibrios are natural inhabitants of coastal waters (125,
256). Compliance of permissible limit recommended by FDA for vibrios (103 CFU/g of
oyster meat for V. parahaemolyticus) should be followed. In several recent incidences,
however, V. parahaemolyticus outbreaks occurred even though no oyster sample exceeded
the permissible limit (137). Toxigenic V. cholerae is rarely detected in either imported
or domestically produced seafood. The FDA has established the zero tolerance of toxi-
genic V. cholerae to <1 CFU/25 g. Noncholera vibrios are found routinely in seafood
but no tolerance limit has been established for their presence. Companies reduce the
Vibrio levels to <3 most probable number (MPN)/g can label their products as “processed
to reduce V. vulnificus and/or V. parahaemolyticus to undetectable level” (257). The
International Commission of Microbiological Specification for Foods (ICMSF) recom-
mended limit for V. parahaemolyticus to different seafood are given in Table 4. Interstate
Shellfish Sanitation Conference (ISSC) suggest that consumable oyster should not
contain more than 3 CFU/g V. vulnificus in oyster meat (258).

Various postharvest treatments (PHT) such as mild heat, high pressure, freezing, and
irradiation have been developed by the oyster industry to reduce number of organism at
least to the permissible limits (Table 5). For industrial elimination of V. parahaemolyticus
and seafood safety, the following guides are recommended by the ICMSF (259).
Shellfishes must be harvested from the approved waters. Cook the food at 50–65°C for
10 min and hold foods at either below 5°C or above 60°C. The pH value of the seafood
must be reduced to 4.8 or less. For some enteric pathogens concentrated by shellfish, a
period of depuration by holding the shellfish in clean water for several days can remove
most of the pathogens. However, vibrios adhere strongly to the shellfish digestive tract
and cannot be successfully removed by rinsing or depuration. Another method called
relaying, which involves suspending shellfish in water with higher salinity at an off-
shore location, was found to significantly reduce the number of V. vulnificus (260). In
reconstituted infant formula, the enteric pathogens multiply in this medium into several
folds (118). Unless refrigerated, the reconstituted infant formula should be consumed
soon after preparation to avoid increased risk of illness associated with the raise in
number of bacteria that may be introduced through contaminated water.

The development of international epidemiological surveillance system for better
understanding of the role of foods as vehicles for infectious diseases is critical. Information
generated from such a system is valuable in establishing more meaningful practices and
guidelines for prevention and control of foodborne pathogenic vibrios.

15. SUMMARY AND CONCLUSIONS

The isolation of potentially pathogenic vibrios from natural and cultivated seafoods
is a risk for human health. With the expansion of aquaculture, medical practitioners can
expect more infection caused by vibrios. Clinicians treating patients with diarrhea
should include vibrios in the differential diagnosis if the patients or the patient’s
contacts have taken seafood or exposure to seawater. Diagnosis and treatment may be
difficult without proper knowledge of each species, especially in view of antibiotic
resistance strains. Seafoods are a significant source of potentially pathogenic vibrios,
especially V. vulnificus, which is an emerging opportunistic pathogen and responsible
for one of the fulminate foodborne diseases in immunocompromised hosts. The spreading
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of cholera and pandemic strains of V. parahaemolyticus from endemic regions to
nonendemic countries raised questions regarding food safety, transportation, and food
handling. Control, prevention, and risk implied in food import–export are also the subject
of recent concern.

With the existing clinical practice, Vibrio mediated infections are curable with in
short span of time, as most of the pathogens are highly susceptible to many common
antimicrobials. In addition, decontamination methods now exist to effectively reduce
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Table 4
Recommended Limits of V. parahaemolyticus in Seafood By the International
Commission on Microbial Specifications for Foods [modified from ICMSF-(265)]

Bacteria (gram or cm3)

Product na cb mc Md

Fresh and frozen fish and cold-smoked fish 5 2 102 103

Frozen raw crustaceans 5 1 102 103

Frozen cooked crustaceans 5 1 102 103

Cooked, chilled, and frozen crab meat 10 1 102 103

Fresh and frozen bivalve molluscs 10 1 102 103

aNumber of representative sample unit.
bMaximum number of acceptable sample units with bacterial counts between m and M.
cMaximum recommended bacterial counts for good quality products.
dMaximum recommended bacterial counts for marginally acceptable quality products. Plate counts

below m are considered good quality. Plate counts between m and M are considered marginally acceptable
quality, but can be accepted if the number of samples does not exceed c. Plate counts at or above M are
considered unacceptable quality.

Table 5
Comparative Effectiveness of Mitigation Strategies in Reducing Vibrios 
From Seafoods (modified from FAO/WHO Codex Alimentarius Commission)

Inactivation
Mitigation Effectiveness Measurement unit (log reduction)

Hydrostatic pressure +++ 200–300 MPa/120–600 s 3.5–6.0
Rapid coolinga +/++ 4–6°C 0.8
Irradiation +++ 3 kgy for 15 min 5–6

( -rays from 60Co)
Pasteurization +++ 50°C for 10–15 min 5b

(shell internal temperature)
Freezing and thawinga ++ 20°C 3–4
Depurationa +/ None
Relay at high salinitya ++ 30–38 ppt, 7–10 d 1–2
Commercial +++ External temperature 99°C 5

heat-treatment and shell internal
temperature 56–69°C
for 30 s

aConsidered in the FAO/WHO risk assessment.
b4-log reduction in the case of V. parahaemolyticus O3:K6 pandemic strains.



the number of vibrios without compromising the food-value of raw and finished products.
Research attention should be paid for some of the vibrios whose virulence mechanisms
are not fully understood. Molecular detection methods should be exploited to develop
rapid identification of pathogenic vibrios, to preempt the occurrence of outbreaks.
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Enterococcus and its Association 

with Foodborne Illness

Simona F. Oprea and Marcus J. Zervos

1. INTRODUCTION

Enterococci are an important group of bacteria and their interaction with humans is
complex. On one hand, enterococci are part of the normal flora of humans and animals,
and some of their strains are used for the manufacturing of foods or as probiotics,
whereas others are known to cause serious diseases in humans. With the emergence of
enterococci as the third most common cause of nosocomial blood-stream infections (1)
as well as the alarming rise in enterococci resistance to multiple antimicrobials, more
concentrated effort has been invested in the better understanding of this versatile
microorganism.

Although they are not classic foodborne pathogens, enterococci have earned their
own place, in this book, as organisms that can be acquired from food. They have been
associated with foodborne outbreaks because of their presence in foods and their
capacity to carry and disseminate resistance genes through the food chain. The role of
enterococci in disease raises concerns regarding their use in foods or as probiotics,
whereas the imminent crisis of emergent antimicrobial resistance leads to measures
that are urgently needed for the judicious use of antimicrobials in agriculture and
human medicine.

2. CLASSIFICATION AND IDENTIFICATION

Considered for a long time a major division of the genus Streptococcus, enterococci
have undergone considerable changes in taxonomy in the last decades, including the
recognition of Enterococcus as a separate genus in 1984 (2,3).

Enterococci are catalase-negative Gram-positive cocci that occur singly, in pairs,
or in short chains. They are facultative anaerobes and very tolerant to extreme temp-
eratures, salinity, and pH; thus, they grow in 6.5% NaCl broth at pH 9.6 and at
temperatures ranging from 10 to 45°C, with optimum growth at 35°C (2). Enterococci
hydrolyze esculin in the presence of 40% bile-salts. Most enterococci hydrolyze 
L-pyrrolidonyl- -naphtylamide (PYR) and all strains hydrolyze leucine- -naphtylamide
by producing leucine aminopeptidase (LAPase). Some species, such as E. gallinarum,
are motile.
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Current criteria for the inclusion into the Enterococcus genus are a combination
of DNA–DNA reassociation values, 16S rRNA gene sequencing, whole-cell protein
analysis, and conventional phenotypic tests (2–4).

Enterococci belong to the clostridial subdivision of Gram-positive bacteria, together
with the other genera of lactic-acid bacteria: Aerococcus, Carnobacterium, Globicatella,
Lactobacillus, Lactococcus, Leuconostoc, Oenococcus, Pediococcus, Streptococcus,
Tetragenococcus, Vagococcus, and Weissella (5). So far 23 distinct Enterococcus species
have been recognized (3) but new species continue to be identified (6). They have been
separated into five groups on the basis of acid formation in mannitol and sorbose broths,
and hydrolysis of arginine (3). Group I consists of Enterococcus avium, Enterococcus
malodoratus, Enterococcus raffinosus, Enterococcus pseudoavium, Enterococcus
saccharolyticus, Enterococcus pallens, and Enterococcus gilvus. They form acid in both
mannitol and sorbose broths but do not hydrolyze arginine. Group II consists of
Enterococcus faecalis, Enterococcus faecium, Enterococcus casseliflavus, Enterococcus
mundtii, and Enterococcus gallinarum. These five species form acid in mannitol but
not sorbose broth and hydrolyze arginine. Group III includes Enterococcus durans,
Enterococcus porcinus, Enterococcus ratti, Enterococcus hirae, Enterococcus dispar,
and mannitol-negative variants of E. faecalis and E. faecium. The enterococci in Group
IV do not produce acid in mannitol or sorbose broths and do not hydrolyze arginine.
They are Enterococcus asini, Enterococcus sulfureus, and Enterococcus cecorum. Finally,
Group V consists of the variant strains of Enterococcus casseliflavus, Enterococcus
gallinarum, and Enterococcus faecalis that fail to hydrolyze arginine (3).

Three new species of Enterococcus were recently identified from human clinical
sources by the analysis of whole-cell protein profiles and DNA–DNA reassociation
experiments, in conjunction with conventional physiological tests. These new enterococcal
species, provisionally designated Enterococcus sp. nov. CDC PNS-E1, Enterococcus
sp. nov. CDC PNS-E2, and Enterococcus sp. nov. CDC PNS-E3, resemble the physio-
logical groups I, II and IV; two were isolated from human blood and one from human
brain tissue. Resistance to vancomycin was detected in one of the strains, which is
harboring the vanA resistance gene (6).

The species most broadly distributed in nature are E. faecalis and E. faecium.
Identification of the different Enterococcus species can be done by conventional
physiological tests, by commercial systems, or by molecular methods. Correct species
identification is important for appropriate antimicrobial treatment, for epidemiologic
surveillance, and for the selection of starter strains and labeling of the product to which
the starter is added.

3. RESERVOIRS

Enterococci have the capacity to grow and survive in very harsh environments and
thus occupy a variety of ecological niches. They can be found in soil, water, food, plants,
animals (including mammals, birds, and insects), and humans. The major natural habitat
of these organisms appears to be the gastrointestinal tract of humans and other animals
were they make up a significant portion of the normal gut flora (4). With the increase in
antimicrobial-resistant enterococci worldwide and their occasional implication in serious
human diseases, there has been considerable interest in identifying the reservoirs of these
organisms and of antimicrobial resistance genes.
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3.1. Nonhuman Reservoirs
3.1.1. In Mammals, Birds, and Insects

Enterococci are a natural part of the intestinal flora in most mammals and birds. Insects
and reptiles were also found to harbor these organisms. Some of the Enterococcus
species are host-specific, while others are more broadly distributed.

Exemples of host-specific enterococci are E. columbae, specific for pigeons, and
E. asini, found so far only in donkeys. Several enterococcal species, although identifiable
in a number of hosts, appear to have some host-specific properties (7). Few occasions,
similar E. faecium strains have been found in animals and humans, and in some of these
cases strains were epidemiologically related, originating from the farmer and one of
his animals (7). Of importance, all of these studies were done on glycopeptide-resistant
E. faecium.

The most often encountered enterococcal species in the intestines of farm animals are
E. faecalis, E. faecium, E. hirae, and E. durans. In chickens, E. faecalis, found early in
life, is later replaced by E. faecium, and then by E. cecorum. Other species occasionally
isolated from chickens are E. casseliflavus, E. gallinarum, and E. mundtii.

3.1.2. In Soil, Plants, and Water

The presence of enterococci in these sources is usually a result of fecal contamination.
E. faecium and E. faecalis have been the species most commonly recovered from water.
E. casseliflavus, E. mundtii, and E. sulfureus appear to be plant-associated (7).

3.1.3. In Foods

Enterococci are used as starter and probiotic cultures in foods, and they occur as
natural food contaminants (8). They have been ascribed to both beneficial and detrimental
roles in foods. In processed meats, enterococci can survive heat processing and cause
spoilage, whereas in certain cheeses they contribute to ripening and development of
flavor (5). Because of their heat-resistance, enterococci are often the only surviving bacte-
rium (other than spore-formers) in heat-treated, semipreserved, nonsterile foods such as
processed meats (9).

Some enterococci produce bacteriocins (called enterocins) that exert anti-Listeria
activity (5) and are also able to inhibit or kill other enterococci, clostridia, bacilli, and
staphylococci. On the other hand, enterococci can cause food intoxication through the
production of biogenic amines and can serve as a reservoir for virulence traits and
antimicrobial resistance (10,11). E. faecalis and E. faecium, the strains most commonly
associated with human infection, are also the strains most commonly found in foods or
used as starter cultures.

3.1.4. Probiotics in Animal Feeds

Enterococci are used as probiotics to improve the microbial balance of the intestine
and to treat gastroenteritis in humans and animals (8). Their effects when used as pro-
biotics are unclear, but studies have focused on growth-promoting of food animals and
diminishing E. coli weaning diarrhea (7). The identification of common antimicrobial
resistance determinants and antimicrobial resistant enterococcal isolates in humans,
food, and food-producing animals, has led to concern about the safety of use of certain
enterococcal strains as probiotics (5,12).
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3.2. Human Reservoir

Enterococci make up approx 1% of the normal intestinal flora of humans (13),
being the predominant Gram-positive cocci in stool with concentrations ranging
from 105 to 107 CFU/g in feces (14). E. faecalis is normally found in the stool of
90–100% of animals and humans, whereas E. faecium is found in 25%. Small num-
bers of enterococci also occur in oropharyngeal secretions, the urogenital tract, and
on the skin, especially in the perineal area (2,4). The prevalence of the different
species appears to vary according to the host and is also influenced by age, diet,
underlying diseases, and prior antimicrobial therapy (2,15). The species most com-
monly isolated from human clinical specimens is E. faecalis, followed by E. feacium.
Infections with E. casseliflavus and E. raffinosus have also been reported (2).
Rarely, other species, including E. avium, E. cecorum, E. dispar, E. durans, E. gilvus,
E. gallinarum, E. hirae, E. mundtii, and E. pallens, have also been isolated from
human sources (2). Recently, three new enterococcal species, provisionally desig-
nated as Enterococcus sp. nov. CDC PNS-E1, Enterococcus sp. nov. CDC PNS-E2,
and Enterococcus sp. nov. CDC PNS-E3, were isolated from human blood and
human brain tissue (6).

Even though they are commensal organisms, enterococci can act as opportunistic
pathogens, particularly in elderly patients with serious underlying diseases and in other
immunocompromised patients who have been hospitalized for a prolonged period, use
invasive devices, and/or have received broad-spectrum antibiotics (2).

4. FOODBORNE OUTBREAKS

E. faecalis and E. faecium are suspected, but unconfirmed causative agents of
foodborne illness in its classic sense. They were first associated with foodborne illness
in 1926 when two outbreaks of gastroenteritis from cheese were reported (16). Entero-
cocci were implicated by their presence in large numbers in the incriminated foods,
and the absence of other pathogens such as S. aureus or Salmonella spp. (17). On the
other hand, it is felt that enterococci can cause food intoxication through the produc-
tion of biogenic amines, but both of these observations are yet to be confirmed (10).
Efforts to prove that enterococci cause foodborne illness, including animal experiments
and studies using human volunteers, have yielded contradictory results (16,17). Food
intoxication caused by ingestion of biogenic amines determines a number of symptoms
including headache, vomiting, increased blood pressure, and even allergic reactions
(10). The ability to produce biogenic amines in cheese and fermented sausages has
been reported for bacteria of the genus Enterococcus (10,18–20).

Although not considered as classical foodborne pathogens, several concerns exist
regarding the presence of enterococci in foods. Enterococcal strains colonizing foods
or used intentionally as starters have been repeatedly found to harbor virulence traits
and drug-resistance genes and, thus, may not be nonpathogenic. These isolates can
enter the human food chain and colonize the human intestine, or transfer virulence
traits and antimicrobial-resistance genes to human enterococcal isolates or even to
organisms from other genera. The extent to which this occurs is unsettled, and for this
reason, enterococci that may be transmitted to humans through the food chain have
raised considerable concern.
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5. PATHOGENICITY (VIRULENCE FACTORS)
With the exception of E. faecium and E. faecalis, enterococci are rarely reported to

be pathogens in humans (5). In fact, until two decades ago, when they started emerging
as important nosocomial pathogens, enterococci were considered rather innocuous.
Previously regarded as endogenous pathogens acquired from the patient’s own flora, in
1987, person–person transmission was first demonstrated (31). Spread of enterococci
among patients and even from an institution to the other has been documented (31).

Enterococci have been associated with high mortality rates (12–68%) in patients
with bacteremia (4,21–31), but these studies have nonetheless failed to establish
unequivocally the pathogenicity of the causative organism in this setting. In one large
study of bloodstream infections, enterococci were the only Gram-positive pathogens
independently associated with a high risk of death (32). From the fact that most of the
patients are severely debilitated and that enterococci are often part of a polymicrobic
bacteremia, it has been difficult to determine the independent contribution of entero-
cocci to morbidity and mortality in these patients.

Even though enterococci are not intrinsically as virulent as other organisms such as
Staphylococcus aureus and Streptococcus pyogenes and lack classic virulence factors,
their resistance to a variety of antibiotics is a cause for concern and a contributing
factor to the pathogenesis of infection. This property allows them to survive and proli-
ferate in patients receiving antimicrobial therapy, which leads to their ability to cause
superinfections in these patients. In addition, enterococci have a high capacity to exchange
genetic information, including antimicrobial resistance genes and virulence traits, among
themselves and also with organisms of other genera.

Enterococci are able to adhere to left-sided heart valves and renal epithelial cells,
properties which possibly enable them to cause endocarditis and urinary tract infections
(4). Although they are natural inhabitants of the gastrointestinal tract, they are not known
to cause gastroenteritis in humans except for a possible strain of E. hirae isolated from
a patient with diarrhea that was able to cause diarrhea in suckling rats (4). In intra-
abdominal and wound infections, it has been suggested that enterococci act synergistically
with other bacteria, but their exact role in those settings still remains to be defined (4).

Several definite and potential virulence factors have been identified in enterococci,
but none has been established as having a major or consistent contribution to virulence
in humans. The best described are cytolysin (14,33,34), aggregation substance (34–36),
pheromones (14,37), lipoteichoic acid (38,39), gelatinase, a metalloendopeptidase
(40,41), hyaluronidase (42), and AS-48, a bacteriocin with activity against Gram-positive
and Gram-negative bacteria (43). Cytolysin has lytic activity against Gram-positive
bacteria and selected eukaryotic cells; in combination with aggregation substance, it
was shown to increase mortality in a rabbit-model endocarditis (14,34). Aggregation
substance facilitates binding of donor to recipient cells in pheromone mating response,
thus facilitating exchange of plasmids carrying virulence traits and antibiotic resistance
genes (14).

Other putative virulence factors include the adhesin, called enterococcal surface protein
(Esp), and surface carbohydrates (5,14,44).

Most virulence factors were described in E. faecalis, and many reside on conjugative
plasmids that can spread with ease horizontally between the strains in a natural environ-
ment, such as the gastrointestinal tract (14). Virulence traits are less well-characterized
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in E. faecium. As host immunosuppression increases, the requirements for particular
virulence traits to enhance the likelihood or severity of the disease decrease; it is, therefore,
possible that some fraction of enterococcal disease, often affecting severely debilitated
patients, is attributable to ordinary commensal strains without any virulence traits (45).

Enterococci are very much capable of exchanging genetic material between themselves
and with other genera, and they generally do so by means of narrow-host pheromone-
responsive plasmids, broad host range plasmids, and transposons (14,46). Conjugation
experiments have confirmed in vitro vancomycin resistance gene transfer from entero-
cocci to S. aureus (47) and, more recently and raising serious concern, the same
phenomenon occurred in vivo, leading to the emergence of the first three clinical vanco-
mycin resistant S. aureus (VRSA) isolates (48–51).

Virulence factors such as hemolysin, aggregation substance, Esp, and Gel can also be
present in food enterococcal isolates (8,44). In general, the incidence of these virulence
traits was lower among E. faecium strains than among E. faecalis strains and E. faecium
harbored fewer virulence traits than E. faecalis (8,44). In a comparative study, E. faecalis
strains causing human infection had more virulence determinants than did food strains,
which in turn had more than did starter strains (8). It was also demonstrated that starter
strains, added intentionally to certain cheeses and other fermented milk products, can
acquire known virulence genes by the natural-conjugation gene-transfer process (8).

6. CLINICAL CHARACTERISTICS

Enterococci are associated with a variety of clinical infections. Considered organisms
of low virulence, playing an unclear role in certain infections, especially when isolated
in conjunction with more virulent pathogens, enterococci are also capable of causing
serious and often life-threatening disease, most notably endocarditis. Most commonly,
they have caused urinary tract, bloodstream (including endocarditis), wound, intra-
abdominal, and pelvic infections. In addition, enterococci have been suspected, but remain
unconfirmed, as causative agents of foodborne illness (subchapter 3). Enterococci have
become the second most common agent recovered from nosocomial urinary tract infec-
tions and wound infections, and the third leading cause of bacteremia in the United
States (1,2). Most clinical isolates of enterococci (80–90%) are E. faecalis, more
susceptible to vancomycin and penicillins, although strains with high-level resistance to
aminoglycosides have emerged, creating serious therapeutic problems for patients with
endocarditis (2,52). E. faecium, intrinsically more resistant to antibiotics, accounts for
5–10% of enterococcal infections; acquired resistance of this organism to vancomycin,
penicillins, and aminoglycosides has rendered E. faecium infections very difficult to
treat. Rarely, infections are resulting from E. gallinarum, E. raffinosus, E. casseliflavus,
E. avium, E. pseudoavium, E. malodoratus, E. mundtii, E. durans, or E. hirae (45).

6.1. Urinary Tract Infections

Urinary tract infections are the most common type of clinical disease produced by
enterococci. These organisms have been implicated in cystitis, pyelonephritis, prostatitis,
and perinephric abscesses. The infections are most often nosocomial, associated with
instrumentation or urologic manipulation, and affect men much more commonly than
women. In the absence of clinical and laboratory signs or symptoms of infection, isolation
of enterococci from urine likely represents colonization of the urinary tract rather then
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true infection. Bacteremia is a relatively rare complication of enterococcal urinary tract
infections (4).

6.2. Bacteremia and Endocarditis

Portals of entry for enterococcal bacteremia include the urinary tract, intra-abdominal/
pelvic infections, wounds, infected intravenous or intra-arterial catheters, or the biliary
tree. A gastrointestinal source likely accounts for the remaining of the cases, in which a
primary infection cannot be identified (53). Unlike in the case of other bacteria,
metastatic infections, septic shock, and disseminated intravascular coagulation rarely
complicate pure enterococcal bacteremia (4,52). In spite of this fact, mortality rates
from enterococcal bacteremia have been reported to be between 12–75% (52). It is
likely that these high mortality rates reflect the patient population at risk for developing
this complication—older adults with multiple comorbid conditions (52). Nosocomial
enterococcal bacteremia is often polymicrobial.

Only about 1 out of 50 cases of enterococcal bacteremia result in endocarditis and the
latter is much more commonly seen with community-acquired than with nosocomial
bacteremia (4). Enterococci are estimated to account for about 20% of the cases of
native-valve endocarditis and for about 6–7% of prosthetic-valve endocarditis (2). The
most common clinical picture is that of subacute bacterial endocarditis, with an acute
presentation occurring less often. Currently, the greatest challenge in the management
of enterococcal endocarditis stems from the increasing resistance of these organisms to
multiple antimicrobials.

6.3. Intra-Abdominal, Pelvic, and Soft-Tissue Infections

Enterococci are frequently isolated from intra-abdominal, pelvic, and soft-tissue
infections (surgical wounds, decubitus ulcers, and diabetic foot infections). In all these
settings, they are usually part of a mixed aerobic and anaerobic flora, and therefore,
their individual clinical significance has been difficult to assess. Enterococci can cause
peritonitis in patients with nephrotic syndrome or cirrhosis and in patients on chronic
ambulatory peritoneal dialysis, in which cases, infections can be monomicrobial.

6.4. Uncommon Infections

Respiratory tract infections owing to enterococci are exceedingly unusual (4). Meningitis,
otitis, sinusitis, septic arthritis, osteomelitis, and endophtalmitis, may occur, but are
also rare and the significance of isolates from some of these sites should be carefully
evaluated before clinical decisions are made (2,4,52). Enterococci have clearly been
documented to cause neonatal sepsis characterized by fever, lethargy, and respiratory difficulty
accompanied by bacteremia, meningitis, or both (4).

7. CHOICE OF TREATMENT

7.1. Antimicrobial Therapy

For susceptible isolates, penicillin or ampicillin is the treatment of choice. In general,
treatment of enterococcal infections depends on whether the organism is susceptible in
vitro to -lactams, aminoglycosides, and glycopeptides, whether the infection is poly-
microbial vs monomicrobial, and whether the endocarditis is present (52).
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Penicillin or ampicillin remains the antibiotic of choice for urinary-tract infections,
peritonitis, and wound infections that do not require bactericidal treatment (4). This
appears to apply to bacteremia of noncardiac origin as well, in which the advantage of
combination therapy over monotherapy has not been demonstrated (52). Vancomycin (or
teicoplanin) is the alternative agent in patients who are allergic to penicillin or for organ-
isms (usually E. faecium) with high-level resistance to penicillin (4). Nitrofurantoin and
fosfomycin can also be used successfully for treatment of lower urinary-tract infections
with enterococci, whereas the utility of fluoroquinolones is much less. Tetracycline and
chloramphenicol also demonstrate in vitro activity against some strains of enterococci,
but they are bacteriostatic against these organisms, and clinical failures with chloram-
phenicol have been documented (4).

Skin and soft tissue infections, as well as intra-abdominal and pelvic infections,
which are usually polymicrobic, should best be treated with a combination of ampicillin
and antibiotics effective against a wide range of anaerobic and aerobic Gram-negative
bacilli and staphylococci (52).

-Lactamase producing enterococci are rare. They remain susceptible to vancomycin
(and teicoplanin) and to combinations of -lactams and -lactamase inhibitors (4).

For endocarditis caused by susceptible organisms, a combination of a cell-wall active
agent (usually penicillin, ampicillin, or vancomycin for penicillin-allergic patients) and
an aminoglycoside in synergistic doses (usually gentamicin or streptomycin) remains
the standard (4). Therapy should be continued for 4–6 wk (4,52).

Endocarditis caused by enterococci with high-level resistance to both gentamicin and
streptomycin is very difficult to treat. Intravenous ampicillin by continuous infusion
and extended for 8–12 wk has been recommended (4), but this approach has not been
uniformly successful. Early surgical intervention may also be considered.

The therapeutic armamentarium against vancomycin-resistant enterococci (VRE) has
been expanded by the recent approval of new agents, like quinupristin/dalfopristin, a
streptogramin combination active only against E. faecium; linezolid, an oxazolidinone,
and daptomycin, a lipopeptide, both active against E. faecium and E. faecalis. There is,
however, very limited experience with treatment of vancomycin-resistant enterococcal
endocarditis in general, and with these new agents in particular. In addition, resistance
to quinupristin/dalfopristin and linezolid has already been documented among entero-
cocci (52). As with enterococci with high-level resistance to aminoglycosides, early
removal of the infected valve might need to be considered.

7.2. Adjunctive Therapy

Given the limitations of antimicrobial therapy, removal of infected foci, such as intra-
venous catheters, and drainage of abscesses are important adjunctive measures. Early
valve replacement may be required in endocarditis caused by multiresistant enterococci.

Infection control measures are essential in limiting the spread of antimicrobial-resistant
enterococci. Judicious use of antibiotics, education of health care personnel, use of the
microbiology laboratory to quickly identify patients with VRE, and infection control
measures that minimize the transmission to other patients are equally important (52).

8. RESISTANCE EPIDEMIOLOGY

The emergence of antimicrobial resistance represents the greatest threat to the
treatment of human enterococcal infections. Enterococci are intrinsically resistant to
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a number of antimicrobial agents normally used to treat infections resulting from Gram-
positive organisms. In addition, they have a remarkable ability to acquire new mechanisms
of resistance and to transfer resistance determinants, by way of conjugation, among
themselves, and between themselves and other organisms.

8.1. Antimicrobial Resistance in Humans

All enterococci have intrinsic (species characteristic) resistance to -lactam anti-
microbial agents, with cephalosporins having much less activity (and no clinical utility
against enterococci) compared to penicillins. Among E. faecium, there has been a
dramatic increase in inherent resistance to penicillin and ampicillin (4). Enterococci
also exhibit low-level intrinsic resistance to aminoglycosides, a phenomenon that can be
overcome by the addition of a cell-wall active agent resulting in synergistic killing,
when treating serious infections. Although trimethoprim–sulfamethoxazole shows activity
against enterococci in vitro, it has failed in the therapy of enterococcal infections (4).
Low-level intrinsic resistance to clindamycin and lincomycin is also the characteristic
for enterococci.

In addition to their intrinsic resistance, enterococci have acquired new mechanisms
of resistance to a wide variety of antimicrobial agents, such as -lactams, aminoglyco-
sides (high-level, MIC > 2000 g/mL), fluoroquinolones, lincosamides (high-level),
macrolides, rifampin, tetracyclines, glycopeptides, and most recently, oxazolidinone
and streptogramins (4,54). Most of these resistance mechanisms are mediated by genes
encoded on plasmids or transposons, with the exception of linezolid, rifampin, and
fluoroquinolones, which have chromosomal mutations at the bases of resistance. For
streptogramins, the mechanism of resistance is in part plasmid-mediated and in part
unknown (46–48,53,55,86).

Clinical isolates of enterococci, in particular E. faecium, have become increasingly
resistant to ampicillin. In some hospitals, over 90% of the E. faecium isolates are resist-
ant to ampicillin with MIC 32 g/mL (54). High-level resistance to penicillins is
owing predominantly either to the overproduction of a penicillin-binding protein (PBP)
with low affinity for penicillins or to mutations that make the low-affinity PBP even less
susceptible to inhibition by penicillins (54).

Some, although rare, E. faecalis strains produce -lactamase; importantly, these
strains may appear to be susceptible to penicillins in vitro when standard MIC testing
is done because they produce the enzyme in small amounts. Therefore, a test for -
lactamase production needs to be used in order to identify these strains. These strains
caused outbreaks in the 1980s, but have not been seen in the last 15 yr.

Enterococci with high-level resistance to streptomycin and kanamycin have been rela-
tively common, but high-level resistance to gentamicin has become a clinical problem
only since the 1980s (4). Clinical failures and relapses after therapy in patients with
endocarditis resulting from E. faecalis and E. faecium with high-level resistance to all
aminoglycosides are increasingly encountered. Some isolates with high-level gentamicin
resistance are susceptible in vitro to streptomycin, which can be used in combination
with a cell-wall active agent for therapy of endocarditis.

In the late 1980s, VRE were first described, first in Europe, and then in the United
States (55). Six types of glycopeptide resistance have already been identified, with three
of them being the most common: the VanA phenotype, associated with inducible high-
level resistance to both vancomycin and teicoplanin; the VanB phenotype, associated
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with moderate to high levels of inducible resistance to vancomycin only; and the VanC
phenotype, associated with low-level noninducible resistance to vancomycin (2). The
VanA and VanB phenotypes are considered the most clinically relevant and are usually
associated with E. faecalis and E. faecium strains. Strains of VRE are often multidrug
resistant. Ampicillin and vancomycin resistance are associated with E. faecium far more
commonly than with other species (2).

The percentage of nosocomial infections caused by VRE increased more than 20-fold
during 1989–1993, from 0.3 to 7.9%, and the trend has continued since then, with rates
now approaching 20% of all enterococcal isolates (4,45). In a comparison of National
Nosocomial Infection Surveillance (NNIS) pathogens from 1994 to 1998 and January–
May 1999, there was a 47% increase in VRE (56). In 1997, data obtained from more
than 100 clinical laboratories showed that 52% of E. faecium and 1.9% of E. faecalis
isolates were resistant to vancomycin (4).

There is clear evidence for the spread of enterococcal strains between patients, and
even the dissemination of such strains from one institution to the other. It still appears
that resistant organisms from patients or from the transient carriage on the hands of
hospital personnel or environmental surfaces first colonize the gastrointestinal tract (and
occasionally the skin) before causing infections in patients (4,57,58). Once colonization
occurs, it may persist for months or even years (4).

A multitude of risk factors have been associated with antibiotic-resistant enterococcal
colonization or infection. In the acute care setting, colonization with aminoglycoside-
resistant enterococci was shown to be associated with intravenous catheters, bladder
catheters, prior surgical procedures, and prior antibiotic therapy (59). In the long-term
care setting, colonization with high-level aminoglycoside-resistant enterococci was
associated with poor functional status, older age, and colonization with methicillin-
resistant S. aureus (60). Prior antibiotic therapy with vancomycin, third-generation
cephalosporins, and/or agents with anti-anaerobic activity has been noted as a risk
factor for colonization or infection with VRE (61–68), as were increased hospital or
intensive care unit stay, exposure to other patients with VRE, chronic hemodialysis,
extended care facility stay, pressure ulcers, hematological malignancy, and receipt of
bone marrow, stem cell or solid organ transplant (52,66,67,69–76). The risk factors and
epidemiology of vancomycin-resistant E. faecalis, recently analyzed (67), are largely
similar to those previously described of vancomycin-resistant E. faecium.

Resistance to the most recently introduced anti-Gram-positive agents, oxazolidinones
and streptogramins has already emerged among enterococci (77–79). Resistance to
quinupristin/dalfopristin, although rare in clinical isolates of E. faecium, is very common
in isolates recovered from food animals fed the structurally related virginiamycin
(80–82). In the case of the most recently approved daptomycin, spontaneous acquisition
of resistance in vitro is rare, and it is hoped that this will extrapolate into the clinical
setting (83).

It is evident that, with an increase in the consumption of antimicrobial agents by
humans and animals, there is a resultant increase in antimicrobial resistance (12).

8.2. Antimicrobial Resistance in Nonhuman Reservoirs
8.2.1. Food Animals

Antimicrobial agents are used in animals for therapy, for prophylaxis of infection
during times of stress, such as early weaning, for metaphylactics (treatment of clinically
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healthy animals belonging to the same flock/pen as sick animals), or for growth promo-
tion (7). The latter usage has been seriously questioned in recent years (7). Often, the
same classes of antimicrobials are used for treatment or growth promotion in food
animals and for treatment of human infections. Unfortunately, the use of antimicrobial
agents in food animals has created a large reservoir of antimicrobial-resistant entero-
cocci and resistance genes, the dissemination of which to humans, may pose a significant
threat to human health.

In Europe the rise of VRE was linked to the use of avoparcin (a glycopeptide related
to vancomycin) as a growth promoter in food animals. In Europe, VRE was found
throughout the community, the food supply, and urban and rural sewage systems. In
contrast, in the United States, where avoparcin was never approved for use in animals, VRE
is rampant in hospitals, where vancomycin is routinely used, but is rare in the community.

Virginiamycin (a streptogramin) has been used for over two decades in poultry and
swine feed in the United States. Concerns exist that the agricultural use of virginiamycin
has generated enterococci resistant to streptogramins. Resistance to quinupristin–
dalfopristin—a recently introduced streptogramin combination used to treat human
infections—has already been documented in clinical isolates from patients treated with
this antimicrobial (84,85) and is common in isolates recovered from food animals (85).
More than half of grocery-store poultry in the United States carry quinupristin–dalfopristin-
resitant enterococci (80,86) and at least 1% of the US population is colonized with this
organism in the intestinal tract (86,87). Rates of E. faecium resistance to quinupristin–
dalfopristin in stool cultures as high as 7.4% were reported among patients in German
hospitals (88).

8.2.2. Foods

Foods, other than meat, have also been found to harbor resistant enterococci. A study
carried out in Argentina found high-level resistance to streptomycin and gentamicin in
E. faecium, and resistance to streptomycin alone in E. faecalis from farm lettuce (89).
In another study of 24 enterococcal strains isolated from traditional Italian cheeses, one
E. faecium strain showed vanA vancomycin resistance genotype while four strains showed
a -haemolytic reaction on human blood (11). As previously discussed, quinupristin–
dalfopristin-resistant E. faecium strains are commonly isolated from food animals.

A high prevalence of enterococci was also found in low-microbial load diets processed
for safety for patients with hematological malignancy—low-level vancomycin resistance
and high-level streptomycin resistance were found in some of the strains, indicating a
possible route for the acquisition of antimicrobial-resistant strains by some of the most
vulnerable hospital patients (90).

8.3. Transfer of Enterococci and Antimicrobial-Resistant Genes 
and Virulence Determinants Between Nonhuman Reservoirs and Humans

After the use of avoparcin in livestock as a growth promoter in Europe, introduced
in 1974, animals started developing VRE. In the late 1980s, VRE occurrence emerged
in humans. Epidemiologic studies examining glycopeptide use in animal husbandry
have provided evidence that vanA-mediated VRE is now ubiquitous in European
communities, the organism readily colonizing intestinal tracts of animals for which
avoparcin was used as a feed supplement (45,91–94). Subsequent enteric colonization
of humans has been documented (45,95). In contrast, in the United States VRE is
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largely confined to hospitals, where it is likely thriving under selective pressure from
widespread vancomycin use (61).

In the United States, the use of virginiamycin in animal food and the emergence of
quinupristin–dalfopristin resistance mirror the avoparcin–VRE situation in Europe.
Virginiamycin is used worldwide and has been approved in the United States for use in
chickens, turkeys, swine, and cattle, mainly for growth promotion. Virginiamycin has
been banned in Europe since 1999, pending further studies on the possible relationship
of its use in food animals and resistance to streptogramins used clinically to treat
infections in humans. Although rare, resistance to quinupristin/dalfopristin has been
documented in human E. faecium isolates. Of concern, emergence of resistance during
therapy was observed and resulted in clinical failure (84). A study of different ecological
sources in Germany discovered rates of resistance to quinupristin/dalfopristin of up to
100% among E. faecium isolates from sewage, poultry manure, and pig manure,
whereas rates of resistance among broiler chickens, pork meat, human stool samples,
and hospitalized patients were 46, 10, 14, and 7.4%, respectively (88). A Centers for
Disease Control and Prevention (CDC) multistate surveillance study found a 1–2% rate
of resistance to quinupristin/dalfopristin in E. faecium isolated from human stool samples
(81). Data suggest that quinupristin/dalfopristin resistance is more common in farms
that use virginiamycin (80). The rate of virginiamycin resistance decreased after its use
was banned in Denmark in 1998 (96). Similarly, the avoparcin ban in 1995 resulted in
a significant decrease in the rate of glycopeptide resistance in E. faecium from broiler
chickens (96).

Gentamicin is commonly used in swine and widely used in chickens and turkeys.
A study by Donabedian et al. (12) found that when gentamicin-resistant genes are present
in the resistant enterococci isolated from animals, they are also present in the entero-
cocci isolated from food products of the same animal species. Molecular analysis of
gentamicin-resistant enterococcal strains from humans, food, and farm animals in their
study provided evidence of the spread of such isolates from animals to humans over a
broad geographical area through the food supply (12).

Molecular screening for virulence determinants in clinical enterococcal isolates,
starter strains, and strains used as probiotic cultures in foods, demonstrated the presence
of multiple virulence determinants in clinical E. faecalis, more so than in food strains,
which, in turn had more virulence determinants than did starter strains (8). Of concern,
transconjugation in which starter strains acquired additional virulence determinants
from medical strains was demonstrated (8). Thus, there is a risk that a safe strain that
lacks genes for known virulence factors could acquire such genes by conjugation, once
it enters the human gastrointestinal tract.

9. SUMMARY AND CONCLUSIONS

Although part of the normal intestinal flora and once felt to be innocuous, entero-
cocci have proven to have much more complex interactions with the human host, having
emerged in recent years as important nosocomial pathogens. Strains with resistance to
multiple antimicrobials are on the rise, posing significant therapeutic and epidemiological
challenges. Virulence factors have also been described for these organisms traditionally
regarded as having low pathogenicity.
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The role of enterococci in disease raises valid concerns regarding their safety for use
in foods or as probiotics. Should Enterococcus strains be selected for use as starter or
probiotic cultures, ideally such strains should harbor no virulence determinants and
should be sensitive to clinically relevant antibiotics.

In 1994, as the imminent crisis of emergent antimicrobial resistance became more
and more recognized, the WHO recommended immediate and drastic reductions in the
use of antibiotics in animals, plants, and fish, as well as in human medicine (97,98).
Such reductions however, even if they occur, are unlikely, alone, to be efficient in
curtailing the emergence of resistant bacteria. In order to achieve this goal, a more
comprehensive, multidisciplinary effort is needed, including a better understanding of
the epidemiology and pathogenicity of these micro-organisms, judicious use of antimicro-
bials, effective infection control measures in hospitals, and reduction of resistance in
reservoirs such as the environment and animal husbandry.
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Foodborne Viral Hepatitis

Hazel Appleton, Malcolm Banks, Catherine M. Dentinger, 
and Chong Gee Teo

1. INTRODUCTION

The infectious nature of hepatitis has been recognized since the eighth century.
Epidemiological observations and human volunteer studies conducted during the twenti-
eth century initially revealed two types of hepatitis. One type followed a long incubation
period and was parentally transmitted; at first called serum hepatitis, it is now referred to
as hepatitis B. The other type, with a short incubation period, was enterically transmitted
and very contagious; it was first called infectious hepatitis, but subsequently hepatitis
A (1). We now know that there are two rather than one major enterically transmitted
hepatitides: hepatitis A and hepatitis E. This chapter reviews the progress made in the
understanding of the epidemiology of these two enterically transmitted diseases and of
their causative pathogens: hepatitis A virus (HAV) and hepatitis E virus (HEV). Emphasis
is on foodborne aspects of the diseases.

2. HEPATITIS A

2.1. Characteristics and Classification of HAV

The virus causing hepatitis A was first identified in 1973 by immune electron micro-
scopy of fecal samples and sera derived from volunteers who had been experimentally
infected with the MS-1 strain of hepatitis A (2). HAV is an isometric particle with a
diameter of 25–30 nm. It has no envelope and appears as a featureless sphere under the
electron microscope. The virus is a member of the Picornaviridae family. Within this
family it was originally classified as an Enterovirus. However, because of its unique
genome organization and the very small size of the internal VP4 protein, it is now
classified as a separate genus, Hepatovirus (3–5). The core of the virion contains a 7.5-kb
single-strand RNA with a small protein (VPg) linked to the 5 -end and a poly(A) tail at
the 3 -end. The capsid consists of 60 identical protomers each comprising three surface
proteins: VP1, VP2, and VP3. VP4 is a small internal protein.

There are two strains (or biotypes) of HAV: human HAV which infects humans,
chimpanzees, tamarins and owl monkeys; and simian HAV which infects Old World
monkeys such as the African green monkey and the cynomolgus monkey. Although these
two strains are phylogenetically distinct and have biotype-specific epitopes that can
be distinguished by monoclonal antibodies, they share antigenic properties and form
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only one serotype (6–8). There appears to be a single conformational immunogenic site,
composed of amino-acid residues of VP1 and VP3, on the surface of the virion. Four
genotypes based on nucleotide sequence differences have been identified from human
isolates. The only other virus that is tentatively classified as a member of the
Hepatovirus genus is the avian encephalomyelitis-like virus (5,9).

2.2. HAV Stability and Resistance
2.2.1. Survival of HAV in the Environment

HAV is a stable virus that can survive for long periods in the environment, in seawater,
fresh waters, groundwaters, and soils (10–15). It has been detected in groundwater
supplies implicated in hepatitis A outbreaks (16–18). In one outbreak, there was molecular
confirmation that the HAV from the patients was the same strain as that found in the
water supply (19). Viable HAV has been detected in groundwater as long as 17 mo after
the original contamination of wells associated with outbreaks (20). It has also been
shown that HAV can survive in mineral water for more than a year at 4°C (21).

HAV survives on inanimate surfaces as would be found in food preparation areas, on
hands, and in dried fecal suspensions (22–26). Experimental studies have demonstrated
that HAV can be transferred from contaminated hands to foods and surfaces (23,25).
HAV has survived for longer than 30 d at 20°C on both porous and nonporous surfaces
(24). Relative humidity has little effect on survival at 5°C, but at 20°C survival is the
longest if the relative humidity is low (27).

2.2.2. Acid Resistance

In common with all enteric viruses, hepatitis A is acid-stable and able to retain
infectivity below pH 3 (28,29). At pH 1, it survives for 8 h at room temperature and for
up to 90 min at 38°C (30). HAV is therefore likely to survive food processing and
preservation conditions used to inhibit bacterial spoilage of food, such as pickling in
vinegar, and fermentation to produce foods such as yoghurt. In experimentally infected
mussels, HAV has survived exposure to an acid marinade at pH 3.75 for over 4 wk (31).

2.2.3. Temperature Resistance

HAV remains infectious after refrigeration and freezing; consequently, frozen fruits can
and have been implicated in hepatitis A outbreaks. HAV is destroyed by conventional
cooking processes, but retains infectivity after heating to 60°C for 30 min (32–35). It is
therefore uncertain whether it would be inactivated completely in some pasteurization
processes, particularly as proteins in foods such as milk and shellfish may protect it. In
one study, when HAV was suspended in milk at 62.5°C for 30 min, 0.1% of virus
infectivity remained (33). As ingestion of partially cooked HAV-contaminated shellfish
has led to outbreaks, there is the likelihood that the temperatures achieved during cooking
were inadequate to inactivate the virus (35–38). Studies on the heat inactivation of HAV
in cockles have shown that the internal temperature of the meat must reach 85 to 90°C
and be retained for at least 1 min to completely inactivate the virus (35).

Modified atmosphere packaging (MAP) is used increasingly by the retail food industry
for salad items and vegetables. The survival of HAV on lettuce in MAP stored at room
temperature and at 4°C has been investigated (25). Survival at 4°C was the same in
MAP as under normal packaging conditions, but at room temperature viral survival was
slightly better in the higher carbon dioxide levels of MAP.
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2.2.4. Chlorine Resistance

Chlorine-based compounds are commonly used for disinfection but there are conflicting
reports on the efficacy for inactivation of HAV, which probably relate to the different
experimental conditions used. With environmental contamination HAV is likely to be
associated with organic matter, which rapidly inactivates disinfectants such as chlorine
and ozone, and hence protects the virus from inactivation. In the United States, a level
of 5 mg/L free chlorine with a contact time of 1 min is recommended for general dis-
infection (20). In a comparative study of a range of disinfectants, sodium hypochlorite
containing >5000 ppm free chlorine reduced the HAV titer by >99.9% (39). Of 20 formu-
lations tested, only 2% glutaraldehyde and a quaternary ammonium cleaning agent
containing 23% HCl were equally effective. In another study, fecal suspensions containing
HAV were dried on polystyrene discs: the HAV titer was reduced 1000-fold after contact
with sodium hypochlorite containing 1250 ppm free chlorine at pH 9.56 for 1 min (24).
The persistence of HAV on surfaces and the potential problem that it poses for food
preparation and health care settings prompted a study on the efficacy of a range of hand
washing agents (40). The results were disappointing, in that HAV remained on the
hands after using most products.

Chlorine is used in commercial washing processes for fruit and vegetables, but a
review by Seymour and Appleton (41) concluded that there is little information either on
the efficacy of this process in removing viruses or the survival of viruses on these foods.
Subsequent studies showed that the concentrations of chlorine used in the food industry
are unlikely to remove significant amounts of virus and, furthermore, virus survives on fresh
fruits and vegetables for longer than the shelf-life of the product ([42–44]; H. Appleton,
unpublished). Hutin and colleagues (42) reported that strawberries responsible for one
outbreak had been treated in a wash containing 12 ppm chlorine. It has been suggested
that viruses may be protected from direct contact with disinfectants by lodging in the
crevices formed by the rough or irregular surfaces of fruits and vegetables (45,46).

Although chlorine is the most widely used disinfectant for washing fresh produce,
there are concerns about the health effects of chlorine products. In the United States, the
Food and Drug Administration currently permits the use of chlorine in the food and
vegetable industry, but its use is prohibited in some European countries. Alternatives
such as ozone are being considered (41,47).

2.3. General Epidemiology

Hepatitis A occurs worldwide. Most transmission is from person to person, via the
fecal–oral route. Infection is prevalent in conditions of overcrowding and poor sanitation.
Fecal contamination of food or water can result in common-source outbreaks, but such
outbreaks are reported infrequently.

Hepatitis A was once a common childhood infection. It is still common in less-developed
countries where most children have acquired antibody by the age of 5 yr (48,49). Infection
in young children is frequently asymptomatic and the severity of infection increases with
age. In developed countries, rates of infection have fallen progressively, with the average
age of infection rising as living standards improve. Less than 20% of younger adults in
countries including Japan, Australia, New Zealand, Canada, United States, and most of
Europe have serologic evidence of immunity to HAV (49–53); thus, large susceptible
populations now inhabit these areas.
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In countries where infection has become relatively uncommon, there is often a cyclic
pattern of transmission (53–55). In the United Kingdom, the last peak in the incidence of
hepatitis A occurred between 1990 and 1992 when there were over 7000 reported cases
in each of these years. The incidence has now fallen to about 1000 cases per year (53).
Among the native American populations, which once experienced the highest rate of HAV
infection in the United States, epidemics now occur every 5–7 yr (55). In epidemic periods,
infection can be widespread in the community, particularly among children and young
adults of low socio-economic status (56,57). Cases can cluster in families and in settings
where the potential for fecal–oral spread is high, such as daycare centers, nurseries and
primary schools (53). Patterns of infection are changing with increasing use of hepatitis
A vaccine (57a). Following the introduction of routine childhood hepatitis A vaccination
to American Indians and Alaska Natives, the predicted cyclic increase of cases has not
occurred and rates of disease fell 20-fold from 1990 to 2001 (58).

Travel to countries where infection is common also increases the risk of becoming
infected. Between 1990 and 2000, 25% of laboratory-confirmed cases of hepatitis A in the
United Kingdom had traveled abroad, mainly to the Indian subcontinent (53). Sexual
transmission of HAV can occur via fecal–oral transmission, accounting for infection
among men who have sex with men (59). Among illicit drug users, transmission may occur
from injecting with contaminated works (60,61). On rare occasions, infection occurs in
persons receiving blood products that have been collected during the brief viremic phase
of infection (62–64).

There is some evidence that humans have acquired hepatitis A from handling infected
nonhuman primates (65,66). However, it is not clear whether infections in these animals
were natural, or whether the primates had become infected with human strains from
close contact with humans or by being treated with therapeutic products of human origin.

2.4. Food and Waterborne Infection

Food and waterborne outbreaks of hepatitis A have been recognized for over 40 yr, but
are infrequently reported (67). Unless there is a clearly defined point-source outbreak,
it is difficult to link infections to a food or water source. There are several reasons these
infections can be difficult to detect. First, in communities with a high incidence of ongoing
HAV transmission, persons who acquire infection from contaminated food or water may
be difficult to detect. Reporting of hepatitis A cases may be incomplete, or cases may occur
over diverse geographic areas and be difficult to link. Persons with asymptomatic or mild
infections may never come to medical attention and, thus, may not be reported. Once
cases are identified, recalling food exposures during the 2–6 wk prior to infection can be
difficult. Moreover, where initial cases are infected through contaminated food or water,
secondary person-to-person spread to susceptible individuals may occur, particularly in
countries with low levels of immunity, thereby compounding the difficulty of identifying
a food or waterborne outbreak. Despite the relatively few documented reports, outbreaks
have occurred that involved large numbers of people, as is discussed below.

In the United States, approx 10% of reported hepatitis A cases are related to suspected
food or waterborne transmission (68). Approx 55% of reported hepatitis A cases in have
no identifiable source (69,70), but some of these could be owing to unrecognized food-
borne transmission. Current estimates of food-related illness in the United States suggest
that hepatitis A is the fourth leading cause of viral foodborne illness (71).
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The majority of hepatitis A outbreaks in England and Wales are small and occur in
families. The last recorded foodborne outbreak was in 1992 and was associated with
shellfish ingestion (53,72). From 1992 to 1999, the Public Health Laboratory Service
(now the Health Protection Agency) received 19,747 laboratory-confirmed reports of
hepatitis A. The source of most infections was unknown, and only 155 cases were
recorded as being foodborne (41). A summary of risk factors for food and waterborne
hepatitis A is shown in Table 1.

2.4.1. Waterborne Outbreaks

HAV is excreted in the stools, and hence it enters the sewage system. While outbreaks
have been associated with contamination of private wells (18,73), transmission from
contaminated water is very rare in areas with adequate public water treatment systems.
Waterborne outbreaks of hepatitis occur more frequently in regions with poor sanitation,
but laboratory facilities may not always be available to distinguish between hepatitis A
and E. In one outbreak in East Africa, evidence of infection with both viruses was
reported (74).

Recreational waters have been a source of infection for a number of viruses (75,76).
Although outbreaks of hepatitis A have been linked to swimming in chlorinated pools
and fresh water lakes, such incidents are identified infrequently (77,78).
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Table 1
Risk Factors for Food and Waterborne Hepatitis A

Source of virus Foods implicated Preventative measures

Sewage discharge Water Treatment of sewage to remove viruses
and leaks Treatment of water (e.g., chlorination)

Sewage discharge Bivalve molluscs Treat sewage to remove viruses prior to
into rivers/sea discharge

Monitor microbiological quality of shellfish
Relaying, depuration and heat treatment of

shellfish
Contaminated Fruits, salads, and Adequate sewage treatment to prevent

irrigation water vegetables water contamination
Use of sewage sludge Only treated sewage to be applied 

on agricultural land to agricultural land
Food handlers Mainly cold foods Good basic hygiene (hand washing, keeping

or foods that do food preparation areas clean, etc.)
not receive Education
further cooking
after handling,
e.g., salads,
sandwiches, fruits,
cakes,and cream

Imported foods from Fruits, salads, Selection of safe food sources by food industry
endemic areas and shellfish Education of consumer on washing fruits

and salads 
Development of effective washing and 

sanitization processes by food industry



2.4.2. Foodborne Outbreaks

Food may be contaminated with HAV at any point from cultivation to service. Crops
may be contaminated, if irrigated with sewage-polluted water or if fertilizer carrying
HAV is used in the cultivation process. Shellfish harvested from sewage-polluted water
have been the source of many outbreaks of both viral gastroenteritis and hepatitis A.
Foods may also be contaminated during harvesting, processing, preparation, and serving
by infectious persons.

2.4.2.1. From Shellfish. Common-source outbreaks of shellfish-associated viral hepa-
titis have been recognized for many years and continue to be problematic (79). Some
outbreaks have been very large. The largest foodborne outbreak of hepatitis A ever
recorded occurred in Shanghai in 1988 where almost 300,000 people were infected after
consuming clams harvested from polluted waters (37,80). Outbreaks have occurred in
developed countries, such as Italy, Spain, Australia, France, Japan, the United Kingdom
and the United States, both from locally grown and imported shellfish, as well as in
countries with lower standards of hygiene (81–92).

Although the number of reported shellfish-associated outbreaks of hepatitis A have been
few in recent years, it is important to remain vigilant. An outbreak of oyster-associated
hepatitis A in Australia in 1997 was the first such outbreak in that country for a number
of years and affected over 400 people (90).

Shellfish-associated cases of hepatitis A are believed to be underreported (86). A
number of retrospective seroepidemiological studies have been undertaken to determine
risk factors for hepatitis A (93–97). Several, but not all, identified shellfish consumptions
as significant. The variable findings could be related to the prevalence of hepatitis A in the
local community at the time of the study. Shellfish have been consistently identified as
a risk in Italy; recent estimates have suggested that shellfish are responsible for 70%
of hepatitis A cases (98). One outbreak in Italy was estimated to have cost the health
service 0.4% of its total expenditure for the region for that year and 0.04% of the gross
domestic product of the entire region (99). In a survey of shellfish in Puglia in southern
Italy (100), HAV RNA could be detected in 20% of nondepurated and 11% of depurated
mussels, and in 23% of other samples collected from the shellfish markets. HAV could be
cultured from 34% of the samples that were polymerase chain reaction (PCR)-positive.
Bacteriological testing is used routinely for monitoring the safety of shellfish, but in that
study there was no correlation between bacterial and viral contamination.

The main shellfish implicated in the outbreaks of viral illness are the bivalve molluscs
(oysters, mussels, cockles, and clams). Bivalve molluscs grow in shallow coastal and
estuarine waters that are polluted with sewage in many parts of the world. They feed by
filtering seawater to obtain nutrients, and, where water is contaminated, can accumulate
microorganisms, including HAV, within their tissues. Viruses do not replicate in the
shellfish but may be concentrated at levels greater than those in the surrounding water
(101,102). Thorough cooking will inactivate virus, but this renders the shellfish meat
tough and unpalatable. These shellfish are frequently consumed raw or are only very
lightly cooked; such cooking may not inactivate microbial contaminants (35,36,38,43).
Scallops are rarely implicated: they are free-living organisms that inhabit deeper offshore
waters which are less polluted.

2.4.2.2. From Fruits and Vegetables. Several hepatitis A outbreaks associated with
eating raw or partially cooked fresh produce have been recognized, but to-date no
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investigation has definitively confirmed the point of produce contamination (41). Fruit and
vegetable crops can be contaminated with viruses in their growing or harvesting areas
from contact with polluted water and from inadequately or untreated sewage sludge used
for irrigation and fertilization. Contamination could also result from handling by people
during processing, packaging, or distribution steps, or if HAV-contaminated water is used
for rinsing and icing of produce.

Outbreaks of hepatitis A associated with fresh produce, particularly soft fruits and
salads, have been reported from several countries. Iceberg lettuce (103), strawberries
(42, 104), tomatoes (105), salad items (106,107) and green onions (108,109) have all
been implicated. In a multifocal outbreak associated with commercially distributed lettuce,
it was suggested that contamination might have arisen from dirty water used for growing
or irrigation, or from the use of night soil, although this remained unproven (103). In a
study in Costa Rica, HAV and rotavirus were detected in lettuces acquired from local
markets; it was suggested that the source of contamination was the discharge of sewage
into river water used for irrigating crops (110). Investigations into two separate US
multistate outbreaks associated with fresh frozen strawberries revealed that the straw-
berries had been extensively handled before processing. In both instances, stems from
strawberries were removed by hand or by fingernail before being sent to processing
plants (42,104). In the United Kingdom, a number of outbreaks have been traced to
frozen raspberries. There was the suggestion that the raspberries implicated in these
outbreaks were contaminated by infected fruit pickers (111–113). The investigation of
an outbreak of hepatitis A in New Zealand associated with blueberries revealed multiple
opportunities for contamination of the blueberries by pickers (114).

Outbreaks of hepatitis A have been associated with green onions in the United States
(108,109). In one outbreak, it was observed that the harvesting process required extensive
field handling. Onions were cut by machine and gathered into piles by hand, the outer
skin of each onion was removed by hand, onions were bundled and bound with rubber
bands and, finally, the stems and roots of onion bundles were trimmed by hand. Several
workers were required to complete these steps (108). No ill-workers were reported during
the exposure period.

In an increasingly global market, where fruits and vegetables are exported from
endemic countries to developed countries that often have low levels of immunity to
hepatitis A, it is likely that further outbreaks related to the consumption of these foods
will result. A survey of the microbiological status of ready-to-eat fruit and vegetables
undertaken in England and Wales (115) showed that between 1992 and 1999, fruit and
vegetables accounted for 5.5% (83 out of 1518) of the total foodborne outbreaks
reported. Of the 83 outbreaks, 16% were caused by norovirus. The causative agent for
28% of the outbreaks was unknown, but clinical and epidemiological features suggest
that the majority were probably viral. While HAV was not identified in this particular
survey, the study exemplifies the importance of fresh fruit and vegetables as vehicles in
the transmission of enteric viruses.

2.4.2.3. From Food Handlers. Food handlers are not at higher risk for hepatitis
A than other persons because of their occupation. However, HAV-infected foodhandlers
can potentially be a vehicle for viral transmission to consumers. From 2001 to 2003,
5.8% of the 342 investigated hepatitis A cases reported to the CDC’s Sentinel Counties
Viral Hepatitis Surveillance System worked as food handlers during the 2 wk before
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to 1 wk after their illness onset (CDC, unpublished data). Despite the relatively large
number of hepatitis A cases who worked as food handlers during their incubation period,
few food handler-associated hepatitis A outbreaks have been reported. Thus, while HAV-
infected food handlers can contaminate foods, thereby potentially exposing large numbers
of people to HAV, transmission from such contamination does not seem to occur readily.
Nonetheless, when outbreaks do occur, case identification and implementation of control
measures can result in considerable expense to public health departments (116).

Cold food items that require much handling during preparation together with poor
personal hygiene by infectious food handlers favor food handler-associated outbreaks.
Sandwiches, salad items and fresh fruit prepared by infectious food handlers have been
implicated in hepatitis A outbreaks (117–121). If food is prepared centrally by commercial
caterers and then distributed widely to different venues, a large number of people may
be at risk. One outbreak in the United States involved a catering company which employed
a food handler who was infected by HAV; 91 hepatitis A cases were subsequently
identified from 21 out of the 41 events catered for by that company (122). In an outbreak
in Milwaukee, Wisconsin, an employee working in two sandwich shops infected 230
people (121). Two similar community-wide outbreaks occurred among persons who ate
bakery products contaminated by the handler who applied sugar glaze to the baked
goods (123,124). In the United Kingdom, more than 50 residents in a group of villages
became infected after eating unwrapped bread, rolls or sandwiches supplied from one
shop, where the owner had been ill. It was concluded that the bread was contaminated
by the owner whose hands were inadequately washed because of the presence of painful
skin lesions (125). Drinking glasses have also been implicated in transmitting infection
to consumers. An outbreak occurred in Thailand among college students who filled
their glasses by dipping them into an overflow water reservoir in the college cafeteria:
it was postulated that someone with fecally contaminated fingers had contaminated the
water with HAV (126). In another outbreak, associated with a public house in the United
Kingdom, infection was attributed to an infectious barman who probably contaminated
the glasses (127).

2.5. Clinical Characteristics

The clinical spectrum of HAV infection ranges from nil or few symptoms to fulminant
hepatitis (128). In most persons, hepatitis A is a self-limited illness. The characteristic
symptom is jaundice, which typically develops 1–2 wk after the onset of prodromal
symptoms. Pruritus, tenderness, and mild enlargement of the liver may accompany
jaundice. Milder symptoms of nausea and general malaise with or without jaundice are
common. Other clinical features may include fever, abdominal pain, anorexia, arthralgia,
and diarrhea. Recovery is usually complete, although patients may feel unwell for several
weeks. Most children less than 6 yr of age have asymptomatic infections or mild, non-
specific symptoms including nausea and vomiting, malaise and diarrhea, but do not develop
jaundice (129,130).

Complications of acute hepatitis A include coagulopathy, encephalopathy, and liver
failure (70). Fulminant hepatitis is the most severe form of infection, but is rare (131).
The overall rate in the United States is <1% of all reported cases, increasing with age and
with the coexistence of other underlying liver diseases, such as hepatitis B or C (132,133).
Children very occasionally develop liver failure requiring liver transplantation (134).
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Persons with prolonged or relapsing hepatitis A have been recognised (135,136), but
chronic hepatitis A does not occur. There is, therefore, no carrier state as such.

In developed countries, deaths from hepatitis A are rare. In the United States, 0.6%
of hepatitis A reported in 2004 resulted in death (69). In the United Kingdom, the
mortality data from the Office for National Statistics record 39 deaths in the 5-yr period
1993–1997 (53), of which only one death in a patient <40 yr of age. The case fatality
rate increases progressively with age, with a fatality rate of 2% in those aged between
50 and 59 yr rising to 12.8% in those >70 yr.

The most common biochemical feature of hepatitis A is elevation in the concentrations
of the serum aminotransferases. During the prodromal phase, the serum alanine and
aspartate aminotransferases typically rise to a peak of 500–5000 IU/L, returning to normal
within a mean of 7 wk (range 1–29 wk) (137). Serum bilirubin levels are not markedly
elevated (usually <10 mg/dL) except in cases complicated by cholestasis or hepatic
failure (138).

2.6. Pathogenesis

HAV is transmitted primarily via the fecal–oral route, although the infective oral dose
is not well defined. HAV is not neutralized by gastric acid and is thought to be transported
across the intestinal epithelium to be taken up by hepatocytes (139,140). The main target
organ is the liver. Viral replication occurs in the cytoplasm of the infected hepatocytes
(141). It is not clear whether there is also some limited replication in intestinal cells.
Injury to the hepatocytes is thought to be related to host immune response rather than
to cytopathic effects of virus, although the precise mechanism of cell injury is not
known (142). From the liver, HAV is transported through the biliary tree to the intestine,
and from there is shed in the stools (143). Infection with HAV induces lifelong immunity.

The incubation period of hepatitis A is 15–50 d with a mean of about 30 d (144).
Viremia occurs soon after infection, persisting throughout the period of liver enzyme
elevation (145). Viral shedding in stool, and thus peak infectivity, occurs during the 2-wk
period before the onset of jaundice or elevation of liver enzymes, when the concentration
of fecal virus is the highest, declining by the time jaundice appears (146,147). Children
and infants may shed HAV for longer periods than adults, up to several months after the
onset of clinical illness (147,148). Chronic shedding of virus does not occur; however,
persons with relapsing disease may shed virus for up to 6 mo (149).

2.7. Diagnosis and Detection of HAV

Hepatitis A cannot be differentiated from other forms of acute viral hepatitis on the
basis of clinical symptoms, clinical pathological tests, or epidemiologic features.
Diagnosis of hepatitis A infection is made by detection of specific IgM antibody rather
than the isolation of virus, because the virus excretion has largely ceased by the time
illness becomes apparent. IgM anti-HAV becomes detectable 5–10 d before the onset of
symptoms in most persons with acute hepatitis A and can persist for up to 6 mo after
infection (150). There are several commercial immunoassays available for detecting
serum anti-HAV IgM. Total anti-HAV (IgG + IgM) appears early in the course of infection
and remains detectable indefinitely. Since IgM disappears in most persons after 6 mo, it
is not possible to distinguish between current or past infection based on the presence of
total anti-HAV alone. Measuring total anti-HAV is useful to determine immunity.
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The virus can be cultured in the laboratory, but, for primary isolation, monolayer cell
culture is a long and unreliable procedure (151–155). Reverse-transcriptase (RT)-PCR
assays have been developed and can be used for detecting viral antigen in fecal specimens
should early specimens be available. PCR assays have mainly been used for detecting
virus in water, shellfish, soft fruits and environmental samples (12,17–19,73,85,91,92,
100,114,156–162). These samples are often inhibitory in PCR reactions, so complex
procedures for the extraction of viral RNA are required; consequently, these tests are not
used routinely. It is not clear whether viral nucleic acid detected by PCR necessarily
indicates the presence of infectious viruses, as under experimental conditions some
workers have been unable to recover viruses from samples positive by PCR (163–165).
This consideration will have implications should PCR for enteric viruses be introduced
into routine monitoring protocols. Protocols have been developed that integrate cell culture
with RT-PCR which may prove to be useful (166–167).

Because of the long incubation period of hepatitis A, implicated food items are rarely
available for testing. Fresh fruits, salads, and shellfish have a short shelf-life. Although
virus may survive in frozen produce, as has been demonstrated in a number of outbreaks
associated with frozen raspberries and strawberries, testing of implicated frozen items
has not resulted in the detection of HAV to-date (42,104,111–113).

2.8. Prevention and Control
2.8.1. General Measures

Prevention of hepatitis A requires effective public and personal hygiene practices.
Public sanitation, including adequate human-waste disposal and water-treatment systems,
is important in the maintenance of a low hepatitis A incident rate in industrialized
countries (168). Attention to personal hygiene, particularly strict adherence to hand
washing in settings where contact with human waste may be common, including daycare
centers and residential homes, is critical to the prevention of HAV transmission. Careful
attention to personal and public sanitation among all persons handling food and fresh
produce, including agriculture workers, food processors, and food handlers, should
decrease the risk of HAV transmission. Table 1 also summarizes preventative steps that
may be implemented to reduce the risks of food and waterborne infection.

2.8.2. Active Immunoprophylaxis

Two hepatitis A vaccines, which are formalin-inactivated preparations of cell-culture
adapted virus, have been licensed since the mid-1990s by the US Food and Drug
Administration for use in persons 2 yr of age. They are highly immunogenic. Protective
concentrations of anti-HAV are measurable in 54–62% of persons by 2 wk and in 90% of
vaccinees by 4 wk after one dose of vaccine (169,170). A second dose of vaccine, given
6 mo after the first dose, confers long-term protection. Vaccine efficacy is 94–100%
(68). Follow-up studies of vaccine recipients indicate that the duration of anti-HAV and
protection from clinical illness lasts for at least 12 yr (171). Kinetic models of anti-HAV
persistence suggest that anti-HAV may persist in the circulation for 20 yr (172). Booster
doses are not recommended. Studies are in progress to evaluate the long-term efficacy
of vaccination. Residual, passively acquired maternal anti-HAV interferes with the
anti-HAV response in children born to previously infected mothers. Therefore, although
the vaccine is safe for infants, most countries have restricted its use to children above
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1 or 2 yr of age (173). In 2005, vaccines were licensed in the United States for use in
children 1 yr (68).

Hepatitis A vaccine is currently targeted at persons with an increased risk for HAV
infection. These populations include travelers to endemic countries, illicit drug users,
men who have sex with men, and persons who regularly receive blood products (53,68).
In the United States, routine hepatitis A vaccination is also recommended for all
children (68), in order to reduce the rates of HAV infection among children and curtail
HAV transmission to older children and adults (174). In addition, hepatitis A vaccine is
recommended for persons who are at increased risk of serious outcomes from HAV
infection including those with chronic liver disease (68).

The question of whether vaccination is efficacious for postexposure prophylaxis
remains unresolved. One study (175) suggested that it could be, but no comparison with
immune globulin was done.

2.8.3. Passive Immunoprophylaxis

Immune globulin preparations, available in the United States as “immune serum
immunoglobulin G,” and in the United Kingdom as “human normal immunoglobulin,”
when given intramuscularly provide short-term (1–2 mo) protection from hepatitis A
(176,177). These preparations are antibodies concentrated from pooled human plasma.
Postexposure immunoglobulin prophylaxis is >85% effective in preventing hepatitis A
if administered within 2 wk after exposure to HAV, but the efficacy is highest when
administered early in the incubation period (177,178).

Immune globulin is recommended for prevention of hepatitis A in susceptible persons
who have had specific exposures to HAV. These exposures include household or sexual
contact with a hepatitis A case during a time when that case is likely to be infectious
(i.e., 2 wk before through 1 wk after the onset of illness) and whose last contact is within
the previous 2 wk. In addition, susceptible food service workers in the same establishment
as an infected food-service worker may receive immune globulin if they have been in
contact with the infected worker during the infectious period of latter. Persons who have
received at least one dose of hepatitis A vaccine 1 mo previously or who have a history
of laboratory-confirmed HAV infection should be considered immune and do not
require passive immunization. Passive immunoprophylaxis is not recommended for
persons whose only exposure to a person with hepatitis A occurred >1 wk after the onset
of jaundice, since the patient is unlikely to be infectious by this stage. Immune globulin
can be administered as pre-exposure prophylaxis for suitably aged children and adults
who are planning travel to endemic areas within 2–4 wk and who require immediate
protection (179), and as pre-exposure prophylaxis for children <1 yr for whom the
vaccine is not licensed.

2.8.4. Prevention and Control Measures of Foodborne Transmission

Prevention of foodborne hepatitis A is dependent on access to safe food and water,
and good personal hygiene. Sewage pollution is a major factor in the contamination of
filter feeding shellfish and of fruits and vegetables that are not cooked before consumption.

2.8.4.1. Reducing Risk From Shellfish. Filter-feeding shellfish are often harvested
from coastal waters that receive sewage discharges. Developed countries require treatment
of such shellfish by relaying, depuration or heating before marketing (180,181). Shellfish
such as oysters that are eaten raw are either relayed to unpolluted coastal or estuarine
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waters until bacterial counts have fallen to acceptable levels, or they may be placed in
land-based depuration tanks where the water is treated with UV irradiation or ozone.
Bacterial contaminants are rapidly eliminated during the natural feeding process but
viruses may remain. Alternatively, shellfish may be heat-treated, but care must be taken
to ensure that the internal temperature of the shellfish meat reaches the required level to
inactivate viruses (35,163,182). In Europe, the level of fecal contamination of shellfish
is monitored by measuring bacterial counts in the shellfish meat (Table 2), but absence
of bacterial indicators does not guarantee the absence of viruses (100,162,183). Growing
waters are classified on the basis of contamination levels in the shellfish and harvesting
from heavily polluted sites is prohibited. In the United States, the harvesting waters,
rather than the shellfish, are tested for bacterial contamination (Table 3).

2.8.4.2. Reducing Risk From Fruits and Vegetables. Untreated or inadequately
treated sewage discharged into natural waters can cause contamination of crops. Sewage
sludge is sometimes applied to agricultural land, with the benefit that useful plant nutrients
are recycled to the soil. Guidelines issued by the World Health Organization state that
fruits and vegetables to be eaten raw should not be fertilized with sewage or irrigated
with contaminated water (184). Application of untreated sewage sludge to agricultural land
is prohibited in the United Kingdom. There is guidance on the minimum acceptable
level of treatment for any sewage sludge applied to agricultural land and regulations on
the time interval from applying sludge to harvesting food crops (185,186). Controls such
as these may reduce the risk of microbial contamination in developed countries, but do
not address the potential problem of imported produce from countries with different
standards for organic fertilizers or irrigation water.
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Table 2
Classification of Harvesting Areas for Bivalve Molluscs in the European Community

Water quality E. coli /100 g Fecal coliforms/
category shellfish meat 100 g shellfish meat Shellfish treatment

A <230 <300 May go for direct consumption
B <4600 in 90% <6000 in 90% of Must be depurated, heat treated,

samples samples or relayed to meet Category A
C <60,000 Must be relayed for long period

(2 mo) to meet categories A or
B; and/or may be heat treated by
an approved method

D >60,000 Harvesting prohibited

Table 3
Classification of Harvesting Areas for Bivalve Molluscs in the United States

Classification Fecal coliforms/100 mL water Shellfish treatment

Approved GM <14 and 43 in 90% of samples May go for direct consumption
Restricted GM <88 and <260 in 90% of samples Must be depurated or relayed

Above levels exceeded Harvesting prohibited

GM, geometric mean.



2.8.4.3. Indicator Organisms. The difficulty of detecting and working with pathogenic
viruses such as HAV in food, water, and environmental samples, the lack of standardized
techniques, and the failure of conventional bacterial indicators to predict viral contami-
nation have led to alternative indicator organisms being sought. Enteroviruses, rotavirus,
and adenoviruses have been considered (83,187). However, most interest has been in the
possible use of bacteriophages (reviewed by Lees [79]). Male-specific RNA (F+) bacterio-
phage and the bacteriophage of Bacteroides fragilis have been considered as candidate
viral indicators of water pollution (188,189). These bacteriophages appear to be prom-
ising indicators of enteric virus contamination of shellfish (190–192). Studies on the
elimination kinetics of F+ bacteriophage during depuration of shellfish have shown that
it behaves similarly to enteric viruses (193,194). Recent studies on the survival and
removal of MS2 bacteriophage from fruit and vegetables suggest that the use of bacterio-
phages may be suitable for the investigation and design of washing and sanitization
processes (195).

2.8.4.4. Reducing Risk in Food Handlers. Workers with symptoms suggestive
of hepatitis A should be excluded from food handling. However, as the most infectious
period for hepatitis A is in the 2 wk before illness becomes apparent, exclusion may be
too late to control transmission. Meticulous attention to good food-handling practices
and education is, therefore, essential. There should be the provision of adequate toilet
and hand-washing facilities, not only in the catering and retail industry, but also in the
wholesale and agricultural industry. The wearing of disposable gloves is recommended
if foods are to be manipulated by hand, but this does not prevent the transfer of viruses
to gloves by touching contaminated surfaces.

Cliver (196) has suggested that the food handlers in the United States should be
vaccinated, but this would have considerable economic implications (197,198). Current
epidemiological data indicate that food-handlers do not pose a significantly greater
risk of transmitting HAV than other people, and use of vaccine in this group may not be
cost-effective. Vaccine may be used for preventing secondary cases and outbreaks, but
the latest time beyond which the vaccine is likely to be effective in preventing disease
in contacts is probably no more than 7 d from the onset of illness in the primary case.
If the time from exposure is longer than 7 d, immune globulin may be given. Immune
globulin is effective at preventing disease when given within 2 wk of exposure; and even
if the time from exposure is longer, it may modify the severity of illness (53). The burden
of post-exposure prophylactic interventions can be considerable (199).

3. HEPATITIS E

3.1. Characteristics and Classification of HEV

A form of enterically transmitted hepatitis distinct from hepatitis A has been recog-
nized for many decades (200,201). In developing parts of Africa, the Middle East, Asia
including the Indian subcontinent, and Central America, the disease periodically appears
as epidemics each of which may involve thousands of cases. Early electron microscopic
studies reported virus-like structures in stool samples collected from patients with acute
non-A, non-B (NANB) hepatitis; furthermore, stool suspensions could lead to liver disease
when inoculated to nonhuman primates (202,203). In 1987, Bradley et al. (204) reported
that the disease could be serially transmitted to cynomolgus monkeys. Recombinant cDNA
libraries subsequently constructed from infectious bile of the monkeys and from stools
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of infected humans permitted the identification of an RNA-directed RNA polymerase-like
amino-acid motif (205). The putative virus from which the genome was partially
characterized was conferred the name hepatitis E virus. The full genomic sequence of
the virus was reported soon thereafter (206).

HEV is a positive-sense, single-stranded, 7.2-kb RNA virus with a spherical, non-
enveloped capsid. The HEV genome is polyadenylated and has a 7-methyl guanosine
cap, but the replication strategy of HEV is unknown. The genome encodes three open-
reading frames (ORFs) (Fig. 1). ORF-1 codes for a polyprotein comprising nonstructural
genes and ORF-2 for the capsid protein which contains the major antigenic determinants.
ORF-3 encodes a protein that is involved in the regulation of cellular protein kinase
activity (207). Electron micrographs reveal symmetrical, 27–34-nm diameter viral
particles with cup-shaped depressions on the surface. HEV was originally classified
as a calicivirus. More recent genetic characterization studies indicate that the genome is
sufficiently different from that of caliciviruses for HEV to be classified as a separate
genus, Hepevirus (208).

The native virus grows poorly, if at all, in vitro (209,210). Most preparations for
inoculations or other experimental manipulations are produced from fecal material. The
recent construction of infectious clones of HEV (211,212) leads to the possibility of
generating these recombinant viruses to high titers in vitro, thereby facilitating studies
to reproduce disease in nonhuman primates and providing material for vaccine development
and other investigative manipulations.

The presence of hepatitis E antibodies and RNA in swine in Nepal (213) was reported
in 1995; and in 1997, sequence data were published indicating that the swine virus was
closely related to the human HEV (214). Shortly thereafter, two human HEV strains in
the United States were shown to be almost identical in sequence to the pig strains (215).
These data suggested the very close relationship human HEV has with swine HEV.
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Fig. 1. Schematic of HEV genome organization showing coding regions. Abbreviations: Hel,
helicase; HVR, hypervariable region; MAPKI, mitogen-activated protein kinase inhibitor; MeT,
methyl transferase; NCR, noncoding region; P, protease; Pro, proline hinge; RdRp, RNA-dependent
RNA polymerase; Y, Y-domain.



Four genotype groupings of human and swine HEV are recognized (Fig. 2). Type 1
is the prototype strain found in human cases of hepatitis E in hyperendemic areas. Type 2
is found almost exclusively in human cases in Central America. Types 3 and 4 are found
in humans and pigs in developed regions, and in pigs in some hyperendemic regions.

More recently, an HEV-like virus associated with big liver and spleen disease has been
identified in chickens in Australia (216), and a related virus causing hepato-splenomegaly
in chickens has been discovered in the United States (217). Avian HEV show clear
genetic and biologic differences from the human and swine viruses (218,219).

3.2. General Epidemiology

In the hyperendemic regions, HEV is often the principal cause of epidemic and sporadic
acute hepatitis. Apart from the waterborne hepatitis E outbreaks in India reported
earlier (200,201), outbreaks have been reported from other parts of India (220–222),
and from Pakistan (223), Burma/Myanmar (224,225), and Nepal (203,226). Labrique
et al. (227) have reviewed the epidemiology of HEV epidemics in the Indian subcontinent.
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Fig. 2. HEV genomic phylogenetic relationships as determined by partial sequencing. (a) Outline
genotypic groupings of human and swine HEV deduced from partial sequencing of the ORF-2
gene arranged according to the scheme of Schlauder et al. (215). Avian HEV is included as an
outgroup. (b) Selected detail of genotype-3 region showing the close genetic relationship
between human and swine strains of HEV. GenBank accession numbers, country of origin, and
host are indicated. Significant bootstrap values of >70% are indicated. Abbreviations: SW,
swine; Hu, human; JAP, Japan; NL, Netherlands; SP, Spain.



Epidemics were also reported in Borneo and Java in Indonesia (228,229), and in Vietnam
(230), Ethiopia (231), Somalia (232), Morocco (233), Namibia (234), Botswana (235),
and Mexico (236). The largest outbreak recorded occurred in the Xinjiang region of
China in 1986–1988 involving >100,000 cases (237). Sporadic infections occur in
hyperendemic regions at rates much higher than in nonhyperendemic regions: it is
associated with, e.g., 40–50% of acute hepatitis in Sudanese children (238), and >60%
of hospitalized adult cases of acute hepatitis in certain parts of India (239–241).

In both epidemic and sporadic hepatitis E in hyperendemic regions, clinical attack
rates are highest among young adults (i.e., in the 15–25 yr age range). In developed
regions, there is collected evidence from Japan (242–244) and Europe (245,245a) that
clinical attack rates are highest among older adults (>50 yr). Whether the high rates in older
patients reflect particular susceptibility to infection or disposition to develop symptoms
on infection is unknown.

Secondary and intra-familial spread may occur but are uncommon (<5%) (246,247).
Such low figures contrast with the >50% attack rates among susceptible household contacts
of hepatitis A cases (248). If, however, the primary case is a pregnant woman, the risk of
vertical transmission is significant, ranging from one-third to 100% (249–252). Post-trans-
fusion hepatitis E has been reported in both developed and developing regions (253–256).

Anti-HEV seroprevalences in the human population are high in most hyperendemic
areas, e.g., between 15 and 30% in Nepal (257), 40% in Vietnam (258), and >60% in
Egypt (259). In India, the population distribution of anti-HEV contrasts markedly with
that of anti-HAV: one study found that while anti-HAV could be detected in almost all
children <5 yr, anti-HEV was detected infrequently in young children, increasing to

40% during young adulthood without significant rises in later life (260). In Egypt, by
contrast, the population distribution pattern of anti-HEV has been observed to match
that of anti-HAV, the prevalences being high by early childhood, plateauing from young
adulthood (259). Early childhood exposure to HEV, with the consequent attainment of
high levels of herd immunity, probably explains why epidemic hepatitis E has not been
reported from Egypt even though sporadic infection does occur (261).

Infection may be imported to developed countries by people who have traveled to
hyperendemic areas (reviewed by Schwartz et al. [262]). There is increasing awareness
that sporadic hepatitis E in nonhyperendemic countries is not always travel-associated.
The number of developed countries reporting the cases of autochthonous hepatitis E
(215,245,245a,262,263–274) is steadily increasing (Table 4). The substantially high anti-
HEV prevalences in these countries cannot be attributed only to imported infection. In
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Table 4
List of Developed Countries with Reported Autochthonous Hepatitis E

UK ITALY
USA ISRAEL
SPAIN JAPAN
FRANCE KOREA
HOLLAND TAIWAN
AUSTRIA AUSTRALIA
GERMANY NEW ZEALAND



a serosurvey conducted in eight states in the United States, 20–25% of swine veterinarians
were found to be anti-HEV seropositive, but this was against a background of 18%
positives amongst blood donors (275). Among Korean blood donors, the seroprevalence
is similar in magnitude to that of American blood donors (276). These figures contrast
with lower figures found in comparatively less-developed countries, e.g., Mexico (10%)
(277), Brazil (3–4%) (278), Bangladesh (7%) (279), and Vietnam (9%) (280). While the
sensitivity and specificity of the HEV antibody assays may contribute to the disparate
high seroprevalence rates observed (281,282), the possibility that people living in regions
with good sanitation truly possess HEV antibodies deserves closer scrutiny, as nonwa-
terborne transmission is then implicated.

3.2.1. HEV in the Environment

The fecal contamination of drinking water is the predominant means by which HEV is
transmitted in hyperendemic regions. This is exemplified by the observation of signifi-
cantly higher attack rates of hepatitis E, during an epidemic in Somalia, among the
residents of villages supplied by riverine water compared to those of villages that depended
on ponds or wells (232). Moreover, an ecological analysis of hepatitis E transmission
patterns in Vietnam, Laos, and Indonesia revealed that epidemics tended to be centered
in riverine environments rather than urbanized districts, and that higher inter-epidemic
anti-HEV seroprevalences were significantly associated with the usage of river water
for drinking, cooking, washing or human excreta disposal (283).

HEV RNA has been detected by RT-PCR in human sewage from India (284,285),
slaughter-house sewage from Spain (286,287), and urban sewage from Spain, France,
and the United States (287). While such detection need not necessarily correlate with
infectivity, HEV rescued from sewage has been shown to be capable of infecting rhesus
monkeys (288).

Data on the resistance of HEV to temperature are now available (288a). The virus is
more labile than HAV, accounting for the low attack rates of secondary hepatitis E. Boiling
of water prior to drinking has consistently been associated with reduction in the risk
of developing hepatitis E (280,283).

3.2.2. Animal Reservoirs of HEV

Worldwide, antibodies to HEV have been detected in a wide range of mammals
including pigs, boars, deer, monkeys, cattle, sheep, goats, dogs, cats, rats, and mice
(289–296). These potentially act as reservoirs of HEV whether in hyperendemic or in
the less endemic regions. The precise relationship of the viruses infecting these animals
to human and swine HEV and whether cross-species transmission occurs are unknown.
Under experimental conditions, human HEV has been transmitted to sheep (297). One
strain identified in rats was characterized to have a 95–96% homology with genotype 1
human strains circulating in Nepal from where it was identified (292). A study of homeless
people attending a free clinic in downtown Los Angeles revealed 13% to be seropositive
for anti-HEV, this high figure being attributed to exposure to rats (294).

Because of the close homology between human and swine HEV strains (214,215), with
up to 97% amino-acid identity in the proteins encoded, pigs are considered the principal
natural reservoir of infection. That HEV might be zoonotically transmitted is supported
by the finding of an anti-HEV seroprevalence rate of 20%-25% among American swine
veterinarians (275), and 10% in American swine workers (298). In a study conducted
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in Moldavia, where no human hepatitis E has been reported, the anti-HEV seroprevalence
was 51% among swine farmers compared to 25% among those not occupationally
exposed to swine (299).

Little is known about the epidemiology of HEV in pigs, although the raised profile
of pigs in association with human hepatitis E has led to an increase in strain typing and
seroprevalence studies. There appears to be high anti-HEV seroprevalences in developing
(300–302) as well as in some developed countries, e.g., 50% in Korean swine and 60%
in Canadian swine (301). In the United Kingdom, the current seroprevalence of about
80% of pigs has been maintained at that level since the early 1990s (303). Endemicity
in pigs is likely to be sustained by fecal–oral transmission (304).

Infectivity studies in pigs and rhesus macaques have confirmed cross-infectivity
between swine and human HEV (305), and, certainly in developed countries, human
and swine strains cluster together phylogenetically (Fig. 2). Further evidence for possible
interspecies HEV transmission between pigs and humans comes from studies in Taiwan
which show that HEV subgenomic sequences obtained from pigs and humans form a
monophyletic group (265,304). In China, Japan, the UK and the Netherlands, genomic
sequences of HEV derived from autochthonous cases of human hepatitis E show the
greatest similarity to those of swine HEV (245a 263,266,307). Such findings contradict
the findings of a molecular epidemiological study conducted in India which showed that
human HEV segregated to genotype 1, but swine HEV to genotype 4 (308).

3.3. Foodborne Infection

Hepatitis E associated with foodborne transmission has been reported from Japan,
Italy, China, Israel, Germany, and Vietnam (309–314). Some cases of infection acquired in
Europe are attributed to the ingestion of uncooked or inadequately cooked shellfish, but
the association between shellfish consumption and hepatitis E is not firmly established.

Evidence has recently emerged from Japan that hepatitis E may be transmitted via
the consumption of raw or undercooked meat or viscera from pigs and other mammals.
A cluster of cases of acute hepatitis E centered around a Japanese family that had
consumed raw Sika deer meat some 3 wk earlier. Sequence data from unconsumed meat
kept in the freezer showed 100% identity with the sequence obtained from stool
samples of the affected family members (314). Moreover, the seroprevalence of anti-
HEV IgG was found to be significantly higher in Japanese who had consumed raw deer
meat compared to those who had not (315). In another investigation (316), a man
presented at hospital with acute hepatitis, 5 wk after consuming uncooked liver from
a wild boar. His companion at the same meal presented with fulminant hepatitis in a
different hospital at the same city, where he subsequently died. Hepatitis E was diag-
nosed in each case. In one other investigation, two Japanese men belonging to a seniors
association were diagnosed with acute hepatitis E, 39 d after consuming undercooked
wild boar meat at a barbecue. After serological testing, 11 of the 12 men present at the
barbecue were shown to possess IgG antibodies against HEV, with 8 men still possess-
ing anti-HEV IgM 6 mo after consuming that meal. None had recently traveled to an
HEV-hyperendemic area. Sequencing of the HEV genome amplified from the blood of
the two original patients showed a 99.4% homology to each other but 92% homology
to other genotype 3 HEV sequences originating from Japan (317). A more recent study
reported that, of 10 patients presenting with acute or fulminant hepatitis E, nine of them
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had consumed grilled or undercooked pig liver 2–8 wk prior to the onset of the disease
symptoms. Follow-up survey of retail meat outlets revealed that 1.9% of raw pig livers
carried detectable HEV (318). Further evidence of the potential significance of the
feral mammal reservoir of HEV for interspecies transmission was demonstrated by a
survey in Japan that showed antibody to HEV in populations of deer and wild boar and
the presence of HEV genotype-3 sequences in the boar samples (296). Moreover, a
HEV strain isolated from a wild boar in Japan had a 99.7% sequence homology to
HEV isolated from a wild sika deer in the same forest and also to the strain isolated
from humans who had consumed the sika deer meat and developed symptoms of
hepatitis E (319).

The eating of raw or undercooked meat and viscera may therefore be a major risk
factor for nontravel associated hepatitis E in Japan, and it is this activity, rather than
contact with pigs per se, which may be the route of interspecies HEV transmission.
Evidence implicating the consumption of pork as a risk factor is also emerging from
countries other than Japan. The islands of Lombok and Surabaya are, like most of
Indonesia, predominantly Muslim- populated. An exception is Bali, where the population
is approx 90% of Hindus. Hindus eat pork whereas Muslims do not. The HEV sero-
prevalence amongst apparently healthy subjects was 4.0% in Lombok and 0.5% in
Surabaya but 20% in Bali; in contrast, the infection rates of hepatitis A did not differ
significantly among these three islands (300). Whether for nonhyperendemic regions the
ingestion of inadequately cooked animal products is also a risk factor for hepatitis E
merits further investigation.

3.4. Clinical Characteristics and Pathogenicity
3.4.1. In Humans

In humans the disease is that of an acute, icteric hepatitis. The incubation period
ranges from 2 to 9 wk (average: 6 wk). Following exposure, viral RNA may be detected
in blood and stools about a week before symptoms. Viremia seldom lasts for >2 wk and
is often absent by the time illness becomes manifest. Virus is shed into the feces longer but
generally stops by the time jaundice resolves. Serum liver enzyme levels are elevated
from 4 wk postexposure, usually peaking by about 6 wk and returning to normal by 10 wk.
There is a tendency toward cholestasis during the acute phase of infection. In patients
with severe disease, hepatocytic necrosis can be extensive (320). HEV infection carries
a high risk of mortality when superimposed on existing chronic liver disease, whether
of viral or nonviral origin (321,322).

The mortality rate ranges from 0.5 to 2%. Women infected in the third trimester of
pregnancy are at particular high risk of progressing to fulminant hepatic failure and
death, the mortality rate being as high as 25% (224,231,250,323,324). The mechanisms
behind the high mortality rate in pregnant women are unclear, but it is of note that this
outcome is peculiar to humans and cannot be reproduced in pregnant nonhuman primates
(325) or pregnant sows (326).

Evidence is emerging from Japan of increased morbidity and mortality associated with
autochthonous hepatitis E (242,327,328), but conflicting findings have been reported (244).
The apparent susceptibility of older people to infection may be related to the transmission
route and the high inoculation load introduced in the process of ingesting organ(s) that
carry replicating virus, such load being much higher compared to virus suspended in
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contaminated water. It is also possible that there are significant strain differences to
pathogenicity, though this has yet to be demonstrated.

3.4.2. In Nonhuman Primates

Many experimental studies on the enteric NANB agent and on HEV have been
conducted in primates, including rhesus and cynomolgus macaques, tamarins, African
green monkeys, and chimpanzees (see reviews by Bradley [329], and Purcell and
Emerson [330]). Intravenous inoculations with stool suspensions from infected patients
(oral inoculations were seldom successful) were shown to lead to hepatic damage, the
extent of which varies according to the type of animals used, and also within species
(331). Typically, viremia and fecal shedding appear before liver abnormalities. Whether
fecal shedding originates from virus accumulating in the bile (which can do so to high
concentrations in rhesus monkeys) or whether intestinal viral replication contributes as
well is unresolved. Large challenge doses were required to produce disease.

3.4.3. In Pigs

Although antibodies and virus have been detected in pigs worldwide, no specific disease
has yet been observed in these animals, despite the very high seroprevalences observed
in many developed and developing countries. Most seroconversions occur between 8
and 12 wk of age and may be related to the decline of maternal immunity. Following
experimental infection, seroconversion occurs about 18–20 d postinfection, virus is
excreted in feces for 3–4 wk, and the pigs are viremic for 1–3 wk. In addition to the
liver, HEV may be detected in many other tissues (Table 5); there is evidence that
replication is occurring in these tissues (332,333).

Cross-infection studies have revealed the ability of swine strains to infect nonhuman
primates; there is also little difference in the limited multifocal lymphohistiocytic hepatitis
observed when pigs are infected either with swine strains or with human strains (305,334).
One study of experimentally infected pregnant-gilts (324) showed that vertical transmission
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Table 5
HEV Extra-Hepatic Sites of Infection in Pigs, 
After Banks et al. (269)

Tissue sampled Pig 1 Pig 2

Bone marrow + +
Salivary Gland – +
Mesenteric LN + –
Inguinal LN + NT
Tonsil – –
Kidney + –
Testes NT –
Ileum – NT
Serum + +
Plasma + +
Feces + +
Urine + –

NT, not tested; LN, lymph node.



may be prevented, and HEV-free pigs may be derived by early weaning and segregation
of the piglets and dams. A minority of the infected dams exhibited mild hepatitis and
interstitial nephritis and no effect on the growth rate of the piglets was observed.

3.5. Diagnosis and Detection of HEV

Infection with HEV results in the development of specific antibodies that appear
within 2–4 wk after infection. Diagnosis of hepatitis E in humans and pigs may be made
by demonstrating circulating HEV antibodies by enzyme immunoassay, for which there are
several commercial kits available, using as antigens recombinant capsid protein expressed
in insect cells or Escherichia coli. Acute infection is confirmed by an IgM assay. This
diagnosis may be backed up by RT-PCR testing for viral RNA and subsequent sequencing
for epidemiological purposes. Whole blood, serum, or plasma is a suitable source for
RT-PCR studies, but fecal samples may be preferable because the period of fecal excre-
tion exceeds the period of viremia in both humans and pigs. HEV has just a single
serotype, so HEV capsid antigens derived from viruses of human and swine origin are
expected to be equally efficient for detecting anti-HEV by enzyme immunoassay (301).
Anti-HEV IgG and protection against reinfection may persist for many years following
infection (335), although some reports describe the disappearance of IgG antibodies
within 6 mo following primary infection. In a case report from France of an immuno-
logically silent, autochthonous hepatitis E (271), the HEV RNA was detected by PCR in
serum and stools from a patient with fever and jaundice, and confirmed to be closely
related to other genotype 3 strains identified from the region. Whether this phenomenon
reflects the inability of the patient to mount an antibody response or of the insensitivity
of the assays used to detect antibodies warrants further investigation.

HEV antigens in liver histological sections may be detected by immunochemistry and
in feces by immune electron microscopy, both using convalescent serum as detecting
reagent. Such procedures are not routinely used.

RT-PCR approaches have been developed to detect the presence of the HEV genome
in water samples with (336) and without (337,338) prior concentration, and in sewage
samples (284). HEV RNA is amplifiable from meat from various animals and from pig
liver, blood, and feces (314,317,318). The RT-PCR has also been used in demonstrating
transfusion transmission of HEV both in endemic developing and nonendemic developed
regions (253–256).

3.6. Treatment and Prevention

There are no reports of specific antiviral therapies for the treatment of hepatitis E.
However, the demonstration of the in vitro efficacy of hammerhead ribozymes appears
promising as a therapeutic option. Catalytic RNA motifs present in these ribozymes are
found in a relatively small number of plant and animal genomes and some viruses
(including HEV), and are associated with cellular or viral replication. Inhibition of the
3 -end cis-acting replication regions of the HEV genome by complementary hammer-
head motif RNA can inhibit expression from the region, and hence viral replication, by
up to 60% (339).

Studies conducted in India and China suggest that immunoglobulin intended for
pre-or postexposure prophylaxis against hepatitis E is not efficacious (310,335,340).
Plasma collected from donors in less endemic countries will be even less likely to contain
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sufficient titers of protective antibody. Nonetheless, in an epidemic, immunizing pregnant
women with high-titered anti-HEV immunoglobulin has been advocated (340).

The development of a vaccine against HEV has been hampered by the difficulty to
propagate the virus in vitro, but recent advances in recombinant protein production have
led to the development of subunit vaccines, mostly based on the immunodominant
ORF-2-encoded capsid protein. At least one of these vaccines has proven to be safe and
efficacious in mice and nonhuman primates, and has completed stage III clinical trials in
Nepal (341). DNA vaccines based on ORF-2 delivered by gene gun have also been
shown to elicit protective immunity in macaques (342) and HEV ORF-2-expressing trans-
genic tomatoes are being evaluated as candidate HEV vaccines in China (343). Most
of the HEV DNA vaccines under development are delivered either as a chimera with
immuno-stimulating protein genes or as a cocktail of ORF-2 expression plasmids
plus immuno-stimulating gene expression plasmids (344,345). Table 6 lists some of the
HEV vaccines currently under development.

4. SUMMARY

The incidence of hepatitis A is declining in many countries as standards of living rise.
Most hepatitis A is attributable to contact between HAV-infected and susceptible
persons. Foodborne transmission of hepatitis A is reported infrequently, although some
foodborne transmission probably goes unrecognized. Recognized foodborne hepatitis A
has been associated with shellfish, soft fruits, and salad items. Prevention and control are
dependent on good personal hygiene and production of safe food and drinking water.
Ready access to hand-washing facilities and education in basic hygiene are required for
all persons working with food from the harvesting and packing sites to commercial
caterers and to the home kitchen. Inadequately treated sewage and contaminated water
must be prevented from coming into contact with food crops. Where there is a danger
that foods such as shellfish may be contaminated, regulations for treatment to ensure a
safe product for the consumer would need to be strictly enforced.

Waterborne hepatitis E continues to be a major cause of epidemic and sporadic
hepatitis in sanitation-poor countries. In developed countries, hepatitis E tends to be
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Table 6
Candidate Hepatitis E Vaccines

HEV vaccines

(1) Subunit
Recombinant ORF2 prokaryotic/E. coli
Recombinant ORF2 eukaryotic/baculovirus
Recombinant ORF2 eukaryotic/genetically modified tomato

(2) DNA
Chimeric vaccine of ORF-2 & CTLA4
ORF-2 DNA with IL2 and GM-CSF expression plasmids + recombinant
ORF-2 protein booster

(3) Ribozymes

VLP, virus-like particles; CTLA4, cytotoxic T-lymphocyte antigen-4; GM-CSF, granulocyte macrophage
colony-stimulating factor.



imported, but shellfish consumption has been implicated. Recent reports from Japan
suggest that the disease can be acquired from eating raw or inadequately cooked pig
liver, pork, venison and boar meat. A more proactive approach to diagnosis involving
routine HEV testing of nontravel-associated non-A, non-B and non-C hepatitis cases is
recommended to determine the true extent of autochthonous hepatitis E. In particular, its
relationship with the consumption of inadequately cooked animal produce needs to be
ascertained. Comprehensive preventative measures against foodborne hepatitis E can
only be implemented when the routes of HEV transmission from swine (and other animals)
to humans have been precisely defined.
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8
Gastroenteric Viruses

Miren Iturriza-Gómara, Chris I. Gallimore, and Jim Gray

1. INTRODUCTION

In recent years, viruses have been recognized increasingly as an important cause of
foodborne infections. More than 160 enteric viruses are excreted in the feces of infected
individuals, and some may also be present in the vomitus. Food and water are directly con-
taminated with fecal material, through the use of sewage sludge in agriculture, sewage
pollution of shellfish culture beds, or may be contaminated by infected food-handlers.

Several groups of viruses cause gastroenteritis. The most common etiological agents are
rotaviruses (RVs), human caliciviruses, which include noroviruses (NVs) and sapoviruses
(SVs), astroviruses (ASVs), and enteric adenoviruses (ADVs, types 40 and 41).

Among the human caliciviruses, NVs are a leading cause of acute viral gastroenteritis
worldwide and are responsible for sporadic cases and outbreaks of gastroenteritis affecting
all age groups. Outbreaks in semiclosed environments such as hospitals, cruise ships,
and homes of elderly persons (1,2) are frequent. As with all enteric viruses, transmission
is predominantly person-to-person, but transmission via contaminated food, water, or the
environment has often been demonstrated.

RVs are the most common cause of endemic acute infantile gastroenteritis. Mostly in
the developing world, they are responsible for approx 600,000–800,000 deaths every
year in children aged below 5 yr (3,4), and in developed countries they remain the most
common cause of pediatric hospitalization in children aged below 2 yr (4). Outbreaks
involving other age groups, in particular the elderly, are frequent in semiclose environ-
ments such as hospitals and nursing homes. Sporadic cases in young adults are usually
resulting from the contact with infected children. Foodborne transmission has been
implicated in rotavirus outbreaks (5).

SVs, ASVs, and ADVs are mostly associated with sporadic cases of gastroenteritis in
children aged below 5 yr. Outbreaks of gastroenteritis associated with these viruses can
also occur in nurseries, schools, and pediatric hospital wards, and occasionally may
involve adults in residential and nursing homes. Foodborne transmission has not been
well documented for these viruses.

Viruses such as coronaviruses (CoVs) and toroviruses (ToVs) have been described
but their role in acute gastroenteritis is not fully understood (6–9). The severe acute
respiratory syndrome (SARS)-CoV was also associated with enteric symptoms and is
excreted in the feces of infected patients (10). Picobirnaviruses and Aichi viruses have
been found in the feces of individuals with gastroenteritis (11–16), but their significance
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as causative agents of gastroenteritis in humans and their role in foodborne diseases
remain unclear.

Other enteric viruses, not associated with gastroenteritis, such as hepatitis A virus,
hepatitis E virus, and enteroviruses, including polioviruses are excreted in the feces of
infected individuals and are also transmitted via contaminated food and water.

2. CLASSIFICATION AND IDENTIFICATION

2.1. Human Caliciviruses

Human caliciviruses, noroviruses (NV; formerly known as Norwalk-like or small round-
structured viruses), and sapoviruses (SV; formerly known as Sapporo-like viruses) are
members of the Caliciviridae family, which are nonenveloped viruses with a genome of
positive-sense ssRNA. NVs and SVs can be distinguished morphologically and this
allowed the first classification scheme for these viruses (17). Both are approx 30–35 nm
in diameter, but NVs have an amorphous structure with a ragged outer edge, and the
SVs or “classical” caliciviruses display the characteristic cup-shaped structures from
which the Caliciviridae family derives their name (calix = cup in latin).

NVs are currently classified into two and possibly three genogroups: GI, GII
and GIII, based on the sequence diversity within the capsid (18). Within GI, seven
genotypes have been identified to date, including GI-1 (Norwalk/1968/US; accession
number M87661), which is the prototype strain for the NV genus. Eight different
genotypes have been identified to date within GII, and a single genotype constitutes
GIII (Table 1) (19,20–21).

Among SVs, three genogroups have been proposed (22–24); genogroup 1 is represented
by the Sapporo/1982/JP strain (accession number U65427), genogroup 2 by the London/
1992/UK (accession number U95645) strain, and genogroup 3 by the Houston/1990/US
strain (accession number U95644).

2.2. Rotaviruses

RVs are members of the Reoviridae family, and are nonenveloped triple-layered
viruses, which possess a segmented genome consisting of 11 dsRNA segments. By EM,
particles are approx 75 nm in diameter with a wheel-like structure from which they
derive their name.

RVs are classified into groups A–E based on the antigenic differences of the viral
middle layer (25). Group A RVs are the most common cause of human gastroenteritis,
but groups B and C RVs also infect humans. Group A RVs are further classified into
subgroups (SG) based on the immunological reactivities of the middle layer protein
VP6, and into G and P types according to the diversity of the outer layer proteins VP7
(Glycoprotein) and VP4 (Protease-sensitive protein), respectively (25). Four different
SGs (I, II, I+II and nonI/nonII), 14 or 15 G types (G1–G15) and 20 P types (P[1]–P[20])
have been identified to date among Group A RVs (25).

2.3. Astroviruses

ASVs are members of the Astroviridae family. They are nonenveloped viruses with a
genome of positive-sense ssRNA. By EM, they appear as spherical particles of 35–40 nm
in diameter with the characteristic 5–6 pointed Star of David configuration which gives
these viruses their name.
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ASVs are classified into eight serotypes (26) based on the serological tests using
type-specific antibodies. Phylogenetic analysis of sequences from a region of the ORF2
has shown that genotypes correlate serotypes (27).

2.4. Adenoviruses

Human ADVs are members of the Adenoviridae family. They are nonenveloped
icosahedral particles of 80 nm in diameter and possess a genome of dsDNA. ADVs are
classified into six different subgroups or species (A–F) and within these subdivided into
51 distinct serotypes according to immunological, biochemical, and biological differences
(28). Among these, ADVs of subgroup F, serotypes 40 and 41 have been associated with
gastroenteritis, and these are termed enteric or fastidious ADVs (29,30).

2.5. Toroviruses, Coronaviruses, Picobirnaviruses, Aichi Viruses, 
and Small Round Viruses

CoVs and ToVs are two genus within the Coronaviridae family. CoVs are enveloped
particles of 120–160 nm in diameter with an internal icosahedral core of approx 65 nm
in diameter and a helical nucleocapsid. They have large surface projections with stem
and globular portions which give them their characteristic appearance from which their
name derives (corona is the latin word for crown) (28).
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Table 1
Classification of Noroviruses

Genogroup Genotype Reference virus Examples

I 1 Norwalk/1968/US KY/89/JP
2 Southampton/1991/UK White Rose, Crawley
3 Desert Shield 395/1990/SA Birmingham 291, Potsdam
4 Chiba 407/1987/JP Thistle Hall, Valetta, Malta
5 Musgrove/1989/UK Butlins
6 Hesse 3/1997/GE Sindlesham, Mikkeli, Lord Harris
7 Winchester/1994/UK Lwymontley

II 1 Hawaii/1971/US Wortley, Girlington, Port Canaveral 1994,
Richmond 1994, Westover 1994,
Honolulu 1994, Miami 1986,
Stepping Hill, Pfaffenhofen

2 Melksham/1994/UK Snow Mountain, Melksham
3 Toronto 24/1991/CA Mexico, Auckland, Rotterdam,

New Orleans 279
4 Bristol/1993/UK Lordsdale, Camberwell, Pilgrim,

SymGreen, Grimsby, Burwash Landing
1995, Miami Beach 1995, Withybush

5 Hillingdon/1990/UK White River, Welterhof, New Orleans 1994
6 Seacroft/1990/UK Florida 1993, Baltimore 1993
7 Leeds/1990/UK Gwynedd, Venlo, Creche, Bridlington,

HCALV
8 Amsterdam/1998/NL

III 1 Alphatron/1998/NL Fort Lauderdale, Saint Cloud

Modified from ref. 21



CoVs are classified into three genogroups, of which genogroups 1 and 2 have human
CoVs representatives (229E in genogroup 1 and OC43 in genogroup 2), and the SARS
CoVs which initially appeared not to belong to any of the three known genotypes may
possibly be classified within genogroup 2 (31).

ToVs differ morphologically from CoVs in that their nucleocapsid has a tubular appear-
ance and the particles may be disk-, kidney-, or rod-like shaped. ToVs are grouped in a
single genogroup, which contains bovine, equine, porcine, and human viruses (27).

Picobirnaviruses are a new genus of the Birnaviridae family (28). These are nonen-
veloped round viruses of 24–41 nm diameter with a bi-segmented dsRNA genome.
Picobirnaviruses have been found in human and animal feces (12–15).

Aichi virus is a member of the Picornaviridae family, recently included in a separate
genus, kobuvirus, which also includes a bovine virus (32,33). They are small nonenveloped
viruses of 22–30 nm diameter with a genome of positive-sense ssRNA.

Small round viruses or parvo-like virus particles found in human feces (34,35) are
DNA viruses of approx 22 nm diameter.

3. DIAGNOSIS

Although EM has traditionally been used for the detection of enteric viruses in the
feces of infected individuals, this is a labor-intensive and relatively insensitive method,
as detection requires approx 106/g virus particles in feces. This is a problem particularly
for the detection of caliciviruses (Table 2). Immune EM, which increases sensitivity and
allows virus characterization when type-specific antibodies are used, has also been used
for the detection of enteric viruses. Serological methods have been developed for the
detection of some of these viruses. Enzyme immunosorbent assays (EIA) and passive
particle agglutination tests (PPAT), some of which are available commercially, provide
sensitivity comparable to, or better than, EM for the detection of RVs, NVs, ASVs, and
ADVs. More recently, molecular methods, reverse-transcription polymerase chain reaction
(RT-PCR), PCR, or nucleic acid-based sequence amplification (NASBA) assays have
been developed for the detection of enteric viruses. These methods provide improved
sensitivity for the detection of all enteric viruses, but have had a major impact on the
detection of human caliciviruses (Table 3). Viruses do not replicate in food or water, and
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Table 2
Quantity of Virus Excreted in Feces at the Peak of Infection 
and the Probability of Detection by EM

Viruses Quantity in feces (per g) Probability of detection

Rotaviruses 108–12 ++++
Group A

Rotaviruses 105–7 +++
Group C

Noroviruses 107–8 +/
Sapoviruses 107–8 +/
Astroviruses 107–8 +
Adenoviruses 107–10 ++
Enteroviruses <106



the concentration of virus particles in contaminated products is likely to be very small
and not distributed homogeneously throughout the foodstuff. Testing for the presence of
viruses in food, water, or environmental samples has only been possible since the develop-
ment of very sensitive molecular methods, which include virus elution from the foodstuff,
followed by concentration (36) efficient nucleic acid extraction methods for the removal
of inhibitors of amplification.

One frequent source of foodborne enteric virus infections is shellfish. The development
of a method for dissecting the stomach and digestive diverticula of shellfish (37) followed
by nucleic acid extraction and DNA amplification-based methods (37–41) allows reliable
and sensitive detection of enteric viruses in contaminated shellfish.

3.1. Human Caliciviruses

EM has been used for first-line diagnosis of NVs and SVs in clinical samples (17,42,
43), however in recent years, EM has been replaced in many laboratories with in-house
or commercial EIAs for the detection of NVs (44–46). Molecular diagnosis using nucleic-
acid extraction and RT-PCR assays has been introduced into many laboratories for the
detection of NVs and SVs (23,47–51). With the development of sensitive nested PCR
assays, detection of NVs contamination of foodstuffs has recently been feasible. In parti-
cular the detection of NVs in oysters and other shellfish has been widely reported
(40,52–57). Some foods, including raspberries, are contaminated with NVs (58). The
detection of NVs in other foodstuffs is still in its developmental stage although a few
studies have been undertaken (59–61).

3.2. Rotaviruses

Because the number of RVs particles that are excreted at the peak of infection may
be as high as 1012/g in feces, diagnosis can be made using EM. EM will not however
distinguish between RVs of different groups, and for this immune EM can be used.
Most laboratories use EIA or PPAT, which use broadly reacting capture antibodies
directed against epitopes of Group A RV VP6, for the routine diagnosis of RV infections.
Commercially available assays have a sensitivity for detection comparable to EM, but
are more prone to nonspecific reactions (reviewed in ref. [62]). The use of RT-PCR
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Table 3
Detection of Enteric Viruses By EM Compared With PCR/RT-PCR

Number detected Number detected Percent change
Virus by EM Percent by PCR/RT-PCRa (PCR-EM/EM) × 100

Rotavirus 70 25.8 86 +22.9
Norovirus 6 2.2 46 +666.7
Adenovirus 12 4.4 40 +233.4
Sapovirus 1b 0.4 8 +700
Astrovirus 3 1.1 7 +133.3
Virus detected 92 33.9 187 +103.3
No virus detected 179 66.1 111 38.0
Total 271 100.0 298

aIncludes detection of dual and triple infections. EM detected one dual infection (rotavirus and adenovirus).
bAppearance of “classical calicivirus.”
From ref. 64



for the detection and characterization of RVs provides increased sensitivity and specificity
(62–64). Molecular methods for the detection of RVs are not routinely used in diagnos-
tic laboratories, but their increased sensitivity make them useful for detecting low viral
loads in asymptomatic infections, virus in samples that have been collected late after the
onset of symptoms, or virus in environmental or food and water samples (40,65–68).

3.3. Astroviruses

ASVs were first detected by EM (69,70). Initially, characterization of ASVs was carried
out by immune EM, but the development of EIA and RT-PCR assays for the detection
and typing of ASV has made the detection of ASV available to diagnostic laboratories (27,
71–73). In addition to increased sensitivity, the RT-PCR, used in conjunction with DNA
sequencing, provides genotyping data which are vital for molecular epidemiological
studies, and could be used for outbreak tracking, whether foodborne or otherwise.

3.4. Enteric Adenoviruses

ADVs were first identified by EM in the feces of children with gastroenteritis (74).
These viruses induced typical cytopathic effects in cell culture, but could not be passaged
or typed (75), for this reason, these viruses were designated fastidious ADVs. Later,
the cell line 293 was shown to support the propagation of enteric ADVs, and permitted the
development of neutralization assays (76). This method is, however, time consuming and
relatively insensitive, and most diagnostic laboratories have a number of rapid serological
tests available (immunofluorescence, EIA, and PPAT assays) many with a sensitivity of
detection comparable to EM (reviewed in [77]). In recent years, broadly reactive PCR
methods have been developed for detecting ADVs, and in conjunction with restriction
endonuclease analysis provide a sensitive tool for ADV characterization (78). PCRs which
use primers specific to a region of the genome (the long-fiber gene), highly conserved
between ADV 40 and 41 but significantly divergent between these and other human
ADVs have also been developed for the specific detection of enteric ADVs (79).

3.5. Aichi Virus

EM is inappropriate for the detection and identification of these viruses in clinical
samples. Aichi viruses cannot be differentiated from other enteroviruses excreted in feces.
An enzyme-linked immunosorbent assay was developed for the detection of antibody
responses to Aichi virus infection and RT-PCR assays have also been developed to detect
the RNA genome of the virus in fecal and oyster samples (80,81).

3.6. Toroviruses, Coronaviruses, Picobirnaviruses, and Small Round Viruses

Many novel gastroenteric viruses in humans were first discovered by EM including
ToVs (82,83), CoVs (6), and small round viruses (34). The picobirnaviruses were first
detected using polyacrylamide gel electrophoresis (PAGE) of RNA derived from rat and
human feces (15,84). Molecular methods for the detection of these viruses have been
developed (85,86), although further studies are required.

4. RESERVOIRS

Humans are the principal reservoir of many of the enteric viruses, and person-to-
person spread is the major route of transmission. The members of many virus families
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infect animal species (Table 4), although zoonotic transmission is rare (87) with the
exception of RVs (88). Evidence of interspecies transmission of RVs has been obtained
through comparative analysis of the genes derived from RV isolates from humans or
animals either by whole-genome hybridization methods (89) or by gene sequencing and
phylogenetic analysis (reviewed in ref. [90]), and many RV genotypes are shared
among different species (Table 5).

The recent SARS epidemic is thought to have originated through transmission of the
SARS CoV from an animal reservoir (91), highlighting the potential for CoVs to cross
the species barrier.

The lack of evidence for other viruses crossing the species barrier and of recombination/
reassortment between animal and human pathogens needs to be addressed. Concomitant
studies of disease in humans and animals in the same geographical locations are required.

5. FOODBORNE OUTBREAKS

Foods that are consumed raw or minimally processed, such as fruit, vegetables, and
shellfish, are typically implicated as vehicles for the transmission of enteric viruses.
However, a wide variety of foods have been implicated in foodborne viral gastroenteritis
outbreaks (Table 6).

Enteric viruses can be present in foodstuffs through direct contamination with
untreated sewage-sludge used in agriculture or sewage polluting shellfish culture beds.
Food can also become contaminated during processing either by the use of polluted
water in the preparation process or by infected food-handlers. Food-handlers have been
shown to contaminate food during presymptomatic, symptomatic, and postsymptomatic
infections (92–96).
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Table 4
Enteric Virus Families and Genera That Infect Humans and Also Other Animal Species

Evidence for zoonotic
Virus family Genus Animal host species transmission

Caliciviridae Norovirus Bovine, porcine No
Sapovirus None

Reoviridae Rotavirus A Avian, bovine, canine, equine, Yes
feline, lapine, murine, ovine,
porcine, simian

Rotavirus B Bovine, porcine No
Rotavirus C Bovine, porcine No

Adenoviridae Adenovirus Bovine, canine, equine, murine, No
ovine, porcine

Astroviridae Astrovirus Bovine, duck, feline, ovine, No
porcine, turkey

Coronaviridae Coronavirus Bovine, canine, feline, murine, Yes
porcine, turkey

Torovirus Bovine, equine, porcine No
Picornaviridae Kobuvirus Bovine No
Birnaviridae Bovine, lapine, rat No



The majority of food- or waterborne outbreaks in which a virus is identified are caused
by NVs (58,97–107). RVs, and possibly ASVs, have also been implicated in food- or
waterborne outbreaks (5,105,106), but much less frequently. Aichi virus was first isolated
in 1989 in BS-C1 cells from patients in outbreaks of oyster-associated gastroenteritis,
in Japan (16). Later studies have also showed a link between oyster-associated gastro-
enteritis and the acquisition of Aichi virus-specific antibodies in some patients (110).

SVs and ADVs have yet to be confirmed as the cause of any food- or waterborne gastro-
enteritis outbreaks. Recently, outbreaks suspected of being foodborne have been detected
among passengers on cruise ships. Multiple enteric viruses, SVs, ADVs, NVs, and RVs
were detected in symptomatic patients suggesting the ingestion of fecally contaminated
food or water (unpublished data).

6. PATHOGENICITY

Gastroenteritis viruses infect mainly the epithelial cells of the proximal part of the
small intestine. The intestinal lumen is lined with a layer of polarized epithelial cells
(enterocytes), which cover the villi and crypts. The enterocytes lining the villi are non-
dividing absorptive cells, and those lining the crypts are undifferentiated proliferative
cells that differentiate in order to renew the absorptive enterocytes of the villi. Some
enteric viruses, RVs, ADVs, and ASVs infect the mature enterocytes exclusively, CoVs
and ToVs infect the crypt and basal villus enterocytes, and enteric parvoviruses infect
the crypt cells in the animal models (reviewed in [109]).

Viral diarrhea is caused by several factors:

• Primary malabsorption that originates from decreased absorption due to mature enterocyte
cell death, which results in shortening of the villi, and also induces loss of enzymes leading
to the accumulation of undigested carbohydrates and proteins.

• Reactive crypt hyperplasia which leads to increased secretion into the intestinal lumen.
• Decreased intestinal motility induced by the autonomous central nervous system.

In RV diarrhea, the symptoms precede the appearance of any histological changes
(112). This suggested that, in RV infection at least, other mechanisms in addition to the
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Table 5
Rotavirus Genotypes Found in Human and Commonly Found 
in Other Animal Species

Genotype found in humans Other host animal species

G3 Cats, dogs, monkeys, goats
G5 Pigs, horses
G6 Calves
G8 Calves
G9 Lams
G10 Calves
P[6] Pigs
P[9] Cats
P[11] Calves, horses
P[14] Pigs
P[19] Pigs

Modified from ref. 97



ones described above must exist. One of the RV nonstructural proteins (NSP4), and a short
peptide derived from it (aa 114–135) were shown to induce diarrhea in a dose-dependent
manner in the neonatal mouse model (113). NSP4 is the first identified viral entero-
toxin, which has the capacity to mobilize intracellular calcium and increase the cellular
membrane chloride permeability (114,115), and NSP4 is also secreted from the infected
enterocytes in early infection (116). Recently, it has been observed that RV evokes intes-
tinal fluid and electrolyte secretion by activation of the enteric nervous system (117).

7. CLINICAL CHARACTERISTICS

7.1. Caliciviruses

The incubation period for NVs is 24–48 h, and the mean duration of illness is 12–60 h.
The clinical manifestations of NV are characterized by nausea, projectile vomiting,
diarrhea, and abdominal cramps. Fever, chills, and lethargy can also occur (29). Vomiting
is usually more common in children, and diarrhea is the main symptom in adults (118,119).

Gastroenteric Viruses 223

Table 6
Foods Implicated in the Transmission of Gastroentetritis (Additional
Data Obtained From http://www.cdc.gov/foodborneoutbreaks/)

Food category Product Virus identified

Vegetables Green salad NV, RV
Green beans NV
Brocoli NV

Dairy Ice cream NV
Cheese NV
Cream NV

Meat Chicken NV
Beef NV
Hamburger NV

Fish Oystera NV, RV
Shrimp NV

Confectionary Cheesecake NV
Lemonade NV
Slush drink NV

Bakery products Sandwich NV, RV
Donought NV

Fruit Berries NV
Melon NV
Pinaple NV
Grapes NV
Grapefruit NV

Other Eggs NV
Pasta NV
Rice NV
Pizza NV

aMultiple NV genotypes have often been associated with outbreaks following the con-
sumption of oysters.



The incubation period for SVs is 24–36 h, with illness lasting for 1–4 d. Symptoms
include diarrhea (95% cases) and vomiting (60%), as well as fever and abdominal pain
(120).

7.2. Rotaviruses

The incubation period is usually 2 d, with the illness lasting for an average of 3–8 d (29).
Vomiting and watery diarrhea are the predominant symptoms, and fever and abdominal
pain are also frequent. Extraintestinal spread of RVs has also been reported on numerous
occasions, and may be associated to neurological disease (121,122).

7.3. Astroviruses

The incubation period is between 24 and 36 h, with illness lasting for 1–4 d. Symptoms
include vomiting, diarrhea, fever, and abdominal pain (29).

7.4. Enteric Adenoviruses

The incubation period can vary between 3 and 10 d, with illness often lasting for more
than 1 wk. Diarhea is more prominent than vomiting or fever (29).

7.5. Aichi Virus

With Aichi virus gastroenteritis, diarrhea has been demonstrated in 58% of patients,
and others include abdominal pain (92%), vomiting (71%), and fever (58%) (81). However,
these viruses have not been identified as a cause of gastroenteritis outside Japan, and
their importance and spread remain unclear.

8. CHOICE OF TREATMENT

Viral gastroenteritis is usually self-limiting and its symptoms resolve without significant
sequelae. In the cases of prolonged diarrhea, especially in infantile RV gastroenteritis,
rehydration therapy with oral rehydration salt (ORS) solution (WHO formula;
http://www.who.int/medicines/organization/par/edl/expcom13/ors.doc) or in severe cases,
intravenous rehydration is indicated.

9. SUMMARY AND CONCLUSIONS

Enteric viruses are transmitted mainly from person-to-person. However, as these
viruses are excreted in the feces of infected individuals, food and water can become
contaminated with fecal material directly (sewage pollution) or indirectly by infected
food-handlers.

The transmission of foodborne enteric virus infection by food-handlers can be prevented
through the instigation of good hygiene practices. Symptomatic food-handlers should
remain away from work for 48 h after the last episode of vomiting or diarrhea and
should not prepare food for others during this period.

Procedures should be in place to address an incident of vomiting in the workplace.
Exposed food and food that has been handled by an infected person should be destroyed.
All contaminated areas, including vertical surfaces, must be thoroughly cleaned and
attention to hand-washing procedures should be emphasized.

The extent of foodborne infection is not fully known (123,124), a study conducted in
Sweden estimated the annual incidence of foodborne illness at 38–79 per 1000 inhabitants
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(125). More alarming estimates from the United States attribute 76 million illnesses,
325,000 hospitalizations, and 5000 deaths to foodborne infections (126). Mead et al.
estimate that 34% of the hospitalizations attributable to foodborne transmission have a
viral etiology.

To date, most foodborne viral gastroenteritis outbreaks have been associated with
NV infections. However, it is likely that the other enteric viruses will also be trans-
mitted via contaminated food and water with similar frequencies. A study assessing
viral contamination of several shellfish beds in France that lasted more than 3 yr
detected ASV in 17% of the samples, NV in 23%, enterovirus in 19%, and RV in 27%
(40). Similarly, in another study ADV contaminated shellfish was found in 47% of the
samples tested and included sampling in areas considered unpolluted according to
current methods for the determination of microbiological quality based on coliform
counts (127).

There may be several confounding factors that affect the detection of foodborne viral
gastroenteritis. They include:

• Many laboratories will only investigate for the presence of NVs in suspected foodborne
outbreaks.

• NVs are an extremely diverse group of viruses (128), and although several broadly reactive
NV-specific assays are available, there is no single test that will detect all NVs with the
same efficiency. Also, geographical differences detected among NV genotypes have been
observed (unpublished data). Contaminated foodstuffs can be sourced from all over the world,
and it is possible that the methods available in any one country, although being suitable
for the locally endemic strains, may not be efficient for the detection of variants from other
geographical regions.

• Immunity to NV is short-lived (~6 mo) and the number of individuals susceptible to sympto-
matic illness is constantly high. However, other enteric viruses (RV, ADV, and ASV)
induce long-lasting immunity, which does not prevent reinfections but protects most adults
from illness. Therefore, identifying a foodborne outbreaks caused by RV or ADV may be
difficult as most people will not show symptoms or these will be very mild, and may not
even give rise to the suspicion of a foodborne outbreak.

It is clear that further work is required in order to properly estimate the burden of food-
and waterborne viral diseases. The advent of molecular methods of exquisite sensitivity
provides the tools for the examination of food and water and may provide data on the
zoonotic transmission of animal viruses into the human population via the food chain.
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Cryptosporidium

Huw V. Smith and Rosely A. B. Nichols

Abstract
Seven species of the intracellular, protozoan parasite, Cryptosporidium, cause diarrhea in

humans. Cryptosporidium completes its life cycle in individual hosts, and its infectious dose is
small (ID50 = 9–1042 oocysts). Its virulence and pathogenicity are poorly understood. The drug of
choice for immunocompetent individuals is nitazoxanide and modifications of treatment regimens
may also increase its usefulness for immunocompromised individuals. Immune reconstitution
using highly active antiretroviral therapy and secondary prophylaxis should be considered in HIV-
infected individuals. Transmission to humans can occur via any mechanism by which material
contaminated with feces containing infectious oocysts from infected human beings or non-human
hosts can be swallowed by a susceptible host. Biotic reservoirs include all potential hosts of
human-infectious Cryptosporidium species, while abiotic reservoirs include all vehicles that con-
tain sufficient infectious oocysts to cause human infection, the most commonly recognized being
food and water.

Both foodborne and waterborne outbreaks have been documented. In three out of the six foodborne
outbreaks documented, contaminated foodstuffs were implicated as the vehicles of transmission, but
in another two, foodhandlers, rather than indigenous contamination of foodstuff, were implicated in
disease transmission. Increased global sourcing and rapid transport of soft fruit, salad vegetables, and
seafood can enhance both the likelihood of oocyst contamination and oocyst survival. Standardized
methods for detecting oocysts on foods must be maximized as there is no method to augment parasite
numbers prior to detection. Oocyst contamination of food can be on the surface of, or in, the food
matrix and products at greatest risk of transmitting infection include those that receive no, or mini-
mal, heat treatment after they become contaminated. Heating at 64.2°C for 2 min and exposure to
UV light ablates Cryptosporidium parvum infectivity for neonatal mice, while drying/desiccation for
4 h or exposure to 0.03% H2O2 for 2 h ablates oocyst viability. Disinfectants and other treatment
processes used in the food industry may be detrimental to oocyst survival or lethal, but further
research in this important area is required.

Key Words: Cryptosporidium; oocysts; occurrence; detection; outbreaks; foodborne; environment.

1. CLASSIFICATION AND IDENTIFICATION

1.1. Classification
1.1.1. Historical

In 1907, Tyzzer described organisms found in the gastric crypts of an experimental
laboratory mouse, which he named Cryptosporidium muris (1). In 1910, he described
many stages of the C. muris life cycle and in 1912, he described much of the morphology
and life cycle of a second species of Cryptosporidium found in the small intestine of
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laboratory mice, which had smaller sized oocysts, and which he named Cryptosporidium
parvum (2). In 1955, Cryptosporidium was recognized as a cause of morbidity and
mortality in young turkeys (C. meleagridis) and as a cause of scouring in calves in 1971,
but it was not until 1976 that the first two human cases of cryptosporidiosis were
described.

Cryptosporidium is a member of the phylum Apicomplexa, class Sporozoasida,
subclass Coccidiasina, order Eucoccidiorida, suborder Eimeriorina, and family Cryptos-
poridiidae. The genus name describes the transmissive stage (the oocyst), which contains
four sporozoites that are not contained within sporocysts (naked), hence the name
Cryptosporidium, derived from the Greek and meaning hidden spores (sporocysts). The
genus Cryptosporidium belongs to the family Cryptosporidiidae (3) from which it adopts
its characters. The characters of the family Cryptosporidiidae are as follows: “develop-
ment just under the surface membrane of the host cell or within its striated border and
not in the cell proper. Oocysts and meronts with a knob-like attachment organelle at
some point on their surface. Oocysts without sporocysts, with four naked sporozoites.
Monoxenous. Microgametes without flagella” (4).

Cryptosporidium is often described as a “coccidian” parasite. Coccidia are protozoan
parasites that develop in the gastrointestinal tract of vertebrates through all or part of
their life cycle. All coccidia produce meronts, gamonts, and sporonts in their life cycles
and some coccidia have developmental stages in tissues other than the intestinal tract
(these are known as the tissue cyst-forming coccidia and include the genus Toxoplasma).
Organisms of the genus Cryptosporidium make up the order Eucoccidiorida with four
other genera: Cyclospora, Isospora, Sarcocystis, and Toxoplasma, all of which cause
disease in humans. The genera Cryptosporidium and Sarcocystis differ from other coccidia
whose oocysts require a period of maturation (sporulation) outside the host to become
infectious for the next host. Cryptosporidium oocysts are fully sporulated and infectious
for other susceptible hosts when excreted.

Three sets of data suggest that Cryptosporidium differs significantly from other coccidia
and probably constitutes an early emerging branch of the Apicomplexa.

(a) Recent phylogenetic analysis based on sequences of the 18S ribosomal RNA (rRNA) gene
casts doubt on the affinity of the genus Cryptosporidium to other taxa within the coccidia
(5,6). Carreno et al. (5) constructed a phylogenetic tree with C. parvum and three genera of
Gregarina and showed the gregarines forming a monophyletic clade, that is, a sister group
of Cryptosporidium. To reevaluate the phylogenetic position of Cryptosporidium, Zhu et al.
(6) constructed phylogenetic trees using distance-based neighbor-joining, maximum-parsi-
mony, and maximum-likelihood as well as Slow—Fast analyses of both the small subunit
(SSU) and the fused large subunit (LSU)/SSU RNA genes and six other  protein genes ( -
tubulin, -tubulin, elongation factor 1- , heat shock protein (hsp) 70, cyclin-dependent pro-
tein kinase, and dihydrofolate reductase (dhfr)-thymidylate synthase) avoiding the possible
bias of single gene analysis. Using SSU and fused LSU/ SSU rRNA data, the authors (6)
concluded that Cryptosporidium belongs to the phylum Apicomplexa, but does not form a
monophyletic clade with any of the Eucoccidia, supporting a hypothesis that the genus
Cryptosporidium constitutes an early emerging branch of the Apicomplexa. These analyses
are in agreement with new observations on the Cryptosporidium life cycle (7).

(b) Hijawi et al. (7) reported the presence of gregarine-like life forms in two Cryptosporidium
species (C. parvum and C. andersoni). The gregarine-like life forms were observed both
in vivo and in vitro (see Section 1.1.2), which points towards the need for reevaluating the
phylogenetic position of Cryptosporidium and elucidating its evolutionary path.
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Table 1
Differences Between Some Species Within the Genus Cryptosporidium

Dimensions of
Species oocysts ( m) Site of infection Major hosts

C. hominis 4.5 × 5.5 Small intestine Humans
C. parvum 4.5 × 5.5 Small intestine Cattle, livestock,

humans
C. muris 5.6 × 7.4 Stomach Rodents
C. suis (4.9–4.4 × 4.0–4.3) Small and large Pigs

intestine
C. felis 4.5 × 5.0 Small intestine Cats
C. canis 4.71 × 4.95 Small intestine Dogs
C. meleagridis 4.5–4.0 × 4.6–5.2 Small intestine Turkey, humans
C. wrairi 4.9–5.0 × 4.8–5.6 Small intestine Guinea pigs
C. bovis 4.7–5.3 × 4.2–4.8 Small intestine Cattle
C. andersoni 5.5 × 7.4 Abomasum Cattle, bactrian camel
C. baileyi 4.6 × 6.2 Bursa Poultry
C. galli 8.25 × 6.3 Proventriculus Finches, chicken
C. serpentis 5.6–6.6 × 4.8–5.6 Stomach Lizards, snakes
C. saurophilum 4.2–5.2 × 4.4–5.6 Stomach and small Lizards

intestine
C. scophthalmi 3.7–5.0 × 3.0–4.7 Intestine (and Fish

stomach)
C. molnari 4.7 × 4.5 Stomach (and Fish

intestine)

(c) Database mining of both the Cryptosporidium genome sequence database (CryptoDB) (8,9)
and a comparative apicomplexan database (10) reveals the differences between Crypto-
sporidium and other apicomplexans, including the lack of an apicoplast, reliance on adenosine
salvage through the adenosine kinase pathway, the lack of identifiable genes-encoding
enzymes for pyrimidine de novo synthesis, the possible lateral transfer of some genes from
a proteobacterium and the presence of unique Cryptosporidium oocyst wall protein (COWP)
and thrombospondin-related anonymous protein genes encoding for oocyst wall constituents
and locomotory, and invasion proteins, respectively (10).

Host species, site of development, and oocyst morphometry (size and shape) have
been used to determine Cryptosporidium species (Table 1). Of late, molecular
methods for species identity have also been described and should be used in conjunction
with more conventional biological parameters. Oocysts of various Cryptosporidium
species vary in shape and size (Table 1) although overlap in size can occur, and for
the majority of known species, oocyst morphometry cannot be used to ascribe
Cryptosporidium species.

On the basis of the animal hosts from which they were isolated, more than 20 “species”
of Cryptosporidium have been described; however, host specificity as a criterion for
speciation appears to be ill-founded as some species lack such specificity. Species
definition and identification of this genus are constantly changing, with the addition of
“new” species based primarily on molecular criteria and host species.



1.1.2. Current Classification

Current classification is based on a variety of parameters, including host preference
and cross-transmissibility, morphological differences, sites of infection, etc., and molecular
taxonomic methods. There are 16 ‘valid’ Cryptosporidium species, namely: C. hominis
found primarily in humans (previously known as C. parvum Type 1), C. parvum, found
in humans and other mammals (previously known as C. parvum Type 2), C. andersoni
and C. bovis in cattle, C. canis in dogs, C. muris in mice, C. felis in cats, C. suis in
pigs, C. wrairi in guinea-pigs, C. meleagridis in turkeys and human beings, C. baileyi
in chickens, C. galli in finches and chicken, C. saurophilum in lizards, C. serpentis in
snakes and lizards, and C. molnari and C. scophthalmi in fish.

Caution should be noted given the debate surrounding the choice of both “host
preference” and “host specificity” as criteria for speciation. Some hosts may be more
permissive than others based on the expression of immune response and other back-
ground genes, age, immunocompetence, concomitant infection/disease, etc. For example,
C. parvum (senso stricto) readily infects a variety of neonatal mouse  genotypes, which
have been used to good effect as in vivo surrogates, yet, at best, generates low-grade
infections on their adult counterparts. The low abundance of a surface expressed, ileal
enterocyte antigen (p57) has been suggested for the inability of Cryptosporidium to
establish infection in adult mice (13).

Prior to the restructuring of the genus Cryptosporidium, isolates from humans were
normally referred to as C. parvum or Cryptosporidium sp. Recent genetic analyses reveal
that seven species of Cryptosporidium can infect susceptible, immunocompetent, and
immunocompromised human hosts. C. parvum and C. hominis remain the most common
species infecting man, but C. meleagridis, C. felis, C. canis, C. suis, C. muris and the
Cryptosporidium and monkey genotypes also infect humans (11,12). As C. parvum can
infect humans and other mammalian hosts this species is normally, but not exclusively,
associated with zoonotic transmission of disease, and although C. hominis infects
human hosts, primarily, there are sporadic reports of C. hominis infections in cattle and
sheep (Table 2). Additionally, within Cryptosporidium up to over 40 genotypes have
been described, some of which may be cryptic species, and may cause human disease.
In livestock, C. parvum, C. andersoni, C. suis, C. baileyi, C. meleagridis, and C. galli
have been reported to cause morbidity and/or outbreaks of disease.

1.1.3. Life Cycle

Of the Cryptosporidium species investigated, the C. parvum life cycle has been studied
most intensively. C. parvum is an obligate intracellular parasite and monoxenous, com-
pleting its life cycle in a single host. All stages of the life cycle occur either in epithelial
cells lining the intestine or, less frequently, in extraintestinal epithelia, particularly the
biliary tree and the respiratory tract, within parasitophorous vacuoles situated in the brush
border between the plasma membrane and the cytoplasm, or in the lumen.

The infectious stage is the sporulated oocyst. The C. parvum oocyst is spherical or
sub-spherical, smooth walled, measures 4.5–5.5 m in diameter and contains four naked
motile sporozoites (Fig. 1A,B). 

The banana-shaped sporozoites are released through the suture in the oocyst wall
following exposure to body temperature, acid, trypsin and bile salts (Fig. 1A), and attach
themselves intimately to the surface of adjacent enterocytes (the epithelial cells which
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line the gastro-intestinal tract) (Fig. 2). Sporozoites invade enterocytes to initiate the
asexual cycle of development. Sporozoites and all subsequent endogenous asexual
and sexual stages develop within a parasitophorous vacuole which is intracellular, but
extracytoplasmic (Fig. 2). Excysted C. parvum sporozoites range from 3.8 to 5.2 ×
0.6–1.2 m. Sporozoites have a clearly defined narrow apical end and a broader, rounded
posterior end (Fig. 1A,B). Microtubules, which are important for gliding and invasion,
are situated laterally under the plasma membrane. These are linked to the circular, apical
polar ring, and run horizontally from the apex to the middle body of zoites conferring
their shape. Within the sporozoite are spherical to ovoid-shaped dense granules, micro-
nemes, nucleus and nucleolus, as well as a Golgi complex, conoidal complex, a single
rhoptry, double unit membrane, and endoplasmic reticulum. The oval nucleus is located
at the mid-terminal posterior end of the organism. A mitochondrion-like organelle has
been observed juxtaposed to the nucleus (Fig. 1B).

Sporozoites differentiate into spherical trophozoites and nuclear division results in
the production of the multinucleated schizont stage (schizogony; Fig. 2). Type I schizonts
contain six to eight nuclei which mature into 6–8 merozoites. Merozoites from type I
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Table 2
Some Features that Distinguish C. parvum from C. hominis

C. parvum C. hominis

Oocyst size 3.7–5.0 m × 5.0–5.5 m 4.4–5.4 m × 4.4–5.9 m
(mean 4.3 × 5.2 m) (mean 4.86 × 5.2 m)

Major hosts Cattle, sheep, goats, and humans Humans
Minor hosts Deer, mice, and pigs Dugong, lambs, and cattle

(experimental infections
in gnotobiotic pigs)

Transmission Infectious to neonatal rats, neonatal Not infectious to mice, nude mice
studies mice and nude mice, cats, and dogs and rats, cats, dogs, and cattle

Pathogenicity in •  Parasites observed throughout •  Parasites observed in the ileum
gnotobiotic pig the length of the small and and colon
model large intestine

•  Moderate lymphoid hyperplasia •  Mild lymphoid hyperplasia
with scattered neutrophils in the in the ileum and colon
duodenum, jejunum, ileum,
and colon

•  Mild to moderate mucosal •  Only mild or no mucosal
attenuation throughout  attenuation restricted to ileum
intestine and colon and colon

Prepatent period in 5.4 d 8.8 d
gnotobiotic pigs

Oocyst shedding •  Significant greater proportion •  Significant greater proportion of 
pattern in of stool samples with small stool samples with large number
humans number of oocysts (UK study) of oocysts (UK study)

•  Low duration of oocyst shedding •  High duration of oocyst shedding
in stool and low intensity of in stool and high intensity of
infections (Peru study) infections (Peru study)

Adapted from refs. (11,14).
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schizonts can either infect neighboring cells, where they recycle and undergo an asexual
multiplication cycle, similar to that described for the trophozoite stage, and produce
further type I merozoite progeny, or develop into a type II schizont (Fig. 2).

Each maturing type II schizont develops into four type II merozoites which are thought
to initiate the sexual cycle. In sexual multiplication (gametogony), individual merozoites
produce either microgamonts or macrogamonts. Nuclear division in the microgamont leads
to the production of numerous microgametes which are released from the parasitophorous
vacuole and each macrogamont is fertilized by a microgamete. The product of fertilization,
the zygote, develops into an oocyst (Fig. 2). The zygote differentiates into four sporozoites
(sporogony) within the oocyst and fully sporulated oocysts (each containing four sporo-
zoites) are released into the lumen of the intestine and pass out of the body in feces where
they are infectious for other susceptible hosts. Some of the oocysts released in the lumen of
the gut have been reported to cause autoinfection in the same parasitized host by liberating
their sporozoites in the gut lumen (Fig. 2). The released sporozoites undergo the deve-
lopmental processes of schizogony, gametogony, and sporogony in enterocytes of the same

Fig. 1. (A) Scanning electron micrograph of an excysting C. parvum oocyst. Note two
sporozoites (Sp) emerging by their anterior ends through the suture (Su) of the oocyst. From
reference (15). With permission, Blackwell Publishing. (B) Stylized drawing of excysted C. parvum
sporozoite. Key: cb, crystalloid bodies; cn, conoid; dg, dense granules; er, endoplasmic reticulum;
im, inner membrane; mn, micronemes; n, nucleus; om, outer membrane; p, putative plastid-like
organelle; pr, polar ring; rh, rhoptry; sm, sub-pellicular microtubules. From reference (16). With
permission, Elsevier Publishing.
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infected host. In this monoxenous life cycle, both the recycling of merozoites to produce
further type I generations of schizonts and the endogenous reinfection from thin-walled
oocysts ensure that a large number of infective (thick-walled) oocysts are excreted in feces.

Recent findings challenge this accepted Cryptosporidium life cycle (7,17). Two
previously unknown extracellular forms (stages 1 and 2) of the parasite have been
described both in vitro and in infected hosts in C. andersoni and C. parvum. The mor-
phology of the “stage one” form is elongated, and it appears to arise from sporozoites,
possessing a posterior nucleus, and an anterior round structure, which may play a role in
attachment. This “resistant” form can survive in vitro for 7 d at 5°C following isolation

Fig. 2. Cryptosporidium parvum life cycle. From reference (16). With permission, Elsevier
Publishing. (Please see color insert.)
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from the murine gut. The “stage two” form may represent a gregarine-like gamont and
was observed to encyst in vitro to produce a form resembling an unsporulated oocyst
(7). The complete development of Cryptosporidium in cell-free culture has been reported
recently (17), which further complicates our understanding of this intracellular proto-
zoan parasite. Culture in vitro in cell-free media should assist in the development of novel
drugs and vaccines to control cryptosporidiosis.

1.2. Identification

There are no pathognomonic signs, and laboratory identification is required to confirm
diagnosis.

1.2.1. Detection in Feces

Oocysts are excreted in the feces of human and animal hosts and can be preserved in
10% formalin, 2.5% potassium dichromate, or sodium acetate–acetic acid–formalin
fixatives. Oocyst viability is retained following storage in 2.5% potassium dichromate.
Formalin is a known inhibitor of the polymerase chain reaction (PCR). Fresh or preserved
stools can be concentrated to increase the yield of oocysts by sedimentation, using the
formol–ether or formol–ethyl acetate techniques or by any conventional fecal parasite
flotation method, including zinc sulfate, saturated sodium chloride, and sucrose flota-
tion (18,19). Because oocysts are small and lack distinctive visible internal or external
structures, staining techniques are required to differentiate them from similarly sized
objects present in feces. The modified Ziehl–Neelsen (mZN) stain or the auramine
phenol fluorescent stain is commonly used (20), although safranin–methylene blue,
Wright–Giemsa, Kinyoun modification of mZN (KmZN), and quinacrine stains have
also been recommended. Epifluorescence microscopy detection, using commercially
available fluorescein isothiocyanate-conjugated anti-Cryptosporidium monoclonal anti-
bodies (FITC-C-mAb), has the advantage of both genus specificity and requiring lower
total magnifications for oocyst identification, thus enabling preparations to be scanned
more rapidly. Although oocysts can be excreted in very large numbers from both human
and nonhuman hosts (up to 107/g) during the acute phase of infection, it should be
appreciated that the threshold for 100% detection efficiency using conventional methods
can be as high as 5 × 104/g oocysts.

Cryptosporidium spp. antigens can be sought in fecal samples (coproantigens) with
or without oocyst concentration and a variety of commercial kits based on enzyme-linked
immunoassay (ELISA) and lateral flow immunochromographic (IC) formats are available.
Identified benefits of coproantigen detection immunoassays over microscopy are that
they are less time-consuming and easier to perform, and do not require experienced
microscopists and the observation of intact organisms. IC kits greatly increase the speed
of antigen-antibody interaction (seconds to minutes) as all fluids, including soluble
Cryptosporidium antigens in the test sample, are drawn through a membrane enclosed
in a cassette, by a wicking action. Positive reactions are qualitative and are seen as a band
of colour at a specific location on the membrane, normally identified on the cassette. IC
kits provide diagnostic laboratories with a convenient alternative method for performing
antigen detection assays for Cryptosporidium on stool samples.

Some commercial ELISA kits are superior at detecting infection than some commercial
FITC-C-mAb kits, although reports from different research groups vary (reviewed in
ref. [160]). The consensus opinion is that coproantigen detection immunoassays appear



to offer no increase in sensitivity over microscopy. One advantage that coproantigen
detection immunoassays have over microscopy is that they can be invaluable in cases of
infection in the absence of detectable oocysts (reviewed in ref. [160]).

The high threshold for 100% detection efficiency results in the under diagnosis of
infection and consequently fails to determine sources contributing to environmental and
thereby water and food contamination (see Table 3). Although complete development of
the life cycle has been described in vitro, in vitro culture is not routinely used for clinical
diagnostic purposes.

PCR is more sensitive than microscopy, but its reliance on enzymatic amplification
of nucleic acids makes it susceptible to inhibitors present in feces, waters and foods (see
below). Its increased discriminatory powers will prove beneficial for epidemiological
and disease tracking proposes, but, currently, there are few published instances of its
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Table 3
Some Features of the Biology of C. parvum Which Can Facilitate
Waterborne Transmission

Feature Cryptosporidium

Large numbers of oocysts Up to 1010 oocysts excreted during symptomatic 
excreted by infected hosts infection. Up to 107/g oocysts of feces in infected calves

Lack of, or reduced, host C. parvum infections reported from a variety of mammals,
specificity increases the including human beings, domestic livestock, pets
potential for environmental and feral animals
spread and contamination

Robust nature of oocysts Oocyst survival is enhanced in moist cold environments
enhances their survival for (such as those found in temperate regions),e.g.,
long periods of time in a small proportion of viable oocysts can survive
favorable environments before for 12 mo suspended in water
ingestion by potential hosts

Environmental robustness of Waterborne outbreaks indicate that oocysts can survive 
oocysts enables them to physical treatment and disinfection. Oocysts are 
survive some water treatment insensitive to disinfectants commonly used
processes in water treatment

Small size of oocysts aid their 4.5–6 m
penetration through sand filters

Low infectious dose means that Small numbers of C. parvum oocysts can cause infection
few viable oocysts need to be in humans. Infectious dose is dependent upon oocyst
ingested for infection to isolate [ID50 = 9–1042 oocysts]; 10 oocysts can cause
establish in susceptible hosts infection in juvenile nonhuman primates; 5 oocysts

can cause infection in gnotobiotic lambs
Excretion of oocysts into water Viable oocysts can accumulate within shellfish. Up to

courses facilitates spread to, 5 × 103 C. parvum oocysts have been reported per
and entrapment in, freshwater shellfish. C. parvum, C. hominis, and C. meleagridis
and marine shellfish oocysts have been detected in various shellfish

Excretion of oocysts in feces Viable oocysts excreted by transport hosts such as seagulls
facilitates spread to water by and waterfowl
water-roosting refuse feeders

Adapted from ref. (21). With permission.



usefulness in the diagnostic setting. PCR methods which capitalize on our current
knowledge of the genetic variants that constitute the genus Cryptosporidum can be
designed to identify specific human-infective genotypes and sub-genotypes in stool and
environmental samples.

When Cryptosporidium oocysts/antigens/DNA cannot be found in stools, diagnosis
can be augmented by light microscopy of hematoxylin- and eosin-stained intestinal
biopsies. Transmission electron microscopy (TEM) of biopsies reveals the presence of
parasitophorous vacuoles containing the replicating stages. Neither light microscopy
nor TEM examination of tissue is routinely performed for diagnostic purposes, because
of the invasive nature of the biopsy procedure. The demonstration of specific circulating
antibodies is only of diagnostic benefit if seroconversion from negative to positive serology
or elevation in titer can be ascribed to a current or recent infection. In the absence of
demonstrating seroconversion, titer elevation, or antibody isotype switching, positive reac-
tions can indicate either current infection, past exposure, or both. Accordingly, serological
methods tend to be used for epidemiological purposes.

1.2.2. Sensitivity of Detection in Feces

In unconcentrated fecal smears, a detection limit of 106 oocysts/mL of feces was
reported using KmZN. Following stool concentration, between 1 × 104 and 5 × 104

oocysts/g of unconcentrated stool are necessary to obtain a 100% detection efficiency
using either KmZN or a commercially available FITC-C-mAb method (22). For bovine
stools, the threshold for 100% detection efficiency using auramine phenol or FITC-
C-mAb is 1 × 103 oocysts/g (23). Variations in fecal consistency influence the ease of
detection, with oocysts being more easily detected in concentrates made from watery,
diarrheal specimens than from formed stool specimens, because oocysts excreted in
diarrheal stools are less likely to become attached to particulates than oocysts excreted
in partially formed or formed stools. Various immunological methods have also been
developed for detecting Cryptosporidium oocysts. The use of an FITC-C-mAb offers no
significant increase in sensitivity over conventional stains. In addition to microscopical
techniques, antigen capture enzyme linked immunosorbent assays have been reported
with the detection limits in the region of 3 × 105–106 oocysts/mL, which is similar in
sensitivity to microscopy (23). Antigenic variability between Cryptosporidium isolates
could compromise immunodiagnostic tests. Although effective for diagnosing symptomatic
infection, these methods remain insensitive and unable to detect the smaller number of
oocysts present in asymptomatic infections. In addition, anecdotal evidence suggests that
smaller or minimal number of oocysts may be excreted in the chronic disease stages
in immunocompromised individuals indicating that oocyst detection methods may not
be the ideal option for all situations.

1.2.3. Alternative Detection Procedures

Flow cytometry coupled with cell sorting (FCCS) has been used to detect oocysts in
human stools with a fourfold increase in sensitivity over direct fluorescence antibody
tests, and offering, in some instances, a detection limit of 1 × 103 oocysts/mL of sample
(24). FCCS is a costly procedure that is not available in most diagnostic parasitology
laboratories, and being based on the use of FITC-C-mAb is subject to antigenic variability
in oocyst epitopes.
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PCR is more sensitive than conventional and immunological assays for the copro-
logical detection of infection (25–27). PCR has also the potential for identifying
Cryptosporidium DNA in the stools of asymptomatic individuals and in fomites, food
and water contaminated with small numbers of oocysts. Rapid detection of asymptomatic
individuals could limit clinical sequelae in “at-risk” groups and reduce environmental
spread. Further analysis of specifically targeted PCR products, by restriction fragment
length polymorphism (RFLP) or sequencing, can provide invaluable data for source and
disease tracking, particularly for water and food contamination.

1.2.3.1. Potential PCR Inhibitors. Prior to adoption in diagnostic laboratories, both
the variability between methods and the recognized difficulties in amplifying nucleic
acids by PCR from feces, water and food must be overcome. Fecal samples can contain
many PCR inhibitors, including bilirubin, bile salts, and complex polysaccharides,
which are significant inhibitors of Taq polymerase and adversely affect PCR sensitivity
(28). In environmental (e.g., water) samples, humic or fulvic acids are the most com-
monly encountered inhibitory substances (29,30), and plant-derived polyphenolics and
polysaccharides occur in fruit extracts (31).

Immunomagnetizable separation (IMS) of oocysts, in which magnetizable beads are
coated with an anti-Cryptosporidium monoclonal antibody which binds to, and con-
centrates, suspended oocysts from contaminated matrices is an useful approach for
concentrating small number of where oocysts (32). This method is the most effective for
both the concentration of oocysts and the elimination of inhibitors for PCR-based detection
of oocysts in water (33,34) and food (35,36) and has also been used in the authors’
laboratory for concentrating small number of oocysts from minimal amount of stool
sample in order to identify the species of Cryptosporidium present in index cases
during outbreak investigations. IMS-purified oocysts are separated from magnetizable
beads by acid dissociation prior to DNA extraction (33,34). Alternatively, dissociated
oocysts can be placed on a membrane filter or microscope slide, and their morphology
and morphometry determined by microscopy (following staining with FITC-C-mAb
and the fluorogenic DNA intercalator, 4 ,6-diamidino-2-phenylindole (DAPI)) prior to
oocyst disruption and DNA extraction directly from the filter or from slide scrapings
(37,38). IMS-captured oocysts can be left attached onto beads during DNA extraction
(39) which can increase the sensitivity of detection by reducing oocyst losses during
acid dissociation; however, oocyst enumeration, oocyst morphometry, and assessment
of oocyst integrity by microscopy are not possible with this method. Purified oocysts
can be disrupted by either mechanical (glass-bead beating) or physical (exposure to
freeze—thawing cycles) injury to the oocyst wall to release sporozoites from which DNA
is extracted (Table 4).

Extraction of oocyst DNA from whole feces, water or food, without IMS purification
may be necessary in some situations, particularly when more than one parasite is sought,
parasites have been stored frozen on/in their original matrices for retrospective or
epidemiologic analysis, or where oocysts cannot be dissociated from their matrix.
Commercial methods, which contain substances that relieve the effects of inhibitory
substances on Taq polymerase, can be used to prepare (extraction and purification)
oocyst DNA, either alone or in conjunction with a purification method, so that nucleic
acids suitable for PCR amplification are obtained (Table 4).
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Table 4
Some Methods for Extracting Cryptosporidium Oocyst DNA
from Feces, Water, and Food

PCR

Sensitivity 
(% positives);

DNA extraction and Target nos of
purification methods (detection positives/

Matrix from oocysts Facilitators limit) total Ref.

Unpreserved QIAamp® DNA stool Inhibit-EX- nested (97%); (40)
human stool mini kita, boil 5 min, tablet COWP 86/89
(180–200 mg) freeze–thaw 3 × (5 × 102

(liquid nitrogen 1 oocysts)
min, boil 2 min)

Frozen pig and Freeze–thaw 3 × (liquid Bovine Nested; NA (41)
calf stools nitrogen for 2 min, serum Laxer
(diluted 75°C for 2 min), albumin et al.
1:4 w/v centrifuge, and add (BSA) (1991);
in PBS) lysis buffer (100 

(Tris-EDTA– seeded 
SDS-proteinase K) oocysts)
to pellet, glassmilkb

Human stool Modified FastDNA PVP in Direct; (100%); (26)
(0.3–0.5 g) Prep kitc and  extraction 18S 53/53
preserved  QIAquick spin method. rRNA plus 31
in 2.5% column 11.3% negatives
potassium (24 out by micro-
dichromate of 213 scopy

samples)
were
inhibitory

Unpreserved Water–ether extraction BSA, Tween Single tube (97.8%); (161)
solid (0.4– and washes in lysis 20 and nested 90/92
0.5 g) or buffer (Tris–EDTA– PVP in- COWP (98.9%);
liquid SDS)d, freeze– corporated & nested 91/92
(200 L) thawing ×15 (liquid in PCR 18S
human stool nitrogen for 1 min, rRNA

65°C for 1 min)
Storm waters Oocysts concentrated None Nested 27/29 (42)

(filtered and from a 0.5 mL pellet 18S include 12
purified by of storm water rRNA samples
sucrose– concentrated by  negative 
Percoll IMS. Five cycles of by micro-
flotation) freeze–thawing scopy

without dissociating 
oocysts from mag-
netizable beads,

(Continued)



1.2.3.2. PCR Targets. Many PCR protocols target the Cryptosporidium 18S rRNA
gene (33,34,37,44,45). This multicopy gene offers high-detection sensitivity, because
each oocyst contains 20 copies. Because it contains conserved and variable regions, it
is suitable for PCR-RFLP assays for species identification. The single-copy COWP gene
is heterogeneous throughout its length and is also used for species identification; however,
problems remain with designing suitable primers capable of amplifying all described
species within the genus (46,47). Other targets for detection, species discrimination, and
sequence analysis for phylogenetic studies include the dhfr gene (48), the hsp analog gene
(49), the actin gene (50), the gp60 highly heterogenous protein-coding gene (51), and
unidentified, sequenced DNA targets, reported to offer high-detection sensitivity (52,53).
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Table 4 (Continued)

PCR

Sensitivity 
(% positives);

DNA extraction and Target nos of
purification methods (detection positives/

Matrix from oocysts Facilitators limit) total Ref.

proteinase K 
digestion, and diluted
with ethanol,
QIAamp® DNA
mini kit

Raw milk Centrifugation, IMS, 5 × None 18S rRNA NA (36)
(50 mL freeze–thawing & COWP
samples) ( 80°C, 5 min, 95°C, (<10

5 min), QIAGEN seeded
LB + proteinase oocysts)
K digestion,
QIAmp spin columne

Apple juice Centrifugation, sucrose None COWP NA (43)
(50 mL gradient, IMS, (30 –100
samples) proteinase seeded

digestion, QIA oocysts)
mp blood kit

aQIAamp® DNA stool mini kit is based on the use of proprietary buffers and DNA purification through
a silica column.

bGlassmilk (GENECLEAN® Bio 101) is based on DNA adsorption to silica suspensions that allows
subsequent washing of bound DNA to remove inhibitors.

cModified FastDNA kit uses FP120 FastPrep Cell Disruptor to disrupt oocysts in a proprietary buffer
that minimizes adsorption of DNA to fecal particles (Cell lysis/DNA Solubilizing Solution). Polyvinylpyr-
rolidone (final concentration of 0.5% w/v) used in this step precipitates polyphenolic compounds and the
solubilized DNA is bound to the binding matrix in the presence of chaotropic salt which is washed and then
eluted. The final purification of DNA is performed in a QIAquick spin column.

dThis method uses semi-purified oocysts and no DNA purification. The presence of 0.5% SDS in the
oocyst lysate is inactivated by the addition of 2% Tween 20 to the PCR mixture.

eDNA bound to spin columns is washed twice (instead of the recommended single wash) with two different
wash buffers to improve the purity of the DNA.



1.2.3.3. Sensitivity of Detection by PCR. The sensitivity of detection depends on
maximizing DNA release, identifying ideal PCR targets, while optimizing primer
choice and minimizing inhibitory effects. Comparisons between published methods
are difficult, because no standardized, optimized procedures for DNA extraction or
relieving inhibitory effects on Taq exist (Table 4). At present, in the diagnostic labo-
ratory, PCR is a more of a tool used to assist epidemiological investigations than a
routine method.

Quantitative real-time PCR methods use patented technology. Both TaqMan™
(Applied Biosystems) and LightCycler™ (Roche Molecular Biochemicals) systems have
been used to detect Cryptosporidium DNA. For both methods, fluorogenic dyes are
incorporated into the amplicon during PCR; therefore, amplicon fluorescence increases
as more PCR product is generated. The TaqMan™ system uses a fluorescent hydrolysis
probe system with a fluorescent dye at the 5 -end and a quencher at the 3 -end of a probe
that binds to the PCR product and is cleaved during PCR by the action of the Taq
polymerase. The LightCycler™ can be used with a hydrolysis probe, but it can also detect
the binding of a fluorescent hybridization probe or the incorporation of a fluorogenic
dye (usually SYBR® Green I) into the amplicon. Both systems can detect PCR products
during the initial cycles of the PCR when amplification is exponential, thus enabling
quantitative analysis of fluorescent product.

One application uses the TaqMan™ approach for the quantitative detection of Crypto-
sporidium oocysts in environmental water samples. Using primers targeting, the “Laxer
amplicon” (52), a probe labeled at the 5 -end with the 6-carboxyfluorescein reporter dye
and at the 3 -end with the 6-carboxy-tetramethylrhodamine quencher dye, five purified
oocysts and eight oocysts spiked into water samples were detected by this IMS real-time
PCR method when DNA purification (Nanosep® centrifugal device) was incorporated
following the IMS oocyst concentration step (54). Guy et al. (55) used more difficult
matrices, such as sewage (1 L samples) and environmental water samples (2 L samples)
to detect the Cryptosporidium COWP gene by TaqMan™ assay. DNA extraction using
the DNeasy tissue kit (Qiagen, Germany) was optimized by modifying the commercial
protocol and the introduction of a three cycle freeze–thaw step and sonication (3 × 20 s
bursts). Inhibitory effects were counteracted using 20% Chelex 100 (Bio-Rad) and 2%
PVP 360 (ICN, Ohio): in some instances, bovine serum albumin proved useful in
eliminating inhibition present in lake water. Tenfold dilutions of purified DNA detected
the equivalent of one C. parvum oocyst (40 fg); however, in experimentally seeded sewage,
a minimum of 100 oocysts were required to produce a positive signal. No Cryptosporidium
DNA was detected by either a multiplex real-time PCR or immunofluorescence micro-
scopy in sewage or water.

The LightCycler™ system was used to identify different Cryptosporidium species
by exploiting the genetic polymorphism of the 18S rRNA gene for devising probes with
differing melting temperatures (56). After completion of the PCR, the melting curve
analysis is determined following rapid denaturation, and annealing using stepped increases
in temperature. This technique can detect a minimum of five oocysts and differentiate
between C. parvum, C. hominis, C. felis, C. canis, and C. meleagridis by their melting
curves. Tanriverdi et al. (57) discriminated between C. hominis and C. parvum by SYBR®

Green I incorporation and fluorescent probe melting curve analysis, on the basis of
single nucleotide polymorphism of both the -tubulin and the gp900/poly(T) genes,
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using the LightCycler™. This method detected a single oocyst introduced into the
PCR by micromanipulation.

The increased sensitivity of real-time PCR guarantees increased speed of detection
and qualitative diagnosis, whereas the quantitative nature of the assay will be invaluable
in estimating levels of contamination. In addition, the “closed-tube” assay format eliminates
the danger of contamination from “carry over”. These characteristics identify real-time
PCR as a useful tool for the future, particularly for the detection of parasites in food and
water matrices, once the issues surrounding matrix inhibition are overcome.

Fluorescence in situ hybridization (FISH) was used to identify C. parvum oocysts
in a laboratory-based approach. Probes to unique regions of C. parvum rRNA were syn-
thesized and used to detect oocysts on glass microscope slides. Two probes, with similar
hybridization characteristics, were labeled with the fluorescent reporter, 6-carboxy-
fluorescein phosphoramadite (excitation 488 nm and emission 522 nm) and viewed by
epifluorescence microscopy (58).

1.2.4. Detection in/on Foods

Infective (sporulated) Cryptosporidium spp. oocysts cannot multiply in/on foodstuffs.
Food becomes a potential vehicle for human infection by contamination during production,
collection, transport, and preparation (e.g., fruit, vegetables, etc.) or during processing.
The sources of such contamination include feces, fecally contaminated soil, irrigation
water, water for direct incorporation into product (ingredient water), and/or for washing
produce (process water) and infected food handlers. Cryptosporidium spp. oocysts
normally occur in low numbers in/on food matrices and in vitro culture techniques that
increase parasite numbers prior to identification are not available for protozoan parasites
in food and water matrices. Concentration by size alone, through membrane or depth
filters, results in accumulation in the retentate, not only of oocysts, but also of similar-
and larger-sized particles, and as C. parvum oocysts are 4–6 m in diameter, filters with
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Fig. 3. Methods for detecting protozoan parasite contamination of foods.
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Table 5
Some Reported Recovery Rates of Cryptosporidium Oocysts from Foods

Extraction and Detection
Food matrices concentration methods methods Recovery rates Ref.

Cabbage and 200 g seeded with Immuno- 1% (61)
lettuce leaves Cryptosporidium fluorescence

ssp. oocysts (1/g). 
FDA method: soni-
cation in 1% SDS
and 0.1% Tween 
80, centrifugation

•  Milk Seed 10–1000; Immuno- •  4–9.5% (62)
•  Orange juice C. parvum oocysts in fluorescence •  <10%
•  White wine 70–200 mL; filtration on filters •  >40%
•  Cilantro Rinse; centrifugation Koster stain •  5.0% (four (63)

leaves samples)
•  Cilantro •  8.7% (seven

roots samples)
•  Lettuce •  2.5% (two samples)
Raw milk Bacto-Trypsin & PCR and probe 10 seeded C. (64)

Triton X-100 hybridization parvum oocysts
treatment of seeded 
samples (20 mL);
centrifugation

Lettuce leaves Seeded with 100 Acid-fast stain, 25–36% (65)
C. parvum oocysts. Immuno-

fluorescence
and direct wet 
direct mount

•  Rinse in tap water;
centrifugation

110 vegetables Rinse in tap water; Acid-fast stain, 14.5%; (65)
and herbs from centrifugation Immunofluores-
13 markets; cence and direct

wet mount
•  62 vegetables •  19.35%

and herbs from
15 markets

Homogenized 100 mL samples Direct PCR 10 oocysts (66)
milk seeded with 104 1

C. parvum oocysts.
Centrifugation & IMS

Apple juice Seeded with 105 1 (67)
C. parvum oocysts

•  Flotation and IMS •  Direct PCR •  10–30 oocysts
•  Flotation •  Immuno- •  30–100

fluorescence oocysts
•  Flotation •  Acid-fast stain •  3000 to 10,000 

oocysts

(Continued)



a smaller pore size (1–2 m) are employed to entrap them, resulting in the accumulation
of large volumes of extraneous particulate material. Such particles interfere with oocyst
detection and identification; therefore, a clarification step which separates oocysts from
other contaminating particles is employed. The present methods can be subdivided into
the following component parts: (a) sampling, (b) desorption of oocysts from the matrix
and their concentration, and (c) identification (Fig. 3), and are those, or modifications
of those, which apply to water (59,60) (Table 5).

Methods for detecting oocyst contamination in liquid foods (e.g., drinks and beverages)
and on solid foods (e.g. fruit and vegetables) are similar, but can differ in the techniques
used to separate oocysts from the food matrix (Table 5). Differences are primarily
dependent on the turbidity of the matrix and for non-turbid liquid samples, such as
bottled waters, either small or large volume filtration (1–20,000 L samples have been
tested in the authors’ laboratory) can be used. For turbid samples (naturally turbid, e.g.,
milk, fruit juices, or following extraction from surfaces of vegetables and fruit), further
oocyst concentration using IMS is recommended.

Sampling methods, volumes/weights of product depend on the reasons for sampling
(quality control/assurance, ascertainment, compliance, incident/outbreak investigation,
etc.). Desorption can be accomplished by mechanical agitation, stomaching, pulsifying,
and sonication of leafy vegetables or fruit suspended in a liquid that encourages desorp-
tion of oocysts from the food matrix. Detergents including Tween 20, Tween 80, sodium
lauryl sulfate, and Laureth 12 have been used to encourage desorption (Table 5). Lowering
or elevating pH affects surface charge which can also increase desorption. Depending
on the turbidity and pH of the eluate, oocysts eluted into non-turbid, neutral pH eluates
can be concentrated by filtration through a 1- m flat-bed cellulose acetate membrane
(70), whereas oocysts eluted into turbid eluates can be concentrated by IMS. Oocysts
can be identified and enumerated following staining with FITC-C-mAb and their
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Table 5 (Continued)

Extraction and Detection
Food matrices concentration methods methods Recovery rates Ref.

•  Four leafy Seeded with 46–165 Immuno- •  42% (68)
vegetables and C. parvum oocysts. fluorescence
strawberries Rotation and soni-

•  Bean sprouts cation in elution •  22–35%
buffer; centrifu-
gation & IMS

Lettuce leaves Seeded with 100 Immuno- •  40% (69)
C. parvum oocysts. fluorescence •  59%
Elution buffer 
(pH 5.5)

•  Pulsification
centrifugation
and IMS

•  Stomaching, centri-
fugation, and IMS



morphology can be assessed by Nomarski differential interference contrast (DIC)
microscopy (Table 5). There is only one published, optimized (162) and validated
(163) method for detecting C. parvum on lettuce and raspberries. It is based on four
stages: (i) extraction of oocysts from the foodstuffs, (ii) concentration of the extract and
separation of the oocysts from food materials, (iii) staining of the oocysts to allow their
visualization, and (iv) identification of oocysts by microscopy. The method to detect
C. parvum on lettuce recovered 59.0 ± 12.0% (n = 30) of artificially contaminated
oocysts. The method to detect C. parvum on raspberries recovered 41.0 ± 13.0% (n = 30)
of artificially contaminated oocysts (162). Recently, sensitive PCR-based methods have
been used to determine the presence of Cryptosporidium DNA in eluates, although there
is little standardization of methodology available at present (71) and PCR is sensitive to
inhibitory factors present in foodstuffs and waters (see earlier discussion and Table 4).
Neither the DNA-based nor the microscopy-based detection methods identified previously
can be used to determine oocyst viability.

1.2.5. Determination of Oocyst Viability

Little can be inferred about the likely impact of oocysts detected in water or food
concentrates on public health without knowing whether they are viable or not. The con-
ventional techniques of animal infectivity and excystation in vitro are not applicable to
the small number of organisms found in food and water concentrates, and much effort
has been expended on the development of surrogate techniques, which can address,
accurately, the viability of individual oocysts (reviewed in ref. [72]).

1.2.5.1. Determination by morphology. Rapid, objective estimates of oocyst viabi-
lity revolve around the microscopical observation of fluorescence inclusion or exclusion
of specific fluorogens into individual oocysts (72). Campbell et al. (73) developed a fluoro-
genic vital dye assay to determine C. parvum oocyst viability, based upon the inclusion/
exclusion of two fluorogenic vital dyes, DAPI and propidium iodide (PI). Four classes
of oocysts were identified using the assay: (i) viable oocysts that include DAPI but
exclude PI, (ii) nonviable oocysts that include DAPI and PI, (iii) potentially infectious
oocysts that do not include either DAPI or PI, but have “viable type” contents by DIC
microscopy (and that take up DAPI, but not PI, following a further trigger), and (iv)
empty oocysts which have no recognizable contents by DIC microscopy and which
include neither DAPI nor PI (73,74). The addition of FITC-C-mAb, which binds to the
outer oocyst walls, 30 min before the completion of the assay allows rapid identification
of oocysts. A UV filter block is used to visualize DAPI (excitation 350 nm and emis-
sion 450 nm) and a green filter block for PI (excitation 535 nm and emission >610 nm).
Results correlated closely with optimized in vitro excystation (75).

SYTO®9 and SYTO®59 are both nucleic-acid intercalators which permeate damaged
membranes, staining damaged or dead oocysts. SYTO®9 fluoresces light green-yellow
under the blue filter (–excitation 480 nm and –emission 520 nm) and SYTO®59 fluo-
resces red under the green filter block (–excitation 535 nm and emission >610 nm) of an
epifluorescence microscope (76). Belosovic et al. (76) and Neumann et al. (77) showed
that C. parvum oocyst viability following heat treatment (70°C, 30 min) and chemical
disinfection correlated with infectivity in CD-1 neonate mice, but not with in vitro excys-
tation. However, similar experiments employing untreated, ozonized, and high-intensity
UV-treated C. parvum oocysts showed that viability determined uisng SYTO®9 staining
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does not correlate with CD-1 neonatal mouse infectivity (72), SYTO®9 overestimating
the number of nonviable oocysts. Bukhari et al. (78) compared four viability assays with
CD-1 neonatal mouse infectivity to assess the effect of low levels of ozonation on fresh
and aged oocysts and reported that SYTO®59 assay showed minimal change on oocyst
viability, whereas DAPI-PI, in vitro excystation and SYTO®9 assays, performed on
sub-samples of the same ozonated oocysts, showed marginal reduction on viability.
All in vitro tests developed underestimate reduction in viability when compared with in
vivo infectivity.

Biophysical methods have also been used to determine oocyst viability. Both dielectro-
phoresis and electrorotation have been used to demonstrate differences between viable
and nonviable oocysts (79) and are reviewed in O’Grady and Smith (72).

1.2.5.2. Determination by Molecular Methods. The detection of excysted sporozoites
following in vitro excystation (refer to in vitro excystation in ref. [72]) has been used
as the first stage in developing PCR-based viability assays and two approaches have
been described for C. parvum oocysts. In the first approach, sporozoites are excysted
in vitro according to a standardized protocol, lysed, and the DNA is amplified using
the “Laxer” primers (80). In the second approach, IMS is used to concentrate oocysts
from the inhibitory fecal matrix, the sporozoites excysted, their DNA released, and ampli-
fied using a nested PCR (IC-PCR) (81). Although the sensitivity of the first approach
was approx 25 oocysts (100 sporozoites) in an experimental system, no information
was available on its sensitivity with environmental samples. The sensitivity of the IC-
PCR was between 1 and 10 oocysts in purified samples and between 30 and 100 oocysts
inoculated into feces.

The detection of labile messenger RNA (mRNA) species that are denatured or
destroyed soon after the death of the organism can be used to infer viability. A reverse-
transcription PCR (RT-PCR), which amplifies C. parvum hsp 70 mRNA was used
to determine the oocyst viability in four different water types (82). Synthesis of hsp
70 mRNA was induced following 20-min incubation at 45°C, mRNA was released by
rupturing oocysts using five freeze–thaw cycles (1 min liquid N2 and 1 min 65°C),
which was then hybridized to oligo (dT)25-linked magnetizable beads. Amplicons from
the RT reaction were detected visually on gels and by chemiluminescent detection of
Southern blot hybridizations. Although no differences in detection levels were observed
between induced and non-induced viable organisms (either because the oocysts were
already stressed or the hsp 70 mRNA is constitutively expressed in Cryptosporidium),
only viable oocysts were detected. Importantly, all genomic DNA should be removed
prior to RT-PCR, since very few Cryptosporidium genes possess introns. Failure to
remove genomic DNA can lead to the genomic DNA instead of cDNA being detected
which leads to the detection of false positives when undigested DNA remains, eroding
assay confidence, and imposing limits to assay applicability.

The C. parvum amyloglucosidase gene has also been targeted in an RT-PCR assay.
Oocysts were exposed to 1.7% sodium hypochlorite for 10 min at room temperature and
disrupted by three freeze–thaw cycles (dry ice/ethanol, 37°C) for RNA extraction and
purification using Trizol reagent (Gibco, BRL). Purified RNA was treated with DNase
I and subsequently recovered by phenol–chloroform–ethanol precipitation. The maxi-
mum detection sensitivity was 103 oocysts and detection of the [32P]dCTP incorporated
into the RT-PCR, was following electrophoresis in 5% nondenaturing polyacrylamide
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gels. Both in vitro and animal infectivity assays correlated with the inability to detect
amyloglucosidase mRNA following 9 mo of oocyst storage at 4°C, whereas a gradual
decline in mRNA detection occurred between 5 and 7 mo of storage (83).

More recently, a C. parvum nucleic acid-based amplification assay (NASBA) using
the hsp 70 mRNA target has been described (84). The proprietary NASBA assay
(Biomérieux, UK, Ltd.) utilizes a cocktail of three enzymes for the transcription and
amplification of specific mRNAs in vitro in the presence of DNA during an isothermal
reaction (usually at 41°C) followed by probe hybridization and detection by electro-
chemiluminescence. Baeumner et al. (84) reported detecting five viable C. parvum
oocysts after optimum heat shock induction achieved by pre-incubating oocysts for
20 min at 42–43°C.

FISH has also been used to determine C. parvum oocyst viability (58). The fluores-
cently labeled oligonucleotide probe targets a specific sequence in C. parvum 18S rRNA
and causes viable sporozoites (capable of in vitro excystation) to fluoresce. Neither
dead oocysts nor organisms other than C. parvum fluoresced following in situ hybridi-
zation. FISH-stained oocysts did not fluoresce sufficiently to allow their detection in
environmental water samples; however, simultaneous detection and viability determination
could be performed when FISH was used in combination with a FITC-C-mAb.

1.2.6. Determination of Infectivity

1.2.6.1. In vitro Infectivity. While incomplete development in vitro (primarily asexual
developmental stages) has been documented in a variety of human- and animal-derived
cell lines, reports of viable oocyst production in vitro are scarce (70,85). However,
Hijawi et al. (86) described the complete culture of C. parvum over 25 d in HCT-8 cells,
and more recently the morphology of extracellular life forms in both C. parvum and
C. andersoni during in vitro culture (7). Further observations included the complete
development of C. parvum in host cell-free cultures, with the development of asexual and
sexual stages and the in vitro production of oocysts that were subsequently infectious to
neonatal ARC/Swiss mice (17).

1.2.6.2. In vivo Infectivity. A limitation of the neonatal mouse model is that it can
only readily be used to determine the infectivity of C. parvum isolates, as it does not
support the growth of other human-infective species effectively. In vivo infectivity of
C. parvum isolates can be determined in neonatal or infant mice: 4–7-d-old CD-1 strain
mice are commonly used, because the strain is outbred and has large litter sizes. Either
conventional hematoxylin and eosin histology of the small intestine, to demonstrate
endogenous stages and oocysts; or homogenization of the small intestine, followed
by concentration and clarification of oocysts and visualization by epifluorescence
microscopy using FITC-C-mAb can be used to demonstrate infection. The ID100 for CD-1
strain mice is approx 300 oocysts and the ID50 ranges between 60 and 87 oocysts of either
an Iowa (bovine) or Moredun (cervine–ovine) strain of C. parvum (87). The usefulness
of in vivo infectivity is reviewed in ref. (72).

2. TRANSMISSION AND RESERVOIRS OF INFECTION

2.1. Routes of Exposure

The transmission of Cryptosporidium to humans can occur via any mechanism by
which material contaminated with feces containing infectious oocysts from infected
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humans or nonhuman hosts can be swallowed by a susceptible host. Both biotic and
abiotic reservoirs of infection exist. Biotic reservoirs include all potential hosts of human-
infectious Cryptosporidium species. Transmission of C. hominis is primarily, but probably
not exclusively, person-to-person, while transmission of C. parvum, C. meleagridis,
C. felis, C. canis, C. suis and C. muris, and the C. parvum cervine and monkey genotypes
can include both person-to-person and animal-to-person transmission. Abiotic reservoirs
include all vehicles that contain sufficient infectious oocysts to cause human infection,
and the most commonly recognized are food and water.

2.1.1. Person-to-Person

The initial cases of human disease were believed to have been acquired from animals
(zooanthroponosis), but person-to-person transmission of Cryptosporidium spp. is the
major route. Transmission via the venereal route has also been reported. Secondary cases
and asymptomatic excretors are a source of infection for other susceptible persons.
Person-to-person transmission has been documented between family/household members,
sexual partners, health workers and their patients, and children in daycare centers and
other institutions. Transmission is particularly common among children in daycare cen-
ters probably because of the lower standards of personal hygiene exhibited by preschool
children and their tendency to put many objects that they handle in their mouths. The
robustness of oocysts, the low-infectious dose (the median infectious dose is between 9
and 1042 oocysts in human volunteer studies), and the variable state of immunity elicited
by infection contribute to Cryptosporidium being a widespread intestinal protozoan
parasite of humans occurring commonly in industrialized nations and more frequently
in developing countries, particularly where infection can be endemic and sanitation
frequently minimal.

2.1.2. Animal-to-Person (Zoonotic)

C. parvum or C. parvum-like parasites have been reported in over 150 mammalian
species (11), including domestic animals, livestock and wildlife, and companion ani-
mals which can be reservoirs of human infection. Domestic and feral animals can be the
important reservoirs of human infection and infected calves and lambs can excrete up
to 1010 oocysts during the course of infection. The broad host-range exemplified by
C. parvum and the high output of infective oocysts from numerous mammalian hosts
ensure a high level of environmental contamination. In addition, redistribution of oocysts
by transport hosts, including coprophagous animals and bivalves, further enhance environ-
mental contamination and zoonotic transmission.

Contributions from agricultural practices include storage and spread of muck and
slurry, discharge of oocyst contaminated dirty water to land or to water courses, pastur-
ing of livestock in land-adjoining water sources, and disposal of fecally contaminated
wastes from livestock markets and abattoirs. Furthermore, practices such as hosing
down rearing pens and sluices release recently excreted oocysts into an aquatic environ-
ment where the survival is prolonged. Such oocysts are likely to have a higher viability
than those excreted onto grazing land which take time to percolate through substrata
into water courses (88). Development and regular review of catchment control policies
can reduce the potential for the contamination of water courses and foods by these
routes. Waterborne, airborne, and foodborne (see below and Section 3) transmission
have been documented, and outbreaks following visits to city farms together with some

Cryptosporidium 253



waterborne outbreaks of disease further testify to the importance of the zoonotic route
of transmission. Animals can be infected, experimentally, with C. parvum oocysts of
human origin, and may acquire infection naturally from man (anthropozoonosis).

2.1.3. Drinking Water

Compared with other waterborne protozoan parasites, Cryptosporidium spp. oocysts
have the greatest potential for transmission through drinking water because (a) human
infective oocysts are widely distributed in the environment, (b) oocysts can penetrate
physical barriers in water treatment processes and are chlorine resistant, and (c) Crypto-
sporidium has a low infectious dose for humans.

As both infected humans and other infected mammals are reservoirs of human
infection, the contamination of potable water supplies with either human or animal
sewage can lead to the transmission of this organism through drinking water. Numerous
outbreaks traced to contamination of drinking water by both human and animal sewage
have been reported (88–92). Oocysts can survive several months in water at 4°C and
are one of the most chlorine-resistant pathogens known (88). Waterborne outbreaks of
cryptosporidiosis have been reported from numerous countries (91,93) as has the occur-
rence of oocysts in drinking water in the absence of disease in the community (91,93).
Outbreaks have been associated with untreated drinking water, water receiving only
chlorination, and water receiving conventional treatment (e.g., coagulation, sedimenta-
tion, sand filtration, and chlorination) (88). Because of their small size (4.5–5.5 m in
diameter), the extent to which oocysts present in the raw water are removed during
water treatment is dependent on the water-treatment processes utilized. The efficacy of
various water-treatment processes in removing Cryptosporidium oocysts is reviewed
in refs. (21,88).

2.1.4. Airborne

The small size of Cryptosporidium oocysts render them readily aerosolisable. Zoonotic
airborne transmission, owing to the inhalation of droplets containing oocysts following the
insertion of a gastric tube into an experimentally infected calf, has been documented (94).

2.1.5. Food

Both source contamination of produce and contamination from water used in food
preparation are transmission routes that are significant to the food industry. Surface
contamination can be direct, following contamination by the infected host, or indirect,
following contamination by transport (birds, flies, etc.) hosts, the use of manure and
contaminated water for irrigation, fumigation, and pesticide application, etc. Oocyst-
contaminated irrigation water (95) as well as oocyst-contaminated water used for spraying
or misting produce present specific problems to food producers and increase risk to the
customer, particularly when the produce is eaten raw.

Oocyst-contaminated river waters can be a source of contamination of the marine
environment, and rivers polluted by anthropogenic and livestock fecal discharges
(21) (Tables 3 and 6) can play a major role in oocyst contamination of shellfish in
estuaries and coastal environments (Tables 3 and 6). Experimentally, C. parvum
oocysts can survive in seawater at salinities of up to 30 ppt for up to 1 mo (75,96) and
in artificial seawater for at least 1 yr under moderate oxygenation (97). C. parvum
oocysts can survive in marine and freshwater shellfish. Oocysts with a C. parvum
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morphology occur in mussels (Mytilus edulis) from Ireland and in bent mussels
(Ischadium recurvum) from Chesapeake Bay in the United States. The eastern oyster
(Crassostrea virginica), the freshwater benthic clam (Carbicula fluminea), and dif-
ferent species of mussel (M. edulis and Mytilus galloprovincialis) can filter C. parvum
oocysts from water and accumulate them on the gills and inside hemocytes in the
hemolymph under laboratory conditions (96,98). In Spain, mussels (M. galloprovin-
cialis) and cockles (Cerastoderma edule) are reservoirs of C. parvum oocysts (99).
Viable C. parvum oocysts have been recovered from experimentally infected freshwater
clams (C. fluminea), marine eastern oysters (C. virginica), and mussels (M. edulis and
M. galloprovincialis).

Oocyst contamination of shellfish is also dependent on the hydrography of river
mouths, estuaries, and adjacent shores can greatly affect the distribution of human-
infectious oocysts at the seashore. Mussels, cockles and clams represent an important
reservoir of C. parvum infection for humans, as in addition to being detected on the gills,
oocysts can also accumulate in the hemolymph, gills, and intestinal tract of mussels,
eastern oysters, and freshwater clams. Contamination can be as high as 5×103 oocysts
per shellfish, which enhances the potential risk of infection of humans. Shellfish are
usually depurated prior to consumption, and standards regulating the quality of the
waters used in the culture and depuration process are usually legislated in most developed
countries, but depuration rules are normally regulated only with respect to coliform con-
tamination. Gomez-Bautistam et al. (99) recommend that a depuration process of 72 h
could be adopted to remove C. parvum oocysts from mussels.

Whether seasonal variation in surface contamination of foods occurs, requires further
investigation; however, seasonal peaks in parasitism will influence when water and
foods become surface contaminated. The rapid transportation of foods acquired from

Cryptosporidium 255

Table 6
Possible Sources and Routes of Food Contamination
with Cryptosporidium spp. Oocysts

• Use of oocyst contaminated feces (night soil), farmyard manure and slurry
as fertilizer for crop cultivation

• Pasturing infected livestock near crops
• defecation of infected feral hosts onto crops
• direct contamination of foods following contact with oocyst-contaminated

feces transmitted by coprophagous transport hosts (e.g., birds and insects)
• Use of contaminated wastewater for irrigation
• Aerosolization of contaminated water used for insecticide and fungicide

sprays and mists
• Aerosols from slurry spraying and muck spreading
• Poor personal hygiene of food handlers
• Washing “salad” vegetables, or those consumed raw, in contaminated water
• Use of contaminated water for making ice and frozen/chilled foods
• Use of contaminated water for making products which receive minimum

heat or preservative treatment
• Ingestion of viable oocysts from raw or undercooked shellfish which accumulate

human infectious oocysts from their contaminated aquatic environment



global markets and their chilling and wetting can enhance parasite survival. Water and
food enhance survival of environmental stages by preventing their desiccation. The
widespread distribution of oocysts in the environment enhances the possibility of food-
borne transmission of cryptosporidiosis (Table 6).

2.1.6. Other Routes of Exposure

Sexual transmission of Cryptosporidium has been reported among homosexual males
(100,101). The significance of the recreational water route as a vehicle for transmission
has gained prominence over the last few years. Recreational water venues including
swimming pools, water parks, interactive, and sprinkler fountains that use recirculating
water (102,103), lakes, rivers, and oceans can be contaminated with infectious oocysts
and have been implicated as vehicles of transmission. Swimming pools, particularly
children’s paddling pools, have been incriminated in the transmission of cryptosporidiosis,
and the ingestion of swimming pool water following either accidental defaecation events
in swimming and paddling pools or cross-contamination of swimming pool water with
sewage effluent have resulted in outbreaks (104–106). The increase in the use of recrea-
tional waters for immersion sports, in oocyst contaminated recreational fresh and marine
waters, also increases the potential for this transmission route.

Oocysts can be redistributed to other uncontaminated sites associated with human
activities by transport hosts, such as coprophagous animals (e.g., pigs, dogs, chicken,
seagulls, and flies; [18, 107–111]). Filth flies can play a role in the transmission of
Cryptosporidium spp. oocysts because of their association with feces and their ability
to travel over large distances. Filth flies ingest 1–3 mg feces over 2–3 h (111), and can
transmit Cryptosporidium oocysts either attached to their exoskeleton or following their
ingestion, in excrement (109,110). Experimentally, recently emerged adult flies that
visited a slurry of oocyst contaminated bovine feces deposited up to 108/cm2 oocysts on
surfaces they visited and each adult fly could harbor up to 267 oocysts on its exoskeleton
(109). In another study, flies from 2 out of 62 households (3%) were positive for oocysts
in a Pueblo Joven community of Lima, Peru (107), whereas wild-caught synanthropic
flies harbored up to a mean of 13.4 oocysts in their guts and 7.4 on their exoskeleton (110).
Furthermore, parasites with both human and nonhuman reservoir hosts (e.g. C. parvum)
can augment environmental contamination following infection of coprophagous hosts.
Therefore, the sources of contamination can be point sources, such as infected hosts,
wastewater effluents or non-point sources, such as muck spreading, slurry spraying, and
run off from contaminated land. Rapid climate changes due to global warming, including
temperature fluctuations, rainfall, and changes in water table levels are also likely to
influence the distribution of oocysts in the environment.

2.2. Survival in Food and Related Environments

C. parvum oocysts can survive for more than 12 mo in water at 4°C (112); however,
air drying (18–20°C), for 4 h kills oocysts (75). A proportion of C. parvum oocysts
can survive at 20°C for 12 h (75). Nichols and Smith (113) cite data on the resistance
of C. parvum oocysts to physical and chemical treatments. Some experimental survival
and inactivation data for Cryptosporidium oocysts on/in foods and related environments
are presented in Table 7.
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3. FOODBORNE OUTBREAKS

Early reports highlighted a role for milk-borne transmission. Foodborne transmission
following the ingestion of uncooked bovine offal, which had been stored frozen prior to
it being thawed out for use was also reported, casting doubt on the efficacy of freezing
for the inactivation of oocysts.

Six outbreaks of foodborne disease have been documented, five of which occurred
in the USA and one in Australia. Two occurred following the consumption of nonalco-
holic, pressed, apple cider, in 1993 and 1996 affecting a total of 185 individuals. In the
1993 outbreak, apples were collected from an orchard in which an infected calf grazed.
Some apples had fallen onto the ground (windfalls) and had probably been contami-
nated with infectious oocysts then (121). The source of oocysts in the second outbreak
is less clear as windfalls were not used and waterborne, as well as, other routes of
contamination were suggested (122). A foodborne outbreak, which affected 15 indi-
viduals, occurred in 1995 with chicken salad, contamination by a food handler, being
the probable vehicle of transmission (123). In 1997, an outbreak was documented in
Spokane, Washington. Amongst 62 attendees of a banquet dinner, 54 (87%) became ill.
Eight out of 10 stool specimens obtained from ill banquet attendees were positive for
Cryptosporidium. Epidemiological investigation suggested that foodborne transmission
occurred through a contaminated ingredient in multiple menu items (124).

During September and October 1998, a cryptosporidiosis outbreak, affecting 152
individuals, occurred at a university campus in Washington, DC, USA. A case–control
study with 88 case patients and 67 control subjects revealed that eating in one out of the
two cafeterias was associated with illness. One food-handler, positive for Cryptosporidium,
had prepared raw produce between September 20–22, 1998. All Cryptosporidium fecal
samples from the 1997 banquet dinner outbreak and the 1998 university campus (25
cases, including the food-handler) analyzed by molecular methods contained C. hominis
oocysts (125).

In three out of the six outbreaks, contaminated foodstuffs were implicated as the vehicles
of transmission, but in the 1995 chicken salad outbreak (1995) and the Washington, DC
university campus outbreak (1998), foodhandlers were implicated in the transmission of
disease, implying that contamination occurred probably during food preparation and
that, until then, the foodstuffs were free of contaminating infectious oocysts. That trans-
mission was not due to indigenous contamination of the foodstuffs, but to mishandling
by foodhandlers manipulating the foodstuffs during food preparation, is an important
distinction that is not always recognized. Immaterial of the difference, such outbreaks
are categorized as foodborne, because the vehicle of transmission was food, but such
scenarios place an unfair public perception on specific food production practices that
are effectively quality assured.

In the Sunshine Coast, Queensland outbreak (August and September 2001), the only
outbreak-associated exposure for all eight laboratory-confirmed cryptosporidiosis cases
was children who had drank commercially obtained unpasteurized milk in the 2 wk prior
to the onset of disease. From a further 10 samples of the commercially obtained unpas-
teurized milk analyzed, five contained Cryptosporidium sp. antigen determined using
the ELISA SYSTEMS™ kit (126).
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4. PATHOGENICITY (VIRULENCE FACTORS)

4.1. Infectious Dose

Most human volunteer infectivity studies have used C. parvum oocyst isolates. The
infectious dose for humans is small, but previous exposure confers some protection
against reinfection. Of 29 healthy human volunteers, with no evidence of previous
serological Cryptosporidium infection, 20% became infected following an oral dose
of 30 C. parvum (Iowa isolate, bovine) oocysts (127). A dose of 300 oocysts caused
infection in 88%, and 1000 oocysts produced infection in 100% of volunteers tested
and the median infective dose was 132 oocysts. Of the volunteers who excreted
oocysts, 39% developed diarrhea and one other enteric symptom. Those with diarrhea
excreted more oocysts than those without diarrhea, and were more likely to excrete
oocysts on consecutive days (128). One year later, the same volunteers were each given
a challenge dose of 500 oocysts. Reduced clinical severity as well as a decline in the
number of subjects shedding oocysts occurred, although the rate of diarrhea was com-
parable. The serum antibody response did not correlate with the presence or absence
of infection. A 14-fold increase in ID50 occurred in volunteers with pre-existing anti-
C. parvum serum IgG (129). The infectivity of different C. parvum isolates can vary in
healthy human adult volunteers. Isolates differ in their ID50, attack rate, and duration
of diarrhea they induce (130). The median infectious dose is nine oocysts for the “Texas
A&M University” (TAMU, equine) isolate, 132 oocysts for the Iowa (bovine) isolate,
and 1042 oocysts for the “Ungar Cryptosporidium parvum” (UCP, bovine) isolate of
C. parvum (130).

C. hominis infectivity was studied in 21 healthy adult volunteers experimentally
infected with 10–500 oocysts (strain TU502). Sixteen individuals (76.2%) had evidence
of infection; the ID50 was estimated to be 10 to 83 oocysts using clinical and microbio-
logical definitions of infection, respectively. Diarrhoea oocurred in 40% of individuals
challenged with 10 oocysts and this percentage increased stepwise to 75% in those
receiving 500 oocysts. An immune response, characterised by IgG secretion occured in
those receiving more than 30 oocysts and, contrary to C. parvum responses, C. hominis
elicited a serum IgG response in most infected individuals (164).

One hundred oocysts produced infection in 22% of mice exposed (131) and the ID50
in CD1 neonatal mice is between 87 and 60 oocysts of the Iowa isolate of C. parvum
(87). Ten oocysts produced infection in two out of two infant nonhuman primates
tested (132) and five C. parvum oocysts (cervine/ovine, MD isolate) produced disease
in gnotobiotic lambs (133).

4.2. Pathogenicity

Histopathology of intestinal tissue reveals loss of villus height, villus oedema, and
an inflammatory reaction. Both the loss of microvilli and the decrease in the levels of
microvillar disaccharidases interfere with absorption and contribute to malnutrition. Local
cellular infiltrates are usually of plasma cells and neutrophils but also contain sub-
epithelial macrophages and lymphocytes. In moderate to severe infections, intraepithelial
neutrophils occur. An increase in lamina propria macrophages-producing tumor necro-
sis factor occurs in Cryptosporidium-infected piglets. Peyer’s patches appear reactive. The
mechanism by which Cryptosporidium infections cause severe diarrhea remains unclear
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and an intensive search for an enterotoxin has been inconclusive. The secretory diarrhea
has also been attributed to a prostaglandin-dependent effect; however, experiments in
infected piglets and calves, designed to measure the electrical resistance of the intes-
tinal epithelium in vivo, demonstrate little change in permeability. This is supported by
the observation that cell disruption is not a normal finding and is believed that the
epithelium is repaired. The loss of epithelial barrier integrity has been observed in cell
lines infected with sporozoites in vitro, yet pathological studies on the intestines of
infected animals and humans indicate that diarrhea is the consequence of malabsorption,
possibly due to a reduction of lactase activity.

4.3. Immune Response

Both immunocompetent- and immunocompromised-infected individuals can mount
antibody (humoral) responses to Cryptosporidium antigens. Infected individuals
respond to infection by producing IgM, IgG, and IgA antibody isotypes which persist
after infection thus, seropositive-uninfected individuals reflect the fact that they have
been exposed/infected, or both, previously. Our understanding of the significance of
the humoral immune response of an individual to eradicate Cryptosporidium infections
is still unclear. Chronic cryptosporidiosis can occur in hypogammaglobulinemic indi-
viduals in the absence of detectable antibodies. Chronically infected AIDS patients
produce higher serum and salivary IgA antibody titers than non-chronically infected
AIDS patients or uninfected immunocompetent controls, though they are unable to
eradicate infections, indicating that other factors are involved in an effective protective
immune response.

Several episodes of cryptosporidiosis can occur in the same individual, and one report
of a longitudinal cohort study in HIV-negative children in Peru illustrates this (134).
Out of 119 children, 13 (11%) had more than one episode of infection with the median
time of 10 mo (range 2.1–26 mo) between episodes. Four children who suffered nine
sequential episodes of infection were studied and the species of Cryptosporidium deter-
mined by molecular techniques revealed that these episodes were, alternatively, caused
by C. hominis (six episodes), C. meleagridis (two episodes), or C. canis (one episode).
One child had three consecutive episodes, each caused by one of these three species
(134). These three immunocompetent children were considered neither stunted, wasted
nor malnourished, when compared with the other children in the study and lived under
the same sanitary conditions. Human infections with species other than C. parvum or
C. hominis may be more common in such settings where the presence of sources of
mixed Cryptosporidium species is part of the endemic environment that these individuals
are exposed to.

A complex array of innate, humoral, and cell-mediated immune responses is required
within the intestinal mucosa to remove Cryptosporidium and the interactions between the
cytokines and the chemokines that regulate these responses and preserve the integrity of
the intestinal mucosa are important. Activation of lymphocytes by Cryptosporidium
antigens probably occurs in mucosal lymphoid follicles, particularly Peyer’s patches, and
CD4 T cells within the intraepithelial lymphocyte population appear to be important
effector cells. In AIDS patients with cryptosporidiosis, the rapid repopulation of the
intestinal mucosa with CD4 T cells, which occurs following treatment with highly active
antiretroviral therapy (HAART), appears to correlate with parasite clearance.
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Clearance of infection requires cell-mediated immunity, and T-helper 1 (Th1) responses
are important. In in vitro cell cultures, increased innate expression of enterocyte-derived
chemokine responses interleukin (IL)-8, growth-regulated oncogene- and regulated on
activation: normal T cell expressed/secreted (RANTES) occurs within 24–48-h infection.
These are probably important initiators of the intestinal lamina propria inflammatory
response. The neutrophil attracting chemokines IL-8 and growth-related oncogene
(GRO)- are upregulated in C. parvum-infected monolayers of intestinal epithelial cells
(HCT8, CaCO2) and basolateral secretion of IL-8 into the underlying mucosa provides a
mechanism for neutrophil accumulation at the site of infection.

C. parvum infection leads to the triggering of apoptotic mechanisms within infected
enterocytes that may represent an attempt by the host to limit the spread of infection.
Innate production of the proinflammatory cytokine interferon- not only controls the
early stages of infection, but also, together with IL-12, polarizes T-helper cells towards
the Th1 phenotype. Humans recovering from C. parvum infection have increased
intestinal mucosal expression of interferon- . The Th2 cytokines, IL-4 and IL-10, are
also upregulated in the infected human intestinal mucosa (135). Therefore, the protective
T-helper response may not be as polarized as observed for other intracellular parasites.
The inflammatory response induced by cytokines also contributes to infection-associated
pathology, and regulatory cytokines such as transforming growth factor (TGF)- 1, which
helps limit parasite-induced enterocyte damage, may help limit mucosal damage by
downregulating pro-inflammatory cytokine activity (135).

4.4. Virulence

Differences in the virulence of C. parvum and C. hominis infections, characterized
by duration of illness, intensity of gut colonization, or variations in prepatent period,
have not been thoroughly studied, although reports indicate that patients infected
with C. hominis shed higher numbers of oocysts than patients infected with C. parvum
exist (134,136) (Table 2). Risk factors for sporadic cryptosporidiosis include age
(children under 5 and, to a lesser extent young adults who presumably have greater
likelihood of contact with these patients) travelling abroad, contact with a diarrhoeic
individual, and contact with farm animals. Swimming in fresh water or public swim-
ming pools are positively associated in Australian and US studies (165). Separate
risks have been identified for C. hominis (travel abroad and contact with diarrhoeic
individual) and C. parvum (contact with cattle). Joint and eye pain, recurrent
headaches, dizzy spells and fatigue occurred significantly more often in C. hominis
cases than in C. parvum cases (165). The evidence that exists for greater numbers of
C. hominis, than C. parvum, oocysts being excreted could prove important when esti-
mating the impact of human sewage as a source of oocysts into the environment.
Eating tomatoes and carrots was strongly negatively associated with infection in
these studies, reinforcing similar data from outbreaks (165). This negative association
has not been explained adequately, although consumption of fruit and vegetables
contaminated with low numbers of parasites may cause subclinical infection and, in turn,
augment protective immunity. One study, conducted among Peruvian HIV-negative
children with cryptosporidiosis, showed that the duration of oocyst shedding was
longer for C. hominis than for C. parvum (mean 13.9 and 6.4 d, respectively;
p=.004); however, no differences between C. hominis and C. parvum infections were
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observed with respect to duration of, or percentage with diarrhea, age or antecedent
stunting. In the endemic setting of this study, the largest percentage of infection and
illness was found in children infected with C. hominis although C. meleagridis infec-
tions were as common as C. parvum infections and C. felis and C. canis infections
also occurred (134).

5. CLINICAL CHARACTERISTICS

There are no pathognomonic signs. Some features that distinguish C. parvum crypto-
sporidiosis from C. hominis cryptosporidiosis are presented in Table 2. Cryptosporidiosis
is associated with profuse watery diarrhea, rapid weight loss, dehydration, and abdominal
cramps. Diarrhea is the predominant symptom (80–90% of cases) and less frequent
symptoms include low grade fever, nausea, vomiting, anorexia, and general fatigue.
Gastrointestinal symptoms, which may be accompanied by a “flu-like” illness (20–40%
of cases) include vomiting, anorexia, and flatulence. The incubation period, the time from
ingestion of organisms to the manifestation of symptoms, ranges from 5 to 10 d but, can
be as much as 28 d. Prolonged excretion of oocysts is unusual. In immunocompetent
individuals, both duration and severity of disease can vary but the diarrhea is self-limiting
and the infection is limited to the small and large intestine. Infection can be asymptomatic,
but the ratio of symptomatic to asymptomatic cases is not known.

In immunocompromised individuals, especially those with acquired immuno-
deficiency syndrome (AIDS), infection can lead to dehydration, electrolyte imbalance,
and eventually death. Infection in AIDS patients can spread to the esophagus, stom-
ach, gall bladder, common bile duct, rectum, appendix, and into the respiratory tract.
Immunocompromised individuals include those with AIDS, primary immune deficien-
cies, other acquired abnormalities of T-lymphocytes, hypo- and agammaglobulinemia,
X-linked hyperimmunoglobulin M syndrome, severe combined immunodeficiency
syndrome, leukemia (especially during aplastic crises), those receiving immunosuppres-
sive drugs for transplantation and chemotherapy and those with severe malnutrition
where infection may be associated with measles. Except in those individuals for whom
immunosuppressive therapy is reversed, symptoms can persist unabated. HIV-infected
individuals with CD4 counts >200/mm3 experience self-limiting disease, whereas
those with counts <100/mm3 frequently experience chronic illness or extraintestinal,
most frequently biliary, disease. Fulminant cryptosporidiosis occurs when the CD4
count is <50/mm3 (137).

Young children are more susceptible to infections and have more severe clinical
signs due to an immature immune system and poorer hygiene habits. Breast-fed babies
are protected from a variety of intestinal infections, including Cryptosporidium. This
protection arises from various specific and nonspecific mechanisms, including antibodies,
colostrum and milk, and the production of organic acids from the metabolism of intestinal
anaerobes (especially bifidobacteria) stimulated by human milk substances. After weaning,
the acquisition of infection is frequently due to exposure to contaminated individuals,
fluids, and food.

Asymptomatic infections appear to be more prevalent in children, young adults,
and AIDS patients in endemic areas of disease. Children infected with Cryptospori-
dium suffer retarded growth. In a study that measured the weight of 1064 children with

Cryptosporidium 263



cryptosporidiosis from Guinea-Bissau, a loss of 392 g in boys and 294 g in girls at the
age of 2 yr was observed compared with uninfected controls. Weight loss was not compen-
sated by time, and the study suggested that cryptosporidiosis in infancy has a permanent
deleterious effect on growth (138). Asymptomatic infections, which cause weight loss
in young Peruvian children, are reported to be more common than symptomatic infec-
tions. Out of 207 children (aged 0–3 mo) studied, 45% became infected over the following
2 yr of life. Fifty-seven infected children were assessed, of which 63% were asympto-
matic. Symptomatic cases lost an average of 342 g during the first month of infection,
whereas asymptomatic children lost an average of 162 g, compared with uninfected
controls. Since asymptomatic infections were more common in the population studied,
they may have accounted for retarded growth (139). Asymptomatic infections appeared
to be common (39.7%) in a rural population of southern Indians with Cryptosporidium
being one of the commonest parasites found in this highly parasitized population (of
97.4% individuals infected, 74.3% had multiple intestinal parasites). In 377 individuals
studied, asymptomatic Cryptosporidium infections in 5–19-yr olds of the northern
Bolivian Altiplano were frequent (31.6%) (140).

6. CHOICE OF TREATMENT

There is a history of inadequate treatments for cryptosporidiosis and outcomes from
in vitro and in vivo models have not always paralleled studies in humans. Current options
include public health education for those at greatest risk, supportive therapy, such as
rehydration and treatment of symptoms and, where possible, reversal of any underlying
immunosuppression. Anti-apicomplexan and coccidial drugs, effective for other members
of the phylum, have proved to be of little value in treating cryptosporidiosis. The unique
location of its endogenous stages, residing within a parasitophorous vacuole that is
intracellular yet extracytoplasmic, has been postulated for the failure of some candidate
drugs (141).

Drug treatment of cryptosporidiosis falls broadly into three categories: antimicrobial
therapy, immunotherapy, symptomatic anti-diarrheal treatment, and drugs from more
than one of these groups have been used in combination (142). HAART has reduced the
incidence of disease in HIV-positive patients, probably affecting both viral and parasite
loads. In immunocompromised patients with HIV-related disease, immune reconstitu-
tion using HAART, which acts prophylactically is the treatment of choice. Protease
inhibitors used in HAART reduce C. parvum sporozoite host cell invasion and parasite
development in vitro and inhibition is enhanced in combination with paromomycin
(PRM) (143). HAART in combination with antiparasitic therapy helps parasite clear-
ance, irrespective of CD4 count (144). In non-HIV immunosuppressed patients with
cryptosporidiosis, reducing immunosuppression can lead to clinical and parasitological
improvements (145).

Drugs reported to be beneficial in the treatment of human cryptosporidiosis include
spiramycin (146,147), PRM (148), nitazoxanide (NTZ; 2-acetyloxy-N-(5-nitro-2-thia-
zolyl)benzamide) (149,150) and azithromycin (151). Recently, the most promising agent
is NTZ, a synthetic antiparasitic drug for oral administration. NTZ is rapidly hydrolyzed
to its active metabolite tizoxanide and its antiprotozoal activity is probably due to the
inhibition of pyruvate/ferredoxin oxidoreductase (152), which is a vital enzyme in para-
site metabolism. NTZ is a broad range anti-parasitic drug that has been used since 1984.

264 Smith and Nichols



In a randomized, double-blind, placebo-controlled study, NTZ was shown to be
effective in the treatment of mild cryptosporidiosis of children and adults. NTZ was
administered in doses of 500, 200, or 100 mg twice daily for 3 d in adults and adoles-
cents: children aged 4–11 yr or aged 1–3 yr, respectively. Seven days after initiation of
therapy, diarrhea had resolved in 80% of patients in the NTZ group, compared with
41% in the placebo group (p<0.0001). Diarrhea resolved in most patients receiving NTZ
within 3 or 4 d of the initiation of treatment. NTZ-treatment reduced the duration of both
diarrhea (p<0.0001) and oocyst shedding (p<0.0001) (153).

The effect of NTZ versus placebo was tested in a randomized-controlled trial on 100
children with cryptosporidiosis (50 HIV-seronegative and 50 HIV-seropositive). The
parameters examined were: clinical response on d 7 after the start of treatment, parasito-
logical response by d 10, and mortality at d 8. A 3-d course of NTZ (100 mg twice daily
orally for 3 d) given to HIV-seronegative children significantly improved the resolution
of diarrhea (difference 33%, 95%CI 7–59; p=0.037), the disappearance of oocysts from
stools (difference 38%, 95%CI 14–63; p=0.007) and mortality (-18%, 95%CI -34 to 2;
p=0.041) when compared with placebo. Although HIV-seropositive children had no
significant improvement during primary treatment, further treatment of nonresponders
with an additional 3-d course of open-label NTZ showed 92% clinical or parasitological
response, suggesting that a higher dose may be necessary for the treatment of HIV-
positive malnourished children (154).

In a Medline search on studies (emphasis on randomized, double-blind, placebo-
controlled trials from 1996 to February 2004) performed with NTZ for giardiasis and
cryptosporidiosis treatment, most studies in immunocompetent patients reported clinical
and parasitological response rates close to 80 and 70%, respectively, for both parasites,
yet response rates were always lower in immunocompromised patients (155).

NTZ is safely administered to humans in doses of up to 4 g (156). Further investi-
gations into the use of a single dose medication (for practical and economic reasons)
would greatly facilitate the use of the drug in endemic regions where cryptosporidiosis
causes stunting and malnutrition in young children (152).

NTZ has US Food and Drug Administration approval for the treatment of both
cryptosporidiosis (the first drug approved for the treatment of cryptosporidiosis) and
giardiasis in children aged from 1 to 11 yr; however, no studies have been performed
with children under 1 yr, patients with hepatic or renal impairment or on the effect
the drug may have on pregnancy or on breast-feeding individuals. Both the doses
required and the duration of treatment of immunocompromised patients still have to be
established (157).

7. RESISTANCE EPIDEMIOLOGY

Despite the fact that many hundred of candidate drugs and combinations thereof have
been tested in vitro or in vivo for activity against Cryptosporidium, no treatment has
been effective at ameliorating both clinical and parasitological responses, particularly
in the immunocompromised, in large cohort studies. Given that there is no effective
chemo- or immunotherapeutic intervention available, there is no emerging resistance
epidemiology. Oocysts are resistant to many disinfectants used in the water industry
(88) – a property attributed to the biochemistry, biophysics, and physiology of the oocyst
wall (158,159).
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8. SUMMARY AND CONCLUSIONS

Cryptosporidium is an obligate intracellular parasite that completes its life cycle in a
single host and whose taxonomy is under review. Commonly referred to as a coccidian
parasite, it is now thought to have diverged from the remainder of the Apicomplexa
early on in evolutionary terms. Both SSU rRNA sequence analysis and the recognition
of additional life cycle stages appear to support this concept. Of 16 “valid” species
of Cryptosporidium, genetic analyses reveal that seven species can infect susceptible,
immunocompetent, and immunocompromised human hosts. C. parvum, found in humans
and other mammals, and C. hominis, found predominantly in humans, remain the most
common species infecting man, but C. meleagridis, C. felis, C. canis, C. suis, C. muris, and
the Cryptosporidium cervine and monkey genotypes also infect humans. Humans do not
become solidly immune to reinfection following their first exposure, but do develop an
anamnestic response. Different C. parvum isolates evoke different clinical outcomes in
human volunteers, indicating that parasite virulence and/or pathogenicity factors affect
clinical outcome. Parasite factors and the inflammatory immune response drive both
parasite clearance and immunopathology. Presently, there are no recognized, specific,
chemotherapeutic drugs for controlling cryptosporidiosis although NTZ shows promise,
particularly for immunocompetent individuals. Modifications of treatment regimens
may also increase the usefulness of NTZ for immunocompromised individuals.

Transmission to humans can occur via any mechanism by which material contaminated
with feces containing infectious oocysts from infected human beings or other non-
human hosts can be swallowed by a susceptible host. Both biotic and abiotic reservoirs
of infection exist. Biotic reservoirs include all potential hosts of human-infectious
Cryptosporidium species, whereas abiotic reservoirs include all vehicles that contain
sufficient infectious oocysts to cause human infection, the most commonly recognized
being food and water. Transport hosts, including gulls, wildfowl, filth flies, and bivalves
should also be borne in mind when developing risk assessment questionnaires and
performing risk assessments.

While conventional detection methods are useful for detecting symptomatic human
cases, they are not sufficiently sensitive for detecting asymptomatic carriers. Furthermore,
they cannot discriminate between the species that commonly infect human or nonhuman
hosts. Here, molecular methods that can determine species, genotypes, and subtypes of
Cryptosporidium are required and a variety of PCR-based methods are available. PCR-
RFLP and DNA sequence-based methods have been used to identify species/genotypes
in clinical and environmental samples, but there is increasing interest in real-time PCR
methods as they can be more sensitive and rapid.

A variety of oocyst viability/infectivity methods have been described which indicates
that, currently, no method has received universal approval. Both in vitro and in vivo
methods have been advocated and, depending on the requirement, each has its advan-
tages and limitations. Standardized methods for detecting low densities of oocysts in
water and food are available as are molecular methods for determining their species and
genotypes. Unidentified interferents in water and food matrices reduce the efficiency
of detection by PCR, and methods to relieve such interferents should be assessed in
order to maximize detections from low densities of oocysts. Immaterial of the method
used, effective quality assurance, quality control, and validation are necessary prior
to adoption.
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Both foodborne and waterborne outbreaks of cryptosporidiosis have been documented.
In three out of the six outbreaks documented, contaminated foodstuffs were implicated
as the vehicles of transmission, but in another two, foodhandlers, rather than indigenous
contamination of foodstuff, were implicated in the transmission of disease. Whether
seasonal variation in surface contamination of foods occurs, requires further investigation;
however, seasonal peaks in parasitism will influence when water and foods become
surface contaminated. Water and food enhance survival of environmental stages by pre-
venting their desiccation and the widespread distribution of oocysts in the environment
enhances the possibility of foodborne transmission.

Increased demand, global sourcing, and rapid transport of soft fruit, salad vegetables,
and seafood can enhance both the likelihood of oocyst contamination and oocyst
survival. A risk-based assessment based upon standard, validated methods is required
for detecting Cryptosporidium oocysts on/in food. In addition to determining genus and
species of protozoan parasites present on/in foods and whether they are infectious to
humans, subtyping methods are required to track outbreaks of disease and incidents and
to determine the risk associated with specific genotypes. A clearer understanding of the
population biology of the parasite will assist in unravelling occurrence and prevalence
of genotypes, whereas a multidisciplinary approach will assist in unravelling the impact
of foodborne protozoan parasites on human health.

Methods for detecting oocysts on foods are modifications of those used for detecting
oocysts in water, and, as such, have recovery efficiencies ranging from 1 to 59%. Specificity,
sensitivity, and reproducibility are paramount as, unlike pre-enrichment methods that
increase organism numbers for prokaryotic pathogens and indicators, there is no method
to augment parasite numbers prior to detection. Oocyst contamination of food can be on
the surface of, or in, the food matrix and products at greatest risk of transmitting infec-
tion to man include those that receive no, or minimal, heat treatment after they become
contaminated. Examples of surface contamination include salad vegetables and fruit,
whereas examples of contamination within the food matrix include drinks, beverages,
milk, and other foodstuffs containing naturally contaminated produce such as bivalves.
Bivalves can remove Cryptosporidium oocysts from water and accumulate them on the
gills and inside hemocytes in the hemolymph for protracted periods of time. Heating at

64.2°C for 2 min will ablate the infectivity of C. parvum oocysts to neonatal mice,
and air drying/desiccation for 4 h or exposure to 0.03% H2O2 for 2 h will ablate oocyst
viability. In addition to temperature elevation ( 64.2°C for 2 min), disinfectants and other
treatment processes used in the food industry may be detrimental to oocyst survival or
lethal, but further research in this important area is required. In the absence of specific
data, approaches such as hazard analysis and critical control points should be used to
identify and control risk.
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10
Cyclospora

Huw V. Smith

Abstract
Cyclospora cayetanensis is a diarrhea-causing, intracellular, intestinal parasite of humans. It completes

its life cycle in individual hosts, but many aspects of its biology are not well understood, including
its infectious dose and its virulence and/or pathogenicity. The drug of choice is trimethoprim-sulfametho-
xazole and immune reconstitution using HAART and secondary trimethoprim-sulfamethoxazole
prophylaxis should be considered in HIV-infected individuals.

Both foodborne and waterborne outbreaks have been documented. Foodborne clusters have affected
large numbers of individuals in north America, with cases occurring most commonly in springtime and
early summer. Increased global sourcing and rapid transport of soft fruit, salad vegetables, and seafood
can enhance both the likelihood of oocyst contamination and the oocyst survival. Standardized methods
for detecting oocysts on foods must be maximized as, unlike pre-enrichment methods that increase
organism numbers for prokaryotic pathogens and indicators, there is no method to augment parasite
numbers prior to detection. Oocyst contamination of food can be on the surface of, or in, the food
matrix and products at greatest risk of transmitting infection to man include those that receive no, or
minimal, heat treatment after they become contaminated. Temperature elevation kills oocysts and
disinfectants and other treatment processes used in the food industry may be detrimental to oocyst
survival or lethal, but further research in this important area is required.

Key Words: Cyclospora; oocysts; occurrence; detection; outbreaks; foodborne; environment.

1. CLASSIFICATION AND IDENTIFICATION

1.1. Classification
1.1.1. Historical

In 1979, Ashford (1) reported the finding of unsporulated, Isospora-like oocysts in
routine stool samples from three individuals from Papua New Guinea and described
them as undistinctive, uniformly sized, and easily confused with fungal spores. From
1985 onwards, 8–10 m oocysts of an unknown Cryptosporidium muris-like parasite
were reported from expatriates and native Peruvians suffering from extended bouts
of chronic diarrhea, weight loss, and fatigue (2,3). Further reports from the USA (4) and
Kathmandu (5) identified the local occurrence of this parasite and confirmed its broad
geographical distribution. Since that time, these “Isospora-like” oocysts, also known as
“Big Crypto” or “Crypto Grande”, have been described as a flagellate (2), a blue-green
alga (6), cyanobacterium-like body (7), coccidian-like body, coccidian-like organism
or cyclospora-like body (8), and identified as a cause of prolonged diarrhea in both
the immunocompetent and the immunocompromised. Finally classified in 1994 (9),
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C. cayetanensis oocysts have been described in the stools of residents in, and travelers
returning from, developing nations, and in association with diarrheall illness in individuals
from north, central, and south America, the Caribbean, Africa, the Indian sub-continent,
southeast Asia, Australia, and Europe. C. cayetanensis was named after the location
of the authors’ principal studies, Cayetano Heredia University in Lima, Peru.

1.1.2. Current Classification

Originally described in the intestines of moles by Eimer in 1870, Cyclospora is
related taxonomically to other coccidian parasites, including Eimeria and the human
pathogens Cryptosporidium and Toxoplasma. Cyclospora is a member of the sub-
phylum Apicomplexa, class Sporozoasida, subclass Coccidiasina, and family Eimeriidae.
Organisms of the genus Cyclospora have an oocyst with two sporocysts, each of which
contains two sporozoites (10). Seventeen species have been described: C. cayetanensis
(from humans) (9), C. cercopitheci (from Cerocopithecus aethopis, African green or
vervet monkey), C. colobi (from Colobus guereza, colobus monkey), C. papionis (from
Papio anubis, olive baboon), C. angimurinensis (from Chaetodipus hispidus hispudus),
C. ashtabulensis (from Parascalops breweri), C. babaulti (from Vipera berus), C. caryolytica
(from Talpea europea, Talpea micrura coreana and possibly P. breweri), C. glomericola,
(from Glomeris species), C. megacephali (from Scalopus aquaticus), C. ninae (from
Ninia s. sebac), C. parascalopi (from P. breweri), C. scinci (from Scincus officinalis),
C. talpea (from Talpea europaea), C. mopidonori (from Natrix natrix and Natrix stolata),
C. viperae (from Viperia aspis and possibly Coluber scalaris, Coronella austraca and
Natrix viperinus) and C. zamenis (from Coluber v. viridiflavus) (11). Four species infect
primates, namely C. cayetanensis (9), and based on morphological and molecular analyses,
three futher species from non-human primates (Cyclospora cercopitheci sp.n., C. colobi
sp.n., and C. papionis sp.n. (12).

Oocyst size and shape, sporulation characteristics, life cycle, host range, and
anatomical site(s) of infection are the important criteria for classifying coccidia;
however, reliance on phenotypic characteristics for classifying Cyclospora has identified
certain limitations resulting in misclassification (2–8,13). Molecular methods have
advanced our understanding of the phylogenetic relationships among closely related
organisms and have helped us to resolve some previous limitations. Comparative 18S
rRNA phylogenetic analysis reveals that C. cayetanensis is most closely related to
the genus Eimeria (14). The 18S rRNA sequence data suggest that the relationship
between C. cayetanensis and Eimeria is as close as that between some Eimeria
species and have prompted speculation that nonhuman reservoirs of C. cayetanensis
may exist (11) and that Cyclospora might be an Eimeria species (15). Taxonomic
revisions such as these are difficult to reconcile completely because the sporulation
characteristics for each genus are quite distinct: Eimeria oocysts have four sporocysts,
each containing two sporozoites; while Cyclospora oocysts have two sporocysts, each
containing two sporozoites. Eimeria are host-species specific, nonhuman pathogens
whose oocysts sporulate outside the host and complete their asexual and sexual devel-
opmental life cycles within one host. The close molecular phylogenetic relationship
between Eimeria and Cyclospora predicts that they may share similar phenotypic char-
acteristics beyond sporogony outside the host (16,17) and a monoxenous life cycle (18).
Variability in nucleotide sequences in the first internal-transcribed spacer (ITS1) region
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in isolates from different geographical origins has been reported, and is suggestive of
the existence of multiple strains (19,20).

Sequencing and alignment of C. cercopitheci, C. colobi, and C. papionis 18S rRNA
demonstrate the high homology among Cyclospora species and for further species dis-
crimination, other hyper-variable regions must be analyzed. The ITS1 region (19,20)
can be used to distinguish between C. cayetanensis and C. papionis (20). Out of the 17
known species of Cyclospora, sequence data exist for only four species (C. cayetanensis,
C. cercopitheci, C. colobi, and C. papionis) and for these species, only the 18S rRNA, ITS,
and 5.8S regions have been sequenced. Phylogenetic trees using the 18S rRNA region
of sequenced Cyclospora and Eimeria species indicate that, while there is a great deal
of relatedness among the genera, Cyclospora species appear to be more related to each
other than to Eimeria (11).

1.1.3. Life Cycle

Cyclospora completes its life cycle within one host (monoxenous), a phenomenon
also characteristic of Cryptosporidium and Eimeria species, yet, many details of the C.
cayetanensis life cycle remain unknown. Endogenous stages are intracytoplasmic and
contained within a vacuole (9), and the transmissive stage, the oocyst, is excreted in
the stool. Sparsely distributed intracellular stages occur both at the luminal surface and
in glandular clefts of the small intestine (18). Infective oocysts contain two sporocysts
and each sporocyst contains two sporozoites. Excysted sporozoites infect the epithelial
cells (enterocytes) lining the small intestine, the preferred site of infection being the
jejunum. Intracellular sporozoites divide by multiple fission to form meronts, which
contain varying numbers of merozoites. Two different morphological types of fully
developed (asexual) meronts have been described: type I, with 8–12 fully mature
merozoites (0.5 × 3–4 m) and type II, with four merozoites (0.7–0.8 × 12–15 m)
(18). The final generation of merozoites infect further jejunal enterocytes and initiate
the sexual component of the life cycle. In sexual multiplication (gametogony), individual
merozoites produce either microgamonts or macrogamonts. Nuclear division in the
microgamont leads to the production of numerous microgametes which are released
from host cells and fertilize macrogametocytes. Macrogametocytes contain types I and
II wall-forming bodies (18). The product of fertilization, the zygote, develops into an
unsporulated oocyst (Fig. 1A) which is released into the lumen of the intestine.
Unsporulated oocysts pass out of the body in feces where further development including
the development of sporocysts and sporozoites (sporogony/sporulation) occurs in the
presence of the higher concentrations of atmospheric oxygen (Fig. 1B). Sporulation is
dependent on ambient temperature (16,17). While these descriptions of intestinal asexual
and sexual stages comply with accepted coccidian development, description of the
complete life cycle is awaited (Fig. 2).

C. cayetanensis oocysts are spherical, measuring 8–10 m in diameter. Oocysts are
unsporulated when excreted in the stool and sporulate to infectivity in the environment.
Unsporulated oocysts contain a central morula-like structure consisting of a variable
number of inclusions (Fig. 1A), whilst sporulated oocysts contain two ovoid sporocysts
(Fig. 1B). Within each sporocyst reside two crescentic sporozoites, each sporozoite
measuring 1.2 × 9 m. Sporulated oocysts excyst following incubation in an excystation
medium at 37°C for up to 40 min (16).
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1.2. Identification

There are no pathogenomonic signs and laboratory identification is required to
confirm diagnosis.
1.2.1. Detection in Feces

Oocysts are excreted in relatively low numbers in human feces and can be preserved
in 10% formalin, 2.5% potassium dichromate, or sodium acetate–acetic acid–formalin
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Fig. 2. Cyclospora cayetanensis life cycle. From ref. (16). With permission.

Fig. 1. (A) Nomarski differential interference contract photomicrograph of an unsporulated
C. cayetanensis oocyst. (B) Nomarski differential interference contract photomicrograph of a
sporulated C. cayetanensis oocyst.



(SAF) fixatives. Oocyst viability is retained following storage in 2.5% potassium
dichromate. Formalin is a known inhibitor of the polymerase chain reaction (PCR).
Concentration methods are recommended to increase C. cayetanensis oocyst yield and
fresh or preserved stools can be concentrated by centrifugation, formol ether sedimen-
tation or Sheather’s sucrose flotation (21). One-step discontinuous Percoll gradient
concentration can be more effective for concentrating oocysts than Sheather’s sucrose
flotation or formol–ether sedimentation (22). The microscopical detection of oocysts in
fecal samples is the mainstay of diagnosis, but oocysts have also been reported from
jejunal aspirates (8). Microscopy of unstained wet mounts or stained smears can be
performed on fresh or fixed (10% formalin, polyvinyl alcohol; SAF solution; 2.5%
potassium dichromate) samples.

Oocysts seen in stool samples are normally unsporulated. In wet mounts, oocyst walls
appear as well-defined non-refractile spheres measuring 8–10 m in diameter by bright-
field microscopy, and within an oocyst is a central morula-like structure (see Fig. 1A)
which appears refractile, exhibiting a greenish tinge at higher (×400) magnification.
Oocysts are remarkably uniform in size (1,7) and occasionally, oocysts which have
collapsed into crescents are encountered. Epifluorescence microscopy enhances
detection as the oocyst wall autofluoresces blue when visualized with a 330–380 nm
ultraviolet excitation filter (23) or green when using a 450–490 nm dichroic mirror
excitation filter (24). Sporulation of unfixed oocysts confirms diagnosis. Nomarski
differential interference contrast (DIC) microscopy can improve detection of unstained
Cyclospora oocysts (25) (Fig. 1A,B) and sensitivities of 75, 30, and 23% have been
reported using microscopy of saline wet mounts, safranin, and auramine rhodamine
staining, respectively (26). Oocysts do not stain with Gram, Giemsa, hematoxylin and
eosin, Lugol’s iodine, methylene blue, and Grocott–Gomori silver stains (6,26). Staining
air-dried fecal smears can aid identification, and the rapid dimethyl sulfoxide-modified
acid-fast-staining method is more effective than either the Kinyoun or the modified
Ziehl–Neelsen method (27). Oocysts stain variably with acid-fast stains ranging from
deep red to unstained. A modified safranin method (microwaving followed by safranin
staining and malachite green or methylene blue counterstaining) stains oocysts a
brilliant reddish orange (28).

C. cayetanensis oocysts are approximately twice the diameter of Cryptosporidium
oocysts (8–10 m vs. 4.5–5.5 m); however, laboratory misdiagnosis (i.e., reporting of
false positives) has resulted in recent reports of outbreaks of pseudoinfection with
Cyclospora (29). There is a need for effective training of personnel and independent
confirmation of positive results from laboratories that are beginning or increasing
surveillance for this organism (29).

When stored in 2.5% potassium dichromate or deionized water, up to 24% of purified
Cyclospora oocysts will sporulate by 14 d at temperatures ranging from 22 to 37°C, but
not at 4°C (16,17). Sporulation is reduced at the higher temperatures and occurs most
rapidly at 22–30°C. The observation that a small percentage (9–12%) of unsporulated
oocysts held at 4°C for 1–2 mo are able to sporulate by 7 d when stored at 30°C may
prove to be epidemiologically significant when evaluating outbreaks associated with
imported produce contaminated with Cyclospora (17). Under- and misdiagnosis of
infection occurs and consequently environmental contributions leading to water and
food contamination are probably underestimated (see Table 1).
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Where oocysts cannot be found in stools, diagnosis can be augmented by light
microscopy of hematoxylin- and eosin-stained intestinal biopsies. Transmission electron
microscopy (TEM) of biopsies reveals the presence of parasitophorous vacuoles containing
the replicating stages. Neither light microscopy nor TEM examination of tissue is performed
routinely for diagnostic purposes, because of the invasive nature of the biopsy procedure.
Whether examination of jejunal juice is more or less predictive than microscopy of
fecal concentrates, is not known.

1.2.2. Sensitivity of Detection in Feces

No specific data are available for the sensitivity of detection in feces. Being inter-
mediate in size between Cryptosporidium spp. oocysts (4–6 m and 6–8 m) and Giardia
spp. cysts (8–16 × 7–10 m), the sensitivity of detection is expected to be >1 × 104/g
oocysts of unconcentrated stool following stool concentration. C. cayetanensis oocysts
are excreted in lower numbers than those of Cryptosporidium and the concentration
methods should be used to increase the likelihood of detection (see above). The estimated
sensitivity of acid-fast staining when compared with autofluorescence microscopy is
approx 78% (23). Whether variations in fecal consistency influence the ease of detection
is not known, but, as for Cryptosporidium, oocysts are probably more readily detected
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Table 1
Some Features of the Biology of C. cayetanensis Which Can Facilitate
Environmental Transmission

Feature Cyclospora cayetanensis

Robust nature of oocysts enhances their Oocyst survival is enhanced in moist cold
survival for long periods of time in environments. Sporulation is retarded at
favorable environments before ingestion 4°C and survival is enhanced by storage
by potential hosts in dark, moist, cool microclimates

Environmental robustness of oocysts Oocysts can survive physical treatment and
enables them to survive some water pass through treatment barriers. Oocysts 
treatment processes are insensitive to disinfectants commonly

used in water treatment
Small size of oocysts aid their penetration 8–10 m

through sand filters
Few viable oocysts need to be ingested for No human infectivity data are available, but

infection to establish in susceptible hosts the infectious dose is thought to be low
(10–100 oocysts). Foodborne transmis-
sion is suggestive of low infectious doses
due to low level contamination of 
foodstuffs

Excretion of oocysts into water courses Experimentally, viable C. cayetanensis
facilitate spread to, and entrapment in oocysts can accumulate within 
shellfish freshwater clams

Excretion of oocysts in feces facilitates Currently, no evidence is available for 
spread to water by water-roosting refuse mechanical transmission of Cyclospora,
feeders, and environmental spread by but evidence exists for Cryptosporidium
filth flies and Giardia



in concentrates made from watery, diarrheal specimens than from formed stool specimens.
There are no standardized immunological methods for detecting Cyclospora oocysts.
Whilst current detection methods are effective for diagnosing symptomatic infection, they
remain insensitive and unable to detect the smaller number of oocysts present in asympto-
matic infections. As for Cryptosporidium, oocyst detection methods may not be the ideal
option for all situations.

1.2.3. Alternative Detection Procedures

PCR is more sensitive than conventional and immunological assays for the
coprological detection of infection. The reliance of PCR on enzymatic amplification
of nucleic acids makes it susceptible to inhibitors present in feces, waters, and foods.
Its increased discriminatory powers will prove beneficial for epidemiological, source,
and disease tracking proposes; but, currently, there are few published instances of its
usefulness. Issues pertaining to inhibitors in feces, water, and foods together with
methods for relieving their inhibitory effects, PCR targets, the sensitivity of detection,
and methods for extracting DNA are presented in Section 1.2.3 (alternative detection
procedures) of the Cryptosporidium chapter. (Please see page 242.)

A two-step nested PCR assay targeting a small 18S ribosomal RNA (18S rRNA)
gene locus and restriction fragment length polymorphism (RFLP) analysis detects
Cyclospora DNA (30). The nested PCR primers also amplify other coccidian DNA, par-
ticularly those belonging to the genus Eimeria (30,31), but this is not problematic for
coprological diagnosis, as the genus Eimeria is not known to infect humans. Oocyst
purification by sucrose flotation or cesium chloride gradient centrifugation reduces
PCR inhibitors present in feces, while glass-bead disruption of the oocyst wall releases
DNA for PCR amplification (32). The nested PCR product is approx 300 bp and sensi-
tivity can be 10 oocysts (30). Based on a small number of samples, a specificity of 100%
and a sensitivity of 62% were reported (31). The 10 specimens which were negative by
PCR, but positive by microscopy contained either few or moderate number of
Cyclospora oocysts.

These primers distinguish Cyclospora 18S rRNA from that of human, C. parvum,
Toxoplasma gondii, and Babesia microti, but do not differentiate Cyclospora from the
closely related Eimeria species: coccidians that are known to infect domestic fowl, cattle,
and rodents (30). PCR products must be further characterized by RFLP to confirm the
nature of the amplified DNA. RFLP analysis of second round amplicons with the restric-
tion endonuclease MnlI can distinguish Cyclospora from Eimeria (33), and can be used
for sequencing. The conserved 18S rRNA gene sequence is not sufficiently variable to
distinguish reliably between C. cayetanensis genotypes (34) and less conserved loci,
including the ITS region, may prove more valuable in genotype/subtype typing (30,35).
The development of sequence-based, strain-specific genotyping techniques, and databanks
should prove to be a valuable tool in the study of the epidemiology of Cyclospora out-
breaks. The sensitivity of this PCR is 62% and the specificity is 100% (30). A limitation
of this method for analyzing food or environmental specimens is its cross-reactivity with
Eimeria DNA which can complicate specific detection of Cyclospora DNA (30,31).

A PCR oligonucleotide-ligation assay (PCR/OLA) distinguishes between three
Cyclospora, three E. tenella, and one E. mitis strains, and the ratio of positive:negative
spectrophotometric absorbance (A490) values for each strain ranged from 4.086 to 15.280
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(median 9.5) indicating that PCR/OLA offers a rapid, reliable, spectrophotometric
alternative to the above PCR-RFLP (36). Further analysis of nucleotide sequences
revealed that a different primer set coupled with RLFP using the restriction enzyme AluI
could better differentiate the amplified target sequence from C. cayetanensis from oth-
ers that cross-react (37). As few as one oocyst seeded into an autoclaved pellet floccu-
lated from 10 L of surface water was detected and the authors suggested that their
method obviated the need for microscopic examination for detecting C. cayetanensis in
environmental samples (37). When attempting to determine and verify the presence of
protozoan pathogens, such as C. cayetanensis in environmental samples, for public
health purposes, corroboration using as many different methods as possible increases
the validity of the result. Obviating the need for a confirmatory method (microscopy)
reduces available information (e.g., sporulation state) and fails to identify whether PCR
positivity might be the result of the presence of naked DNA in the sample.

Real-time PCR and fluorescence microscopy were used to detect C. cayetanensis
amplicons in extracts from stools from diarrheic travelers. C. cayetanensis was detected
in four cases both by real-time PCR and by fluorescence microscopy, but one additional
sample was positive only by real-time PCR. Examination of several additional slides by
fluorescence microscopy confirmed the presence of C. cayetanensis oocysts (39).

There is no commercially available, validated immunomagnetizable (IMS) method
available for concentrating and isolating Cyclospora oocysts, and oocyst concentration
is based upon their physicochemical properties (e.g., buoyant density: sucrose flotation
or cesium chloride-gradient centrifugation). Magnetizable bead-based DNA hybridi-
zation assays, to concentrate Cyclospora DNA released from oocysts in lysis buffer,
whereby bead-bound probes hybridize to complimentary single-stranded DNA, have
been developed; however, they lack sensitivity and some lack specificity.

A multi-locus approach characterizing Cyclospora isolates at species and subspecies
levels is essential. Further developments, involving multiplexing, real-time PCR, and
melting curve analysis offer prospects for multiple species and genotype detection in
automated procedures (reviewed in Cryptosporidium chapter). (Please see page 233)
However, the public health value of these molecular tools depends on being able to
correlate results in the context of mapping transmission patterns in defined endemic
foci, and, as such, require further research and consolidation.

1.2.4. Detection in/on Foods

Non-infective (unsporulated) and infective (sporulated) Cyclospora oocysts cannot
multiply on/in foodstuffs. Food becomes a potential vehicle for human infection by
contamination during production, collection, transport, and preparation (e.g., fruit,
vegetables, etc.) or during processing. The sources of such contamination include feces,
fecally contaminated soil, irrigation water, water for direct incorporation into product
(ingredient water), and/or for washing produce (process water) and infected food
handlers. Cyclospora oocysts normally occur in low numbers in/on food matrices and
in vitro culture techniques that increase parasite numbers prior to identification are not
available for protozoan parasites in food and water matrices. Concentration by size alone,
through membrane or depth filters, results in accumulation in the retentate, not only of
oocysts, but also of similar- and larger-sized particles. C. cayetanensis oocysts are
spherical, measuring 8–10 m in diameter, and are frequently sought for in environmental
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samples in conjunction with Giardia spp. cysts (8–16 × 7–10 m) and Cryptosporidium
spp. oocysts (4–6 m and 6–8 m in diameter). Filters with a smaller pore size (1–2 m,
particularly when Cryptosporidium is also sought) are employed to entrap Cyclospora
oocysts, resulting in the accumulation of large volumes of extraneous particulate material.
Such particles interfere with oocyst detection and identification, therefore, a clarification
step which separates oocysts from other contaminating particles is employed. Current
methods can be subdivided into the following component parts: (a) sampling, (b) desorp-
tion of oocysts from the matrix and their concentration, and (c) identification (Fig. 3)
and are those, or modifications of those, which apply to water (40,41) (Table 2).

There is no IMS method available for concentrating and isolating Cyclospora oocysts,
and oocyst concentration is based on their physicochemical properties. The use of
lectin-coated paramagnetic beads did not significantly increase the recovery efficiency
of Cyclospora oocysts from mushrooms, lettuce, raspberries, or bean sprouts (see Table 2),
they did generate a smaller, cleaner final volume which reduces analysis time and may
increase the sensitivity of detection (42). Magnetizable bead-based DNA hybridization
assays are an option for concentrating and isolating Cyclospora oocyst DNA from food
matrices, but are not available commercially.

Methods for detecting oocyst contamination in liquid foods (e.g., drinks and beverages)
and on solid foods (e.g., fruits and vegetables) are similar, but can differ in the techniques
used to separate oocysts from the food matrix (Table 2). Differences are primarily
dependent on the turbidity of the matrix and for nonturbid liquid samples either small or
large volume filtration can be used.

Sampling methods, volumes/weights of product can depend on the reasons for sampling
(quality control/assurance, ascertainment, compliance, incident/outbreak investigation,
etc.). Desorption can be accomplished by mechanical agitation, stomaching, pulsifying,
and sonication of leafy vegetables or fruit suspended in a liquid that encourages desorp-
tion of oocysts from the food matrix. Lowering or elevating pH affects surface charge
and may increase desorption. Depending on the turbidity and pH of the eluate, oocysts
eluted into nonturbid, neutral pH eluates can be concentrated by filtration through a 1- m
flat bed cellulose acetate membrane, whereas oocysts eluted into turbid eluates can be
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concentrated by flotation methods. Oocysts can be identified by their UV autofluorescence
(UV filter block: excitation, 350 nm and –emission, 450 nm) and enumerated, and their
morphology can be assessed by Nomarski DIC microscopy (Table 2).

Since the foodborne outbreaks of cyclosporiasis in 1990s, much effort has been directed
at developing sensitive PCR-based methods that can detect small number of oocysts in
food and other environmental samples (33,36,37,43) and standardized methods are available
(http://vm.cfsan.fda.gov/ mow/kjcs19c.html; http://vm.cfsan.fda.gov/ ebam/bam-
19a.html).

Flinders Technology Associates (FTA®) filter paper, a cotton-based cellulose
membrane impregnated with denaturants, chelating agents, and free-radical traps which
causes most cell types to lyse on contact sequestering their DNA within the matrix, has
been used as to sequester C. cayetanensis DNA (44). Cell remnants, sample debris,
and other factors that may interfere with PCR are removed by briefly washing the filters
in purification buffer. Eluates from berries seeded with C. cayetanensis oocysts were
concentrated and applied onto FTA filters, washed in FTA purification buffer, dried
at 56°C, and 6-mm discs were used directly as template. FTA-PCR detected a DNA
equivalent of 30 C. cayetanensis oocysts in 100 g sample of raspberries (44). The
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Table 2
Some Reported Recovery Rates of Cyclospora Oocysts from Foods

Extraction and
concentration Recovery 

Food matrices methods Detection methods rates Ref.

Lettuce leaves seeded Rinse in tap water, Acid-fast stain, 13–15% (45)
with 50 C. cayetanensis centrifugation autofluorescence 
oocysts and direct wet 

mount
(i) 110 vegetables and Rinse in tap water, Acid-fast stain, (i) 1.8%; (45)

herbs from 13 markets; centrifugation autofluorescence 
(ii) 62 vegetables and and direct (ii) 1.6%

herbs from 15 markets wet mount
Individual strawberries Vortex gently Autofluorescence 50–66% (17)

seeded with 170 in reverse and DIC 
C. cayetanensis osmosis water, microscopy
oocysts centrifugation

•  Mushrooms, lettuce, Washing, sonication, Autofluorescence •  12% (42)
and raspberries, and separation and DIC 

•  Bean sprouts using lectin- microscopy •  4%
coated para-
magnetic bean

100 g samples of Washing, PCR 30 oocysts (44)
raspberries centrifugation, 100/g

glass wool  detection 
column, and DNA limit
sequestration on
FTA filters



authors recommended FTA-PCR for detecting various pathogens in food, environmental
samples, and clinical specimens.

Cyclospora oocysts have been isolated from vegetables and herbs (45), lettuce (46)
and green leafy vegetables (47), and detected by microscopy. Consensus opinion indicates
that PCR-based methods provide better insights and outcomes than microscopy-based
methods, including increased sensitivity of detection and the potential for source- and
disease-tracking using validated molecular subtyping and fingerprinting tools. There
remains a need to develop more effective extraction methods (see Table 3) and to determine
the sensitivity of PCR-based detection methods using a variety of produce, particularly
those from which oocysts are difficult to extract and/or those that enhance PCR inhibition.
Neither the DNA-based or the microscopy-based detection methods identified previously
can be used to determine oocyst viability.

1.2.5. Determination of Oocyst Viability

Little can be inferred about the likely impact of oocysts detected in water or food
concentrates on public health without knowing whether they are viable or not. There is no
animal (human surrogate) model available and excystation in vitro is not applicable to
the small number of organisms found in food and water concentrates.

Sporulated oocysts can be mechanically ruptured and the liberated sporocysts incubated
in a “coccidian” excystation medium containing 0.5% trypsin and 1.5% sodium tauro-
cholate in phosphate-buffered saline (16) to determine the ratio of excysted:unexcysted
sporozoites. Conversely, oocysts can be incubated in excystation medium (see Crypto-
sporidium chapter) (Please see page 233), placed on a microscope slide and mechanical
pressure placed on the coverslip to accomplish rupture of the oocyst wall and sporozoite
excystation from sporocysts.

1.2.5.1. Determination by morphology. No rapid, objective estimate of oocyst
viability revolving around the microscopical observation of fluorescence inclusion or
exclusion of specific fluorogens into individual oocysts, and which can be used for
determining contamination in/on food and in water, is available. Biophysical methods
have also been used to determine Cyclospora sporulation state. Both dielectrophoresis
and electrorotation have been used to demonstrate the differences between unsporulated
and sporulated oocysts (48,49).

1.2.5.2. Determination by molecular methods. Currently, there is no validated
molecular method to determine Cyclospora oocyst viability. Candidate methods include
those described in the chapters on Cryptosporidium and Giardia. (Please see page 233
for Chapter 9 and page 303 for Chapter 11.)

1.2.6. Determination of Infectivity

1.2.6.1. In vitro infectivity. Currently, there is no method available to determine in
vitro infectivity. The ability to culture C. cayetanensis life cycle stages in vitro would
provide us with an in vitro infectivity system.

1.2.6.2. In vivo infectivity. No in vivo infectivity model is available, because of the
inability to identify a suitable animal surrogate for C. cayetanensis human infectivity
(50). A human volunteer trial failed to demonstrate infection in seven Cyclospora-
seronegative, immunocompetent, adults (22–53 yr of age) following infection with
between 200 and 49,000 oocysts, of which between 67 and 94% were sporulated, over
a period of 16 weeks. No evidence of gastroenteritis was documented and no oocysts
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were detected in stool samples. Oocyst sources were from infected individuals from Haiti
and the USA (51). Further work is required to identify suitable human surrogates and to
determine specific parasite- and human-related criteria that cause human infection, prior
to instigating further human volunteer trials.

2. TRANSMISSION AND RESERVOIRS OF INFECTION

Routes of transmission for Cyclospora are poorly understood, although transmission
via water and food are probably major routes. Direct (person-to-person) and indirect
(abiotic) contacts with recently voided feces are unlikely to be a significant risk because
of the requirement for external sporulation. Adults from non-endemic areas may be more
likely to develop symptomatic infections. Discharges from sewage treatment works (STWs)
and waste stabilization ponds (WSPs), into water used for drinking or irrigation can
pose a risk (47) as can the use of contaminated, untreated feces as fertilizer. Analysis of
11 samples from a primary oxidation lagoon serving a Peruvian shantytown revealed
unsporulated oocysts in seven samples and sporulated oocysts in two samples (52).
Oocysts in one sample sporulated after 2 wk at ambient temperature.

2.1. Routes of Exposure

A transmission of Cyclospora to human can occur via any mechanism by which
material contaminated with feces containing infectious oocysts from infected humans
can be swallowed by a susceptible host. Abiotic reservoirs include all vehicles that contain
sufficient infectious oocysts to cause human infection, and the most commonly recognized
are food and water. Abiotic reservoirs are important because of the requirement for oocysts
to sporulate to infectivity in the environment.

2.1.1. Person-to-Person

Direct person-to-person transmission is not deemed significant (see earlier), whereas
indirect transmission is the major route. Secondary cases and asymptomatic excretors
are a source of infection for other susceptible persons. The robustness of oocysts and
the variable state of immunity elicited by infection contribute to C. cayetanensis being
widespread, particularly in developing countries where infection can be endemic and
sanitation frequently minimal.

2.1.2. Animal-to-Person (Zoonotic)

No evidence exists for zoonotic transmission of C. cayetanensis, where the nonhumans
host is capable of maintaining the parasite’s life cycle. Redistribution of human-derived
oocysts by transport hosts including coprophagous animals and bivalves enhance environ-
mental contamination and identify further foodborne transmission routes.

2.1.3. Drinking Water

Waterborne transmission of Cyclospora has been documented (53–56). Currently,
neither the number of species of Cyclospora infective to human beings is known nor
is it known whether human-derived oocysts are infectious to nonhuman hosts; how-
ever, the primary sources of pollution will be oocyst-contaminated human feces. As
Cyclospora sp. oocysts are larger than C. parvum oocysts, but smaller than G. duodenalis
cysts; it is likely that they will be discharged with final effluents from WSPs and
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STWs. Oocysts take up to 14 d to sporulate in the laboratory, sporulating more rapidly
at higher temperatures. Sporulation time in the environment will depend upon ambient
temperature and sporulated oocysts may be found distant from the pollution source in
the aquatic environment. Sources of pollution with unsporulated oocysts are likely to be
effluent discharges from STWs and WSPs with detention times of <1 wk.

As for C. parvum oocysts and G. duodenalis cysts, oocysts of Cyclospora sp. are likely
to survive longer at lower temperatures when suspended in water. No data are available
regarding survival and transport in soil, however, Cyclospora sp. oocysts stored 4°C do
not sporulate (17), but a proportion of oocysts stored at 4°C for up to 2 mo will sporulate
when incubated at temperatures between 22 and 30°C.

An outbreak amongst house staff and employees in hospital dormitory in Chicago
occurred following the failure of dormitory’s water pump. Illness was associated with
the ingestion of water in the 24 h after the pump failure and Cyclospora sp. oocysts
were detected in the stools of 11 out of 21 persons who developed diarrhea (27,55). An
outbreak occurred amongst British soldiers and dependants stationed in a small mili-
tary detachment in Nepal and 12 out of 14 persons developed diarrhea. Cyclospora sp.
oocysts were detected in stool samples from six out of eight patients. Oocysts were
also detected microscopically in a concentrate from a 2 L water sample. Drinking
water for the camp consisted of a mixture of river water and chlorinated municipal
water. Chlorine residuals of 0.3–0.8 ppm were measured before and during the out-
break. No coliforms were detected in the drinking water (54). Despite the role of
contaminated potable water in disease transmission, oocysts confirmed as Cyclospora
have seldom been identified from water concentrates. Methods developed for isolating
Cryptosporidium and Giardia including filtration and flocculation (Please see pages
254, 316) have also been used to isolate Cyclospora oocysts from water. Out of 93
water samples collected from Nepal, which were filtered through PTFE membrane
(pore size 5 m) and examined microscopically, two were positive for Cyclospora
oocysts (57).

2.1.4. Airborne

The small size of Cyclospora spp. oocysts renders them aerosolizable in large particle
droplets (>5 m diameter).

2.1.5. Food

Both source contamination of produce and contamination from water used in food
preparation are transmission routes that are significant to the food industry. Surface
contamination can be direct, following contamination by the infected host, or indirect,
following contamination by transport (birds, filth flies, etc.) hosts, the use of manure
and contaminated water for irrigation, fumigation and pesticide application, etc.
Oocyst-contaminated irrigation water as well as oocyst-contaminated water used for
spraying or misting produce present specific problems to food producers and increases
risk to the customer, particularly when the produce is eaten raw.

Oocyst-contaminated river waters can be a source of contamination of the marine
environment, and, as for Cryptosporidium and Giardia, rivers polluted by human fecal
discharges can play a major role in oocyst contamination of shellfish in estuaries andcoastal
environments. Experimentally infected Asian freshwater clams (Corbicula fluminea)
concentrate C. cayetanensis oocysts onto their gills and into their hemolymph. Oocysts
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were detected at decreasing densities for up to 13 d following an initial 24 h exposure
to 2.6 × 103/l oocysts (58). In the presence of sufficient aquatic oocysts, natural contami-
nation of edible bivalves is possible.

Whether seasonal variation in surface contamination of foods occurs, requires further
investigation; however, seasonal peaks in parasitism will influence when water and
foods become surface contaminated. The rapid transportation of foods acquired from
global markets and their chilling and wetting can enhance parasite survival. Water and
food enhance survival of environmental stages by preventing their desiccation. The
environmental occurrence of oocysts enhances the possibility of foodborne transmission
of cyclosporiasis (Table 3).

2.1.6. Other Routes of Exposure

The recreational water route may be a vehicle for transmission. Recreational water
venues, particularly those receiving discharges from STWs and WSPs in endemic areas
of infection and/or where water retention time is of sufficient duration to allow oocysts
to sporulate (including water parks, sprinkler fountains that use recirculating water,
lakes, rivers, and oceans) can be contaminated with infectious oocysts and be vehicles
of transmission. Oocysts may be redistributed to other uncontaminated sites associated
with human activities by transport hosts such as coprophagous animals, filth flies, which
play a role in the transmission of fecal parasites, such as Cryptosporidium and Giardia,
may also transmit C. cayetanensis oocysts (reviewed in Cryptosporidium and Giardia
chapters). (Please see pages 256, 318)

2.2. Survival in Food and Related Environments

Few survival data are available for C. cayetanensis oocysts. Chilling extends
oocyst survival. C. cayetanensis oocysts, stored between 22 and 37°C, sporulated
within 14 d, whilst oocysts stored at 4°C did not. Up to 30°C, neither storage in
deionized water nor potassium dichromate affected the rate of sporulation. Storage
at 4 and 37°C for 14 d retarded sporulation. The maximum percentage sporulation
occurred at 22 and 30°C, irrespective of the suspending medium. Up to 12% of
oocysts previously stored at 4°C for 1–2 mo sporulated when stored for 6–7 d at
30°C (17). The risks of contracting infection in endemic areas can be minimized by
boiling, filtering (pore size 5 m) or avoiding the consumption of cold, chlorinated
potable water, and avoiding eating uncooked vegetables and unpeeled fruits.

3. FOODBORNE OUTBREAKS

Documented foodborne outbreaks are more common than documented waterborne
outbreaks and are associated with soft skinned fruit and leafy vegetables, such as berries
and lettuce, that receive no, or minimal heat treatment. To date, no frozen, processed, or
peeled fruits and vegetables have been implicated in disease transmission, although
oocysts and/or Cyclospora DNA have been detected in produce that was later frozen
(see below). The majority of documented outbreaks occurred in north America (59–63),
but one occurred in Germany (64). In 1996, numerous outbreaks, totalling 1465 cases,
were reported in the USA and Canada, with approx 50% being clustered cases and
the remainder sporadic cases. Most infections were reported from immunocompetent
adults, with only 40 childhood cases. The 55 clusters occurred between early May
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and mid-June following events at which Guatemalan berries, primarily raspberries,
were served (61). In 1997, outbreaks in the USA were also associated with imported
raspberries, and later that year, with contaminated basil and lettuce (61–63). In 1998,
clusters of cases, again associated with fresh berries from Guatemala, were recorded in
Ontario, Canada (65). The review by Herwaldt (63) identifies likely vehicles of trans-
mission as well as the difficulty in tracing outbreak sources in the absence of support-
ive parasitological tools.

Other fresh fruits have also been implicated in north American outbreaks, including
non-Guatemalan raspberries, or fruits other than raspberries or blackberries; multiple
combinations of many fruits, including raspberries and blackberries of undetermined
sources; fresh Guatemalan blackberries, frozen Chilean raspberries, and fresh U.S. straw-
berries; non-Guatemalan raspberries (both foreign and domestic sources); imported
blackberries (Guatemalan?), strawberries, and blueberries (63). Both fresh mesclun let-
tuce (also known as spring mix or baby greens) and basil have also been implicated in
outbreaks (63) and the Missouri (1999) outbreak was the first U.S. outbreak where
Cyclospora was found, by both microscopy and PCR, in frozen leftovers of an epidemi-
ologically implicated food item (66). A wedding cake, containing a cream filling that
included raspberries, was the food item most strongly associated with illness in 68.4%
of 79 interviewed wedding party members and guests (66). Leftover frozen cake was
positive for Cyclospora DNA and sequencing of the amplicons confirmed that the
DNA was Cyclospora cayetanensis. The millenium year (2000) was the fifth year that
spring outbreaks cyclosporiasis, definitely or probably associated with Guatemalan
raspberries, had occurred in North America. Thai basil, imported via the United States,
was implicated in the May 2001 outbreak in British Colombia, Canada. Of a total of
17 reported cases, 12 were interviewed and 11 (92%) reported consuming Thai basil
(83, Huang et al., 2005).

The first documented European foodborne outbreak of cyclosporiasis occurred in
December 2000 (64). Illness was reported in 34 persons who attended luncheons at a
German restaurant and the overall attack rate was 85% (34 out of 40). The only foods
associated with significant disease risk were two salad side dishes prepared from lettuce
imported from southern Europe and spiced with fresh green leafy herbs (dill, chives,
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Table 3
Possible Sources and Routes of Food Contamination with Sporulated, 
Human-Infectious Cyclospora Oocysts

• Use of oocyst-contaminated feces (night soil) as fertilizer for crop cultivation.
• Direct contamination of foods following contact with oocyst contaminated feces transmitted

by coprophagous transport hosts (e.g., birds and insects).
• Use of contaminated wastewater for irrigation.
• Aerosolization of contaminated water used for insecticide and fungicide sprays and mists.
• Washing “salad” vegetables, or those consumed raw, in contaminated water.
• Use of contaminated water for making ice and frozen/chilled foods.
• Use of contaminated water for making products which receive minimum heat or preservative

treatment.
• Ingestion of viable oocysts from raw or undercooked shellfish which accumulate human

infectious oocysts from their contaminated aquatic environment.



parsley, and green onions). All 25 persons who ate a salad consisting of butterhead
lettuce, mixed lettuce (lollo rosso, lollo bianco, oak leaf, and romaine lettuce), red
cabbage, white cabbage, carrots, cucumbers, and celery became ill, and the vehicle of
transmission was deduced to be one or more of the lettuce varieties. The butterhead
lettuce was grown in southern France and the mixed lettuce, dill, parsley, and green
onions in southern Italy. The chives were grown in Germany. The most probable routes
of contamination included the use of human waste as fertilizer; fecally contaminated
water used to irrigate crops, prepare pesticides, to refresh/clean produce at their origin;
and inappropriate sanitary facilities for seasonal field workers (64).

In February 2004, clusters of cases of cyclosporiasis associated with events held in
Texas and Illinois and affecting approx 95 cases were identified. Fresh produce, includ-
ing basil and mesclun lettuce/spring mix salad products, were served at these events
in Texas and Illinois. During May and June, outbreaks and sporadic cases of cyclospo-
riasis occurring in four U.S. states and one Canadian province were also reported
(http://www.dsf.health.state.pa.us/health/cwp/view.asp?A=171&Q=239018). An outbreak
which occurred in Pennsylvania, USA between June and July 2004 was reported from
a single residential facility. Attendance at five special events was linked to the onset
of symptoms and 96 cases attended at least one of the events. The onset of illness was
1-14 days after consuming food or beverages at one or more of these events. Laboratory
diagnosis confirmed 40 cases (Pennsylvanian health officials and CDC) and 56 cases
were assessed as being probable for cyclosporiasis. The source of the infection was
traced to a single container of Guatemalan snow peas used in the preparation of a pasta
salad and was the first documented outbreak linked to the consumption of raw snow
peas (84, Anon., 2004).

4. PATHOGENICITY (VIRULENCE FACTORS)

Virulence and characteristics of Cyclospora necessary to infect human hosts are
unknown. The sequence variability present in the ITS1 region of the 18S rRNA gene of iso-
lates from different geographical origins suggests the existence of multiple strains (19,20).

4.1. Infectious Dose

The infectious dose has not been established but is thought to be low. A human
volunteer trial failed to demonstrate enteritis or oocyst shedding in seven Cyclospora-
seronegative adults infected with between 200 and 49,000 oocysts over a 16-wk period
(51). Adams et al. (68) suggest that between 100 oocysts and possibly as few as 10
sporulated oocysts can cause infection, although, as for Cryptosporidium, different
isolates may have different infectious doses (69).

4.2. Pathogenicity

The clinical presentation associated with Cyclospora infection reflects small bowel
involvement. Duodenal and jejunal biopsies reveal a moderate to marked erythema
of the distal duodenum with acute and chronic inflammation of the lamina propria
and evidence of surface epithelial injury (70). The mixed inflammatory infiltrates are
primarily lymphocytic and, to a lesser extent, eosinophilic and there is an extensive
lymphocytic infiltration into the epithelium, particularly at the tip of shortened villi
(71). Plasma cell numbers also increase (71). Crypt hyperplasia and villous blunting
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with villus:crypt ratios of <50% of normal have also been reported (69). Intracellular
stages can be visualized with hematoxylin-based stains (71,72), but little is known of
pathogenic mechanisms and as yet, no virulence factors have been described.

4.3. Immune Response

Both immunocompetent and immunocompromised individuals are susceptible to
infection, but the immunology of cyclosporiasis is poorly understood. Currently, very
little information exists regarding the presence of Cyclospora antibody levels and their
clinical significance.

4.4. Virulence

No virulence factors have been identified to date, but different genotypes (strains)
may possess different virulence determinants.

5. CLINICAL CHARACTERISTICS

There are no pathognomonic signs. The incubation period is between 2 and 11 d (73)
with moderate numbers of unsporulated oocysts being excreted for up to 60 d or more.
In immunocompetent individuals, the symptoms are self-limiting and oocyst excretion
is associated with clinical illness; whereas in immunocompromised individuals, diarrhea
may be prolonged. Symptoms include a flu-like illness, diarrhea with weight loss,
low-grade fever, fatigue, anorexia, nausea, vomiting, dyspepsia, abdominal pain, and
bloating (16,55). The self-limiting watery diarrhea can be explosive, but leukocytes or red
blood cells are usually absent. Often, diarrhea can last longer than 6 weeks in immuno-
competent individuals. The diarrheal syndrome may be characterized by remittent
periods of constipation or normal bowel movements (16). Malabsorption with abnormal
D-xylose levels has also been reported (71). Cyclospora, like Campylobacter jejuni,
should be added to the list of infectious agents that elicit an immune response resulting
in Guillain–Barre syndrome (75).

Cyclospora infections are well described in patients with HIV/AIDS. In Haiti, a
cohort study of HIV-positive patients with diarrhea of at least 3 wk duration described
Cyclospora oocysts in 11% of stool samples (26) with clinical manifestations similar to
those described for immunocompetent patients, including diarrhea, fever, abdominal pain,
and weight loss. Although not a component of the Centers for Disease Control criteria
for AIDS diagnosis, many of these Cyclospora-infected patients met or soon developed
clinical manifestations that met the case definition of AIDS (26). The differences cited in
the prevalence of Cyclospora infection in the HIV-infected population may be a reflection
of several factors, including local prescribing practices, i.e., sulfa-based prophylactic
regimens for Pneumocystis carinii pneumonia, level of expertise in identifying Cyclospora
oocysts and endemnicity of infection, and exposure to sources of contamination (26).

In another study, 12 out of 235 patients with diarrhea who presented to a tertiary care
hospital in Mexico City had Cyclospora infection (76). Three out of the 12 patients were
diabetic and seven were infected with HIV. In the latter group, lower CD4 lymphocyte
counts seemed to be associated with more severe infection. Weight loss and duration of
illness were greater in the HIV-infected patients than in HIV-negative patients, although
the latter experienced more bowel movements daily. Interestingly, two out of the seven
patients with HIV co-infection and diarrhea had also evidence of gall bladder infection
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that responded to trimethoprim-sulfamethoxazole therapy, suggesting that, as with human
cryptosporidiosis, the biliary tract may also be involved in human-associated Cyclospora
infections (76).

In one case-controlled investigation of diarrhea conducted at two outpatient clinics in
Nepal, a significant number of expatriates infected with Cyclospora experienced prolonged
diarrhea often associated with nausea, increased gas, and loss of appetite (53). Criteria
for selecting controls included: no history of a diarrheal illness in the preceding 2 wk, no
previous evidence of Cyclospora infection and ability to provide a stool specimen (53).
Only 1 out of 96 control patients was infected with Cyclospora and that individual was later
excluded from the study due to the development of diarrhea. Conversely, in endemic
areas, infected members of an indigenous population may be asymptomatic. In two tempo-
rally distinct prospective cohort studies, totaling 377 children in Lima, Peru, only 11 out
of 41 Cyclospora-infected individuals had diarrhea (16). In a cross-sectional epidemio-
logic study of children <18 yr of age living in a Peruvian shantytown, 1.1% of almost
6000 fecal samples collected contained Cyclospora oocysts (77). Approximately two-thirds
of these infected children did not have symptoms of diarrhea, abdominal pain, or anorexia.
In addition, the prevalence of Cyclospora infection in this endemic area appeared to be
inversely related to age (77). Though these findings suggest that protective immunity may
be responsible for fewer infections in previously exposed individuals later in life, more
than one episode of infection has been reported in some individuals (16).

C. cayetanensis infections show a marked seasonality, and a relationship with warm
and rainy seasons has been noted (16,53). In north America, cyclosporiasis has a marked
seasonality, being a disease of springtime and early summer. Sporadic cases of cyclos-
poriasis have been reported from many countries and oocysts have been identified in
stools from immunocompetent individuals from non-endemic areas (27).

6. CHOICE OF TREATMENT

Trimethoprim-sulfamethoxazole is useful both for treating Cyclospora infection and
for decreasing the duration of oocyst shedding (77–79). One double-blind placebo-
controlled study of 40 Cyclospora-infected expatriates in Nepal revealed that double
strength co-trimoxazole taken daily for 7 d was effective (79). An additional 7 d was
necessary to eradicate oocysts in the one patient who remained infected after 7 d of therapy.
A more recent double-blind, randomized, placebo-controlled trial evaluated a 3 d course
of twice daily trimethoprim-sulfamethoxazole therapy for Cyclospora-infected Peruvian
children <18 yr of age (77). The period of oocyst shedding was significantly reduced in
treated children, but the sample size was very small to draw definitive conclusions about
treatment effects on the length of symptomatic illness.

Pape et al. (26) studied the effects of oral double strength trimethoprim-sulfa-
methoxazole administered four times daily for 10 d in 43 patients with Cyclospora and
HIV co-infection. After 5-d therapy, none of the patients with chronic diarrhea who
were evaluated were noted to have abdominal pain or diarrhea, and no microbiological
evidence of Cyclospora infection existed in any of the patients by the completion of
therapy. Of 28 successfully treated patients who were followed beyond the therapeutic
trial, 12 developed diarrhea again secondary to Cyclospora within 3-mo treatment. A
further course of treatment with trimethoprim-sulfamethoxazole followed by thrice weekly
“maintenance” therapy was instituted and resulted in only one more episode of recurrent
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infection, suggesting that secondary prophylaxis should be considered in HIV-infected
individuals (26). Other investigators have reported similar results with trimethoprim-
sulfamethoxazole in HIV-infected patients with cyclosporiasis, including infections that
involve the biliary tract (76).

To date, no reliably effective therapy has been determined for sulfa-allergic patients
(13,27). Heightened clinical awareness of Cyclospora infection in patients returning
from endemic areas who have failed quinolone therapy, the empirical drug(s) of choice
for many with travel-associated diarrhea, is necessary. Hydration is a major component
of supportive care for patients with cyclosporiasis, and, in the absence of data, no
recommendations can be made regarding diarrheal antimotility agents (80).

In immunocompromised patients with HIV-related disease, immune reconstitution
using HAART, which acts prophylactically is the treatment of choice. HAART reduces
viral load and may also reduce parasite load. Protease inhibitors used in HAART
reduce C. parvum sporozoite host-cell invasion and parasite development in vitro, and
inhibition is enhanced in combination with paromomycin (81). HAART, in combination
with antiparasitic therapy, may enhance Cyclospora clearance. In non-HIV immuno-
suppressed patients with cyclosporiasis, reducing immunosuppression prior to specific
chemotherapy is an useful option.

7. RESISTANCE EPIDEMIOLOGY

No emerging resistance epidemiology has been described.

8. SUMMARY AND CONCLUSIONS

Cyclospora is an obligate intracellular parasite that completes its life cycle in a single
host and whose taxonomy is under review. Cyclospora is closely related to the genus
Eimeria and of 17 known species, four infect primates and one, C. cayetanensis, infects
humans. There is very little known about C. cayetanensis infectious doses or whether
different isolates possess different virulence and/or pathogenicity factors and how they
might affect clinical outcome. A preliminary human volunteer trial failed to demonstrate
infection, clinical signs or symptoms. As for other coccidia, parasite factors and the
inflammatory immune response probably drive both parasite clearance and immunopatho-
logy. Trimethoprim-sulfamethoxazole is useful both for treating Cyclospora infection
and for decreasing the duration of oocyst shedding. Immune reconstitution using HAART
and secondary Trimethoprim-sulfamethoxazole prophylaxis should be considered in
HIV-infected individuals.

Transmission to man can occur via any mechanism by which material contaminated
with faeces containing infectious oocysts from infected human beings or other non-human
hosts can be swallowed by a susceptible host. No convincing evidence of non-human
reservoir hosts or zoonotic transmission of C. cayetanensis has been described, to date,
indicating that C. cayetanensis may be human-specific. Recently, C. cayetanensis
oocysts and DNA were detected in the stools of two dogs and one monkey in Nepal,
but as no histology was performed on these animals, their roles as a natural reservoir
host for C. cayetanensis remains to be determined (82).

Abiotic reservoirs include all vehicles that contain sufficient infectious oocysts to cause
human infection, the most commonly recognised being food and water. Transport hosts
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including refuse-feeding birds, wildfowl and filth flies should also be borne in mind when
developing risk assessment questionnaires and performing risk assessments.

While conventional detection methods are useful for detecting symptomatic human
cases, they are less effective for detecting asymptomatic carriers. Here, molecular methods
that can determine species, genotypes and subtypes of Cyclospora are required and a
variety of PCR-based methods are available. PCR-RFLP and DNA sequence based
methods have been used to identify species/genotypes in clinical and environmental
samples, but there is increasing interest in real time PCR methods as they can be more
sensitive and rapid.

No validated oocyst viability/infectivity method has been described and further focus
is required in this area of research. Standardised methods for detecting low densities of
oocysts in water and food are available as are molecular methods for determining their
species. Unidentified interferents in water and food matrices reduce the efficiency of
detection by PCR, and further research into methods that relieve such interferents should
be assessed in order to maximise detections from low densities of oocysts. Immaterial
of the method used, effective quality assurance, quality control and validation are necessary
prior to adoption.

Both foodborne and waterborne outbreaks of cyclosporiasis have been documented.
Foodborne clusters have affected large numbers of individuals in north America, and cases
occur more commonly in springtime and early summer. Whether seasonal variation in
surface contamination of foods occurs, requires further investigation however, seasonal
peaks in parasitism will influence when water and foods become surface contaminated.
Water and food enhance survival of environmental stages by preventing their desiccation
and the widespread distribution of oocysts in the environment enhances the possibility
of foodborne transmission.

Increased demand, global sourcing, and rapid transport of soft fruit, salad vegetables
and seafood can enhance both the likelihood of oocyst contamination and oocyst survival.
A risk based assessment based upon standard, validated methods is required for detecting
Cyclospora oocysts on/in food. In addition to determining genus and species of protozoan
parasites present on/in foods and whether they are infectious to humans, subtyping
methods are required to track outbreaks of disease and incidents and to determine the
risk associated with specific genotypes. A clearer understanding of the population biology
of the parasite will assist in unravelling occurrence and prevalence of genotypes, while
a multidisciplinary approach will assist in unravelling the impact of foodborne protozoan
on human health.

Methods for detecting oocysts on foods are modifications of those used for detecting
oocysts in water, and, as such, have recovery efficiencies ranging from 1–59%. Specificity,
sensitivity and reproducibility are paramount as, unlike pre-enrichment methods that
increase organism numbers for prokaryotic pathogens and indicators, there is no method
to augment parasite numbers prior to detection. Oocyst contamination of food can be
on the surface of, or in, the food matrix and products at greatest risk of transmitting
infection to man include those that receive no, or minimal, heat treatment after they
become contaminated. Bivalves can remove Cyclospora oocysts from water and accu-
mulate them on the gills and in the haemolymph. Temperature elevation kills oocysts
and disinfectants and other treatment processes used in the food industry may be detri-
mental to oocyst survival or lethal, but further research in this important area is required.
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In the absence of specific data, approaches such as hazard assessment and critical
control point (HACCP) should be used to identify and control risk.
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11
Giardia

Huw V. Smith and Tim Paget

Abstract
Two assemblages of the extracellular, intestinal parasite, Giardia, cause diarrhea in humans.

Giardia completes its life cycle in individual hosts and its infectious dose can be small (25–100 cysts).
Many aspects of its virulence and pathogenicity are poorly understood. The drug of choice is metro-
nidazole. Transmission to humans can occur via any mechanism in which material contaminated
with feces containing infectious cysts from infected human beings or nonhuman hosts can be swallowed
by a susceptible host. Biotic reservoirs include all potential hosts of human-infectious Giardia species,
while abiotic reservoirs include all vehicles that contain sufficient infectious cysts to cause human
infection, the most commonly recognized being food and water.

Both foodborne and waterborne outbreaks have been documented. In two out of eight outbreaks,
contaminated foodstuffs were implicated as the vehicles of transmission but, in six, foodhandlers
were implicated, implying that contamination occurred probably during food preparation and that,
until then, the foodstuffs were free of infectious cysts. Increased global sourcing and rapid transport
of soft fruit, salad vegetables, and seafood can enhance both the likelihood of cyst contamination
and cyst survival. Standardized methods for detecting cysts on foods must be maximized as, unlike
pre-enrichment methods that increase organism numbers for prokaryotic pathogens and indicators,
there is no method to augment parasite numbers prior to detection. Cyst contamination of food can
be on the surface of, or in, the food matrix and products at greatest risk of transmitting infection to
man include those that receive no, or minimal, heat treatment after they become contaminated.
Temperature elevation ( 64.2°C for 2 min), chlorine dioxide, ozone, UV light, and other treatment
processes used in the food industry may be detrimental to cyst survival or lethal, but further research
in this important area is required.

Key Words: Giardia; cysts; occurrence; detection; outbreaks; foodborne; environment.

1. CLASSIFICATION AND IDENTIFICATION

1.1. Classification
1.1.1. Historical

Giardia was first described by Anthony van Leeuwenhoek (1632–1723) in 1681
when he discovered in his watery excrement “… small animalcules a-moving very prettily;
some of ‘em a bit bigger, others a bit less, than a blood globule, but all of one and the
same make, …” which Dobell in 1932 thought were the vegetative (trophozoite) stage of
the infection. In 1859, the Czech physician Vilem Lambl (1824–1895) rediscovered Giardia
and described some of the morphological details of the trophozoite in its intestinal environ-
ment, which was subsequently named Lamblia. In 1952, Filice published his morphometric
findings of the genus Giardia. Even at this time in Giardia taxonomy, there was controversy
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over its naming. Cercomonas intestinalis was the first name of the organism we now
know as Giardia, but isolates of similar morphology from different animal hosts frequently
adopted the species name from which host they were described (e.g., Dimorphus muris
from mice). The description of Hexamita duodenalis from rabbits introduced the species
name duodenalis, and the genus name Giardia was first used by Kunstler in 1882 (1) for
a protozoan isolated from tadpoles which he named Giardia agilis.

Filice (2) first characterized three major type species, based primarily on the morphology
and morphometry of the vegetative (trophozoite) form (Fig. 1A). He named these G. agilis,
G. muris, and G. duodenalis, but G. duodenalis proved to be the most problematic.
The genus Giardia was created by Kunstler in 1882 and ascribed to the family
Hexamitidae. The members of the Hexamitidae are characterized by having bilateral
symmetry, two nuclei lying side-by-side and six or eight flagella. Although a few species
of the five genera within the Hexamitidae are free living, the majority are parasites of
animals. However, it should be noted that more modern classifications have created a
new kingdom, the Archezoa which embraces those eukaryotic organisms which lack
mitochondria, plastids, hydrogenosomes, peroxisomes, and Golgi bodies. Thus, as
members of this kingdom, Giardia are not protozoans sensu stricto. In these newer
classifications, Giardia are in the order Diplomonadida of the class Trepomonadea and
phylum Metamonada.

1.1.2. Current Classification

Currently, six species of Giardia are recognized on the basis of morphological char-
acteristics and host preference (Tables 1 and 2). The taxonomy of G. duodenalis, based
on Filice’s type species descriptions of trophozoites, is unsatisfactory, as it relates solely
to morphology and morphometry (Tables 1 and 2) and lacks the discriminatory power
required for epidemiology. The “duodenalis” type organisms have also been named
“lamblia” (for organisms isolated from humans) and “intestinalis” (for those isolated
from mammals including humans) which, rather than clarifying the issue, adds further
confusion to it. The numerous genetic variants within this one “duodenalis-type species”
make this a very diverse group.

The lack of morphological differences between genetic variants found in mammals
(Table 1) has resulted in an informal categorization of these genotypes based on genetic
differences (Table 2). Polymerase chain reaction (PCR)-based techniques targeting
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Fig. 1. Giardia duodenalis trophozoite (A) and cyst (B).



specific genes, such as the small subunit (SSU) rRNA, surface protein genes, glutamate
dehydrogenase, triosephosphate isomerase, and other catabolic enzyme genes as well as
restriction fragment length polymorphism (RFLP) (4–10), sequence polymorphism and
karyotype analysis have been used to subdivide this species into six “assemblages”
(Table 2). Some of these assemblages are genetically very distinct and/or have a limited
or very specific host range, and these may be distinct (cryptic) species (Table 2). This vari-
ation may also be due to genetic plasticity within this species and it is tempting to presume
that genetic flexibility may, in part, be due to transmission between a variety of hosts (3).

Nearly 300 yr elapsed between the discovery of Giardia (11) and the recognition that
Giardia is an etiological agent of disease (12). Pathogenicity in humans was formally
established and Koch’s postulates fulfilled <20 yr ago (13). Koch’s postulates identify the
rules for proving that an organism causes disease. There are several reasons for this pro-
longed time period between identifying Giardia and realizing its potential for pathogenicity.
Significant amongst these is the problem of assigning specific symptoms/pathology to one
organism in an individual with multiple infections. Another confounding factor may be
the long association between the organism and its host; Giardia probably represents one
of the most ancient lineages amongst (but the recent finding of a mitochondrial relic,
the mitosome questions this assumption) eukaryotes (14,15), which probably allowed
a near commensal relationship to be established. The presence or absence of clinical signs
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Table 1
Differences Between Some Species Within the Genus Giardia

Species Host(s)

G. duodenalis A wide range of mammals, including livestock, pets,
and humans

G. muris Mice
G. microti Voles and muskrats
G. psittaci Budgerigars
G. ardeae Heron
G. agilis Frogs

Data from ref. (3).

Table 2
Molecular Characterization of Giardia Found in Mammals

Genotype Host range

Assemblage A Humans, slow loris, livestock, deer, cats, dogs,
beavers, muskrats, voles, guinea pigs, ferret

Assemblage B Humans, siamang, slow loris, livestock, chinchillas,
dogs, beavers, muskrats, voles, rats, marmoset

Assemblage C/D Dogs, coyotes
Assemblage E Alpaca, cattle, goats, pigs, sheep
Assemblage F Cats
Assemblage G Rats

Data from ref. (3).



and symptoms will be due, in part, to the plethora of different Giardia isolates which have
evolved, and together with differences in the genetic backgrounds of the hosts it parasi-
tises, differences within and between isolates can account for the variations documented
in host range, immune responses, and virulence.

1.1.3. Life Cycle

Giardia exists in two forms: the parasitic, feeding, multiplying trophozoite and
the environmentally resistant, infective cyst (Figures 1A,B and 2). Nuclear division, but
not cytoplasmic division, occurs to produce the mature, quadrinucleate cyst. Either
binucleate or quadrinucleate cysts are excreted in the feces depending on transit time
through the intestinal tract. Infection is initiated following the ingestion of mature,
infective cysts (16). As cysts pass through the acidic stomach, the low pH and elevated
CO2 followed by slightly alkaline environment of the proximal small intestine induce
excystation (cyst-trophozoite transformation) (17). One trophozoite emerges from each
quadrinucleate cyst, which rapidly undergoes cytoplasmic, but not nuclear division to
form two binucleate trophozoites.

Trophozoites attach themselves to the luminal surface of duodenal and jejunal entero-
cytes (the epithelial cells that line the intestine), and, once attached, undergo further
division by asexual binary fission. Motile trophozoites rotate around their longitudinal
axis displaying both a tumbling movement resembling that of a falling leaf and an up- and
down movement referred to as “skipping”. After a period of about 4–7 d, trophozoites
detach from enterocytes to form cysts in a process known as encystation. Exposure to
bile salts and alkaline pH, as trophozoites pass down the small intestine are thought to be
the major triggers for encystation (18). During encystation, trophozoites become rounded,
and the external architecture (flagella and ventral disc) is resorbed into the trophozoite
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body, forming the binucleate immature cyst. In mature cysts, the four nuclei are located
at one pole and other trophozoite structures (axostyles, remnants of the ventral disc) are
also present. Environmentally resistant cysts (18,19) are voided in the feces and are the
infective and disseminating stage. Cysts are infectious to other susceptible hosts soon
after excretion (cysts may require a period of maturation before becoming infectious).

1.2. Identification

There are no pathogenomonic signs and laboratory identification is required to confirm
diagnosis.

1.2.1. Detection in Feces

The fact that a variety of laboratory tests are required to diagnose human giardiasis
indicates that no one test alone has a consistently high diagnostic index. Fortunately,
many laboratory diagnosticians recognize that these tests are complimentary. Currently,
diagnosis of giardiasis is dependent upon the demonstration of intact parasites (cysts
and/or less frequently trophozoites) by microscopy, parasite products by immunoassay
and/or parasite DNA in feces or duodenal/jejunal aspirates, and serology.

Fresh or preserved stools can be concentrated to increase the yield of cysts by sedimen-
tation, using the formol–ether or formol–ethyl acetate techniques or by any conventional
fecal parasite flotation method (18,21). Both trophozoites and cysts can occur in feces
and can be sought for by examination of a wet mount or a permanently stained smear.
Wet mounts can be fecal suspensions or concentrates and may be unstained (saline or
formalin–ether/formalin–ethyl acetate) or stained (iodine, which is primarily a stain
for cysts, or other temporary stains). Cyst measurements range from 8 to 16 × 7–10 m
(length × width).

Concentration techniques are unsatisfactory for trophozoites, and the direct examination
of recently excreted, emulsified (hot) stools, or the examination of permanently stained
smears is necessary for their demonstration (21). Stools are concentrated by formalin–ether
or formalin–ethyl acetate and concentrates are analyzed by brightfield microscopy (21).
Epifluorescence microscopy, using commercially available fluorescein isothiocyanate
labeled monoclonal antibodies that react with surface-exposed, genus-specific cyst wall
epitopes (FITC-G-mAb) is reported to be more effective for detecting cysts than light
microscopy. The absence of cysts in a single stool sample cannot exclude infection,
therefore at least three stool specimens should be examined by a competent microscopist
prior to suggesting other diagnostic procedures. The erratic nature of cyst excretion, the
requirement for experienced staff for microscopic identification, and the relatively low
detection rate have precipitated the development of alternative methods for the diagnosis
of giardiasis.

When trophozoites or cysts cannot be found following the examination of a reasonable
number of stool samples, and giardiasis is suspected clinically, the examination of duodenal
or jejunal fluid may be indicated. Trophozoites may be demonstrated in duodenal/jejunal
aspirates or biopsies, when stool microscopy is negative, but it should be noted that the
converse is not always true.

1.2.1.1. Antigen Detection in Feces. The enzyme-linked immunosorbent assay
(ELISA) is used to detect Giardia antigen in feces. Numerous methods have been des-
cribed, and target antigens range from the multitude present in aqueous trophozoite
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extracts to individual Giardia-specific molecules, such as Giardia stool antigen, present
in trophozoites and cysts, and which has a relative molecular mass of 65 kDa (GSA 65;
[22]). The methods described in the literature are antigen capture ELISAs which utilize
antibodies to capture Giardia stool antigen on the solid phase and to detect its presence
and develop the colored reaction product.

Detection of antigen in feces can overcome the diagnostic issues associated with
erratic cyst excretion, trophozoite, and cyst disintegration in vivo, the low detection rate
associated with microscopy, and the inability to detect trophozoites in jejunal juice or
biopsy, particularly if the ELISA detects antigens that are common to both trophozoites
and cysts. The reported sensitivity of ELISA is similar to (23) or better than (22,24–26)
microscopy, and antigen detection ELISAs have been used to diagnose infection when
standard microscopic techniques have failed. Furthermore, ELISAs offer much needed
quality assurance to diagnosis, simplify screening procedures in suspected outbreak settings
(e.g., waterborne [27]) and are also helpful for treatment follow-up.

1.2.2. Sensitivity of Detection in Feces

Diagnosis, based on the detection of cysts in fecal concentrates, can be inefficient
(28). For example, the likelihood of detecting cysts, by brightfield microscopy, in a single
stool sample from an infected human is between 35 and 50%, whereas between 6 and 10
stool specimens from an infected human need to be examined to achieve a detection rate
of 70–90% (29), reflecting the erratic nature of cyst excretion in symptomatic patients.

The sensitivity of ELISA for detecting Giardia antigens in stools has been evaluated
on numerous occasions (26). The sensitivity and specificity of the commercially available
ELISA-GSA 65 kit are comparable with those of microscopic examination for cysts in
stool. All studies using ELISA-GSA 65 reported greater sensitivity over the microscopic
examination of a single specimen (26), and sensitivity varies between 95 and 100%,
with 100% specificity reported when used with stools from patients infected with other
intestinal parasites (24,25). ELISA-GSA 65 can detect Giardia infection in at least 30%
more cases than microscopy (22).

1.2.3. Alternative Detection Procedures

Brightfield microscopic examination of either unconcentrated or concentrated stools
remains the first line approach in the diagnosis of human giardiasis. Commercially avail-
able immunofluorescence assays, using FITC-G-MAbs, are used to detect cysts in either
unconcentrated or concentrated stools, and for maximum sensitivity, sample concentration
is recommended as formalin does not interfere with assay sensitivity. Although this method
is more time-consuming than brightfield microscopy, translucent cysts and cysts with poor
morphology can be detected. Cyst organelles are distorted on air-dried smears, reducing
the potential for definitive identification by recognizing organelles using Nomarski differ-
ential interference contrast (DIC) microscopy. If a permanent record is required, a separate
sample should be placed in the chemical preservative of choice. If the test result is nega-
tive, giardiasis cannot be excluded, and further stool samples should be obtained and tested
(see above). FITC-G-MAbs are especially useful for environmental samples.

1.2.3.1. Molecular Detection Methods. PCR is more sensitive than conventional
and immunological assays for the coprological detection of infection. Various PCR-based
methods, with sensitivities from 1 to 10 cysts have been cited (30,31), as have their abilities
to discriminate between pathogenic and non-pathogenic organisms (20,32,33). The reliance
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of PCR on enzymatic amplification of nucleic acids makes it susceptible to inhibitors
present in feces, waters, and foods. Its increased discriminatory powers will prove bene-
ficial for epidemiological, source, and disease-tracking proposes, but currently, there are
few published instances of its usefulness. Issues pertaining to inhibitors in feces, water,
and foods together with methods for relieving their inhibitory effects, PCR targets, the
sensitivity of detection and methods for extracting DNA are presented in Section 1.2.3.
(alternative detection procedures) of the Cryptosporidium chapter. (Please see page 242.)
Currently, PCR methods which capitalize on our current knowledge of the genetic variants
that constitute the G. duodenalis group (Table 2), have been designed to identify specific
human-infective assemblages in stool samples (34–36) and sewage (37).

Immunomagnetizable separation (IMS) is useful for capturing protozoan parasites
from inhibitory matrices and to concentrate and process them in a buffer free of
PCR inhibitors, thus increasing the sensitivity of detection (38). Mahbubani et al. (39)
demonstrated that Giardia muris cyst DNA extracted directly from environmental
surface waters with moderate or high turbidity failed to amplify following PCR of a
0.171 kbp segment the giardin gene. However, cysts separated from the same samples
by IMS, whose DNA was extracted with a freeze-boil Chelex®100 treatment, could be
detected (3 and 30 cysts/ml 1, respectively).

The simultaneous detection of multiple parasites by TaqMan (Applied Biosystems)
real-time PCR assay has been reported. Entamoeba histolytica, Giardia lamblia, and
Cryptosporidium parvum were detected using specific primers and probes by real-time
PCR with 100% specificity and sensitivity (n=60; 20 for each group of individuals
with confirmed microscopic identification of one out of the three parasites) (40). The
correlation between PCR positivity and cyst numbers in PCR-positive, cyst-negative,
stools is not known.

PCR has also the potential for identifying Giardia DNA in the stools of asymptomatic
individuals and in fomites, food, and water contaminated with small numbers of cysts.
Rapid detection of asymptomatic individuals could limit clinical sequelae in “at risk”
groups and reduce environmental spread. At present, in the clinical diagnostic labora-
tory, PCR is more likely to become a tool to assist epidemiological investigations than
a routine method, but given a better understanding of the relationship between specific
Giardia genotypes and host specificity, improved molecular tools for epidemiology,
source and disease tracking will be developed.

Guy et al. (41) used sewage and environmental water matrices to detect the G. duo-
denalis -giardin gene by TaqMan™ assay. DNA extraction using a DNeasy tissue kit
(Qiagen, Germany) was optimized by modifying the commercial protocol and by the
introduction of a three cycle freeze–thaw step and sonication (three 20-s bursts). The
inhibitory effects of these matrices were counteracted with 20% (v/v) Chelex 100 (Bio-
Rad) and 2% (v/v) PVP 360 (ICN, Ohio); in some cases, bovine-serum-albumin proved
useful in eliminating inhibition present in lake water. DNA equivalent to that present in
a single cyst was detected. Cyst DNA was detected and quantified in 1 L sewage
samples using a multiplex real-time PCR (qPCR) and the numbers obtained using qPCR
assay were comparable with those obtained using an immunofluorescence microscopy.
Both assemblage A and B genotypes were detected in sewage by qPCR analysis.

1.2.3.2. Alternative Clinical Approaches. In the absence of laboratory evidence
confirming Giardia infection (no trophozoites, cysts parasite antigen or DNA detected
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following the examination of a minimum of three stool samples), and giardiasis remains
a clinical suspicion, the examination of duodenal, or jejunal fluid may be indicated.
Endoscopy samples are normally liquid, whereas EnterotestR samples are mucus-saturated
nylon string. The EnterotestR is a rubber-lined, weighted, gelatin capsule containing a
nylon string which is swallowed, whilst the free end of the string is taped to the outside
of the cheek. The EnterotestR is left in place for 4–8 h or overnight by which time the
string extends to its full length, and its distal half becomes saturated with bile-stained
mucus which can contain trophozoites. The mucus is scraped off the string, mixed
with saline, and any trophozoites present in the mucus are detected microscopically.
Endoscopy and EnterotestR specimens should be examined immediately as the chances
of detecting motile trophozoites decrease with the passage of time. Storage of the spec-
imen at low temperature (e.g., 2–10°C) or delay in getting the sample to the laboratory
will reduce trophozoite motility, and can make identification more difficult. There is no
agreement as to whether centrifugation, to concentrate trophozoites, is advantageous;
however, centrifuging at speeds that do not rupture trophozoites produces a pellet of
smaller volume which can be analyzed more rapidly. For definitive diagnosis, the
examination of intestinal fluid for the presence of trophozoites has been reported as both
more and less reliable than the examination of stools. Thus, the examination of intestinal
fluid for the presence of trophozoites should not replace, but supplement the examination
of stools for the presence of trophozoites and cysts.

Histopathological detection of morphological forms confirms diagnosis, but is often a
last resort because of the invasive nature of the biopsy procedure, histopathology can reveal
both the presence of parasites and the underlying pathology.

1.2.4. Detection in/on Foods

Infective G. duodenalis cysts cannot multiply in/on foodstuffs. Food becomes a
potential vehicle for human infection by contamination during production, collection,
transport, and preparation (e.g., fruits, vegetables, etc.) or during processing. The sources
of contamination are usually feces, fecally contaminated soil, irrigation water, water
for direct incorporation into products (ingredient water), and/or for washing produce
(process water) or infected foodhandlers. G. duodenalis cysts normally occur in low
numbers in/on food matrices and in vitro culture techniques that increase parasite
numbers prior to identification are not available for protozoan parasites in food and
water matrices. Concentration by size alone, through membrane or depth filters, results
in accumulation in the retentate, not only of cysts, but also of similar and larger sized
particles, and as G. duodenalis cysts are (8–16 × 7–10 m in diameter) filters with a
smaller pore size are employed to entrap them. As Giardia and Cryptosporidium are
often sought for at the same time, filters with pore size of 1–2 m are employed to
entrap both Giardia cysts and Cryptosporidium oocysts (Cryptosporidium oocysts are
4–6 m in diameter), which results in the accumulation of large volumes of extraneous
particulate material. Such particles interfere with cyst detection and identification;
therefore, a clarification step which separates cysts from other contaminating particles
is employed. Current methods can be subdivided into the following component parts:
(a) sampling, (b) desorption of cysts from the matrix and their concentration, (c) identi-
fication (Fig. 3) and are those, or modifications of those, which apply to water (42,43)
(Table 3).



Methods for detecting cyst contamination in liquid foods (e.g., drinks and beverages)
and on solid foods (e.g., fruits and vegetables) are similar, but differ in the techniques
used to separate cysts from the food matrix (Fig. 3). Differences are primarily depen-
dent on the turbidity of the matrix and for non-turbid liquid samples, such as bottled
waters, either small or large volume filtration (1–20,000 L samples have been tested in
the authors’ laboratory) can be used. For turbid samples (naturally turbid, e.g., milk, fruit
juices, or following extraction from surfaces of vegetables and fruits), further cyst
concentration using IMS is recommended.

Sampling methods, volumes/weights of product can depend on the reasons for sampling
(quality control/assurance, ascertainment, compliance, incident/outbreak investigation,
etc.). Desorption can be accomplished by mechanical agitation, stomaching, pulsifying,
and sonication of leafy vegetables or fruit suspended in a liquid that encourages desorption
of cysts from the food matrix. Detergents including Tween 20, Tween 80, sodium lauryl
sulphate, and Laureth 12 have been used for desorption. Lowering or elevating pH
affects surface charge and can also increase desorption. Depending on the turbidity and
pH of the eluate, cysts eluted into non-turbid, neutral pH eluates can be concentrated
by filtration through a 1 m flat bed cellulose acetate membrane (44), whereas cysts eluted
into turbid eluates can be concentrated by IMS. Cysts can be identified and enumerated
by immunofluorescence microscopy and their morphology can be assessed by Nomarski
differential interference contrast microscopy.

PCR-based methods developed for detecting Giardia DNA in feces have been used
to determine the presence of Giardia DNA in food eluates, but currently, there is little
standardization available. Furthermore, the presence of inhibitors in foodstuffs and
waters limits the application of these methods. Inhibitors can be reduced using kit-based
technologies (Cartagen products, USA Plant DNA Isolation Kit and Food DNA Isolation
Kit; Qiagen UK, automated DNA extraction), but the cost of these methods may influ-
ence their usefulness for routine analysis. Heller et al. (46) compared four commercial kits
for extracting DNA from seeded Escherichia coli O157:H7 from four foodstuffs and
found that they all worked similarly. These commercial kits may prove useful for extract-
ing DNA from foodborne Giardia cysts. Neither the DNA-based nor microscopy-based
detection methods identified earlier can be used for determining cyst viability.
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1.2.5. Determination of Cyst Viability

Little can be inferred about the likely impact of cysts detected in water or food
concentrates on public health without knowing whether they are viable or not. Giardia
cyst infectivity assessments can be undertaken in vivo in neonatal mice or adult gerbils
(47), whereas Giardia cyst viability (reviewed in ref. [48]) can be assessed in vitro by
(a) excystation (49,50), (b) fluorogenic vital dyes (20,50–55), (c) propidium iodide vital
dye staining and morphological assessment of cysts observed under DIC optics (50), or
(d) reverse transcriptase (RT)-PCR, amplifying Giardia heat shock protein 70 (hsp 70)
messenger RNA (mRNA) (31,56).

1.2.5.1. Determination by Morphology. Rapid, objective estimates of parasite
viability revolve around the microscopical observation of the inclusion or exclusion of
specific fluorogens into individual cysts (reviewed in ref. [48]). The fluorogens, fluorescein
diacetate (FDA), and propidium iodide (PI) have been used to determine G. muris cyst
viability. Cysts which included FDA and hydrolyzed it to free fluorescein caused infec-
tion in neonatal mice, whereas cysts which included PI had damaged membranes and
were incapable of causing infection in neonatal mice (51). G. muris cysts are often
used as surrogates for G. duodenalis cysts, because they are readily available. There is
good correlation between G. muris cyst morphology, animal infectivity, and inclusion/
exclusion of the fluorogenic vital dyes (51–53), but not between FDA inclusion and
the viability of purified, human-derived G. duodenalis cysts as determined by in vitro
excystation (50). Compared with in vitro excystation, Smith and Smith (50) found that
PI inclusion consistently underestimated dead human-derived G. duodenalis cysts, and
suggested that a combination of PI inclusion/exclusion and assessment of morphology
by DIC, according to the criteria of Schupp and Erlandsen (52) was the most suitable
method to determine whether cysts were dead. Giardia cysts exposed to lethal doses
of chlorine fail to take up PI (54), and the exclusion of PI immediately following chlo-
rine disinfection is probably due to the gradual loss of trophozoite membrane integrity
following chlorine killing (21). Therefore, a combination of PI inclusion/exclusion and
assessment of morphology by DIC, according to the criteria of Schupp and Erlandsen (52)
is the most satisfactory way to proceed (59).

Taghi-Kilani et al. (55) sought alternatives to PI staining, and assessed the viability
of untreated, heat killed, and chemically inactivated G. muris cysts by in vitro excystation
and animal infectivity in CD-1 mice. The nucleic-acid stain SYTO®9 (Molecular
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Table 3
Reported Experimental Recovery Rates of Giardia Cysts from Foods

Extraction and
concentration Detection Recovery

Food matrices methods method rates Reference

•  Four leafy (Experimental Immuno- • 67% (45)
vegetables and recoveries) fluorescence
strawberries Rotation and

•  Bean sprouts sonication in elution • 4–42%
buffer; centrifugation
and IMS



Probes, Eugene, Oregon, USA) stained dead cysts brightly, and had a relatively slow
rate of decay in its visible light emission following DNA binding. Furthermore, staining
correlated with animal infectivity. The Molecular Probes Live/Dead BacLight kit also
showed correlation with animal infectivity and both staining regimes showed better
correlation with infectivity than with in vitro excystation. Care should be taken when
yeasts are also present in the same sample, as the ability to differentiate these from cysts
requires careful morphological and morphometric assessment.

Metabolic activity can be measured with tetrazolium salts, and the commercially
available fluorescent formazan 5-cyano-2,3-ditolyl tetrazolium chloride (CTC) has been
used to determine the presence of viable bacteria and their metabolic activity in various
aquatic and non-aquatic environments (58). CTC reduction by viable Giardia cysts (58)
could become a rapid cyst viability assay and, when combined with FITC-G-mAbs,
would enable the simultaneous detection of viable (redox activity) Giardia cysts.

Biophysical methods have also been used to determine G. duodenalis cyst viability:
both dielectrophoresis and electrorotation have been used to demonstrate differences
between viable and non-viable cysts (59). Currently, there is no consensus as to which
method to adopt as each has its limitations (reviewed in ref. [48]).

1.2.5.2. Determination by Molecular Methods. The lack of consistency with
fluorogenic vital dyes has led to the investigation of other approaches. mRNA is reported
to have a short half-life within viable cells, is rapidly degraded by specific enzymes
(RNAses) and appears to be a highly suitable target for detecting viable cells. mRNA
increases following excystation, and PCR amplification of giardin mRNA before and
after excystation was used to discriminate between live and dead Giardia cysts (60).
External insults lead to the synthesis of hsp 70 mRNA in viable organisms and RT-PCR
of Giardia hsp 70 (GHSP) mRNA has been used to determine cyst viability (31,56).
While Abbasedegan et al. (58) could detect one Giardia lamblia cyst, the limit of
sensitivity for cyst viability was 10 cysts, but Kaucner & Stinear (31) reported that this
RT-PCR using the GHSP primers was inconsistent. Giardia cysts and C. parvum
oocysts were detected simultaneously in water and wastewater by RT-PCR (31), with
a sensitivity of a single viable organism in raw water concentrates and a comparison of
methods showed that Giardia spp. cyst detection by immunofluorescence was 24% when
compared with 69% by RT-PCR.

1.2.6. Determination of Infectivity

1.2.6.1. In Vitro Culture. Cysts which are relatively free from bacterial contaminants
are required to initiate new isolates of axenically cultured trophozoites, but in vitro
culture is not an option for the small number of cysts recovered from water and food.
G. duodenalis trophozoites are aerotolerant anaerobes that can be cultured, axenically
in a medium-containing cysteine and mammalian bile. Keister’s modification of TYI-
S-33 (61) supplemented with either 10% (v/v) sterile bovine or equine serum supports
the growth of G. duodenalis isolates from human and nonhuman hosts. Cysteine protects
trophozoites from the lethal effects of oxygen, and in combination with ascorbic acid,
this effect is enhanced. However, only cysteine supports the growth of trophozoites.
Cysteine initiates trophozoite attachment to glass or plastic in vitro, and the subsequent
adherence (62). Attached trophozoites are detached by chilling the culture vessel
for 10–15 min in ice-water, then the vessel is inverted gently several times. Suspended
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trophozoites are transferred aseptically to sterile tubes containing complete medium pre-
warmed to room temperature or 35°C. Inocula of 4 × 103 trophozoites/ml yield 1 × 106

trophozoites/ml in 72 h, and subculturing can be performed twice weekly.
1.2.6.2. In Vivo Infectivity. A variety of laboratory animals have been used to determine

Giardia infectivity. Both G. muris cysts from infected laboratory hosts and human-
infective G. duodenalis cysts have been used to determine the disinfection sensitivity of
Giardia cysts, although both the infection models and disinfectant sensitivity can differ.

Giardia lamblia infectivity can be determined in the Mongolian gerbil (Meriones
unguiculatus) (63–68), whereas G. muris infectivity can be determined in the C3H/HeN
mouse model (68,69). Neonatal mice (70) and rats (71) can be infected with G. duodenalis
cysts. The minimum number of infective cysts required to establish infection in 50% of
gerbils tested (ID50) is 100 (66), whereas the ID50 in gerbils, calculated by probit
analysis, is 2.45 (67). The G. muris mouse model has a similar sensitivity (69). O’Grady
and Smith (48) review Giardia in vivo infectivity.

2. TRANSMISSION AND RESERVOIRS OF INFECTION

2.1. Routes of Exposure

The transmission of Giardia to humans can occur through any mechanism by which
material contaminated with feces containing infectious cysts from infected human
beings or animals can be swallowed by a susceptible host. Some risk factors associated
with Giardia infection are presented in Table 4.

Giardia is the most commonly detected intestinal protozoan parasite in the world,
indicating its adaptation to numerous situations. The prevalence of giardiasis in devel-
oping countries is approximately 20% and approx 5% in the developed world (73).
Between 100,000 and 2.5 million Giardia infections occur annually in the United States
(74). The variable course of the infection (13,75,76) and the difficulty in diagnosing
infections because of intermittent cyst excretion patterns are two important factors that
contribute to the complexity of Giardia epidemiology and the difficulties in tracing
sources and routes of infection.

Chronic and/or repeated infections appear to be common (77) and the development
of immunity is variable. In instances of partial immunity, prolonged carriage may occur.
In addition, the frequency of asymptomatic Giardia infections in not well known. The
importance of asymptomatic excretors and symptomatic, undiagnosed excretors in
disseminating infection is not known. Giardiasis affects all age groups, but in non-endemic
areas a bimodal age distribution is often seen, with the incidence being highest in children
aged 0–5 yr, followed by adults aged 31–40 yr. This correlates with reports of disease
prevalence being higher than average among children who attend daycare centers
together with the family members and daycare workers who care for the infected children
(78). Giardia prevalence ranges from 2 to 5% in industrialized nations and from 20 to
30% in developing nations and up to 35% prevalence has been reported among children
attending daycare centers in the United States in non-outbreak settings (79,80).

Giardiasis can be seasonal, but its seasonality is not as pronounced as cryptospori-
diosis. In the USA, the increased transmission occurs during the summer months, which
coincides with the summer recreational water season possibly reflecting the increased
use of community bathing venues by young children and the higher prevalence of
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diapered children in swimming venues (74). Limiting factors for cyst survival include
high temperatures and desiccation (28).

Warhurst and Smith (81) commented upon the global cost of Giardia infection, both
in human and financial terms (in the USA in 1991, giardiasis accounted for >4000
hospital admissions annually costing over US$5 million) and emphasized the need to
acquire pertinent data to enable strategic targeting of research funds with the ultimate
aims being prevention and control. The ability to genotype and subtype Giardia fulfils
some of these requirements by providing molecular tools to identify sources of infection
within populations and routes of transmission.
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Table 4
Risk Factors Associated with Giardia Infection

Risk factor Association Postulated reasons

Age Children are more likely 1. Behaviour: greater risk of exposure
to be infected than 2. Immunology: lack of immunity
adults and excrete cysts 3. Diagnosis: infections in adults may more
in larger numbers frequently be asymptomatic and thus less 

likely to be diagnosed
Gender Some studies indicate males 1. Behaviour: greater risk of exposure

are more likely to be 2. False result due to biased sampling
infected than females

Nutritional Malnourished individuals more 1. Hypochlorhydria
status likely to be infected than 2. Reduced intestinal immune functions

well-nourished individuals 3. Low enzyme activity
4. Poor intestinal motility

Breast- Non-breast-fed infants more 1. Contamination: greater risk of exposure to 
feeding likely to be infected than cysts in bottled milk

breast-fed infants 2. Immunology: acquisition of antibodies in
breast milk

3. Cysticidal properties of breast milk
Diet Consumption of leafy vegetables 1. Often consumed raw

may be a risk factor 2. May be washed in contaminated water
Urban/rural Some studies suggest city 1. High population density and overcrowding

dwellers more likely to be 2. Poverty and poor sanitation
infected than those in rural
areas

Seasonality Incidence may increase during Cysts more likely to survive under cool,
cooler and wetter seasons damp conditions

Socio- Associated with lower 1. Poverty and poor sanitation
economic socio-economic status 2. Overcrowding
status 3. Inadequate water supplies

4. Lack of health education
5. Use of night soil as fertilizer

Socio- Associated with higher socio- 1. Underreporting in low socio-economic
economic economic status groups as reduced access to healthcare
status 2. Access to international travel

From ref. (72).



2.1.1. Person-to-Person

Person-to-person transmission of G. duodenalis is the major route of infection.
Person-to-person transmission has been documented between family/household members,
homosexual partners, health workers, and their patients, children in daycare centers and
other institutions and travelers to areas where disease is endemic. Persons at greatest
risk of exposure are children in daycare centers, their close contacts, homosexual partners,
and travelers. Transmission in daycare centers is particularly common (78) probably due
to the lower standards of personal hygiene exhibited by preschool children and their
tendency to put numerous objects that they handle in their mouths.

2.1.2. Animal-to-Person (Zoonotic)

Whether zoonotic transmission occurs frequently remains a topic of controversy. The
widespread distribution of G. duodenalis in a variety of domestic and wild animals is
suggestive of the potential for this route of transmission and has aroused considerable
debate, curiosity, and some measure of concern, yet definitive evidence that this route of
transmission is a public health concern remains elusive. Transmission of nonhuman isolates
to humans has been demonstrated experimentally (82), but the regularity with which this
occurs outside the laboratory environment remains unknown. Evidence for and against
zoonotic transmission has been reviewed frequently (83–90).

Molecular evidence incriminating domestic animals is available (91,92) and the focus
of attention has largely been upon livestock and feral animals. Although a range of aquatic
animals harbor G. duodenalis cysts, their role in the transmission of giardiasis to humans
requires further elucidation.

In a waterborne outbreak of giardiasis in British Columbia, Canada, cysts were collected
from outbreak cases, the contaminated water supply, and beaver epidemiologically linked
to the outbreak or inhabiting lodges close to where the outbreak occurred and analyzed by
isoenzyme analysis and pulsed-field gel electrophoresis (PFGE) (93). Isoenzyme electro-
phoresis indicated that all samples were in the same zymodeme and PFGE revealed that
they were of the same karyotype, although PFGE discriminated between isolates within
zymodemes. These results provided evidence of the potential of mammals, such as beavers
for transmitting Giardia to humans, and suggests that a beaver was probably the source of
the drinking water contamination and hence of the waterborne outbreak of giardiasis.

Transmission among nonhuman hosts, which also augments environmental contami-
nation, is most likely to be direct, between infected animals, as environmental levels of
cysts on farms appear to be too low to account for the high levels of infection seen in
cattle (3,94). While assemblage A & B (III) genotypes (Table 2) pose the greatest risk for
zoonotic transmission, it should be noted that the occurrence of these genotypes in human
and nonhuman hosts is not conclusive evidence of zoonotic transmission. Interestingly,
the nonhuman-specific genotypes appear to be more host limited, and, as yet, there is
no epidemiological evidence to indicate that they occur (infrequently) in humans.

2.1.3. Drinking Water

Giardia is the most commonly identified agent of waterborne disease in the USA with
over 120 waterborne outbreaks affecting more than 25,000 persons, since 1965 (44).
According to Bennett et al. (95), 60% of all Giardia infections in the USA are acquired
from contaminated water, and both human and nonhuman sources of contamination
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have been implicated in waterborne outbreaks of giardiasis (96,97). In the USA, Giardia
is a significant waterborne pathogen, and was the most commonly identified pathogen
in waterborne outbreaks, accounting for 18% of outbreaks resulting in 24,124 cases during
the period 1971–1985 (98). From 1976 to 1980, waterborne outbreaks of giardiasis
accounted for 25% of optionally reported cases (98–100).

Giardia cysts occur commonly in surface waters (101,102) (>80% of surface water
samples in North America can contain Giardia cysts) (103). Inadequate water treatment,
ineffective filtration or pre-treatment of surface waters, and inadequate disinfection when
disinfection was the only treatment are given as the deficiencies responsible for the majority
of these waterborne outbreaks (97,98). Although filtration is effective in removing Giardia
cysts, in the USA as many as 21 million individuals may be at risk of giardiasis since their
potable water comes from unfiltered water supplies, and in developing countries relatively
few individuals will have access to drinking water that has received any treatment.

2.1.4. Air

The small size of G. duodenalis cysts renders them aerosolizable in large particle
droplets (>5 m diameter).

2.1.5. Food

Foodborne transmission of giardiasis was suggested in the 1920s (104,105), and
anecdotal evidence from outbreaks frequently implicated foodhandlers and contaminated
fruits and vegetables (107). Foodborne outbreaks are reviewed in Section 3.

The widespread distribution of cysts in the environment, enhance the possibility of food-
borne transmission of giardiasis. Whilst the waterborne route is clearly of major importance,
the potential for foodborne transmission should not be underestimated and several cases of
foodborne giardiasis have been documented (see Section 3.). It is frequently difficult to
associate an outbreak with a particular food item and how the food implicated became
contaminated. Because of these difficulties, acquisition of Giardia infection via the food-
borne route is almost certainly underdetected, probably by a factor of 10 or more (107).

Other sources of food contamination include washing salad vegetables in water-
containing infectious cysts, the use of excrement (night soil) for fertilizer, contaminated
irrigation water in the cultivation of food crops, and the dissemination of cysts from feces
to food by filth flies (108,109). Vegetables can be surface contaminated with Giardia
cysts (110–112), although it is often unclear whether cyst contamination was due to
cultivation practices, contaminated water, insects or other animal vectors, or following
handling by individuals with cyst-contaminated hands. Raw wastewater, used as fertilizer,
but not treated wastewater or fresh water, was responsible for contaminating coriander,
mint, carrots, and radish in a study conducted in Marrakech, Morocco (113).

Cyst-contaminated river waters act as a source of marine environment contamination
and rivers polluted by anthropogenic and livestock fecal discharges can play a major
role in oocyst contamination of shellfish in estuaries and coastal environments (see also
Tables 3 and 6 of the Cryptosporidium chapter). Cysts of the common human genotype
(G. duodenalis Assemblage A) were identified in clam (Macoma balthica and M. mitchelli)
tissues. Macoma spp. clams burrow in mud or sandy-mud substrata and preferentially feed
on the surface sediment layer. Although Macoma spp. clams have no economic value, they
can serve as biologic indicators of sediment contamination with Giardia sp. cysts of public
health importance (114).
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Whether seasonal variation in surface contamination of foods occurs, requires further
investigation; however, seasonal peaks in parasitism will influence when water and
foods become surface contaminated. The widespread distribution of cysts in the environ-
ment, the rapid transportation of foods from global markets, and their chilling and wetting,
which augment parasite survival, enhance the likelihood of foodborne transmission. Water
and food enhance cyst survival by preventing their desiccation.

2.1.6. Other Routes of Exposure

Venereal transmission of Giardia has been reported among homosexual males (80).
Travel to endemic areas of disease, backpacking, and camping, drinking untreated water
from shallow wells, lakes, rivers, springs, ponds, and streams, and transmission via the
recreational water route (swimming pools, water parks, fountains that use recirculating
water, lakes, rivers, and oceans) are significant routes of exposure. Giardia cysts are less
resistant to disinfectants that C. parvum oocysts but swimming pools, particularly children’s
paddling pools and the ingestion of pool water following either accidental defecation
events have resulted in outbreaks. The increased use of recreational waters for immersion
sports, in cyst-contaminated fresh and marine waters, also increases the likelihood of
occurrence of this transmission route.

Cysts are redistributed to uncontaminated sites associated with human activities by
coprophagous transport hosts (e.g., pigs, dogs, chicken, refuse feeding and aquatic
birds and filth flies) (21,109). Filth fly and avian transport hosts can travel over large
distances. Filth flies ingest 1–3 mg feces over 2–3 h (115), and can transmit G. duodenalis
cysts attached to their exoskeleton and in their excrement (109). The sources of contami-
nation of human-infectious G. duodenalis are primarily point sources, such as infected
hosts and waste water effluents but muck spreading, slurry spraying, and run off from
contaminated land, etc., containing cysts from nonhuman hosts, also contaminate food
and water. Rapid climate changes due to global warming, including temperature fluctua-
tions, rainfall, and changes in water table levels also influence the distribution of cysts
in the environment.

2.2. Cyst Survival in Water

Nichols and Smith (116) cite data on the resistance of Giardia cysts to physical and
chemical treatments. G. muris cysts can survive for more than 3 mo in cold surface water;
however, freezing ( 13°C) for 14 d and thawing reduces cyst viability to <1%, whereas
storage of cysts at 8°C for 77 d reduces G. intestinalis excystation to <5%. Some experi-
mental survival and inactivation data for Giardia cysts are presented in Table 5.

3. FOODBORNE OUTBREAKS

The most frequent mechanism by which food becomes contaminated with infective
cysts is from foodhandlers who have either been in contact with infected feces from
another individual or are themselves infected (Table 6). Foltz and Harding (117) suggest
that foodhandlers frequently come from lower socio-economic groups where personal
hygiene and public health knowledge are poor. Whether this is correct, foodhandlers with
asymptomatic or minimally symptomatic infections may not recognize their risk in
transmitting infection. Here, education is the obvious option. An interesting route is the
ingestion of cysts in an undercooked animal product, where the animal itself was infected,
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as suggested in a case in which members of two families developed giardiasis, apparently
as a result of consuming undercooked sheep tripe in soup (118).

Eight outbreaks of foodborne disease have been documented (Table 7) and the potential
for foodborne transmission should not be underestimated. In two out of the eight out-
breaks, contaminated foodstuffs were implicated as the vehicles of transmission; but, in
the remaining six, foodhandlers were implicated, implying that contamination occurred
probably during food preparation and that, until then, the foodstuffs were free of con-
taminating, infectious cysts. That transmission was not due to indigenous contamination of
the foodstuffs, but to mishandling by foodhandlers manipulating the foodstuffs during
food preparation, is an important distinction that is not always recognized. Immaterial
of this difference, such outbreaks are categorized as foodborne, because the vehicle of
transmission was food, but such scenarios place an unfair public perception on specific
food production practices that are effectively quality assured.

Other sources of contamination include washing salad vegetables in cyst-contaminated
water, use of excrement (night soil) for fertilizer in the cultivation of food crops and
dissemination of cysts from feces to food by mechanical vectors (108,109). Vegetables sold
in markets have been contaminated with Giardia cysts (110,111).
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Table 5
Some Conditions for Inactivating Giardia cysts

Physical inactivation Chemical inactivation

• Freezing ( 13°C) for 14 d and thawing • Free chlorine: up to 142 mg/l min 1 required for 
reduces cyst viability to <1% 99% G. intestinalis inactivation

• Storage of G. intestinalis cysts at 8°C • At 5°C (pH 8), 2 mg/ml for 30 min produces
for 77 d reduces excyation to <5% <30% G. intestinalis cyst inactivation. At 25°C

(pH 8), 1.5 mg/ml for 10 min produces >99%
cyst inactivation

• G. muris cysts survive for 3 mon in cold • Chlorine dioxide: 11.2 mg/l min 1 required for
raw water sources 99% cyst inactivation

• Ozone: up to 2.57 mg/l min 1 required for up to
4 log10 G. intestinalis inactivation

Adapted from ref. (116).

Table 6
Some Studies of Occurrence of Giardiasis Amongst Foodhandlers

Prevalence of giardiasis
Location of detected amongst
foodhandlers foodhandlers Reference

Collegiate institution, USA 11.7% (119)
U.S. Army, Korea 4.4% (120)
Santiago, Chile 15.9% (121)
Hospitals in Santiago, Chile 8.7% (122)
Concepcion, Chile 7.7% (123)
UK food factory 3.5% (124)



4. PATHOGENICITY (VIRULENCE FACTORS)

4.1. Infectious Dose

In a human volunteer study, the median infectious dose for Giardia was between 25
and 100 cysts, although as few as 10 cysts initiated infection in two out of two volun-
teers (75,76). One volunteer study demonstrated that a human-source isolate can vary
in its ability to colonize other humans (13), suggesting that certain isolates may be less
infectious to humans, or cause fewer clinical signs and symptoms than others.

4.2. Pathogenicity

Much debate has focused on the pathogenicity of Giardia. Signs and symptoms range
from self-limiting diarrhea to severe chronic disease. Immunocompetent individuals
with giardiasis can exhibit some or all the signs and symptoms identified in Section 5,
but infected individuals with immunodeficiency or underlying protein malnutrition can
develop more severe disease, including interference with fat and fat-soluble vitamin
absorption, retarded growth, weight loss, and a “coeliac-disease-like” syndrome (28).

Trophozoites are not invasive and while they cause malabsorption by physically
occluding the enterocyte brush border; some pathology is due to inflammation targeted at
enterocytes (132). Inflammation results in an increased turnover rate of enterocytes and
immature, replacement enterocytes have less functional surface area and less digestive and
absorptive ability than the mature ones they replace (132). Toxin production (133) may also
upregulate inflammation and increase intestinal barrier permeability. Colonization
reduces the mucosal absorptive surface area in the small intestine, which leads to dis-
accharidase deficiencies and decreased absorption of electrolytes, nutrients, and water.
Together, these abnormalities are responsible for malabsorption and diarrhea (134,135).
Iron deficiency is commonly associated with a high incidence of parasitism in children
in developing countries, and iron malabsorption and anemia are commonly outcomes of
giardiasis (136,137).

4.2.1. Effects on Epithelia

Disaccharidase deficiencies have been reported in giardiasis patients with only mild
abnormalities of mucosal architecture (138–141). Brush border enzyme abnormalities
result from a diffuse shortening of brush border microvilli along the entire villus axis,
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Table 7
Some Documented Foodborne Outbreaks of Giardiasis

No. of persons Probable/possible
affected Suspected food-stuff source of infection Reference

3 Christmas pudding Rodent feces (125)
29 Home-canned salmon Foodhandler (126)
13 Noodle salad Foodhandler (127)
88 Sandwiches – (128)
10 Fruit salad Foodhandler (129)
– Tripe soup Infected sheep (118)
27 Ice Foodhandler (130)
26 Raw sliced vegetables Foodhandler (131)



both at the sites of trophozoite attachment and in other uncolonized areas (140,142). The
diffuse loss of overall absorptive area also reduces sodium-coupled glucose absorption,
active glucose uptake, and water absorption along the small intestine (142). These factors
combine to produce diarrhea. Infection can also result in reduced lipase activity (143) which
explains the occasional steatorrhea associated with giardiasis. Giardia-induced alterations
in epithelial permeability are associated with upregulated enterocyte apoptosis (144), but
the significance of this remains unclear.

4.2.2. Effects on the Epithelial Cytoskeleton

The loss of microvillus height rather than villus atrophy appears to be the rate-limiting
injury responsible for impairing brush border digestive enzymatic activity and reducing
active epithelial absorption in giardiasis. The enterocyte cytoskeleton supports the cell
structure and helps maintaining epithelial polarity, but rearrangement of cytoskeletal
F-actin, following Giardia exposure, leads to epithelial pathophysiology (145). Infection
induces focal loss of peripheral -actinin, and trophozoites may cause rearrangement
of other cytoskeletal components (145,146). These observations indicate that Giardia
excretory-secretory products significantly alter enterocyte cysoskeletal proteins, which
contribute to changes seen in mucosal architecture. Fecal neopterin concentrations
(a marker of gut inflammation) and lactulose mannitol (L:M) absorption ratio (a measure
of intestinal permeability) are useful indicators of the long-term effects of Giardia and
other intestinal parasites on infant development (147).

4.3. Immune Response

Host–parasite interactions in human giardiasis are complex. Intestinal trophozoite
populations can be controlled by both innate (natural) and acquired immunity. Normal
human milk, conjugated bile salts, unsaturated fatty acids, and free fatty acids are
giardicidal, however, intestinal mucus protects trophozoites from this giardicidal effect.
Trophozoites are killed by products of lipolysis present in human duodenal and upper
jejunal fluid, and human neutrophil defensins and indolicidin in vitro. In acquired
immunity, both humoral and cellular arms of the immune system play roles in controlling
infection. IgM-, IgA-, and IgG-specific antibodies play major roles, as do T-cell subsets,
macrophages, and neutrophils. Secretory IgA antibody is present in human milk. The
human humoral antibody response is isolate dependent (13). Complement alone, or in the
presence of IgM anti-trophozoite antibody kills >98% of trophozoites in vitro (reviewed
in ref. [26]). The immune response is also involved in intestinal mucosal pathology, but
few studies have assessed the role of cytokines.

Symptomatic individuals have elevated humoral antibody responses to trophozoite
antigens. IgG antibodies to surface expressed trophozoite antigens occurred in 81% of
symptomatic cases and 12% of controls (148), and, following chemotherapy, IgG antibody
remained detectable in most cases for up to 18 mon. In two out of three symptomatic
individuals studied longitudinally, IgM values fell to control levels between 2 and 3 wk
after chemotherapy, indicating that IgM antibody might be an useful indicator of current
infection (149). Both immunofluorescence and ELISA are comparable for detecting IgA
and IgG anti-Giardia antibodies in the sera of individuals with proven infection. ELISA
sensitivity varies with the antibody isotype detected, IgM being most sensitive (26), and
intact trophozoites provide greater sensitivity than trophozoite extracts when used as
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antigen in the IgG ELISA. The western blot assay cannot detect antibodies in all samples
from patients with proven giardiasis, although higher circulating antibody titers occurred
in sera from symptomatic patients when compared with sera from asymptomatic patients.
Western blot assay sensitivity increases when purified Giardia proteins are used as
antigens (26).

The usefulness of serological assays for diagnosing human giardiasis is debatable
because (a) different geographical isolates have different antigenic identity and (b) in
chronic disease, parasites cause immunodepression, in the absence of the acute, immuno-
responsive stage of the disease, and (c) antigenic variation downregulates antibody
production (26). Serology fails to reveal differences in serum antibody responses between
symptomatic and asymptomatic patients (26). Even though numerous immunoreactive
G. duodenalis trophozoite antigens have been described, a common, non-variant, immuno-
dominant antigen, useful for serodiagnosis, has not been identified. Palm et al. (150) suggest
that the Giardia-specific -giardins could prove useful for the serodiagnosis of acute
giardiasis. While drug intervention in infected cases reduced antibody titers to recombi-
nant -giardins, treatment failure or chronic infection or reinfection resulted in higher
antibody titers (150).

The prevalence of giardiasis is increased in malnourished patients (151), and while serum
antibodyresponses in malnutrition are frequently normal, the level of secretory IgA antibody
on mucosal surfaces is reduced (151), which adversely affects parasite elimination.

Serological evidence of recent Giardia infection could be an useful epidemiological
tool for water and foodborne outbreak investigations, where giardiasis is not endemic.
Seroepidemiological surveys of trophozoite surface-specific serum IgG antibody pre-
valence indicate rates ranging from 18% in an inner city area in the USA to 48% in a
rural area of Panama (152). Giardia-specific serum IgA antibody responses have been
used to determine exposure to Giardia contaminated water and illness from giardiasis
during waterborne outbreaks of diarrheal disease (153). The recombinant protein

-giardin (150) might prove a useful target for further studies, depending upon the
antibody isotype, subclass and avidity responses developed against them during infection
and disease.

4.4. Virulence

Variation in the infectivity and virulence of G. duodenalis isolates (13,66) and different
clones from a single isolate (154) has been described. Some isolates instigate disaccha-
ridase deficiencies in CaCo2 cell monolayers, whereas others, of similar challenge inocula,
do not (155).

4.4.1. Giardia Toxin

The possibility that some pathophysiological changes observed at the intestinal
mucosa during giardiasis is caused by a Giardia toxin is an attractive hypothesis. The
presence of a Giardia gene encoding a sarafotoxin-like protein, which shared 57%
similarity with the gene encoding the precursor of sarafotoxins has been reported (156),
and a 58 kDa excretory–secretory product (ESP) has enterotoxic activity (133).
Epithelial cells incubated with purified ESP showed elongated morphology, then lysed,
therefore, 58-kDa ESP is a candidate for the Giardia toxin. The 58-kDa ESP is
immunogenic and anti-58kDa ESP antibodies, raised against the purified glycoprotein,
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cross-react with the binding subunit of commercially available cholera toxin (157).
Although the mechanism of ESP-induced cytopathic and enterotoxic effects is not yet
understood, G. duodenalis virulence may be dependent on the parasite’s environment.
Interaction between parasite and intestinal microbiota may be important in augmenting
pathogenicity (157,158).

5. CLINICAL CHARACTERISTICS

Since its discovery of 300 yr ago, G. duodenalis is recognized as a cosmopolitan
protozoan parasite of humans, and is ranked in the top 10 of human parasitic diseases
(159). Giardiasis is primarily a disease of the upper small intestine caused by noninvasive,
reproductive trophozoites which attach onto enterocytes. In most instances, the disease is
self-limiting. Clinically, there are two disease phases: the acute and the chronic. The acute
phase is usually short-lived, characterized by flatulence with sometimes sulfurous belching,
and abdominal distention with cramps. Diarrhea is initially frequent and watery but
later becomes bulky, sometimes frothy, greasy, and offensive, and stools may float on
water. Blood and mucus are usually absent and pus cells are not a feature on microscopy
(18,72,134,159).

In chronic giardiasis, malaise, weight loss, and other features of malabsorption become
prominent. By this time, stools are usually pale or yellow and are frequent and of small
volume. Occasionally episodes of constipation intervene with nausea and diarrhea pre-
cipitated by the ingestion of food. Malabsorption of vitamins A and B12 and D-xylose can
occur. Disaccharidase deficiencies (most commonly lactase) are frequently detected in
chronic cases. In young children, “failure-to-thrive” is frequently due to giardiasis, and all
infants being investigated for causes of malabsorption should have a diagnosis of giardiasis
excluded (44,135).

The prepatent period (the time from infection to the initial detection of parasites in
stools) is on average 9.1 days (75,76) and the incubation period is usually 1–2 wk. As the
prepatent period can exceed the incubation period, initially a patient can have symptoms
in the absence of cysts in the feces. Cyst excretion can approach 107/g feces (160). In
severe infections up to 14 billion parasites can occur in a diarrheal stool, whereas in a
moderate infection up to 300 million parasites are present.

There are few reports on giardiasis in immunocompromised hosts. Infection is more
severe in hypogammaglobulinemic individuals, but not normally in those with HIV/AIDS.
Cyst prevalence is significantly higher in hypogammaglobulinemics than in immuno-
competent hosts (26), and approx 90% of hypogammaglobulinemics passing cysts are
symptomatic with chronic diarrhea (161). Giardiasis is always symptomatic in hypogamma-
globulinemic children (162) and more prevalent in malnourished patients (151).

6. CHOICE OF TREATMENT

6.1. Drugs

Giardia infections can be self-limiting, however, a number of factors predispose to
treatment. Infection, if left untreated, can last several months to years, re-infection is not
uncommon and symptoms associated with long-term infection can be debilitating. In
the immunosuppressed, infection can become increasingly chronic. Thus, chemotherapy
is of major importance. Several drugs, including nitroimidazole compounds, quinacrine
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and furazolidone are available for treatment, with reported cure rates between 75 and
95% (80,163). Metronidazole has been the treatment of choice for over 40 yr (164). Its mode
of action is thought to involve drug activation by a one electron-reduction step, involving
the enzyme pyruvate ferredoxin oxidreductase and ferredoxin (165–167) (Fig. 4).

A combination of metronidazole and quinacrine can be used to treat refractory cases
(168). Other nitroimidazoles, such as tinidazole, are also effective and widely used,
globally. Tinidazole is not approved for use in the USA.

Nitazoxanide (NTZ) is as effective as metronidazole and NTZ has recently received
FDA approval for the treatment of giardiasis in children (169,170). Alternative anti-Giardia
drugs include furazolidone, which can cause hemolysis in individuals with glucose-
6-phosphate dehydrogenase deficiency, and quinacrine, which is poorly tolerated
because of nausea, vomiting, and cramping side effects. Paromomycin has been used in
a number of small-scale studies (170).

Other drugs which are currently under investigation include ciprofloxacin (171) and
the benzimidazole, albendazole. Albendazole, a broad spectrum anti-parasitic agent (172),
is as effective as metronidazole with fewer side effects among children aged 2–12 yr
(173). Paromomycin, a nonabsorbed aminoglycoside, is a less-effective treatment, but
is used for treating pregnant women, where the potential teratogenicity of more effective
drugs limits their usefulness (174).

6.2. Vaccination

Mice immunized with G. muris trophozoite antigens and challenged with G. muris
showed significant levels of protection, and suggested that G. duodenalis infections
might be preventable using immunotherapy. Subunit vaccines can reduce Giardia
infectivity and vaccination has the potential to protect animals from infection and
reduce clinical signs (175–177). A commercial Giardia vaccine (GiardiaVax™, Fort
Dodge Animal Health, Overland Park, Kansas, USA) is licensed for use in dogs and cats
in the USA. Efficacy studies indicated that GiardiaVax™ successfully reduced the
duration of cyst shedding and the number of cysts shed in the feces of experimentally
infected animals when compared with controls. At the end of the study, no trophozoites
were found in vaccinated, infected animals but all unvaccinated, infected (control)
animals had trophozoites throughout length of their small intestine.

Clearly, effective immunoprophylaxis should be beneficial to human and nonhuman
hosts. Vaccines should eliminate the parasite or, at least, reduce the parasite load in the
host, thereby preventing/reducing cyst shedding, which in turn reduces both transmission
and environmental contamination of food and water. Vaccination of domestic animals
should reduce zoonotic transmission.

7. RESISTANCE EPIDEMIOLOGY

Metronidazole failures have been reported in immunodeficient individuals, including
those with AIDS (178). In such situations, some experts repeat the treatment course
with a higher metronidazole dose. In five out of six patients with giardiasis refractory
to metronidazole treatment, a combination regimen of quinacrine and metronidazole
resulted in cure (170). NTZ could become the preferred drug as more experience is
gained with its use, especially in light of the not infrequent failures of metronidazole
therapy (169).
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The in vivo mechanisms of metronidazole resistance in Giardia are unclear, however,
they are likely to be multifactorial. The enzymatic activity of both pyruvate ferredoxin
oxidreductase and the electron acceptor ferredoxin are reduced in resistant G. duodenalis
(166), however, other mechanisms including increased NAD(P)H oxidase activity (com-
petition for reductive power) (179), transport changes and gene rearrangements also
appear to be involved in the development of resistance to metronidazole in Giardia (180).

Effective diagnostic tools to determine resistance to metronidazole remain elusive and
resistance does not correlate with specific Giardia genotypes (181). Downregulation of
ferredoxin oxidoreductase mRNA transcription is an indicator of drug resistance and
induction, however, given the multifactorial nature of drug resistance (182); it is unlikely
that a single diagnostic test for metronidazole resistance in Giardia will detect all clinically

Giardia 325

Fig. 4. Proposed pathway of metroniazole reduction in anaerobic protozoa. PFOR–Pyruvate
ferredoxin oxidreductase; Fd (Red)–reduced ferredoxin; Fd (Oxid)–oxidised ferredoxin.



resistant isolates. The fact that the putative assay would have to be performed on cysts further
challenges current technology.

8. SUMMARY AND CONCLUSIONS

Members of the genus Giardia are all obligate parasites of animals. Morphological
analysis identifies six species: G. duodenalis, G. muris, G. microti, G. psittaci, G. ardeae,
and G. agilis. Of these species, the duodenalis type is associated with human infection.
Giardia completes its life cycle in a single host and its taxonomy is under review.
Giardia represents one of the most ancient lineages amongst eukaryotes and the long
association between Giardia and its hosts has allowed, in some instances, an almost
commensal relationship to be established. The lack of morphological differences
between genetic variants found in mammals has resulted in an informal categorization
of G. duodenalis based on genetic differences in specific genes. There are six assemblages
(A–F) within G. duodenalis which suggests some host adaptation. Human infective
isolates are contained within assemblage A (gp. I) & B (gps. III & IV).

Humans do not become solidly immune to reinfection following their first exposure,
but do develop an anamnestic response. Different G. duodenalis assemblages isolates
evoke different clinical outcomes in human volunteers, indicating that parasite virulence
and/or pathogenicity factors affect clinical outcome. Parasite factors and the inflammatory
immune response drive both parasite clearance and immunopathology. Metronidazole,
tinidazole, albendazole, and NTZ appear effective in controlling giardiasis. Some evidence
exists for metronidazole resistance, and NTZ, albendazole or tinidazole can be options
in such situations.

Transmission to humans can occur via any mechanism by which material contaminated
with feces containing infectious cysts from infected human beings or other nonhuman
hosts can be swallowed by a susceptible host. Both biotic and abiotic reservoirs of infec-
tion exist. Biotic reservoirs include all potential hosts of human-infectious G. duodenalis
assemblages, whereas abiotic reservoirs include all vehicles that contain sufficient infec-
tious cysts to cause human infection, the most commonly recognized being food and
water. Transport hosts, including gulls, wildfowl, and filth flies, should also be borne in
mind when developing risk assessment questionnaires and performing risk assessments.
No one diagnostic test alone has a consistently high diagnostic index, and microscopy
and antigen detection tests are frequently used in conjunction to provide higher diagno-
stic indices. While conventional detection methods are useful for detecting symptomatic
human cases, they are not sufficiently sensitive for detecting asymptomatic carriers.
Furthermore, they cannot discriminate between the G. duodenalis assemblages that
commonly infect human or nonhuman hosts. Here, molecular methods that can determine
Giardia species, assemblages and subtypes are required and a variety of PCR-based
methods are available. PCR-RFLP and DNA sequence-based methods have been used
to identify species/ genotypes in clinical and environmental samples, but there is
increasing interest in real-time PCR methods as they can be more sensitive and rapid.

A variety of cyst viability/infectivity methods have been described, but currently, no
one method has received universal approval. Both in vitro and in vivo methods have
been advocated and, depending on the requirement, each has its advantages and limita-
tions. Standardized methods for detecting low densities of cysts in water and food are
available, as are molecular methods for determining their species and assemblages. As
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for Cryptosporidium oocysts, unidentified interferents in water and food matrices
reduce the efficiency of detection by PCR, and methods to relieve such interferents
should be assessed in order to maximize detections from low densities of cysts.
Immaterial of the method used, effective quality assurance, quality control, and valida-
tion are necessary prior to adoption. Both foodborne and waterborne outbreaks of giar-
diasis have been documented. In two out of eight outbreaks, contaminated foodstuffs
were implicated as the vehicles of transmission but, in six, foodhandlers were impli-
cated, implying that contamination occurred probably during food preparation and that,
until then, the foodstuffs were free of infectious cysts. That transmission was not due to
indigenous contamination of the foodstuffs, but to mishandling by foodhandlers manip-
ulating the foodstuffs during food preparation, is an important distinction that is not
always recognized. Whether seasonal variation in surface contamination of foods
occurs, requires further investigation; however, seasonal peaks in parasitism will influ-
ence when water and foods become surface contaminated. Water and food enhance cyst
survival by preventing their desiccation and the widespread distribution of cysts in the
environment enhances the possibility of foodborne transmission.

Increased demand, global sourcing, and rapid transport of soft fruit, salad vegetables,
and seafood can enhance both the likelihood of cyst contamination and cyst survival.
A risk-based assessment based upon standard, validated methods are required for
detecting Giardia cysts on/in food. In addition to determining genus and species of
protozoan parasites present on/in foods and whether they are infectious to humans,
subtyping methods are required to track outbreaks of disease and incidents and to deter-
mine the risk associated with specific assemblages/subtypes. A clearer understanding
of the population biology of the parasite will assist in unraveling occurrence and
prevalence of assemblages/subtypes, whereas a multidisciplinary approach will assist
in unraveling the impact of foodborne protozoan on human health.

Methods for detecting cysts on foods are modifications of those used for detecting cysts
in water, and, as such, have recovery efficiencies ranging from 4 to 67%. Specificity,
sensitivity, and reproducibility are paramount as, unlike pre-enrichment methods that
increase organism numbers for prokaryotic pathogens and indicators, there is no method
to augment parasite numbers prior to detection. Cyst contamination of food can be on the
surface of, or in, the food matrix and products at greatest risk of transmitting infection to
man include those that receive no, or minimal, heat treatment after they become contam-
inated. Examples of surface contamination include salad vegetables and fruit, whereas
examples of contamination within the food matrix include drinks, beverages, milk, and
other foodstuffs containing naturally contaminated produce, such as bivalves. Bivalves can
remove Giardia cysts from water and accumulate them on the gills and inside hemocytes
in the hemolymph for contracted periods of time. In addition to temperature elevation
( 64.2°C for 2 min), disinfectants (Table 5) and other treatment processes used in the food
industry may be detrimental to cyst survival or lethal, but further research in this impor-
tant area is required. In the absence of specific data, approaches such as hazard assessment
and critical control point (HACCP) should be used to identify and control risk.
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Toxoplasma gondii

Dolores E. Hill, Chirukandoth Sreekumar, 
Jeffrey Jones, and J. P. Dubey

1. INTRODUCTION

Infection with the protozoan parasite Toxoplasma gondii is one of the most common
parasitic infections of man and other warm-blooded animals (1). It has been found
worldwide from Alaska to Australia. Nearly one-third of humanity has been exposed
to this parasite (1). In most adults it does not cause serious illness, but it can cause
blindness and mental retardation in congenitally infected children, blindness in persons
infected after birth, and devastating disease in immunocompromised individuals.
Consumption of raw or undercooked meat products and contamination of food or drink
with oocysts are the major risk factors associated with T. gondii infection.

2. CLASSIFICATION AND IDENTIFICATION

T. gondii is a coccidian parasite with cats as the definitive host, and warm-blooded
animals as intermediate hosts (2). It is one of the most important parasites of animals.
It belongs to:

Phylum: Apicomplexa; Levine, 1970
Class: Sporozoasida; Leukart, 1879
Subclass: Coccidiasina; Leukart, 1879
Order: Eimeriorina; Leger, 1911
Family: Toxoplasmatidae; Biocca, 1956

There is only one species of Toxoplasma, T. gondii.
Coccidia in general have complicated life cycles. Most coccidia are host-specific, and

are transmitted via a fecal–oral route. Transmission of T. gondii occurs via the fecal–oral
route, as well as through consumption of infected meat, and by transplacental transfer
from mother to fetus (1,2).

The name Toxoplasma (toxon = arc, plasma = form) is derived from the crescent
shape of the tachyzoite stage (Fig. 1). There are three infectious stages of T. gondii: the
tachyzoites (in groups), the bradyzoites (in tissue cysts), and the sporozoites (in oocysts).

The tachyzoite is often crescent-shaped and is approximately the size (2 × 6 m) of a
red blood cell (Fig. 1A). The anterior end of the tachyzoite is pointed, and the posterior
end is round. It has a pellicle (outer covering), several organelles including subpellicular
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microtubules, mitochondrium, smooth and rough endoplasmic reticulum, a Golgi apparatus,
apicoplast, ribosomes, a micropore, and a well-defined nucleus. The nucleus is usually
situated toward the central area of the cell.

The tachyzoite enters the host cell by active penetration of the host cell membrane
and can tilt, extend, and retract as it searches for a host cell. After entering the host cell,
the tachyzoite becomes ovoid in shape and is surrounded by a parasitophorous vacuole.
T. gondii in a parasitophorous vacuole is protected from host defense mechanisms. The
tachyzoite multiplies asexually within the host cell by repeated divisions in which two
progeny form within the parent parasite, consuming it (Fig. 1A). Tachyzoites continue
to divide until the host cell is filled with parasites. Cells rupture, and free tachyzoites
infect neighboring cells and the cycle is repeated. After an unknown number of cycles,
T. gondii forms tissue cysts. Tissue cysts vary in size from 5 to 70 m and remain intra-
cellular (Fig. 1B,C). The tissue cyst wall is elastic, thin (< 0.5 m), and may enclose
hundreds of the crescent-shaped, slender T. gondii stage known as bradyzoites ([3];
Fig. 1C). The bradyzoites are approx 7 × 1.5 m. Bradyzoites differ structurally only
slightly from tachyzoites. They have a nucleus situated toward the posterior end whereas
the nucleus in tachyzoites is more centrally located. Bradyzoites are more slender than
are tachyzoites and they are less susceptible to destruction by proteolytic enzymes than are
tachyzoites. Although tissue cysts containing bradyzoites may develop in visceral
organs, including lungs, liver, and kidneys, they are more prevalent in muscular and
neural tissues (Fig. 1B), including the brain (Fig. 1C), eye, skeletal, and cardiac muscle.
Intact tissue cysts probably do not cause any harm and can persist for the life of the host.

All coccidian parasites have an environmentally resistant stage in their life cycle,
called the oocyst. Oocysts of T. gondii are formed only in cats, probably in all members
of the Felidae (Figs. 2 and 3). Cats shed oocysts after ingesting any of the three infec-
tious stages of T. gondii, i.e., tachyzoites, bradyzoites, and sporozoites (4–6). Prepatent
periods (time to the shedding of oocysts after initial infection) and frequency of oocyst
shedding vary according to the stage of T. gondii ingested. Prepatent periods are 3–10 d
after ingesting tissue cysts and 18 d or more after ingesting tachyzoites or oocysts (4–7).
Less than 50% of cats shed oocysts after ingesting tachyzoites or oocysts, whereas nearly
all cats shed oocysts after ingesting tissue cysts (5).

After the ingestion of tissue cysts by cats, the tissue cyst wall is dissolved by proteo-
lytic enzymes in the stomach and small intestine. The released bradyzoites penetrate the
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Fig. 1. Stages of Toxoplasma gondii. (A) Tachyzoites in impression smear of lung. Note
crescent-shaped individual tachyzoites (arrows), dividing tachyzoites (arrowheads) compared
with size of host red blood cells and leukocytes; Giema stain. (B) Tissue cysts in section of muscle.
The tissue cyst wall is very thin (arrow) and encloses many tiny bradyzoites (arrowheads); H&E
stain. (C) Tissue cyst separated from host tissue by homogenization of infected brain. Note tissue
cyst wall (arrow) and hundreds of bradyzoites (arrowheads); Unstained. (D) Schizont (arrow)
with several merozoites (arrowheads) separating from the main mass. Impression smear of
infected cat intestine; Giemsa stain. (E) A male gamete with two flagella (arrows). Impression
smear of infected cat intestine; Giemsa stain. (F) Unsporulated oocyst in fecal float of cat feces;
Unstained. Note double-layered oocyst wall (arrow) enclosing a central undivided mass. (G)
Sporulated oocyst with a thin oocyst wall (large arrow), two sporocysts (arrowheads). Each sporo-
cyst has four sporozoites (small arrow) which are not in complete focus; Unstained. Scale bar:
A–D = 20 m; E–G = 10 m.
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epithelial cells of the small intestine and initiate development of numerous generations
of asexual and sexual cycles of T. gondii (4). T. gondii multiplies profusely in intestinal
epithelial cells of cats (entero-epithelial cycle) and these stages are known as schizonts
(Fig. 1D). Organisms (merozoites) released from schizonts form male and female gametes.
The male gamete has two flagella (Fig. 1E), and it swims to and enters the female
gamete. After the female gamete is fertilized by the male gamete (Fig. 1E), oocyst wall
formation begins around the fertilized gamete. When oocysts are mature, they are
discharged into the intestinal lumen by the rupture of intestinal epithelial cells.

In freshly passed feces, oocysts are unsporulated (noninfective). Unsporulated oocysts
are subspherical to spherical and are 10 × 12 m in diameter (Fig. 1F). They sporulate
(become infectious) outside the cat within 1–5 d depending on aeration and tempera-
ture. Sporulated oocysts contain two ellipsoidal sporocysts (Fig. 1G). Each sporocyst
contains four sporozoites. The sporozoites are 2 × 6 to 8 m in size.

As the entero-epithelial cycle progresses, bradyzoites penetrate the lamina propria of
the feline intestine and multiply as tachyzoites. Within a few hours after infection of
cats, T. gondii may disseminate to extra-intestinal tissues via the lymphatics and the
bloodstream. T. gondii persists in intestinal and extra-intestinal tissues of cats for at least
several months, and possibly for the life of the cat.
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Fig. 3. Toxoplasma gondii oocysts in sugar fecal float of an infected cat. Note many spherical
T. gondii oocysts (arrowheads). Also note oocysts of Isospora felis (arrows) which are often present
in cat feces and are about four times the size of T. gondii oocysts.



Unlike many other microorganisms and in spite of a wide host range and worldwide
distribution, T. gondii has a low genetic diversity. T. gondii strains have been classified
into three genetic types (I, II, and III), based on antigens, isoenzymes, and restriction
fragment length polymorphism (8–11). Type I strains are considered highly virulent in
outbred laboratory mice, whereas types II and III are considered less virulent for mice
(8,12–14) but there is no correlation between virulence in mice to clinical disease in
other animals or humans. Genetic typing of isolates has not provided clues to sources
of infection for humans or animals.

3. TRANSMISSION OF T. GONDII

Toxoplasmosis may be acquired by ingestion of oocysts or by ingestion of tissue-
inhabiting stages of the parasite. Contamination of the environment by oocysts is
widespread because oocysts are shed by domestic cats and other felids (1,2). Domestic
cats are probably the major source of contamination because oocyst formation is
greatest in domestic cats, which are extremely common. Widespread natural infection
of the environment is possible because a cat may excrete millions of oocysts after
ingesting as few as one bradyzoite or one tissue cyst, and many tissue cysts may be
present in one infected mouse (2,15). Sporulated oocysts survive for long periods under
most ordinary environmental conditions and even in harsh environment for months.
They can survive in moist soil, for example, for months and even years (1,16). Oocysts
in soil can be mechanically transmitted by invertebrates such as flies, cockroaches, dung
beetles, and earthworms, which can spread oocysts onto human food and animal feeds.

Infection rates in cats are determined by the rate of infection in local avian and rodent
populations because cats are thought to become infected by eating these animals.
The more oocysts in the environment, the more likely it is that prey animals would be
infected, and this in turn would increase the infection rate in cats.

In certain areas of Brazil, approx 60% of 6–8-yr-old children have antibodies to
T. gondii linked to the ingestion of oocysts from the environment heavily contaminated
with T. gondii oocysts (17). Infection in aquatic mammals indicates contamination and
survival of oocysts in sea water (16,18–20). The largest recorded outbreak of clinical
toxoplasmosis in humans was epidemiologically linked to drinking water from a muni-
cipal water reservoir in British Columbia, Canada (21). This water reservoir was thought
to be contaminated with T. gondii oocysts excreted by cougars (Felis concolor). Although
attempts to recover T. gondii oocysts from water samples in the British Columbia out-
break were unsuccessful, methods to detect oocysts were reported (22). At present there
are no commercial reagents available to detect T. gondii oocysts in the environment.

Increased risk for T. gondii infection has been associated with many food-related
factors, including: eating raw or undercooked pork, mutton, lamb, beef, or mincemeat
products (23–26), eating raw or unwashed vegetables, raw vegetables outside the home,
or fruits (23), washing kitchen knives infrequently (25), and having poor hand-hygiene
(23). Decreased risk for T. gondii infection has been found to be associated with eating
a meat-free diet (27). Outbreaks of toxoplasmosis have been attributed to ingestion of
raw or undercooked beef, lamb, pork, and venison (28–34); and consumption of raw
goat’s milk (35).

In the United States, infection in humans is probably most often the result of ingestion
of tissue cysts contained in undercooked meat (1,27,36), though the exact contribution

342 Hill et al.



of foodborne toxoplasmosis vs oocyst induced toxoplasmosis to human infection is
currently unknown. T. gondii infection is common in many animals used for food,
including sheep, pigs, goats, and rabbits. Birds and other domesticated and wild animals
can also become infected (1). Animals that survive infection harbor tissue cysts, and can
therefore transmit T. gondii infection to human consumers (37,38). In one study, viable
T. gondii tissue cysts were isolated from 17% of 1000 adult pigs (sows) from a slaughter
plant in Iowa (39). Serological surveys of pigs from pig farms in Illinois indicate an
infection rate of about 3% in market weight animals and 20% for breeding pigs, suggest-
ing that age is a factor for pigs acquiring Toxoplasma infection (40). Serological surveys
of pigs on New England farms revealed an overall infection rate of 47% (41), and from
one farm T. gondii was isolated from 51 of 55 market age (feeder) pigs (42). Infection
in cattle is less prevalent than in sheep or pigs in the United States, however, recent
surveys in several European countries using serology and PCR to detect parasite DNA
have shown that the infection rates in pigs and horses are negligible, compared to sheep
and cattle that ranges from 1 to 6% (43,44). Serological surveys in eastern Poland
revealed that 53% of cattle, 15% of pigs, and 0–6% of chickens, ducks, and turkeys
were positive for T. gondii infection; nearly 50% of the people in the region were also
serologically positive for T. gondii infection (45). The prevalence of T. gondii infection
in commercially raised chickens in the United States and elsewhere has not been investi-
gated; however, most chicken meat in the United States is cooled to near freezing or is
completely frozen at the packing plant (46), which would kill organisms in tissue cysts
(47). The relative contributions of undercooked pork, beef, and chicken to T. gondii
infection in humans was unknown; a nationwide retail meat survey was conducted to
determine the risk to US consumers of purchasing pork, beef, and chicken containing
viable T. gondii tissue cysts at the retail level (95). The national retail meats survey
for T. gondii collected 6,282 meat samples; 2094 each of beef, chicken, and pork,
from 698 randomly selected retail outlets in 28 major geographic regions in the U.S.
The survey determined that viable T. gondii was present in 0.4% of retail pork. There
was little risk of acquiring T. gondii after ingestion of beef and chicken.

T. gondii infection is also prevalent in game animals. Among wild game, T. gondii
infection is most prevalent in black bears and in white-tailed deer. Serological surveys
of white-tailed deer in the United States have demonstrated seropositivity of 30–60%
(48–50), and viable T. gondii can be demonstrated in half of seropositive deer (51).
A recent study reported the occurrence of clinical toxoplasmosis and necrotizing retinitis
in deer hunters with a history of consuming undercooked or raw venison (34). Approx
80% of black bears are infected in the United States (52), and about 60% of raccoons
have antibodies to T. gondii (53,54). Because raccoons and bears scavenge for their
food, infection in these animals is a good indicator of the prevalence of T. gondii in
the environment.

Virtually all edible portions of an animal can harbor viable T. gondii tissue cysts,
and tissue cysts can survive in food animals for years. The number of T. gondii in
meat from food animals is very low. It is estimated that as few as one tissue cyst may
be present in 100 g of meat. Since it is not practical to detect this low level of T. gondii
infection in meat samples, digestion of meat samples in trypsin or pepsin is used to
concentrate T. gondii for detection (55). Digestion in trypsin and pepsin ruptures the
T. gondii tissue cyst wall, releasing hundreds of bradyzoites. The bradyzoites survive
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in the digests for several hours. Even in the digested samples, only a few T. gondii are
present and their identification by direct microscopic examination is not practical.
Therefore, the digested material is bioassayed in mice (55). The mice inoculated
with digested material have to be kept for 6–8 wk before T. gondii infection can be
detected reliably—this procedure is not practical for mass scale samples. The detec-
tion of T. gondii DNA in meat samples by PCR has been reported (56), but there are
no data on specificity and sensitivity of this method to detect T. gondii. A highly sen-
sitive method using a Real-Time PCR and fluorogenic probes was found to detect
T. gondii DNA from as few as four bradyzoites in meat samples (57). This method is
now being tested to detect T. gondii in meat samples obtained from slaughtered ani-
mals. Cultural habits of people may affect the acquisition of T. gondii infection (26).
For example, in France the prevalence of antibody to T. gondii is very high in humans.
Though 84% of pregnant women in Paris have antibodies to T. gondii, only 32% of
pregnant women in New York City and 22% in London have such antibodies (1).
Jones et al. (58) have shown a seroprevalence of 23% in the United States in the
National Health and Nutrition Examination Survey (NHANES), which is a represen-
tative sample of the US noninstitutionalized civilian population. The high incidence
of T. gondii infection in humans in France appears to be related in part to the French
habit of eating some of their meat products undercooked or uncooked. In contrast, the
high prevalence of T. gondii infection in Central and South America is probably due
to high levels of contamination of the environment with oocysts (1,17,59,60). Having
said this, it should be noted that the relative frequency of acquisition of toxoplasmo-
sis from eating raw meat and that related to ingestion of food or water contaminated
by oocysts from cat feces is very difficult to determine and as a result, statements on
the subject are at best controversial. There are no tests at the present time to determine
the source of infection in a given person. There is little, if any, danger of T. gondii
infection by drinking cow’s milk and, in any case, cow’s milk is generally pasteurized
or even boiled, but infection has followed drinking unboiled goat’s milk (1). Raw hens’
eggs, although an important source of Salmonella infection, are extremely unlikely to
transmit T. gondii infection.

4. PATHOGENICITY

T. gondii can multiply in virtually any cell in the body. How T. gondii is destroyed in
immune cells is not completely known (61). All extracellular forms of the parasite are
directly affected by antibody but intracellular forms are not. It is believed that cellular
factors, including lymphocytes and lymphokines, are more important than humoral
factors in immune-mediated destruction of T. gondii (61).

Immunity does not eradicate infection. T. gondii tissue cysts persist several years
after acute infection. The fate of tissue cysts is not fully known. Whether bradyzoites
can form new tissue cysts directly without transforming into tachyzoites is not known.
It has been proposed that the tissue cysts may at times rupture during the life of the host.
The released bradyzoites may be destroyed by the host’s immune responses, or there
may be formation of new tissue cysts.

In immunosuppressed patients, such as those given large doses of immunosuppres-
sive agents in preparation for organ transplants and in those with AIDS, rupture of a
tissue cyst may result in transformation of bradyzoites into tachyzoites and renewed
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multiplication. The immunosuppressed host may die from toxoplasmosis unless
treated. It is not known how corticosteroids cause relapse, but it is unlikely that they
directly cause rupture of the tissue cysts.

Pathogenicity of T. gondii is determined by the virulence of the strain and the sus-
ceptibility of the host species. T. gondii strains may vary in their pathogenicity in a
given host. Certain strains of mice are more susceptible than others and the severity
of infection in individual mice within the same strain may vary. Certain species are
genetically resistant to clinical toxoplasmosis. For example, adult rats do not become
ill, while young rats can die of toxoplasmosis. Mice of any age are susceptible to clini-
cal T. gondii infection. Adult dogs, like adult rats, are resistant, whereas puppies are
fully susceptible to clinical toxoplasmosis. Cattle and horses are among the hosts
more resistant to clinical toxoplasmosis, whereas certain marsupials and New World
monkeys are highly susceptible to T. gondii infection (1). Nothing is known concerning
genetically determined susceptibility to clinical toxoplasmosis in higher mammals,
including humans.

5. CLINICAL CHARACTERISTICS

T. gondii infection is widespread in humans though its prevalence varies widely
from place to place. In the United States and in the United Kingdom, it is estimated
that 16–40% of people are infected (58), whereas in Central and South America and
continental Europe, estimates of infection range from 50 to 80% (1,17). Most infections
in humans are asymptomatic but at times the parasite can produce devastating disease.
Infection may be congenitally or postnatally acquired. Congenital infection occurs only
when a woman becomes infected during pregnancy. Congenital infections acquired
during the first trimester are more severe than those acquired in the second and third
trimester (62,63). While the mother rarely has symptoms of infection, she does have a
temporary parasitemia. Focal lesions develop in the placenta and the fetus may become
infected. At first there is generalized infection in the fetus. Later, infection is cleared
from the visceral tissues and may localize in the central nervous system. Although most
children are asymptomatic at birth (64), a wide spectrum of clinical diseases can occur
in congenitally infected children (62,65) or develop later in life (66). Mild disease may
consist of slightly diminished vision, whereas severely diseased children may have the
full tetrad of signs: retinochoroiditis (inflammation of the inner layers of the eye),
hydrocephalus (big head), convulsions, and intracerebral calcification. Of these, hydro-
cephalus is the least common but most dramatic result of toxoplasmosis (Fig. 4). By far
the most common sequela of congenital toxoplasmosis is ocular disease (62,63). In
addition to ocular infection that occurs with congenital disease, up to 2% of adults
newly infected with T. gondii develop ocular lesions, and because most people are
infected with T. gondii after birth, authorities now believe that the majority of Toxoplasma-
induced ocular disease is a result of infection with T. gondii after birth (67).

The socio-economic impact of toxoplasmosis in human suffering and the cost of care
of sick children, especially those with mental retardation and blindness, are enormous
(68,69). The testing of all pregnant women for T. gondii infection is compulsory in some
European countries including France and Austria. The cost benefits of such mass
screening are being debated in many other countries (63). A number of recent studies
have raised questions about the effectiveness of treating acutely infected pregnant



women to prevent transmission to the fetus and or prevent sequela in infants (70–72).
Newborn screening is another option for identifying infected infants and has been used
in two states in the United States (64), but infected newborns that are identified by
screening require a year of follow-up and treatment with potentially toxic drugs and the
efficacy of treating infants with congenital toxoplasmosis has not been documented in
well-controlled studies (73).

Postnatally acquired infection may be localized or generalized. Oocyst-transmitted
infections may be more severe than tissue cyst-induced infections (1,74–76). Enlarged
lymph nodes are the most frequently observed clinical form of toxoplasmosis in humans
(Table 1). Lymphadenopathy may be associated with fever, fatigue, muscle pain, sore
throat, and headache. Although the condition may be benign, diagnosis of T. gondii-
associated lymphadenopathy is important in pregnant women because of the risk to the
fetus. In a British Columbia outbreak, of 100 people who were diagnosed with acute
infection, 51 had lymphadenopathy and 20 had retinitis (21,77). Encephalitis is an
important manifestation of toxoplasmosis in immunosuppressed patients because it
causes the most severe damage to the patient (1,78). Infection may occur in any organ.
Patients may have headache, disorientation, drowsiness, hemiparesis, reflex changes,
and convulsions, and many become comatose.

Toxoplasmosis ranked high on the list of diseases which lead to death of patients with
acquired immunodeficiency syndrome (AIDS) in the United States; approx 10% of AIDS
patients in the United States and up to 30% in Europe were estimated to die from toxo-
plasmosis (78) before prophylactic medications such as trimethoprim-sulfamethoxazole,
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Fig. 4. Congenital toxoplasmosis in children. Hydrocephalus with bulging forehead (left) and
microophthalmia of the left eye (right).



and the treatment for HIV infection with highly active antiretroviral therapy (HAART)
were widely available. However, since use of prophylactic therapy and HAART became
common in the mid-1990s, the number of persons with AIDS dying of toxoplasmosis
has markedly declined (79). Although in AIDS patients any organ may be involved,
including the testis, dermis, and the spinal cord, infection of the brain is most frequently
reported. Most AIDS patients suffering from toxoplasmosis have bilateral, severe, and
persistent headache which responds poorly to analgesics. As the disease progresses, the
headache may give way to a condition characterized by confusion, lethargy, ataxia, and
coma. The predominant lesion in the brain is necrosis, especially of the thalamus (61).

Diagnosis is made by biologic, serologic, or histologic methods or by a combination
of the above. Clinical signs of toxoplasmosis are nonspecific and are not sufficiently
characteristic for a definite diagnosis. Detection of T. gondii antibody in patients may
aid diagnosis. There are numerous serologic procedures available for detection of
humoral antibodies. These include the Sabin–Feldman dye test, the indirect hemag-
glutination assay, the indirect fluorescent antibody assay (IFA), the direct agglutination
test, the latex agglutination test, the enzyme-linked immunoabsorbent assay (ELISA),
and the immunoabsorbent agglutination assay test (IAAT). The IFA, IAAT and
ELISA have been modified to detect IgM antibodies (63). The IgM antibodies appear
sooner after infection than the IgG antibodies and the IgM antibodies disappear faster
than IgG antibodies after recovery (63). Detection of IgM and IgG antibodies, along
with a panel of other serologic tests including the avidity test, have been found to be
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Table 1 
Frequency of Symptoms in People With Postnatally Acquired
Toxoplasmosis From Oocyst Ingestiona

Patients with symptoms (%)

Atlanta outbreakb Panama outbreakc

Symptoms (35 Patients) (35 Patients)

Fever 94 90
Lymphadenopathy 88 77
Headache 88 77
Myalgia 63 68
Stiff neck 57 55
Anorexia 57 NRd

Sore throat 46 NR
Artharlgia 26 29
Rash 23 0
Confusion 20 NR
Earache 17 NR
Nausea 17 36
Eye pain 14 26
Abdominal pain 11 55

aBoth the outbreaks thought to be caused by infection with oocysts.
bFrom ref. (74).
cFrom ref. (75).
dNot reported.



very helpful in diagnosing acute infection in pregnant women when conducted at a
reference laboratory (80,81).

6. CHOICE OF TREATMENT

In general, physicians are most likely to consider treatment for T. gondii infection in
four circumstances: (1) pregnant women with acute infection to prevent fetal infection,
(2) congenitally infected infants, (3) immunosuppressed persons, usually with reacti-
vated disease, and (4) acute and recurrent ocular disease (82). Although well-designed
clinical trials have demonstrated the effectiveness of treatment in immunosuppressed
persons for reactivated disease (83–86), there is less evidence for the effectiveness of
treatment in the other circumstances listed above (70–73,87,88).

Sulfadiazine and pyrimethamine (Daraprim) are two drugs widely used for treatment
of toxoplasmosis (64,89). While these drugs have a beneficial action when given in the
acute stage of the disease process when there is active multiplication of the parasite,
they will not usually eradicate infection. It is believed that these drugs have little effect
on subclinical infections, but the growth of tissue cysts in mice has been restrained with
sulfonamides. Certain other drugs, diaminodiphenylsulfone, atovaquone, azithromycin,
clarithromycin, dapson, spiramycin, and clindamycin are also used to treat toxoplasmosis
in difficult cases, often in combination with pyrimethamine. Medications are also pre-
scribed for preventive or suppressive treatment in HIV-infected persons and have been
quite effective when used for this purpose (90).

7. PREVENTION AND CONTROL

To prevent infection of human beings by T. gondii, the hands of people handling meat
should be washed thoroughly with soap and water before they go to other tasks (1,36).
All cutting boards, sink tops, knives, and other materials coming in contact with uncooked
meat should be washed with soap and water also. Washing is effective because of the
physical removal of material from the hands and because the stages of T. gondii in meat
are killed by contact with soap and water (1).

T. gondii organisms in meat can be killed by exposure to extreme cold or heat. Tissue
cysts in meat are killed by heating the meat throughout to 67°C (91). T. gondii in
meat is killed by cooling to 13°C (47). Toxoplasma in tissue cysts are also killed by
exposure to 0.5 krad of irradiation (92). Meat should be cooked to 145°F for beef,
160°F for pork, ground meat, and wild game, and 180°F for poultry (in thigh, to ensure
doneness) before consumption, and tasting meat while cooking or while seasoning
should be avoided. Pregnant women, especially, should avoid contact with cats, soil,
and raw meat. Pet cats should be fed only dry, canned, or cooked food. The cat litter box
should be emptied every day, preferably not by a pregnant woman or an immuno-
suppressed person. Pregnant women and immunosuppressed persons should wear gloves
while gardening or changing cat litter (if no one else can change the litter) and wash
their hands thoroughly afterwards. Fruits and vegetables should be washed thoroughly
before eating because they may have been contaminated with cat feces or soil con-
taining oocysts from cat feces. Untreated water should not be consumed, particularly
in developing countries. Women of childbearing age and expectant mothers should
be aware of the dangers of toxoplasmosis (36,93,94). At present there is no vaccine to
prevent toxoplasmosis in humans.
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8. SUMMARY

Infection by the protozoan parasite T. gondii is widely prevalent in humans and
animals. Although it usually causes asymptomatic infection in immune competent
adults, T. gondii can cause devastating disease in congenitally infected children and
those with depressed immunity. To prevent human infection, all meat should be cooked
well and fruits and vegetables washed before consumption, precautions such as wearing
gloves and washing hands should be taken during and after gardening to prevent expo-
sure to soil contaminated with T. gondii oocysts excreted in cat feces, and ingestion of
untreated water should be avoided, especially in developing countries.
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Aflatoxins: Background, Toxicology,

and Molecular Biology

J. W. Bennett, S. Kale, and Juijiang Yu

Abstract
Mycotoxins are mold poisons; aflatoxins are the best known and most widely studied mycotoxins.

The contamination of foods and feeds with aflatoxin can have serious consequences for human and
animal health. In general, aflatoxin exposure is most likely to occur in the developing countries
where food handling and storage processes are suboptimal, where malnutrition is widespread, and
where few regulations exist to protect the exposed populations. Depending on dose and other variables,
aflatoxins can be mutagenic, carcinogenic, teratogenic, and immunosuppressive. Fundamental studies
on the genetics, biosynthesis and molecular biology of aflatoxin producing fungi may offer insights
into controlling this serious agricultural problem.

1. INTRODUCTION

Mycotoxins are difficult to define in a few words. All mycotoxins are low molecular
weight natural products produced by filamentous fungi that are toxic to vertebrates in
low concentrations. Many mycotoxins display overlapping toxicities to invertebrates,
plants, and microorganisms (1,2). Mycotoxins initially gained prominence in the early
1960s after a mysterious “Turkey X disease” killed approximately 100,000 turkey
poults in England (3–5). Turkey X disease was linked to a peanut (groundnut) meal
contaminated with Aspergillus flavus and the toxic principles were named aflatoxins
(A. flavus toxins). For a while, the study of toxic mold metabolites became a “hot topic”
in agriculture. In fact the 15 yr between 1960 and 1975 were labeled as a “mycotoxin
gold rush” because so many chemical prospectors joined the search for mycotoxins (6).
Eventually several hundred fungal metabolites with toxic properties were isolated. The
best single compendium for accessing the structures and chemical profiles of these toxic
compounds is the three-volume Handbook of Secondary Fungal Metabolites (7).

Mycotoxins are commonly found in foods and feeds all over the world. It has been
estimated that a quarter of the world’s crops are contaminated to some extent with
mycotoxins (8,9). Kuiper-Goodman, a leading figure in the risk assessment field, ranks
mycotoxins as the most important noninfectious, chronic dietary risk factor, higher than
synthetic contaminants, plant toxins, food additives, or pesticide residues (10).

The mycotoxin literature is enormous. Since aflatoxins are the most important myco-
toxin, each major monograph devotes considerable attention to the aflatoxin problem
(11–27). Many reviews focus specifically on mycotoxins and risks related to human
health (2,9,28–34).
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2. HISTORY OF AFLATOXIN RESEARCH

The classic monograph, Aflatoxin. Scientific Background, Control, and Implications
(35) is an excellent source for learning about the early history of mycotoxin research,
and summarizes the early chemical and toxicological studies. To reiterate, the aflatoxins
were isolated and characterized after the Turkey X disease was traced to a family of
metabolites found in mold contaminated feed. The major aflatoxins were called B1, B2,
G1, and G2 (Fig. 1) on the basis of their blue or green fluorescence under ultraviolet
light, and relative chromatographic mobility during silica gel thin-layer chromatography.
In addition to the four major aflatoxins produced by mold metabolism, about a dozen
other aflatoxins (e.g., P1, Q1, B2a, and G2a) were described, especially as mammalian
biotransformation products of the major metabolites (7,18,36). For example, cows meta-
bolize aflatoxin B1 from cattle feed into a hydroxylated derivative called aflatoxin M1
that is then secreted in milk (37).

Early toxicological studies focused on the acute toxic effects of aflatoxins on animals,
and demonstrated that ducklings, hamsters, rabbits, trout, rats, and a number of other
vertebrates were all susceptible. Soon it was discovered that aflatoxins administered
in lower doses over longer periods of time could induce tumors, particularly in the
liver. Rats and trout were highly susceptible to the carcinogenic effect of aflatoxin
B1. Ten percent of trout fed a diet containing 20 ppb of aflatoxin B1 for as little as 3 d
had developed hepatomas a year later; and rats fed a single oral does of 5–7 mg of
aflatoxin B1 developed liver tumors. On the other hand, mice, hamsters, and, by extra-
polation, many other untested mammalian species were relatively resistant (35,38). In
addition, the mechanisms of acute toxicity and aflatoxin-mediated carcinogenicity
seemed to be quite different. Rats were more susceptible to aflatoxin-induced hepato-
carcinoma than were hamsters yet the acute LD50s for the species were similar (11).
Aflatoxin B1 was recognized as the most powerful naturally occurring carcinogen
ever discovered (39).

It should be pointed out that not all the authors distinguished between the term
“aflatoxin” (the generic family of toxins) and “aflatoxin B1” (usually the major aflatoxin
produced by toxigenic strains of Aspergillus). Most toxicological studies have been
conducted using aflatoxin B1.

3. FUNGI AND PHYSIOLOGY

Aflatoxins enter the food chains when toxigenic molds grow on foods and feeds. For
several decades, A. flavus and Aspergillus parasiticus were thought to be the only
species capable of producing aflatoxins. Then, in 1987, it was reported by Kurtzman et al.
(40) that Aspergillus nomius, a species closely related to A. flavus, was also aflatoxigenic.
More recently, a number of other aflatoxin-producing species have been described:
A. bombycis (41), A. ochraceoroseus (42,43), A. pseudotamari (44), and A. tamarii (45),
as well as Emericella astellata (46) and Emericella venezuelensis (Klich, unpublished
data). Compared to A. flavus and A. parasiticus, these species are less abundant in
nature and are rarely encountered in agriculture.

Within A. flavus and A. parasiticus, different strains display a great deal of qualitative
and quantitative difference in their toxigenic abilities. For example, it has been estimated
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that only about the half of A. flavus isolates produce aflatoxins (47). The total amount
of toxin biosynthesized will vary with the strain of the fungus and with the growth
conditions. Moisture, temperature, and insect damage are the most important environ-
mental variables associated with aflatoxin contamination of agricultural commodities
(48). Corn, peanuts, cotton, tree nuts, rice, figs, tobacco, and spices are among the most
frequently contaminated crops (49,50).

Crops often become contaminated with aflatoxin in the field before harvest, and
especially during drought years, the plants are weakened and become more susceptible
to insect damage and other insults (50–52). Once harvested, stored grains are also at a
high risk of being contaminated by aflatoxins. In storage, the most important variables
favoring mold growth are the moisture content of the substrate and the relative humidity
of the surroundings (49,53).

4. TOXICOLOGY

Cytochrome P450 enzymes convert aflatoxins to the reactive 8,9-epoxide form
(originally called aflatoxin-2,3 epoxide), which in turn can bind to both DNA and
proteins (54). In DNA, the reactive aflatoxin epoxide binds to the N7 position of guanines,
and the resultant adducts can cause GC to TA transversions. A glutathione-S-transferase
system catalyzes the conjugation of activated aflatoxins with reduced glutathione,
leading to their excretion (55). Variation in the level of the glutathione-transferase system,
as well as variations in the cytochrome P450 system, is hypothesized to explain the
differences observed in interspecific aflatoxin susceptibility (38,54).
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Like all toxicological syndromes, the diseases caused by aflatoxins are categorized
as either acute or chronic. Acute toxicity has a rapid onset and clearly defined symptoms.
Chronic toxicity is harder to diagnose and is characterized by low-dose exposure over a
long time-period resulting in cancer and other generally irreversible effects (56). It is not
always possible to distinguish between acute and chronic effects.

Aflatoxin is associated with both acute and chronic toxicities in human and animal
populations (54,57–59). The disease syndromes caused by aflatoxin consumption are
termed “aflatoxicoses.” Acute aflatoxicosis results in death; chronic aflatoxicosis results
in cancer, immune suppression, and other “slow” pathological conditions (60). In both
cases, the liver is the primary target organ, and the sensitivity to aflatoxin differs from
species to species. Within species, the extent of the response is influenced by age, diet,
sex, exposure to pathogens, and the presence of other toxins. There is an abundance of
literature on the effects of aflatoxin exposure on laboratory models and agriculturally
important species (54,57,61).

The best-known aflatoxin episodes are manifestations of acute effects such as Turkey
X syndrome, but the main human and veterinary health burden of aflatoxin exposure
is related to chronic exposure (e.g., cancer induction, impairment of liver function,
immune suppression). Establishing that a human disease is associated with aflatoxin
poisoning is difficult. In general, epidemiologists look for a correlation between a
suspected disease condition and the presence of aflatoxin in the diet. Then laboratory
scientists attempt to reproduce the characteristic disease symptoms in animal models
(60). Environmental and biological monitoring is important in assessing human aflatoxin
exposure. In environmental monitoring, aflatoxins are assayed from foods and feeds; in
biological monitoring, aflatoxin residues, adducts, and biotransformation products are
assayed from blood, milk, tissues, feces, and urine samples (60,62). The aflatoxin
B1- N7-guanine adduct is a reliable urinary biomarker for detecting recent exposure,
and laboratory studies have shown that carcinogenic potency is highly correlated with
the extent of total DNA adducts formed in vivo (54,63). Finally, it should be noted that
aflatoxin effects are not limited to the liver. The nonhepatic effects of aflatoxin B1 have
been summarized by Coulombe in 1994 (64).

5. AFLATOXINS AND HUMAN DISEASE

Because of the differences in aflatoxin susceptibility in test animals, it has been
difficult to extrapolate data from animal models to human disease. The general consensus
is that humans are relatively resistant and that acute aflatoxicosis in Homo sapiens is rare
(65). A 1974 outbreak of hepatitis in India, in which 100 people died, may have been
caused by the consumption of maize that was heavily contaminated with aflatoxin (66).
Subsequently, it was estimated that the acute lethal dose for adults is approximately
10–20 mg of aflatoxins (67). Nevertheless, at least one woman survived ingestion of over
40 mg purified aflatoxin in an unsuccessful suicide attempt (68).

Kwashiorkor, a severe malnutrition disease, has been called a form of pediatric
aflatoxicosis (69), but animal data refute this conjecture (70). Similarly, early hypotheses
that aflatoxin might be involved in Reye’s syndrome (71) have not been substantiated.

Although the quantification of lifetime individual exposure to aflatoxin is extremely
difficult, several epidemiological studies have linked liver cancer incidence to estimated
aflatoxin consumption in the diet, particularly in individuals already exposed to hepatitis B
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infections (59,72,73). Liver cancer incidence varies widely from country to country,
but it is a common cancer in China, the Philippines, Thailand, and many African
countries. The presence of hepatitis B virus infection complicates the epidemiological
studies. In one case–control study involving more than 18,000 urine samples collected over
3.5 yr in Shanghai, it was estimated that the combination of aflatoxin and hepatitis B
raised the cancer risk 30-fold over that for aflatoxin alone (74). Because it is easier to
vaccinate against hepatitis B virus than to remove aflatoxin from the diet, vaccination
has been recommended as the most cost-effective strategy for lowering liver cancer in
susceptible populations (75,76).

A significant number of liver cancer patients in Africa and China have a mutation in
the p53 tumor suppressor gene at codon 249 associated with a G to T transversion (77,78).
Because it is known that the reactive aflatoxin epoxide binds to the N7 position of
guanines and that aflatoxin B1-DNA adducts can result in GC to TA transversions, these
data add further support to the evidence that aflatoxin B1 is a human carcinogen. Eaton
and Gallagher (63) have written that this codon-specific change in the p53 gene is the
first example of a fixed “carcinogen-specific” biomarker.

In summary, there is no other natural product for which the evidence for human
carcinogenicity is so compelling. Aflatoxin B1 is classified as a Group I carcinogen by
the International Agency for Research on Cancer (79). This notoriety may explain why
aflatoxins have been implicated as chemical warfare agents. In 1995, it was determined
that Iraq had produced and deployed war instruments containing botulism toxin, anthrax
spores and aflatoxins. International forensic teams showed that toxigenic strains of
A. flavus and A. parasiticus were grown in Iraqi government sponsored facilities and
aflatoxins were harvested to produce over 2300 L of concentrated toxin. The majority
of this aflatoxin was used to fill warheads; the remainder was stockpiled (80,81).
Nonetheless, because of the large amounts of toxin necessary to cause disease and the
relatively slow mode of action, aflatoxins were a strange choice for a bioterrorist (82).

6. TREATMENT AND CONTROL

Most aflatoxicosis results from eating contaminated foods. Unfortunately, except for
supportive therapy (e.g., diet and hydration) there are almost no treatments for aflatoxin
exposure. Fink-Gremmels (9) has described a few methods for veterinary management
of mycotoxicoses, and there is some evidence that some strains of Lactobacillus
effectively bind dietary mycotoxins (83–85). Similarly, clay-based enterosorbents have
been used to bind aflatoxins in the gastrointestinal tract (86,87). Selenium supplemen-
tation somewhat modified the negative effects of aflatoxin B1 in Japanese quail (88),
and butylated hydroxytoluene gave some protection in turkeys (89). Oltipraz, a drug
originally used to treat schistosomiasis, has been tested in human populations in China
with some apparent success (76).

Methods for controlling aflatoxin exposure are largely prophylactic. Such methods
include good agricultural practice, appropriate drying of crops after harvest and avoidance
of moisture during storage (90). Many agricultural scientists are trying to develop methods
to minimize the preharvest contamination of crops. These approaches include developing
host resistance through plant breeding and the use of biocontrol agents (25).

Most efforts to address the mycotoxin problem involve analytic detection, govern-
ment regulation, and diversion of mycotoxin-contaminated commodities from the food
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supply. Basic research on the biosynthesis and molecular biology of aflatoxins (see
Section 8) has been a research priority because a full understanding of the fundamental
biological processes may yield new control strategies for the abolition of aflatoxin
contamination of food crops.

7. ECONOMICS, FOOD SAFETY, AND REGULATION

The economic consequences of aflatoxin contamination are extreme. In developed
countries, crops with high amounts of aflatoxins are either destroyed or diverted into
animal feeds; aflatoxins lower the value of grains as an animal feed and as an export
commodity (21). When susceptible animals are fed contaminated feeds it results in reduced
growth rates, illness, and death; moreover, their meat and milk may contain toxic bio-
transformation products. Livestock owners often take farmers and feed companies to
court; legal battles can involve considerable amounts of money (91).

Numerous assay methods for detecting aflatoxins have been developed utilizing
virtually all of the common tools of analytical chemistry including thin-layer chromato-
graphy, high-performance liquid chromatography, gas chromatography, mass spectrometry,
immunoassays, capillary electrophoresis, and biosensors. Older methods usually require
solvents for clean-up steps and chromatography for quantification; more recently, immuno-
genic assays that can be applied to samples with little or no clean up have been developed
(92). Aflatoxins are nonimmunogenic but they can be conjugated to a protein carrier; a
number of inexpensive antibody-based kits are now commercially available. Methods
for assaying aflatoxins and other mycotoxins have been reviewed (26,93–95).

Because it is normally impossible to prevent entirely the formation of aflatoxins,
complete elimination is an unattainable objective. Naturally occurring toxins such as
aflatoxins are regulated quite differently than food additives (96). In developed countries,
human populations are protected because regular surveillance keeps contaminated
foods out of the food supply. Unfortunately, in countries where populations are facing
starvation, or where regulations are either nonexistent or unenforced, routine ingestion
of aflatoxin is common (97). A joint FAO/WHO/UNEP conference report pointed out
that hungry people “cannot exercise the option of starving to death today in order to live
a better life tomorrow” and statistics show that the incidence of liver cancer is 2–10
times higher in developing countries than in developed countries (75).

Special committees and commissions have been established by many countries and
international agencies to recommend guidelines, test standardized assay protocols, and
maintain up-to-date information on regulatory statutes of aflatoxins and other myco-
toxins. These guidelines are developed from epidemiological data and extrapolations
from animal models, taking into account the inherent uncertainties associated with both
types of analysis. Estimates of “safe doses” are usually stated as a “tolerable daily
intake” (10,31,98). For example, in the United States, the Food and Dug Administration
guideline is 20 ppb total aflatoxin in food destined for human consumption and 100 ppb
is the limit for breeding cattle and mature poultry (99).

Different national guidelines for safe doses have been established, and hence, there
is a need for worldwide harmonization of regulations (100). A compendium summarizing
worldwide regulations for mycotoxins has been published by the Food and Agriculture
Organization of the United Nations (96); an abbreviated version was given as an appendix
by Weidenborner (101).
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The websites for the various commissions and organizations that study mycotoxins
are excellent sources for the latest information: see, e.g., the Council for Agricultural
Science and Technology (CAST) (www.cast-science.org); the American Oil Chemists
Society Technical Committee on Mycotoxins (www.aocs.org); the Food and Agricultural
Organization (FAO) of the United Nations (www.fao.org); the International Union for
Pure and Applied Chemistry section on Mycotoxins and Phycotoxins (www.iupac.org);
and the US Food and Drug Administration Committee on Additives and Contaminants
(www.fda.gov).

8. BIOCHEMISTRY, MOLECULAR BIOLOGY, AND GENOMICS

The severity of the potential health effects, and the magnitude of the economic losses,
have been the impetus for considerable research. Many scientists, including ourselves,
believe that control can best be achieved by understanding the genetic basis of aflatoxin
biosynthesis and the regulatory elements that control the biosynthetic pathway. To this
end, the US Department of Agriculture and other US and international funding agencies
have supported decades of basic research on the molecular biology of aflatoxin bio-
synthesis. More recently, the US Department of Agriculture has funded an A. flavus
genome-sequencing project that is expected to be completed by early 2005.

Molecular research has targeted the genetics, biosynthesis, and regulation of aflatoxin
formation in A. flavus and A. parasiticus. Aflatoxins are biosynthesized by a type II
polyketide synthase; it has been known for a long time that the first stable step in the
biosynthetic pathway is the norsolorinic acid, an anthraquinone (102). A complex
series of post-polyketide synthase steps follow, yielding a series of increasingly toxi-
genic anthraquinone and difurocoumarin metabolites (103–113). Sterigmatocystin
(ST) is a late metabolite in the aflatoxin pathway and is also produced as a final bio-
synthetic product by a number of species such as Aspergillus versicolor and Aspergillus
nidulans. ST is less potent than aflatoxin but is nevertheless an important mycotoxin
in its own right (114). Perhaps more importantly, analysis of ST biosynthesis in the
genetically traceable species A. nidulans was pivotal in accelerating research on the
cognate pathway for aflatoxin. It is now known that ST and aflatoxins share almost
identical biochemical pathways. The majority of the genes for both ST biosynthesis
in A. nidulans, and aflatoxin pathway biosynthesis in A. flavus and A. parasiticus are
homologous and clustered (106,107,111,112,115–119). In A. flavus and A. parasiticus,
a total of 25 genes involved in aflatoxin biosynthesis, along with four sugar utiliza-
tion genes, are located together within a 70-kb region of DNA (111,112,117,120).
Recently, a new standardized system for naming the aflatoxin pathway genes has
been introduced (111). A diagram depicting the clustered genes of aflatoxin and ST
biosynthesis and the verified post-polyketide biosynthetic steps in this pathway is
shown in Fig. 2. The expression of the structural genes in both aflatoxin and ST
biosynthesis is regulated by a regulatory gene, aflR, which encodes a GAL4-type C6
zinc binuclear DNA-binding protein. When aflR is disrupted, no structural gene
transcript can be detected; introduction of an additional copy leads to overproduction
of aflatoxin biosynthetic pathway intermediates (121). The overall amino-acid iden-
tity is 31% between the aflR genes from A. flavus and A. nidulans, but the nuclear
localization signal domain and the cys6-Zn2 domain are 71% identical. The immediate
downstream linker region is also highly conserved; substitution of amino-acids in
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Fig. 2. Clustered genes (A) and the aflatoxin biosynthetic pathway (B). The generally
accepted pathway for aflatoxin and sterigmatocystin (ST) biosynthesis is presented in Panel B.
The corresponding genes and their enzymes involved in each bioconversion step are shown in
Panel A. The vertical line represents the 82-kb aflatoxin biosynthetic pathway gene cluster and
sugar utilization gene cluster in A. parasiticus and A. flavus. The new gene names are given on
the left of the vertical line and the old names are given on the right. Arrows along the vertical
line indicate the direction of gene transcription. The ruler at far left indicates the relative sizes
of these genes in kilobase pairs. The ST biosynthetic pathway genes in A. nidulans are indi-
cated at the right of Panel B. Arrows in Panel B indicate the connections from the genes to the
enzymes they encode, from the enzymes to the bioconversion steps they are involved in, and



the linker region results in defective aflR expression (122). Details of the promoter
structure of aflR are reviewed by Yu et al. (109).

A divergently transcribed gene, aflJ, is also involved in the regulation of the aflatoxin
gene cluster; no aflatoxin pathway intermediates are produced when it is disrupted. The
gene product of aflJ has no sequence homology to known proteins identified in databases
(123); it interacts with aflR but not the structural genes of the pathway (124). It has been
speculated that aflJ is an aflR coactivator (109,111).

Aspergillus oryzae and A. sojae are nontoxigenic species that are widely used in
Asian food fermentations such as soy sauce, miso, and sake. These food fungi are closely
related to A. flavus and A. parasiticus. Although they never have been shown to produce
aflatoxin, they do contain homologs of several aflatoxin biosynthetic pathway genes
(125,126). A. sojae contains a defective copy of aflR (127,128). Other genetic defects
have crippled the aflatoxin pathway in A. oryzae (128,129).

The application of genomic DNA sequencing and functional genomics, powerful
technologies that allow scientists to study a whole set of genes in an organism, is one
of the most exciting developments in aflatoxin research (130). The Food and Feed
Safety Unit of the USDA–ARS, Southern Regional Research Center, New Orleans, LA,
has sponsored an A. flavus expressed sequence tag (EST)/Microarray project. A nor-
malized cDNA library was made. From over 26,000 clones sequenced, 7218 unique
ESTs (genes) were identified after comparison and assembly (131). Homology analysis
by a BLAST search in the GenBank database indicated that 66% of these unique genes
had identified homologs in the GenBank database and 34% unique ESTs had no identi-
fied homologs. Bioinformatics annotation identified many genes that are putatively
involved in the aflatoxin process including signal transduction, global regulation, patho-
genicity, virulence, stress response, and fungal development in addition to the genes of
the biosynthetic pathway (131).

These data will be useful in annotating the forthcoming genome sequence of A. flavus
and in designing future microarray experiments to investigate the relationship between
developmental and secondary metabolite genes (see Section 9). A. flavus microarrays
have been constructed at The Institute for Genomic Research (TIGR), Rockville, MD.
High density microarrays have been printed of 6684 short amplicons representing 5002
unique gene elements including 31 aflatoxin pathway genes. These microarrays are
being used in time-course studies to detect sets of fungal genes transcribed under specific
conditions at different developmental stages.

9. AFLATOXINS AND FUNGAL DEVELOPMENT

The association between fungal morphological development and secondary meta-
bolism, including aflatoxin production, has been observed for many years (132–135).
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The environmental conditions required for secondary metabolism and for sporulation
are similar (132,133), and both processes occur at about the same time (105,136). Certain
compounds in A. parasiticus that exhibit the ability to inhibit sporulation also inhibit
aflatoxin formation (137). Further, chemicals that inhibit polyamine biosynthesis in
A. parasiticus and A. nidulans inhibit both sporulation and aflatoxin/ST biosynthesis
(138). Some sporulation deficient mutants of A. parasiticus are unable to produce
aflatoxins (139–141), and there is some evidence of an association between sclerotia
and aflatoxin production in these species (142). Similarly, a nonsporulating, “fluffy”
mutant strain of A. nidulans is deficient in ST formation (143,144). In fact, A. nidulans,
long a well-known system for studying fungal development (145) is emerging as a model
for studying the global regulation of both development and secondary metabolism.

Two distinct classes of A. nidulans mutants unable to make secondary metabolites
were isolated in 1999 (146). One group of mutants showed morphological defects,
while the other had the wild-type parental morphology. Physiological and genetic
complementation analyses of these mutants suggested that there were factors distinct
from both the aflR gene and the developmental genes that controlled ST production.
Almost simultaneously, these researchers reported that both asexual sporulation and ST
production required the inactivation of proliferative growth through inhibition of the
FadA (G-protein) signaling pathway (136) and identified a gene called pkaA (protein
kinase A) as a component of this pathway (147).

FadA is the subunit of the A. nidulans heterotrimeric G-protein. When FadA was
bound to GTP and in its active form, ST production and sporulation were repressed.
However, in the presence of FlbA, the intrinsic GTPase activity of FadA was stimulated,
thereby leading to GTP hydrolysis, inactivation of FadA-dependent signaling, and stimu-
lation of ST production. In brief, the G-protein signal transduction pathway mediated
by protein kinase A (PKA) regulated both aflatoxin/ST synthesis and sporulation (136).

In the process of characterizing A. nidulans fluffy mutants, six loci were identified to
be the results of recessive mutations in the fluffy genes fluG, flbA, flbB, flbC, flbD, and
flbE. Two of these genes, fluG and flbA encoding protein factors FluG and FlbA, were
involved in the regulation of both asexual development (conidiation) and ST biosynthesis
in A. nidulans (136,148). The fluG gene is involved in the synthesis of an extracellular
diffusible factor that acts upstream of flbA. The pkaA gene encodes the catalytic subunit
of a cyclic AMP (cAMP)-dependent protein kinase A, PkaA (136,147). Over-expression
of pkaA (PkaA) inhibits brlA and aflR expression (147). The gene, brlA, in A. nidulans
encodes a transcriptional regulator (BrlA) long believed to activate developmental genes
(149). A domain of the FlbA protein, the regulator of the G-protein signaling RGS, pre-
sumably is able to inhibit FadA (148). In the overall scheme of the proposed G-protein
signaling pathway, FadA and PkaA favor vegetative growth and inhibit conidiation and
aflatoxin/ST production; while FluG and FlbA inhibit FadA and PkaA function and
promote conidiation and aflatoxin/ST biosynthesis (135,136,148). This G-protein
signaling pathway involving FadA in the regulation of secondary metabolism may also
exist in other aspergilli such as A. parasiticus.

The manner in which complex interactions among the components of this pathway
(FlbA, FadA, and Pka proteins) and RasA (a member of the family of small GTP-binding
proteins) influence aflR at both transcriptional and post-transcriptional levels is under
investigation (150).
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Another link between sporulation and/or other aspects of development and aflatoxin
biosynthesis has been studied using an unusual class of aflatoxin-negative mutants
called sec- (for secondary metabolism minus). These strains were isolated after serial
transfer of nonsporulating mycelial macerates. They exhibit reduced sporulation and
no detectable aflatoxin production (151). They are unable to bioconvert aflatoxin pre-
cursors to aflatoxins although Southern blot and polymerase chain reaction analysis
demonstrated that the structural genes for pathway enzymes are present (152). In the
sec- strains, aflR expression is 5–10-fold lower than in the toxigenic strains from which
they are derived, adding more evidence to the theory that aflR is necessary but not
sufficient for aflatoxin production (153). A different and possibly related morphological
mutant in A. parasiticus called fluP causes a fluffy hyphal morphology, reduction of
asexual spores, and a lowering of aflatoxin production (154).

Finally, the laeA gene (for loss of aflR expression) is yet another intriguing discovery
(146). Originally isolated from A. nidulans, it encodes a putative nuclear methyltrans-
ferase and transcriptionally regulates several secondary metabolic pathways. Disruption
of laeA (accession no. AY394722) in A. nidulans eliminates ST and penicillin biosyn-
thesis due to the loss of gene expression (aflR, stcU) required for ST biosynthesis and
a gene (ipnA) involved in penicillin biosynthesis. Disruption of the laeA in A. fumigatus
(accession no. AY422723) and in A. terreus (lovE) eliminated gliotoxin and lovastatin
biosynthesis, respectively (155). The ST pathway regulator, AflR, the PKA, (147)
and RasA, known to be involved in signal transduction and which negatively regulate
sterimgatocystin biosynthesis and asexual sporulation in A. nidulans (135,136), negatively
regulate laeA expression (155). It is possible that the LaeA protein is one of the global
regulatory components in the signal transduction pathway that controls secondary
metabolism pathways. The corresponding laeA gene in A. flavus and in A. parasiticus
has been cloned. Although very low homology exists between A. flavus/A. parasiticus
and A. nidulans at the nucleotide level, significant homology was observed at the
amino-acid level (Yu, unpublished data). The laeA gene may have similar effects in
regulating secondary metabolism pathway in A. flavus, e.g., aflatoxin biosynthesis.

The proliferation of new approaches to the study of secondary metabolism and morpho-
logical development, combined with the power of functional genomics, give us reason
to hope that we are on the brink of a new era of molecular understanding of aflatoxin
gene regulation.

10. SUMMARY

Aflatoxins are toxic and carcinogenic natural products biosynthesized by a polyketide
pathway by certain members of the genus Aspergillus. When people and domestic
animals eat aflatoxin contaminated foods, they could suffer both acute and chronic
diseases. Of aflatoxigenic mold species, A. flavus and A. parasiticus are considered to
be the most economically important. Aflatoxins can enter the food chain when these
toxigenic species grow on commodities in the field, during storage, or at later points.
Aflatoxin contamination is exacerbated whenever agricultural, storage, shipping, and
food handling practices are conducive to mold growth. The acute and chronic effects
of aflatoxin are largely avoided by preventative strategies good agricultural practice,
government monitoring and regulation, and diversion of contaminated crops from the
food supply. Unfortunately, strict limitation of aflatoxin contaminated food and feed
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is not always an option and there are almost no treatments for aflatoxin poisoning.
It is hoped that the research on the molecular biology of aflatoxigenic fungi, including
a forthcoming genome sequence and microarray analysis of the A. flavus genome,
will lead to better methods for blocking the production of this family of terrible food
borne toxins.
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14
Scombroid Fish Poisoning

Elijah W. Stommel

1. CLASSIFICATION AND IDENTIFICATION

Scombroid fish poisoning, otherwise known as histamine fish poisoning (HFP), is
the most common seafood poisoning in the United States related to the improper
storage of fish (1). Because of misdiagnosis and other factors, HFP is undoubtedly
underreported (2). Enteric bacteria (Escherichia coli, Proteus morganii, Morganella
morganii, and Proteus vulgaris) act on the flesh of the poorly maintained fish to produce
elevated histamine levels (as well as other bioactive amines) through the breakdown of
the amino acid histadine (3,4). These organisms are part of the normal flora of certain
fish and not thought to be the contaminants (5). Histamine production is correlated
to the histadine content of fish, bacterial histadine decarboxylase, and environmental
factors (6). Histadine levels vary from 1 g/kg in herring to as much as 15 g/kg in tuna
(7). Unspoiled, fresh fish do contain small amounts of histamine (<0.1 mg/100 g [8]),
but do not cause HFP.

2. RESERVOIRS

The vast majority of fish causing HFP are members of the families Scombroidae and
Scomberesocidae (hence the name scombroid fish poisoning), which include tuna,
mackerel, skipjack, bonita, suary, and seerfish. Several nonscombroid fish are also
linked to HFP, including bluefish, mahi-mahi, herring, sardines, and anchovies (9).
These fish are nontoxic when afresh, can still appear very normal with the development
of toxicity, and have no putrid odor (10). Other species that have also been affected are
of little concern because they are not commonly eaten. The fish that are affected are
thought to be related closely to specific endogenous bacteria. Interestingly, dark meat,
a major component of the muscle of these fish, seems to be more affected. Improper
storage of the fish at insufficient low temperatures appears to initiate the bacterial
growth. Freezing, cooking, smoking, curing, or canning does not eliminate the potential
toxins but destroys the bacteria that produce the toxins (9).

3. FOODBORNE OUTBREAKS

Outbreaks are worldwide and are found in places where potentially spoiled, improperly
handled scombroid-like fish species are eaten. Of note is that HFP occurs with the
ingestion of canned tuna, a mainstay of the American diet. Hence, wherever a can of
tuna are sent creates the potential for HFP. Recreational fishermen tend to have less
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stringent habits and regulations for storing their catch and are hence more likely to end
up with fish capable of producing HFP. The Board of Health in New York City reports
approx 70 cases of HFP per year, seen in emergency rooms or clinics, but clearly there
are many more cases which are attested to a simple virus or food allergy (Dr. Herbert
Schaumberg, personal communications). Last spring, there were 20 unreported HFP
cases at Albert Einstein Medical Center alone after the Pediatric Department’s farewell
to the residents’ banquet (Dr. Herbert Schaumberg, personal communications).

4. PATHOGENICITY (VIRULENCE FACTORS)

HFP is generally associated with high histamine levels (>50 mg/100 g) in spoiled fish
that have high histadine content (9). Histamine is endogenous to mast cells and basophils
usually only having an effect when released in large amounts in response to an allergic
reaction. Histamine has cell membrane receptors principally in skin, hematological,
gastrointestinal, and respiratory systems (11). Interestingly, consuming spoiled fish with
histamine is more poisonous than taking an equivalent amount of pure histamine orally
(12), suggesting that there are other “scombroid toxins” acting with histamine (13,14).
The histamine-potentiator hypothesis is based on the observation that absorption,
metabolism, and/or potency of one biogenic amine might be altered in the presence of
another amine (12,15). The biogenic amines putrescine and cadaverine are found in
large quantities in toxic fish (12) and in significantly lower levels in nontoxic fish (16).
These amines, when given in higher ratios relative to histamine in toxic fish, have been
shown to potentiate the effect of histamine in laboratory animals (17). Some amines,
such as cadaverine and putrescine along with a number of other tested chemicals found
in spoiled tuna, may competitively inhibit diamine oxidase (DAO), the main histamine
catabolizing enzyme in the intestinal tract, and histamine methyl transferase (HMT)
(18,19). The toxicity of histamine can be potentiated by cadaverine (15) and putrescine
(20) in guinea pigs. A number of drugs inhibit DAO including iproniazid, isoniazid,
pargyline, aminoguanidine, phenelzine, and tranylcypromine, which could predispose
one to HFP (21). Serotonin, tryptamine, and phenformin are good competitive inhibitors,
whereas cimetidine and pheniprazine are noncompetitive inhibitors. Other antihistaminic
drugs such as promethazine are less powerful inhibitors. Certain foods can inhibit DAO
(alcohol and tyramine-containing foods such as strong cheeses) likely predisposing
one to HFP as well (12,22). HMT is inhibited by analogs of methylmethionine such
as adenosyl-homocysteine, antimalarial drugs, and numerous agonists and antagonists
of histamine receptors (12). It should be noted that histamine has been implicated in
the pathogenesis of migraine (23,24), the intolerance of which may be based on a defi-
ciency in the DAO enzyme (25). A diet excluding alcohol and tyramine-containing foods
is helpful for many patients with histamine-induced headaches. Regarding this fact, a
worse reaction to HFP is expected if someone ingests wine with scombroid-laden fish,
although no published data confirm this idea.

The “barrier disruption hypothesis,” first proposed by Parrot and Nicot (20), states
that potentiators might interfere with mucin, which is known to bind histamine,
thought to be an essential event in preventing the intestinal absorption of histamine and
hence increases histamine absorption (26,27). It has also been postulated that hista-
mine may be released endogenously by an unknown scombroid toxin (28). Urocanic
acid, an imidazole compound and a histadine metabolite of spoiling fish, has been
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shown to induce histamine in vivo in mice (29) and to degranulate mast cells in human
skin organ cultures (30). The role of endogenous histamine release in HFP has not been
established (31).

A recent publication describes the sensitive polymerase chain reaction technique for
detecting M. morganii, which was found to be present in fresh fish including mackerel,
sardine, and albacore. The gill and skin were the main harbor sites of the bacterium in
this study (32). Conventional culturing techniques did not detect the bacterium. This
study demonstrates that histamine-forming bacteria are endogenous to these fish and are
likely to proliferate under the suitable conditions. These findings also emphasize the
importance of proper handling of fish, including refrigeration, to prevent HFP.

5. CLINICAL CHARACTERISTICS

Fish affected by scombroid tastes “peppery,” which is thought to be related to elevated
histamine levels. Headache, a burning sensation in mouth and oropharynx, and nausea
are common neurological symptoms of HFP (4,33). Other symptoms include diffuse
erythema (especially flushing of the head, neck, and upper torso), headache, vomiting,
diarrhea, and abdominal cramping (33–36). Occasional arrhythmias, hypotension, bron-
chospasm, and cardiovascular collapse also occur (37,38). Anxiety has also been reported
as a prominent symptom with HFP (39,40). Generally, HFP is not a life-threatening
condition, but in those patients with serious preexisting conditions, notable respiratory
and cardiac complications do occur (38,40). The symptoms of HFP usually last for 8–12 h
(33) and can come on within minutes of ingestion of a toxic meal (33,41).

With HFP, there is a remarkably wide spectrum of clinical symptoms (mild to severe).
Symptoms can be confused with Salmonella infection (40) as well as food allergy (4).
The usual HFP-associated fish species cause HFP much more frequently than they
cause true allergic reaction (12). The clinical setting of the poisoning shows evidence to
the etiology as if only one person is affected by a meal when several individuals have
eaten the same fish, sheds doubt on the diagnosis of HFP. Nevertheless, the concentration
of the histamine may not be evenly distributed through the fish and, hence, not everyone
who eats the fish will necessarily get sick. In fact, food allergies to most of the common
fish involved with HFP are rare.

Although the diagnosis can be confirmed by detecting histamine in contaminated
fish, remnants of the meal, or similar fish from the same source (12,17) as well as other
biogenic amines (16) and urocanic acid (42,43), the diagnosis is normally made by
the history and clinical presentation. There are numerous methods for the detection of
histadine-decarboxylating bacteria that can be performed with specific media that are
selective for this enzyme (4,44,45) although some of these media have given false
positive results (45). The biochemical methods for detecting histamine and other biogenic
amines are extensive as well as controversial and are well outlined by Lehane and
Olley (31). Measurement of plasma histamine levels is not routinely available in most
community-based hospitals. Measuring human serum levels requires that histamine is
measured within 4 h of the ingestion of the fish (46).

Other diagnoses to be considered with HFP are severe migraine, intracranial hemorrhage,
and pheochromocytoma (36). HFP may resemble an immunoglobulin E (IgE)-mediated
allergic reaction; however, HFP is a foodborne intoxication related to elevated histamine
levels, and therefore the patient can safely eat the same type of fish again with impunity.
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6. CHOICE OF TREATMENT

HFP is self limited, and the need for long-term therapy is usually unnecessary (3,12).
HFP exposure responds to corticosteroids, charcoal, and histamine blockers (4,41,47). The
H2 blocker cimetidine at 300 mg iv has been effective in HFP (41,47). There is a rational
basis for blocking H1 and H2 receptors (H2 receptors are found in human blood vessels)
(3) to minimize the vascular effects of histamine. Therefore, the addition of the H1 blocker
diphenhydramine at 50 mg im, in addition to a H2 blocker, is recommended (3). At least
some case reports have not shown diphenhydramine hydrochloride 25–50 mg po or iv by
itself to be effective as a treatment option (41). In severe cases, aggressive symptomatic
care is required including intravenous fluids and possibly steroid therapy (41). Adrenaline,
which is often helpful in allergic reactions, is of little benefit in HFP (48).

7. RESISTANCE EPIDEMIOLOGY

Because HFP is a consequence of improper handling/storage of fish and there are
effective testing methods to identify toxic fish, prevention and control of outbreaks are
possible. Contamination with histidine-decarboxylating bacteria can occur immediately
after the fish are caught on the fishing vessel, in the processing plant, in the distribution
of the fish, and also with the consumer, such as at home or in a restaurant (12). Key to
the prevention of HFP is proper cooling of fish immediately after they have been caught
(31,49). Interestingly, most HFP in the United States results from the improper han-
dling of fish by recreational fishermen who often neither have the knowledge nor the
proper equipment to cool the fish properly (50).

Many countries have set limits for the maximum-permitted levels of histamine in
fish. The amount of histamine produced is a function of the fish type, the part of the fish
sampled, temperature, and the types of bacteria found on the fish (51). Normal fish has
less than 100 ppm of histamine (1 mg/100 g of flesh). Although the toxic dose and
symptoms of HFP are variable (4,12,52), illness usually occurs at levels of 1000 ppm
(100 mg/100 g of flesh), but lower levels (20 mg/100 g of flesh) can also cause illness
in some individuals (3).

8. SUMMARY AND CONCLUSIONS

HFP is a common form of fish poisoning that is often mistaken for allergic reactions.
The affected Scombroidae and Scomberesocidae family fish are commonly eaten and
poisonings can occur most anywhere in the civilized world. The mechanism of HFP is
primarily related to the ingestion of high levels of histamine, but other related com-
pounds and drug interactions are involved to produce the syndrome. Although HFP is
not a fatal intoxication, it can be debilitating. HFP is easily recognized with a proper
clinical history and foresight to its existence, and can be managed successfully with
histamine blockers and supportive care. It is also an easily preventable poisoning through
the proper regulation and handling of fish.
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Abstract
Foodborne illness is the major public health concern for both the meat and the poultry industries

in the United States and the U.S. Department of Agriculture’ Food Safety and Inspection Service
(FSIS), the agency that regulates the industry. FSIS introduced the Hazard Analysis and Critical
Control Point (HACCP) Program as a means to allow flexibility in process design and control and
to reduce foodborne pathogens in the food chain. This chapter will examine the historical changes
brought by HACCP to evaluate the effectiveness of HACCP in controlling or reducing the presence
of E. coli O157:H7, Salmonella, and Listeria monocytogenes on meat and poultry products, and explore
the future of pathogen reduction in the meat and the poultry industries.

1. INTRODUCTION

Human foodborne illness is a complex public health challenge. The Centers for Disease
Control and Prevention (CDC) estimates that all foodborne diseases are responsible for
76 million illnesses, 325,000 hospitalizations, and more than 5000 deaths in the US
annually. These same national 1999 estimates show that the known pathogens, such as
Campylobacter, Salmonella, Escherichia coli O157:H7, non-O157:H7 Shiga-toxin
producing E. coli, and Listeria monocytogenes (Lm), are responsible for approx 14 million
illnesses, over 60,000 hospitalizations, and approx 1800 deaths annually (1). These ill-
nesses are associated with water, seafood, vegetables, fruits, dairy products, meat, poultry,
and egg products.

Various US government agencies are charged with protecting the public from illness
caused by contaminated or adulterated food products. The role of regulating and inspec-
ting meat, poultry, and egg products falls under the U.S. Department of Agriculture’s
(USDA), Food Safety and Inspection Service (FSIS).

The FSIS’ mission is to “ensure that the nation’s commercial supply of meat, poultry,
and egg products is safe, wholesome, and correctly labeled and packaged” (2). FSIS

From:  Infectious Disease: Foodborne Diseases
Edited by:  S. Simjee  © Humana Press Inc., Totowa, NJ

383



inspects animals at slaughter and processed meat products at various stages of production,
employing approx 7600 inspectors for approx 5500 slaughtering and/or processing estab-
lishments1 nationwide. More than 850 red meat and 350 poultry slaughter plants were
under federal inspection as of January 2004 (3,4). To augment the inspection activities,
the agency performs verification testing for microbiological and chemical agents in its
three field laboratories.

The total US agricultural production in 2003 yielded 46.8 billion pounds of red meat
(3), 42.8 billion pounds of poultry, and 87.2 billion eggs for consumption (5). It was
estimated that meat- and poultry-related foodborne illnesses accounted for 27% of total
food-related cases and outbreaks between 1990 and 2003 (6).

In response to apparent increases in foodborne illnesses and outbreaks in 1990s,
FSIS modified its inspection program to give it a more preventative public health focus
and advanced the concept of reducing illnesses by targeting foodborne pathogens,
such as Salmonella, E. coli O157:H7, and Lm. In 1996, the agency adopted the Hazard
Analysis and Critical Control Point (HACCP) Program, an innovative approach to
protect public health from hazards associated with meat and poultry products (7). The
goal was to reduce or eliminate foodborne illness that may be attributable to the FSIS-
regulated products by mandating industry monitoring process controls of indicator
pathogens and other hazards. HACCP shifted the focus of food safety control from
detecting hazards that endanger human health in the end product to preventing the hazards
from occurring; thereby, reducing the amount of contaminated food reaching the consumer,
and reducing the incidence of foodborne illnesses.

This chapter will first review the FSIS-mandated historical changes in both the
regulations associated with meat and poultry production and the microbiological
assessment programs put into place to audit and monitor the presence of foodborne
pathogens. All plants had to be operating under HACCP by January 2000 and the
initial data from implementation through 2003 will be presented in the first part of this
chapter. The trends of contamination by certain foodborne pathogens will be examined
through assessment of microbiological data. This chapter will also examine the results
of industry’s changeover to a HACCP system, evaluate the success of using critical
control points (CCPs) and the achievement of HACCP as a successful pathogen reduc-
tion tool and finally, comment on programmatic updates and new initiatives at FSIS
since 2003.

2. FSIS ADOPTS HACCP

The National Academy of Sciences (NAS) first examined the issue of the role of
microbiological criteria for foods in 1985 and concluded that a preventive system, such
as HACCP, was essential for controlling foodborne pathogens and hazards (8). NAS
also recommended that FSIS create the National Advisory Committee on Microbiological
Criteria for Foods (NACMCF) to develop and advise FSIS on criteria for food safety. In
1989, NACMCF produced its first recommendations for the implementation of food
safety practices (9). FSIS adopted the recommendations and accepted the principle
that HACCP would provide the best approach for a new food safety control system.
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NACMCF concluded that reliance on end-product testing only was not an effective means
of monitoring the safety of food, because there were multiple processing steps at which
contamination could occur. FSIS recognized that the prevention of contamination at
these multiple steps was the most effective way to protect public health from foodborne
pathogens (10). Both NAS and NACMCF also recommended using microbiological
testing to enumerate indicator organisms rather than detection of pathogens to determine
prevalence (9,11,12).

2.1. The PR/HACCP Final Rule

On July 25, 1996, FSIS promulgated the Pathogen Reduction/Hazard Analysis and
Critical Control Points (PR/HACCP) System Final Rule (7), revamping Sections 304,
308, 310, 320, 327, 381, 416, and 417 of Title 9, the U.S. Code of Federal Regulations.
There are four main components to the FSIS PR/HACCP regulation:

1. Meat and poultry establishments are required to develop and implement Sanitation Standard
Operating Procedures (SSOPs).

2. Slaughter establishments are required to conduct microbial testing of carcasses for generic
E. coli to ensure process control.

3. Establishments producing certain raw meat and poultry products are required to meet per-
formance standards for Salmonella.

4. All meat and poultry establishments are required to design and implement a HACCP
system (7).

Implementation of HACCP was phased in incrementally based on establishment size.
Large plants, defined as those with 500 or more employees, were required to be operating
their HACCP systems by January 1998; small plants, with 10–499 employees and greater
than $2.5 million in annual sales, were to function under HACCP by January 1999, and
very small plants, with less than 10 employees or less than $2.5 million in annual sales,
by January 2000 (7).

2.1.1. HACCP at FSIS

FSIS’ HACCP program for meat and poultry establishments is based on the seven
principles detailed in the 1989 NACMCF report, and has been tailored specifically to
meet the needs of meat and poultry producers (12). The following summarizes the
general principles:

Principle 1: Conduct a hazard analysis.

Hazard analysis is the process of collecting and evaluating data on hazards associated
with food and processing to determine those hazards that might be significant and must
be further addressed in the HACCP plan (see Code of Federal Regulations Title 9 Section
417 [9 CFR 417]). This is accomplished by developing a list of hazards (biological,
chemical, or physical factors) deemed reasonably likely to occur.

Principle 2: Identify CCPs.

A CCP is a point, step, or procedure in a food process at which control must be applied
to prevent, eliminate, or reduce a food safety hazard to an acceptable level. All hazards
identified in Principle 1 must be addressed and the establishment must carefully iden-
tify, develop, and document CCPs (see 9 CFR 417.2c). After analysis, these hazards are
evaluated based on severity and potential to occur (see 9 CFR 417.2a). Identification of
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CCPs for controlling biological, especially bacterial, hazards throughout production is
essential as these are the primary cause of foodborne illness.

Principle 3: Establish critical limits for each CCP.

A critical limit is the maximum or minimum value to which a biological, chemical,
or physical hazard must be controlled with a CCP to prevent or eliminate the identified
food safety hazard or reduce it to an acceptable level. Critical limits were to be framed
on the basis of FSIS regulations or guidelines. Interventions were to be put into place
based on FDA tolerances and action levels; scientific data; or recommendations of
recognized food safety process authority experts in the industry, academia, or trade asso-
ciations (see 9 CFR 417) and on the process parameters, such as temperature, time,
viscosity, and survival of target pathogens.

Principle 4: Establish CCP monitoring requirements.

FSIS requires that each monitoring step and its frequency be detailed in the HACCP
plan. Monitoring the process step or intervention criteria and effectiveness ensure that
the process is under control at each CCP. These activities consist of observations or
measurements taken to assess whether a CCP is within the established critical limit
parameters. Monitoring, continuously or frequently, must be sufficient to ensure the
CCP is within the targeted range (see 9 CFR 417.7).

Principle 5: Establish corrective actions.

Corrective actions are mandatory when monitoring indicates that a deviation from an
established critical limit has occurred. Such a deviation would indicate that the process
step was inadequate and out of control and the intervention was not effective or properly
applied. HACCP plans must identify pertinent corrective actions when a critical limit is
not achieved (see 9 CFR 417.3 and 417.2(c) [5]).

Principle 6: Establish record keeping and documentation procedures.

The PR/HACCP regulation requires that all establishments maintain documentation
of all HACCP data, including the hazard analysis and the written HACCP plan, records
of monitoring CCPs, critical limits, verification activities, and the resolution of process
deviations (see 9 CFR 417.5 and 417.2(c) [6]).

Principle 7: Establish verification procedures.

This principle incorporates two essential HACCP steps:

1. Validation ensures that HACCP plans are given sufficient forethought so that the plan does
what it is designed to do: provide safe food products. Before implementation, scientific
references and support, e.g., federal guidelines, scientific studies, and expert determinations,
are required as supporting justification for CCPs.

2. Verification makes certain the HACCP plan is working as intended by ensuring continuous
success in meeting all critical limits. This is accomplished by reviewing HACCP plans, moni-
toring CCP records and critical limits, and by performing microbial sampling and analysis.

2.2. Shifting FSIS and Industry Roles under HACCP

The introduction of PR/HACCP changed the regulatory environment, creating new
roles and relationships for FSIS, and for the meat and poultry industries. PR/HACCP is
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overall a less prescriptive system of inspection than what existed previously. Under
PR/HACCP, the focus of FSIS inspection is broadened to look at the production system
in its entirety, with each critical aspect of production assessed for potential hazards.

FSIS assumes an oversight role under PR/HACCP and is responsible for establishing
food safety and sanitation standards, conducting verification to ensure that these standards
are met by the establishment, and taking enforcement actions when necessary.

Industry is expected to tailor food safety systems to meet standards set by FSIS (7).
Under HACCP, each establishment is given the responsibility for the assessment and
ongoing control of CCPs. The design of their food safety system and its documentation
based on each processing category, whether slaughter, raw/not ground, raw/ground,
ready-to-eat (RTE), etc., is to be contained in a detailed written HACCP plan (see 9
CFR 417.2 (b)(1)).

By clarifying the respective roles of industry and government, the PR/HACCP Rule
enabled FSIS to better target inspection resources and provide oversight to industry
food safety systems and testing programs.

3. MICROBIOLOGICAL TESTING PROGRAMS

With the adoption of the PR/HACCP Final Rule, FSIS resolved that microbiological
testing will be an essential component of HACCP-based safety systems and instituted
microbiology-based requirements for Salmonella and generic E. coli in certain raw meat
and poultry products. Microbial testing is an essential part of an effective program of
monitoring pathogen presence in foods, and can be used to:

• Detect pathogens in high-risk foods.
• Verify effectiveness of process control measures.
• Collect baseline information for evaluation of sanitation programs and trend analysis in

raw materials.
• Validate the effectiveness of pathogen interventions.
• Identify where and when modifications to control measures are needed.

In addition to the PR/HACCP Salmonella and generic E. coli programs, FSIS
conducts a variety of other microbiological testing programs to either verify the overall
effectiveness of food safety systems in federally inspected meat and poultry establish-
ments or test for hazards in retail and imported products. These monitoring/verification
testing programs (conducted by the FSIS laboratories using FSIS methods) include:

• Testing of both domestic and imported raw beef products for E. coli O157:H7;
• Testing of both domestic and RTE meat and poultry products for Salmonella, Lm, and, for

certain products, E. coli O157:H7 (fermented sausages and cooked meat patties);
• Intensified risk-based sampling in RTE establishments that covers testing of product, product

contact surfaces, and environmental surfaces for Lm;
• Follow-up testing of products as necessary to verify preventive and corrective actions

following HACCP deviations;
• Testing of products as part of investigations into causes of outbreaks of foodborne illness.

3.1. Salmonella and Generic E. coli Programs under HACCP
3.1.1. Salmonella Performance Standards

The PR/HACCP Final Rule set Salmonella performance standards for processors to
meet for certain carcasses and raw ground products in slaughter and grinding establishments.
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The implementation of the PR/HACCP Salmonella performance standards was the first
time that microbiological performance standards were incorporated into the meat and
poultry regulatory systems. This was an initial step towards defining levels of food
safety performance that meat and poultry establishments would be required to achieve
consistently over time. These standards (13) are based on the prevalence of Salmonella
as determined from the agency’s nationwide microbiological baseline studies (14).

Salmonella was targeted since it is an etiological agent of salmonellosis, one of the
most common foodborne illnesses associated with meat and poultry products. It is also
easily tested for by established laboratory methods. Under the PR/HACCP Final Rule,
FSIS verifies that food safety systems effectively control Salmonella contamination,
which may also have the added advantage of reducing other enteric pathogens.

Raw products covered by PR/HACCP performance standards include carcasses of
cows/bulls, steers/heifers, market hogs, and broilers. Standards were also put in
place for ground beef, ground chicken, and ground turkey. Industry guidance has more
recently been established for turkey and goose carcasses. FSIS verifies that performance
standards are met through sampling and analysis. PR/HACCP compliance testing is
expressed in terms of the maximum number of Salmonella-positive samples that are
allowed per sample set (Table 1) (15). The number of samples in a sample set varies by
product, and the performance standard provided an 80% probability of an establishment
achieving acceptable levels when it operated at the standard. An initial sample set or a
set that followed a passed set is designated an “A” set. “A” sample sets were collected
at randomly selected establishments. If an establishment failed a set, corrective actions
are implemented, and then the agency collected additional test sets, labeled “B,” “C,”
and “D” sets as appropriate if compliance was not met. Once an establishment passes
the set indicating the corrective actions were successful, the subsequent set will be
labeled “A.”

3.1.2. Using Generic E. coli to Verify Process Control

Generic E. coli (E. coli Biotype I), commonly found in an animal’s intestinal tract,
is an accepted indicator of fecal contamination (13). The intestinal tract is also the
primary source of contamination from additional pathogens, such as E. coli O157:H7
and Salmonella in FSIS-regulated products.
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Table 1 
USDA/FSIS Salmonella Testing Compliance Standards 
for Raw Meat and Poultry Commodities 

Maximum no. of Salmonella-positive
Commodity samples permissible per sample set

Ground beef 5/53
Market hog 6/55
Broilers 12/51
Cow/bull 2/58
Steer/heifer 1/82
Ground turkey 29/53
Ground chicken 26/53

From ref. (15).



The generic E. coli testing component of the PR/HACCP Rule requires that slaughter
establishments perform their own regular quantitative testing for this organism as an
indicator of process control, i.e., control over sanitary carcass dressing procedures. FSIS
developed E. coli performance criteria using baseline data, which provide the highest
allowable microbial loads on carcasses when the slaughter process is in control (16). A
performance criterion based on a reference baseline provides the slaughter establish-
ment with guidance on the effectiveness of its system in preventing contamination (17).

Using generic E. coli as a direct measure of fecal contamination, FSIS has been able
to assess how well industry’s slaughter and dressing procedures controlled contamination
by comparing E. coli levels from industry testing data against the agency-established
criteria. Failing to meet these criteria serves as a catalyst for the establishment to review
its processes, record its results, and initiate corrective actions. Failing the criteria may
also trigger an additional FSIS inspection verification activity that may include review
of SSOPs or HACCP records.

Evaluation of E. coli test results is done through a “moving window” approach (18,
19). Sample results are accumulated until 13 have been accrued. As a new test result is
added to the data, the oldest result is dropped and the new test is added to the most
recent of 13 results (16,20). Those test results in the “moving window” are considered
in the evaluation of the process controls at a given time. FSIS requires industry to estab-
lish its own plant data and to use statistical process control (SPC) techniques to determine
whether processing is under control when evaluate their results (17). During testing, either
one unacceptable result or more than three marginal results in the last 13 consecutive
results should trigger action to review process controls, discover the cause, and prevent
recurrence (20).

SPC techniques are useful as they enable producers to: (1) understand variation in the
process, (2) use that information to maintain process control, and (3) make improvements
in performance on a continual basis (21–23), which is integral to the HACCP concept
(17,24). SPC involves an initial evaluation of a process’s capability, followed by determin-
ing the “normal” range of the process, setting control limits or thresholds (i.e., defining
“in control”), monitoring regular production on a continual basis, and addressing any
trends or signals that the process may not be in control. Generic E. coli data monitoring
over time has proven extremely useful to ongoing process control, and evaluation of accu-
mulated data is useful for identifying trends and occurrences, such as equipment failures.

3.1.3. NACMCF Performance Standards Evaluation

In an effort to continue food safety improvement, in 2001 FSIS sought guidance from
NACMCF on the assessment of and on sound strategies for updating and improving
performance standards. In response, four reports were produced focusing on the devel-
opment and application of performance standards specific to ground beef, broiler chickens,
ground chicken, and ground turkey (16,25–27). From these reports, NACMCF affirmed
that a microbiological approach to pathogen control was appropriate, stating “regardless
of the approach taken to control the level of pathogenic microorganisms in raw meat
and poultry, there should be an either explicit or implicit microbiological criterion under-
lying the approach taken (16,25,26).” The Committee noted that based on FoodNet
data, CDC determined that overall human salmonellosis decreased 15% between 1996
and 2001. The report also underscored that performance standards stimulated the
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development and implementation of intervention technologies for reducing levels of
pathogens on raw meat and poultry products.

3.2. FSIS Microbiological Sampling Program Results

Wheresas it is important to consider all sampling program results to provide an overall
view of establishment conformity with HACCP, government regulations, and food safety,
this review cannot examine each and every program. Within any particular time period,
programs will vary in their effectiveness and need to be modified or changed to react to
microbial trends. Therefore, this section will look briefly at only the outcomes of two
FSIS microbiological testing programs of raw products for food safety compliance since
HACCP was implemented, namely, the Salmonella and E. coli O157:H7 programs.

3.2.1. Salmonella PR/HACCP Testing Program

From 1998 to 2002, the Salmonella PR/HACCP testing program, the percentage of
Salmonella-positive samples in six out of the seven product categories either demon-
strated a downward trend or remained about the same (Fig. 1)1 (28). Overall, for all
sizes of establishments combined, the 2002 number of Salmonella-positive samples
for broilers, market hogs, cows/bulls, steers/heifers, ground beef, and ground turkey
decreased. Differences in pre- vs post-HACCP Salmonella prevalence reflect changes
in industry practices in response to HACCP implementation.

Within the first 5 yr of PR/HACCP implementation, 90.1% of Salmonella random
“A” sets tested passed. Examination of the data on a per establishment basis showed that
84.6% of establishments never failed an “A” set, whereas 15.4% failed at least one set
(28). Establishments that failed an “A” set were required to implement corrective action
and improvements in pathogen-reduction programs and were then targeted for a “B” set.
The percentage of all establishments that failed “B” sets averaged 4.4% across com-
modity products, ranging from 0.8% in steer/heifers to 9.2% in broilers.

3.2.2. E. coli O157:H7

As noted previously, FSIS requires assessments of various pathogens’ presence in
meat and poultry. Due to a number of outbreaks in the 1990s from E. coli O157:H7, the
contamination of ground beef resulting in severe illness in children, FSIS declared it an
adulterant in October 1994 and implemented a testing program for the presence of this
pathogen in raw ground beef (29). An overall decrease in E. coli O157: H7-positive raw
ground beef samples were noted between October 1999 and September 2003 (Fig. 2)
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1The data presented represent all samples collected as part of an “A” set during the indicated calendar
year, with no consideration given as to whether a sample is part of a complete or an incomplete set, or a
passed or failed “A” set.

It is necessary to note that these data have certain limitations that restrict the range of statistical infer-
ences. The PR/HACCP verification testing program is strictly regulatory in nature and was designed to
track establishment performance rather than to estimate nationwide prevalence of Salmonella in products.
Because the program is not statistically designed, different establishments may be sampled from year to
year, confounding rigorous trend analyses.

Furthermore, it is important to note that the prevalence estimates computed from the FSIS’ pre-HACCP
baseline studies and surveys were nationally representative, because they were weighted on the basis of
the production volume of the sampled establishments. In contrast, the PR/HACCP Salmonella prevalence
presented here represent unweighted test results from sampled establishments.
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Fig. 1. Prevalence of Salmonella based on the percentage of PR/HACCP “A” Salmonella sets,
1998–2002 (28). (Please see color insert.)

Fig. 2. Seasonal variation in FSIS microbiological regulatory testing for Escherichia coli O157:H7
in raw ground beef samples for all testing programs, verification testing in federally inspected estab-
lishments, and verification testing in retail outlets, FY2000–FY2003 (30). Reprinted with permission.



(30). The data generated from more than 9 yr of FSIS testing showed that the overall
percentage of positive remained below 1% for the samples analyzed. Out of the 26,521
raw ground beef samples tested from FY2000 to FY2003, 189 (0.71%) tested positive for
E. coli O157:H7.

Additional decreases in E. coli O157:H7 were noted from FY2002 to FY2003, where a
50% reduction in the rate of positive ground beef samples was observed when controlling
for season (95% CI=10–72% decrease; p=0.02). FSIS analysis demonstrated that these
year-to-year changes in the rate of E. coli O157:H7-positive raw ground beef samples
were statistically significant, which was consistent in samples obtained from both federally
inspected establishments and retail outlets (30).

4. ASSISTING INDUSTRY IN IMPLEMENTING HACCP

To help implementing the PR/HACCP Final Rule, FSIS made expert advice and
guidance available to smaller plants for the development, implementation, and evaluation
of PR/HACCP programs. With this information and assistance, establishments’ HACCP
teams were then required to develop and assess the scientific basis for their decisions made
under HACCP and food safety procedures related to microbiological hazard analysis
and critical limits.

Once a HACCP plan was implemented at an establishment, FSIS could assess the
operation based on plant adherence to its validated food safety system. Microbiological
samples submitted by field inspection program personnel were then analyzed by the
FSIS laboratories for verification of compliance with food safety standards. Specialized
FSIS audit teams could also visit and review first hand the activities and documentation
at federally inspected establishments.

These assessments provided a technical review of the corrective action(s) implemented
or proposed to eliminate the problem occurring in the establishment. Various specialized
teams were formed as evaluation needs were determined.

4.1. Technical Assessment Groups

FSIS’ first assessment teams, Technical Assessment Groups (TAG), were convened to
respond to establishment food safety problems by conducting document reviews. An ad
hoc TAG gathered scientific and technical information necessary to assist field inspec-
tion personnel in making sound and appropriate decisions in the application of policy
in unique field settings. They also evaluated establishments’ microbiological testing pro-
grams and their proposed process corrective actions or reprocessing procedures involving
contamination incidents or temperature deviations. Whereas these proved helpful, the
assessments of TAG were considered secondary to an on-site visit and their use was
deemphasized in place of other assessment groups.

4.2. In-Depth Verification Teams

When an establishment had an on-going problem with process control, multiple
Salmonella set failures, or did not provide sufficient information, FSIS activated an
In-Depth Verification (IDV) team. An IDV review was “an assessment as to whether
an establishment is carrying out activities that meet the requirements of the PR/HACCP
Final Rule” (31). IDV reviews were designed to be either targeted for cause or random.
The targeted reviews were performed by FSIS when:
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(a) The establishment failed to meet PR/HACCP Salmonella testing performance standards on
two consecutive sets;

(b) Persistent problems were identified by in-house inspection program personnel;
(c) The agency needed to decide if it would institute proceedings for withdrawal of inspection;
(d) Specific information was needed in order to determine regulatory compliance;
(e) The establishment had repeated positive pathogen test results in RTE product, repeatedly

been implicated in illnesses, or involved in recalls.

IDV reviews supplemented the verification tools used by in-plant inspection program
personnel and examined the technical and scientific merit of an establishment’s HACCP
system in a more rigorous and integrated manner. The IDV team wrote an evaluative
report documenting its findings which was provided to both the inspection force and the
establishment to assist in their decision-making processes for corrective actions. FSIS
often used this report to assist field personnel as a scientific basis for taking subsequent
regulatory action.

4.2.1. IDV Findings

FSIS recently examined IDV contributions to pathogen reduction in the US food
supply (32). Through 2003, 77 IDVs were held in response to failure of PR/HACCP
Salmonella testing (n=60), presence of Lm in RTE foods (n=9), presence of E. coli
O157:H7 in raw ground beef (n=4), and others (metal contamination, sanitation failures,
zero tolerance failures for fecal contamination, and undercooked product) (n=4). IDVs
for Salmonella “B” set failures were held in 3.2% of all establishments subject to PR/
HACCP testing (32). Table 2a and 2b shows a breakdown of where IDVs were performed.
Of these, 16 IDVs took place in large plants, 34 in small plants, and 10 in very small
plants (Table 2a.). The greatest number of IDVs for second set Salmonella failures
was conducted in ground beef (n=19), market hog (n=17), and broiler (n=11) establishments
(Table 2b).

PR/HACCP Salmonella data revealed that following an IDV, establishments were
more likely to pass subsequent Salmonella testing (Fig. 3). Therefore, IDVs had likely a
positive impact on food safety by identifying regulatory non-compliance, and processing
conditions and practices that put products at risk for contamination.

4.3. Intensified Verification Testing

FSIS also specifically addressed RTE product contamination. Lm is, of particular,
concern to the agency because when Lm is found in RTE products, it means Lm has gen-
erally stemmed from post-process contamination of exposed product. Unlike Salmonella
and E. coli, Lm is an environmental organism usually found in soil and water. The
expectation of finding Lm was not related to feces and, therefore, required a different
type of assessment. The Intensified Verification Testing (IVT) concept was initiated to
address Lm and an IVT team was deployed specifically to take Lm samples at establish-
ments with a history of repeat Lm-positive test results. An IVT was used to focus resources
at establishments producing RTE meat and poultry products.

At the establishment, the team of microbiologists took multiple samples, including:

• Product: The team collected RTE product at random intervals during the IVT. Product was
collected in its final, packaged form after the establishment’s pre-shipment review.

• Product contact surface sites: Those areas that the product may contact during production,
such as conveyors, knives, slicers, packagers, tables, chutes, racks, etc.
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• Indirect contact sites: Areas that are near product contact areas, but indirectly or intermittently
contact product. Indirect contact sites may include employee utensils, tools, and equipment,
sides of tables or equipment, light switches, cart handles, etc.

• Non-contact sites: Areas that do not come into direct contact with product, but may contribute
to contamination during production. Non-contact sites may include floors, walls, drains, over-
head cooling units, and doors.

Based on the sample test results from any of the above surfaces and the IVT report,
the need for regulatory action was determined (33).

4.4. Food Safety Assessments

Since the complexity of food safety programs grew, the types of assessments also
continued to evolve at FSIS. In order to improve efficiency in on-site plant reviews,
FSIS created a new classification of inspection program personnel called Enforce-
ment, Investigations, and Analysis Officers (EIAOs). EIAOs superseded TAG teams
and IDVs. EIAOs are intensely trained in microbiological sampling, food technology,
and HACCP principles. EIAOs and other agency personnel close to the establishments
could perform the fundamentals of IDVs and IVTs, which are currently called Food
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Table 2a
Relative Number of In-Depth Verification (IDVs) Reviews 
by Establishment Size

Establishment size Total no. of establishments No. of IDVsa/(%)b

Large 234 16 (6.8)
Small 773 34 (4.4)
Very small 834 10 (1.2)
Not recorded 15 0 (0)
Total 1856 60 (3.2)

From ref. (31).
aNumber of establishments of that size subjected to an IDV.
bPercentage of establishments of that size subjected to an IDV.

Table 2b
In-Depth Verification (IDVs) Reviews Held for Second Set 
Salmonella Failure, by Commodity, 2000–2003

Commodity type Total no. of establishments Number of IDVsa/(%)b

Ground beef 1227 19 (1.5)
Market hog 315 17 (5.4)
Broilers 217 11 (5.1)
Cow/bull 131 8 (6.1)
Ground turkey 43 3 (7.0)
Steer/heifer 126 1 (0.8)
Ground chicken 24 1 (4.2)
Total 1856 60 (3.2)

From ref. (31).
aNumber of establishments producing the product subjected to an IDV.
bPercentage of establishments producing the product subjected to an IDV.
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Fig. 3. Mean Salmonella set results by commodity, for all establishments where an IDV has
been held, 2000–2003 (28).

Safety Assessments (FSAs). Headquarters microbiological staff continue to offer technical
help to the EIAOs.

FSAs are a tool used by the agency to address reoccurring problems in establishments.
As industry’s compliance with regulations continues to improve and the numbers of food-
borne illnesses continue to decrease, FSIS will reevaluate its program to make it more
effective and efficient.

5. EFFECTIVENESS OF THE IMPLEMENTATION OF HACCP

The Centers for Disease Control and Prevention reported in 2002 and again in 2004
that HACCP implementation was an important factor in the overall decline in bacterial
foodborne illnesses (34,35). From 1996 to 2001, there was an overall 15% reduction of
Salmonella, a 21% reduction of E. coli O157:H7, a 27% reduction of Campylobacter,
and a 35% reduction of Listeria attributable to the implementation of HACCP among
other factors (Fig. 4) (34). Between 2001 and 2003, reductions continued to 17% for
Salmonella, 28% for Campylobacter, and 42% for E. coli O157:H7, while Listeria
remained the same at 35% (Fig. 4) (35). Illnesses caused by Salmonella Typhimurium
(typically associated with meat and poultry) decreased by 38%. Dissemination of these
data assisted in gaining worldwide recognition of HACCP as an effective food safety tool
for food manufacturing establishments and the concept has spread to restaurants and
other institutions in food handling. There has also been a trend toward global expansion
of the use of HACCP principles.



6. GLOBAL FOOD SAFETY: THE WIDESPREAD INFLUENCE OF HACCP

The implementation of PR/HACCP by the United States has far reaching international
food safety implications. Other countries are looking at successful models to adopt for
reducing foodborne illnesses. Industrialization, urbanization, and rising wealth have
revolutionized food production and the food supply, resulting in mass production and
distribution, plus a proliferation of food service establishments and outlets. The globali-
zation of food and feed trade, facilitated by international agreements aimed at promoting
liberalization of trade, offers many benefits but also presents new risks. All foods, such
as fish, milk, juices, fruits, and vegetables in addition to meat and poultry products, are
major trade commodities, and can be a vehicle for worldwide transmission of infectious
diseases (36–39). There becomes a need for countries to have equivalent food safety sys-
tems in order to trade with one another and ensure food safety for the importing country.

6.1. Regulating International Food Safety through HACCP

To address international food safety concerns, the Food and Agriculture Organization
and the World Health Organization created the Codex Alimentarius Commission (Codex)
in 1963. Codex is an international inter-governmental body that develops science-based
food safety and commodity standards, guidelines, and recommendations to promote
the health and economic interests of consumers, whereas encouraging fair international
trade in food. The Recommended International Code of Hygienic Practice – General
Principles of Food Hygiene, third revision (1997) endorsed HACCP as a guiding prin-
ciple of food safety by adding a HACCP annex with the Codex recommendations on
food hygiene (39).

6.2. Role of HACCP in Food Safety Harmonization

Progress in HACCP implementation varies from country to country. Many coun-
tries (e.g., the United States, European Union Member States, Canada, Australia, and
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Fig. 4. The success of HACCP – the decline in bacterial foodborne illnesses reported to FoodNet
from 1996 to 2001 and 1996 to 2003 (34,35).



New Zealand) have mandated the use of science-based HACCP system requirements
for particular sectors of their domestic food industries (40–43).

In other countries that are beginning to develop exporting capabilities, lack of expertise
and resources for training are major impediments to the domestic implementation of
HACCP, with most progress made with food produced for international trade. An
improved understanding and appropriate resources to support HACCP are needed by many
developing countries. Basic hygienic controls need to be implemented by the industry
before the HACCP system can be effectively implemented globally (44,45).

Under the Agreement on the Application of Sanitary and Phytosanitary Measures
(SPS Agreement) (39), World Trade Organization member countries agree to facilitate
the provision of technical assistance to achieve international food safety standards to all
other members. Improvements in the capacity of participating nations include the imple-
mentation of effective HACCP systems which would be globally beneficial from both
public health and economic standpoints (46,47).

7. FUTURE OF HACCP AND PATHOGEN REDUCTION 
INITIATIVES AT FSIS

FSIS relies on its partnerships with other public health agencies, such as the CDC to
assist with measuring the public health impact of its pathogen-reduction programs.
Recent data from the Foodborne Disease Active Surveillance Network (FoodNet) indicate
that the FSIS regulatory programs have been effective in reducing the incidence of dis-
ease from certain foodborne pathogens (48). The FoodNet program, an active surveillance
program for laboratory confirmed cases of 10 human foodborne diseases tracks the
incidence in 10 sites. The program uses this data to monitor national trends in foodborne
disease. Since 1996, CDC has annually published a FoodNet report analyzing trends in
foodborne illnesses.

The 2003 FoodNet report stated that the changes in incidences of infections occurred
concurrently with implementation of HACCP. In addition, the report pointed out that
the decline in human infections from Salmonella mirrored declines in Salmonella that
FSIS found in meat and poultry products. In the report, CDC recommended that additional
targeted efforts be made to reduce the prevalence of pathogens in animal reservoirs by
focusing on attribution; a goal with which FSIS concurs.

Ongoing baseline studies of the prevalence and numbers of pathogens on products
will provide FSIS with new information for developing improved sampling programs
and agency risk management initiatives, such as performance standards and other
regulatory options.

7.1. Salmonella PR/HACCP Program Data Analysis, 2004–2005

Since 2003, the agency analyzed a total of 54,750 non-targeted “A” set samples in
calendar year 2004 and a total of 40,714 non-targeted samples in CY 2005 for the seven
product categories. Of these for CY 2004, 2052 (3.7%) and for CY 2005, 2322 (5.7%)
samples were positive for Salmonella (48,49). Calendar year 2005 was the first year since
HACCP implementation that there had not been an overall decrease in the percentage
of positive samples when results are weighed against the proportion of samples collected
for each category in 2001.
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Out of 1004 “A” sets completed in CY 2004 and 755 “A” sets completed in CY 2005,
956 (95.2%) and 706 (93.5%) met the product-specific performance standard for 2004
and 2005, respectively. Compliance with product-specific performance standards ranged
from 40 to 100% when the data were stratified by product class and establishment size
(48,49).

For CY 2004, the percentage of positive “A” set samples decreased for all three beef
categories. The non-targeted testing program did not find a single positive in 1993 beef
carcass samples (both steer/heifer and cow/bull) from large establishments. In CY 2004,
the percentage of positive samples for market hogs increased from the CY 2003 level of
2.5% up to 3.1% after four consecutive years of declining levels (48,49).

In CY 2005, the percentage of positive samples for all product classes was lower than
the baseline prevalence rate determined prior to PR/HACCP implementation. In the
history of the non-targeted regulatory sampling program, Salmonella-positive rates never
exceeded these baseline rates with the exception of market hogs in CY 1999. When
CY 2005 product-specific rates were further stratified by establishment size, broilers
produced by very small establishments exceeded the baseline prevalence estimate for
the first time since CY 2001 (48,49).

7.2. E. coli O157:H7 Data Analysis, 2003–2006

Analysis of regulatory data collected showed that the percentage positives of E. coli
O157:H7 for 2004 to April 2006 sustained monthly trends below 0.5% positive (Fig. 5).
A cumulative trend of the same results showed lowered numbers in 2003 from previous
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Fig. 5. The percentage of E. coli O157:H7 positives by month and year.



years and further lowering and stability in the numbers of positives to 0.2% positive or
below (Fig. 6) which meets the 2010 Healthy People target (50).

7.3. Listeria Monocytogenes Data Analysis, 2003–2005

FSIS issued Directive 10,240.4 in October 2003 which defined two new sampling
projects for CY 2004. These projects were identified as All Ready-to-Eat (ALLRTE)
and Ready-to-Eat Risk1 (RTERISK1). Under the project ALLRTE, inspection program
personnel were instructed to collect, at random, a RTE product that fit the previous
FSIS definitions of targeted or low-targeted products. Most of the remaining, the
samples would be scheduled under RTERISK1. For CY 2005, the ALLRTE project had
18 positive Lm results in 2806 samples, a positive rate of 0.64%, up slightly from the
rate of 0.55 in 2004, but below the CY 2003 the overall percentage of 0.76% positive,
or the CY 2002 percentage of 1.03% positive. For CY 2005, the RTERISK1 project had
39 positive Lm results in 6072 samples, a positive rate of 0.64%, a decrease from the
positive rate of 1.01% in CY 2004, when a similar number of RTERISK1 samples
were analyzed (5915). Similarly, the Lm project had a positive rate of 0.72% from 7089
samples in 2005 (51).

From 2001 to 2004, FSIS analyzed samples from 5143 sliced, diced, or shredded
products and recorded 91 positive results (1.77% positive). In CY 2005, there were only
26 Lm positives in 3855 samples (0.67% positive), a substantial decrease from the 4-yr
average of 1.77% (51).

7.4. Programmatic Updates in FSIS Since 2003
The introduction of risk-based sampling into the testing programs has helped to modify

implementation of HACCP and further reduce bacterial contamination. Risk-based
programs relate a hazard to public health outcome, such as illnesses. Risk analyses have
guided the program development to make changes in agency functions to further potentially
reduce the public health risks to consumers.
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7.4.1. Baseline Studies

The newer baseline studies will provide FSIS and the regulated industry with data
generated to determine the prevalence of foodborne pathogens in FSIS-regulated foods
for public health evaluation by determining the quantitative levels of selected foodborne
pathogens and microorganisms that serve as indicators of process control (e.g., Campylo-
bacter, generic E. coli, Salmonella, Enterobacteriaceae, coliforms, and plate counts of
aerobic microorganisms). These data will enable the Agency and industry to develop risk-
based verification sampling programs, target interventions and effectively work toward
reducing the risk of foodborne pathogens in FSIS-regulated products.

7.4.2. Risk-based Rules for Scheduling Salmonella Set Samples for Raw Products

FSIS is in the process of issuing new procedures for responding to how well estab-
lishments control Salmonella in raw products. The new procedures further strengthen
FSIS’ scientific and systematic approach to food safety and to the enforcement of current
regulations. To guide FSIS resources, each plant performance is characterized into
one of the three categories relative to the degree of potential Salmonella contamination.
Category 1 meets 50% below the standard or better. The new category 2 still meets the
standard, but is above 50% of the set performance limit. Category 3 fails the standard.
Additional testing will also include public health trend surveillance and identification of
specific Salmonella serotypes of the greatest human health concern. Follow-up actions
include agency reaction to the presence of these serotypes, modifying scheduling frequency
of sample sets, and conducting FSAs.

7.4.3. HACCP-based Initiatives in Regulating RTE Products

Unlike in raw products where the goal is to reduce pathogens and other hazards, the
goal is to eliminate hazards in RTE products by achieving a targeted zero tolerance for
pathogens, such as Salmonella and Lm. Integrating HACCP with the development of
risk-based models offers a means to examine the food continuum from farm to table (52).
In December 2000, FSIS discontinued its RTE testing program based on product cate-
gories and introduced HACCP-driven testing based on processing categories as identified
in 9 CFR 417.2. The product categories were identified based on factors affecting the
probability of a product becoming contaminated with Lm during post-lethality exposure
or factors that could relate to the effectiveness of the lethality step.

In 2005, FSIS implemented the first HACCP RTE verification project in which RTE
establishments were identified based on their risk profile under FSIS Directive 10,240.4,
Revision 1, 03/15/06. The establishment is targeted for sampling from a list of estab-
lishments identified with a particular risk ranking for Lm. The rankings are based on a
number of factors including the RTE alternative(s) used by the establishment based on the
type and number of interventions employed, the volume of production for post-lethality
exposed products, and the sample test results from previous testing for Lm.

All RTE samples are analyzed for Salmonella and Lm. A few specific products con-
taining beef, such as cooked beef patties and dry fermented sausages, are also analyzed
for E. coli O157:H7.

There have been substantial percentage reductions in the pathogens in the FSIS-
regulated RTE products (53). From 2001 to 2004, out of the 5143 sliced, diced, or shredded
products analyzed by FSIS, 91 were positive for Lm (1.77%). CY 2005 recorded only
26 Lm positives in 3855 samples (0.67%), a substantial decrease from the 4-yr average.
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In addition, the FSIS RTE verification testing has consistently found very low levels of
Salmonella in RTE products. During 2001 and 2002, there were 23 Salmonella positives
in 14,121 samples (0.16%). The percentage of positive samples has been noticeably
lower during the past 3 yr. During 2003 to 2005, only 10 Salmonella positives were
found out of the 13,343 tested samples (0.07%). Finally, all of the 7137 RTE regulatory
samples tested for E. coli O157:H7 between 1994 and 2005, were found negative (52).

8. CONCLUSION

PR/HACCP provided FSIS and US processors with a regulatory framework to
address both continuing and emerging public health hazards with the ability to reassess
food hazards likely to occur. PR/HACCP is now a key preventative tool in protecting
against foodborne illness. The use of CCPs and established critical limits in combi-
nation with monitoring programs has resulted in a significant reduction in the numbers
of foodborne pathogens. FSIS’ PR/HACCP program has likely contributed to reduc-
ing the incidence of foodborne illness due to Salmonella, E. coli O157:H7, Lm, and
other pathogens in meat and poultry products. FSIS was able to incorporate additional
public health safety programs into HACCP such as the specified risk material (SRM)
removal, such as spinal cord, brain, dorsal root ganglia as related to bovine spongiform
encephalopathy into the overall verification process. Industry application of HACCP
principles and their success in achieving process control and the resultant reduction in
foodborne pathogens, underscores the merit of FSIS’ emphasis on a scientific approach
to pathogen control.

FSIS expects future advances in pathogen reduction to continue to evolve as HACCP
continues and advances in science are incorporated into the tools and programs aimed
at preventing contamination of product and foodborne disease.
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Use of Antimicrobials in Food Animal Production

Frank M. Aarestrup and Lars B. Jenser

Abstract
The usage of antimicrobial for therapy, metaphylactic, prophylactic and as growth promoters is

described. Already in the end of the 1960’ties the usage of antimicrobial for other purposes than therapy
promotion was questioned and with the increased consumption of antimicrobial in food animal
production higher prevalence of antimicrobial resistant bacteria have been observed. Figures for
usage are hard to obtained but published numbers indicate very different patterns of usage with room
for improvement and prudent usage in several countries. High usage of antimicrobial have led to
banning of the usage of growth promoters in the European Union while several compound are still
used for growth promotion and therapy in United States. Resistant bacteria selected for could via the
farm to fork the transmitted from the animal reservoir to humans causing reduced treatment possibilities
and prolonged hospitalization. Indication of spread of antimicrobial resistance between the animal and
human reservoir is given.

Key Words: Antimicrobials; growth promoters; antimicrobial usage; and epidemiology of
antimicrobial resistance; interventions and ban of growth promoters.

1. INTRODUCTION

Antimicrobials are substances of natural, semisynthetic, or synthetic origin that kill
or inhibit the growth of a microorganism but cause little or no damage to the host (1).
This broader term than antibiotic, which refers to substances that are produced by
microorganisms, will be used to include compounds with antibacterial effects used in
modern animal production.

Antimicrobials have been used for treatment of animals and for growth promotion
since the late 1940s. With the discovery of a large numbers of antimicrobials, these were
introduced for routine therapeutic treatment of animals in the 1950s and soon after these
compounds were shown to have a growth-promoting effect if fed to animals. One of the
first-identified growth promoters, aureomycin, belongs to the tetracyclines (2–6). Anti-
microbials have been commonly used for growth promotion since 1949 in the Unites
States and since 1953 in the United Kingdom (7).

Modern agricultural production is very intensive with optimization of every step in
the production and minimizing labor. Today most food animals in industrialized countries
are reared in large groups on small areas with up to thousand animals living together
and with an attempt to achieve quick weight gains.

As a consequence of this, a large number of substances with antimicrobial
activity are used in modern food production. These include antimicrobials used
for therapy, antimicrobial growth promoters, disinfectants, and metals. The most
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commonly used ones are antimicrobials for therapy and growth promotion. In the following
sections, a description of the usage of antimicrobials are given and the possible
consequences hereof.

2. CLASSIFICATION OF DRUGS USED IN ANIMAL PRODUCTION

2.1. Therapeutic Antimicrobial

Several antimicrobials are used for the treatment of infections in animals. Among
these are penicillins, cephalosporins, tetracyclines, chloramphenicols, aminoglycosides,
spectinomycin, lincosamide, macrolides, nitrofurans, nitroimidazoles, sulfonamides,
trimethoprim, polymyxin, and quinolones (1). Most antimicrobials are used to treat enteric
and pulmonary infections, skin and organ abscesses, and mastitis (8).

2.2. Coccidiostats

Coccidiostats are substances, some with antimicrobial effects, used to prevent and
treat coccidiosis in poultry. In Europe, antimicrobials used as coccidiostats must be
approved by the European Union. Those currently authorized include decoquinate,
diclazuril, halofuginone, robenidine, narazan, narazan/nicarbazine, lasalocid-sodium,
and maduramicin-ammonium. They are mostly used in broilers, but also to some
extent in turkeys and laying hens. In Denmark, mainly ionophores, such as salinomycin
and monensin, are used as coccidiostats and the usage inclined to 25,493 kg active
compounds during 1994–1999 but has since declined to a total of 11,133 kg active
compounds in 2003 (9).

2.3. Growth Promoters

Several classes of antimicrobials have been used for growth promotion. In the
European Union, 11 different compounds from eight structural different classes were
approved until 1995 (Table 1). Some of these compounds are structurally closely related
to the antimicrobial used in the therapy of humans and animals (see Table 1), and some
have been used both for growth promotion and therapy (tylosin). Usage of antimicrobials
as growth promoters belonging to the same antimicrobial group as the therapeutic-used
antimicrobials will diminish the potential of the therapeutic antimicrobial in human
therapy because of the selection of antimicrobial resistance that can be transferred
through the food chain to humans. In 1969, the Swann committee (7) suggested not to
use antimicrobials that were used for therapy as growth promoters. Since 1998, the
European Union has banned several compounds and, has phased out the use of antimicro-
bial growth promoters by 2005.

In the United States, compounds belonging to the same antimicrobial group, as
previously were used as in Europe, are still used, whereas others like glycopeptides
have never been used for growth promotion. Contradictory to the usage in Europe,
several compounds, such as tetracycline, penicillin, and sulphonamides, are used both
for growth promotion and for therapeutic treatment (10). Antimicrobials used are
evaluated for safety to human health and are classified as critically important, highly
important, important, or not important according to a published guidance (11,12).
Several organizations have developed principles for prudent usage of antimicrobials
(13,14) and organizations such as the Alliance for the Prudent Usage of Antibiotics
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(APUA) and Union of Concerned Scientists (UCS) have created an awareness of the
potential problem in using antimicrobials for growth promotion that could reduce
the potential of therapeutic antimicrobials.

3. REASONS FOR USAGE AND CONSUMPTION OF ANTIMICROBIALS

3.1. Usage

In modern food animal production, antimicrobials are normally used in one of the
four different ways. (1) Therapy: treatment of infections in clinical-sick animals, prefer-
ably with a bacteriological diagnostic. (2) Metaphylactics: treatment of clinical-healthy
animals belonging to the same flock or pen as animals with clinical signs. In this way,
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Table 1
Antimicrobial Used for Growth Promotion in Europe and United States

Related to antibiotic
Antimicrobial Antimicrobial used in human
group growth promoter United Statesa Europe treatment

Polypeptides Bacitracin In use Banned (1999) Bacitracinb

(swine, poultry)
Flavofosfolipid Flavomycin/ In use (broilers) Banned None

Bambermycin (2006)
Glycopeptides Avoparcin Not used Banned (2006) Vancomycin,

Teicoplanin
Ionophores Monensin Not used Banned None

(2006)
Salinomycin Not used Banned None

(2006)
Macrolides Tylosin In use (swine) Banned (1999) Macrolides

(erythromycin)
Spiramycin Not used Banned (1999) Macrolides

(erythromycin)
Oligosaccharides Avilamycin Not used Banned Evernimicinc

(2006)
Quinoxalines Carbadox In use (swine) Until 1999d None

Olaquindox Not used Until 1999d None
Streptogramins Virginiamycin In use (broilers) Banned (1999) Quinupristin/

Dalfopristin,
Pristinamycin

Sulfonamides Sulfathiazole In used (swine) Not used Sulfonamides
Tetracyclines Tetracyclines In use (swine)e Not used Tetracyclines
Penicillin Penicillin In use (swine)e Not used Penicillin
Pleuromuttilin Tiamulin In use (swine) Prophylactic None

usage
aAdopted from GAO-04-490, April 2004 (10).
bSkin infections.
cRedrawn before released for human treatment due to side effects.
dRedrawn due to carcinogenic effects.
eUsed in chlortetracycline/penicillin/sulfathiazole combinations.



infections may be treated before they become clinically visible and the entire treatment
period may thereby be shortened. In addition, this can, because of the modern production
systems, often be the only way to treat large broiler flocks with water medication. (3)
Prophylactics: treatment of healthy animals in a period where they are stressed to
prevent disease. Examples include medicated early weaning. This use of antimicrobials
can be a sign of management problems and, in most countries, is not considered legal
or imprudent. (4) Growth promotion: inclusion of antimicrobials continuously in animal
feed to improve growth. The antimicrobials are used in subtherapeutic concentrations.
How this beneficial effect is achieved is not well established and this usage has been
seriously questioned in several countries in recent years. The European Union has
banned the usage of specific antimicrobials for growth promotion, and the quantities of
antimicrobials used for growth promotion have been reduced.

3.2. Consumption

It is difficult to obtain solid data on the consumption of antimicrobials in the production
of food animals. Exact figures are very rare and only estimates are available for a few
countries.

In the United States, the consumption of antimicrobials increased tremendously
throughout the 1950s to 1970s (Fig. 1). In 1951, a total of 110 mt were produced for
additional to animal feed and other application, whereas 580 mt were produced for
medical use in humans and animals (15). In 1978, 5580 mt were produced as feed
additives, whereas 6080 mt were produced for treatment of humans and animals. Thus,
an increase of 50 and 10 times, respectively, for growth promotion and treatment was
observed. Recently, the UCS (16) estimated the total usage of antimicrobials in food
animal production in United States to be 11,150 mt, whereas the usage for treatment of
humans was estimated to be 1361 mt.
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In the United Kingdom, the estimated usage of antimicrobials in 1996 was 650 mt
for therapy and 100 mt for growth promotion (17). For human treatment, approx 470 mt
were used in 1997 (17).

In Denmark, Norway, and Sweden, monitoring programs estimate the usage of
antimicrobials in production animals. In Sweden, estimates of antimicrobials used for
therapy as coccidiostats and for feed medication are given and have been monitored
yearly since 1998 (18). In Norway, estimates of antimicrobials used for therapy and for
growth promotion are given and have been monitored since 1995 (19). Finally, in Denmark,
estimates of antimicrobials used for therapy, growth promotion, and as coccidiostats
are given and have been monitored yearly since 1996 (9). In Denmark, based on the
VETSTAT program, usage can be monitored down to farm level.

The European Agency for the Evaluation of Medical Products (20) has estimated the
amount of antimicrobials used for treatment and growth promotion for food animals in
the different EU countries in 1997. The estimate for the production of animals from
1996 was included for comparison. In Fig. 2, the usage of antimicrobials to produce
1 kg of meat in different EU countries is presented. Even though problems exist in
validating the estimated figures and production methods are different in individual
countries, major differences in the amount of antimicrobials used were identified for the
production of the same amount of meat. This provides room for major reductions in
some countries.
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4. BANNING ANTIMICROBIALS USED IN ANIMAL PRODUCTION

An association between usage of antimicrobials for growth promotion and occurrence
of resistance was established before 1969 (7). The Swann report recommended that
antimicrobials could be used for growth promotion under the limitations that the
used antimicrobials had no economical values otherwise in production, had little or
no application as therapeutic agents in humans or animals, and would not impair the
efficacy of a prescribed therapeutic antibiotic or antibiotics through the development of
resistant bacteria.

5. EFFECT OF BANNING AND OTHER INTERVENTION 
OF USAGE OF ANTIMICROBIALS

In Sweden, antimicrobials used for growth promotion were banned in 1986. All
antimicrobials for veterinary use were then classified as medicine and were available
only by veterinary prescription (21). It was also required that antimicrobial feed additives
given to poultry should be proven not to increase colonization and shedding of
Salmonella. No negative clinical or economical effect of the ban was detected in the
Swedish slaughter pig production, whereas in poultry production the usage of antimicro-
bials for growth promotion had a verified protective effect against necrotic enteritis.
Introducing better hygiene and management routines circumvented the effect of banning
in the use of antimicrobials for growth promotion. In the piglet production, significant
problems with weaning diarrhea were observed, resulting in an increase in the usage of
antimicrobials for therapy. The termination of antimicrobials used for growth promotion
resulted in a 35% reduction in the overall consumption of antimicrobials for animal
production, and by other means of intervention, the used amount of antimicrobials for
animals was reduced by a total of 50% (21). From the last year (1985) when the
antimicrobial was used for growth promotion and until 1999, more than a 50% reduction
was archived in the overall usage of antimicrobials for food animal production in
Sweden (22). Similar results have been obtained in Norway (23) and Finland (24).

In Denmark, larger quantities of antimicrobials were used until 1998 in animal feed
for growth promotion than for therapy (25,26). As provided by Danish regulation, all
sales of veterinary medicines must take place by prescription from a veterinarian. The
usage of antimicrobials were increased from 1986 to 1994 (Fig. 3). This correlated with
a simultaneous increase in pig production, but the increased production could not only
be justified by this increase in antimicrobial usage and could not be related to significant
animal health problems.

In the mid-1990s, large amounts of tetracycline were used prophylactically. From
1995, a new regulation removed the economical incitement for the veterinarians to sell
antimicrobials to the farmers resulting in a decrease in the consumption of antimicro-
bials. In 1995, the Danish authorities observed an increase in the use of antimicrobials
for treatment of animals. Furthermore, the use of antimicrobials for growth promotion
came under increased scrutiny because of quantities used and possible co-selection for
resistance to therapeutic antimicrobials. The glycopeptide avoparcin was banned in
Denmark in 1995 based on the selection of resistance to glycopeptide-resistant entero-
cocci that, through the food chain, could be transferred to humans. For human treatment,
the glycopeptide vancomycin was used as a last resort against methicillin-resistant
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Staphylococcus aureus and multi-resistant Gram-positive bacteria. During 1996 and
1997, the total consumption of antimicrobials was increased reflecting the increase in
the food animal production. In 1997, avoparcin was banned in all EU countries based
on a precautionary action.

In January 1998, the streptogramin virginiamycin was banned in Denmark based on
crossresistance to Quinupristin–Dalfopristin (Synercid), an antimicrobial released for
human treatment (27). In December 1998, the European Commission decided to ban the
use of bacitracin (a polypeptide), spiramycin (a macrolide), tylosin (a macrolide), and
virginiamycin (a streptogramin) for growth promotion starting on July 1, 1999.

Furthermore, the Danish food animal industries decided to voluntarily stop all usage
of antimicrobial for growth promotion from the end of 1999. Consequently, the usage
of growth promoters has decreased significantly during 1998 and 1999 and has now
been terminated. These initiatives follow recommendations by the World Health
Organization (28). By banning the use of growth promoters, the overall usage of antimicro-
bials for production animals was reduced from 205,448 kg active compounds in 1994 to
101,900 kg active compounds in 2003. Following the voluntary ban on antimicrobials
as growth promoters, the amount of antimicrobials used for therapy increased 178%
from 1998 to 2003, mostly based on usage of macrolides, tetracycline, and penicillin (9).
No negative effect of termination in the usage of antimicrobials as growth promoters on
poultry products was observed (29), whereas the removal of antimicrobials as growth
promoters from weaned pigs resulted in an increase of antimicrobial consumption for
therapy (30).

6. RESISTANCE EPIDEMIOLOGY: SPREAD OF RESISTANCE 
FROM ANIMALS TO HUMANS

Spread of antimicrobial resistance from animals to humans has mainly been docu-
mented for zoonotic bacteria. A zoonosis is an infection or infectious disease that are
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transmissible under normal condition from vertebrate animals to humans (31). Well-known
foodborne zoonotic agents are Salmonella, Campylobacter, Yersinia, Listeria, and
enterohemorrhagic Escherichia coli. Several studies have shown that zoonotic bacteria will
acquire resistance among food animals, after which they transfer to and cause infections
in humans.

One of the most pronounced examples in recent years is the appearance of fluoro-
quinolone resistance among food animals subsequently followed by spread of resistant
zoonotic bacteria to humans. Fluoroquinolones are, in several countries, the drug of
choice for treatment of gastrointestinal infections in humans, and an emergence of
resistance among zoonotic organisms such as Salmonella and Campylobacter is a matter
of increasing concern.

The first observations came from the Netherlands where water medication with the
fluoroquinolone enrofloxacin in the poultry production was followed by an emergence
of fluoroquinolone-resistant Campylobacter species among both poultry and humans (32).
Since then, several studies have documented an increase in the occurrence of resistance to
fluoroquinolones among Campylobacter from food animals and humans following the
introduction of fluoroquinolones for treatment of infections in food animals (33).

In Germany, an increase in the occurrence of fluoroquinolone resistance among
Salmonella Typhimurium DT204c was observed after the introduction of enrofloxacin
for veterinary use in 1989 (34). Most recently in the United Kingdom, substantial
increases in resistance to fluoroquinolone in Salmonella Hadar and Salmonella Virchow,
and in multiresistant Salmonella Typhimurium DT104 have followed the licensing
for veterinary usage of the fluoroquinolone enrofloxacin in 1993 and danofloxacin in
1996 (35).

Resistant genes are transmissible and can be transferred both intra- and interspecies.
Bacteria of animal origin may act as reservoirs for resistant genes that can be transferred
to the human reservoir. However, because antimicrobials belonging to same classes
are used in veterinary and human medicine, it may be very difficult to determine the
direction of transfer. Thus, when studying the spread of antimicrobial resistance from
animals to humans, the best cases are often found while introducing new antimicrobials
for the usage only in animals. The usages of other nonstructural related antimicrobials
or even nonantimicrobials such as metals and disinfectants can make it difficult to
establish a clear linkage between prevalence of antimicrobial resistance and usage of
specific antimicrobials.

A number of observations of horizontal spread of resistance from bacteria in food
animals to bacteria in humans have been reported.

The streptothricin antimicrobial nourseothricin was introduced in animal husbandry for
growth promotion in the former German Democratic Republic in 1983. No similar com-
pounds have been used prior to the introduction, and resistance was only observed at very
low frequencies. After the introduction, E. coli isolates with transferable resistant plasmids
emerged among pigs (36). This plasmid was subsequently found in isolates from the pigs,
farmers and their families, and was furthermore found in E. coli isolates of the gut flora
or causing urinary tract infections among humans living in the same geographic region
(37). Streptothricin resistance has also been found in Shigella isolates (38) and among
Campylobacter isolates (39) as well as in staphylococci linked to aminoglycoside resist-
ance (40) and enterococci here genetically linked to aminoglycoside and macrolides (41).
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After the introduction of the aminoglycoside apramycin for veterinary use in the
beginning of the 1980s, resistance to apramycin emerged among E. coli isolates found
in cattle and pigs in France and in the United Kingdom (42,43). Apramycin has never
been used for the treatment of infections in humans. The resistant gene (AAC(3)IV)
encoding apramycin resistance co-selects for tobramycin, gentamicin, kanamycin, and
neomycin resistance, but presence of this gene was first observed after the introduction
of apramycin usage (44). This gene and similar resistant plasmids were subsequently
found in S. enterica from animals and human clinical isolates of E. coli, S. enterica, and
Klebsiella pneumoniae (45–51). These observations strongly indicate that this resistant
gene primarily emerged among food animals selected by the usage of apramycin and
then spread horizontal to bacteria of human origin where the usage of gentamicin for
human treatment selected for its presence.

The glycopeptide avoparcin has been used for several decades as a growth promoter
in Europe. A high prevalence of glycopeptide resistance was found among enterococci
isolated from production animals in several European countries (52–54). Unique identical
isolates were identified among isolates of human and animal origin when standard
typing methods were used (55,56), whereas typing of strains indicated different clones
in the human and animal reservoirs (57,58). Genetic studies showed that predominantly
the vanA gene cluster encoded glycopeptides resistance among bacteria isolates from
animals (59–61). These studies together with genetic characterization of glycopeptide
resistant isolates from humans (62) detected genetic variations in the vanA gene cluster
that could be used for determining ways of transmission. Especially prevalence of a
single base-pair variant in the vanX gene of the vanA gene cluster in the different animal
and human reservoirs indicated that glycopeptide resistance had spread from animals to
humans (63).

Studies from Germany (64), the Netherlands (65), and Belgium (66) have indicated
that banning of the growth promoter avoparcin has reduced the presence of glycopeptide
resistant among enterococci of human origin. Especially in the study from Belgium
(66), in which the prevalence of VanA, the dominant resistant determinant in animals,
was reduced among patients after the ban of avoparcin.

7. SUMMARY AND CONCLUSIONS

Any usage of antimicrobials, even in subtherapeutic doses, will select for antimicro-
bial resistance. Studies have shown that humans and animals are not distinct reservoirs,
but that antimicrobial-resistant bacteria and antimicrobial-resistant genes are exchanged
between the two reservoirs. The frequency by which this happens is difficult to deter-
mine, and different environmental factors could select for different clones in the human
and animal reservoirs. Transfer of resistance between the reservoirs can happen even if
the resistant bacteria is only transient, as when consuming animal products, hence the
prevalence of resistant bacteria in production animals and their products should be
reduced as much as possible.
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Alternatives to Antimicrobials*

Toni L. Poole, Todd R. Callaway, and David J. Nisbet

Abstract
The emergence of multidrug resistant pathogens has stimulated a need to find alternatives to

antimicrobials. Currently, no single treatment is available that can eliminate the need for antimicrobials;
particularly for immunocompromised individuals. Prudent use to protocols have been called for to
decrease the consumption of antimicrobials. This includes the use to antimicrobials for individuals
clinically diagnosed with bacterial infections and excludes antimicrobial treatment for viral infections,
disease prophylaxis, and growth promotion (1). Most clinicians and scientists agree that unnecessary
use of antimicrobials should be eliminated; few agree on what constitutes unnecessary use. Modern
medicine and modern food animal production practices have contributed to the current problem, and
more than the cessation of antimicrobial use for prophylaxis and growth promotion is necessary to
reduce the incidence of multidrug resistant pathogens in hospitals and the environment.

There are countless preharvest protocols in food animal production for disease prophylaxis and
many more are currently under investigation. Potential strategies that could be incorporated with the
current management practices include: new diagnostic procedures, vaccination and treatment-based new
technologies, competitive exclusion, and the use of probiotics. New treatment options are also under
study that include: bacteriophage therapy and compounds directed at new bacterial metabolic targets
(e.g., programmed cell death pathways). The combined application of preharvest prevention and
treatment strategies has the potential to greatly reduce the amount of antimicrobials currently in use.

1. INTRODUCTION

In the last 50 yr, there have been tremendous advances in human and veterinary
medicine. These advances have been accompanied by new challenges. In both human
and animal populations, immune status and viral diseases predispose the host to secondary
bacterial infections by opportunistic pathogens. A significant proportion of bacterial
infections that require treatment are due to opportunistic pathogens. Demographic studies
of human populations have shown a dramatic increase in immunocompromised indivi-
duals over the last 50 years (2,3). In large scale poultry and livestock production facilities,
viral infections and stress play a significant role in the immune status of animals, and
the eventual need for antimicrobial treatment for opportunistic infections. These and other
factors have contributed to the increased use of antimicrobials. Alternative treatments
are needed for the immunocompromised human and animal populations if we are to
reduce substantially the consumption of antimicrobials. For example, the elimination
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of posttransplantation immunosuppression would have a significant impact on the need
for antimicrobials in human medicine.

Possibly the single most challenging issue in poultry and livestock production is
preventing the spread of infectious diseases through entire herds or flocks. Ideally, sick
animals would be identified on an individual basis and quarantined; thus, preventing
exposure to the infectious agent with the rest of the flock or herd. That strategy works
best in swine and poultry production facilities that use an ‘all-in, all-out’ method of
rearing; however, disease rollover still occurs. Part of the problem lies in the inability to
detect infected individuals. Many viral and bacterial pathogens result in subclinical infec-
tions, or are shed prior to the onset of clinical symptoms. Human pathogens that reside
persistently or transiently in the gastrointestinal tract of food animals may have little or
no affect on the animal’s health and may be shed sporadically (4). Fecal shedding
from man and animals should be considered a major facilitator of bacterial dissemina-
tion. Fecal shedding of E. coli O157:H7 by beef cattle has been correlated with carcass
contamination (5). Control of fecal shedding represents a significant control point for
bacterial dissemination. Now and in the future, preharvest management interventions will
be aimed at reducing pathogen load, pathogen exposure, and promoting the immune
defenses of poultry and livestock.

2. DISEASE PREVENTION

Disease prevention in food animals has and will continue to require a multifocal
approach involving vaccination and farm-management practices. There is a need for
new treatments that can replace the current dependence on antibiotics in both veterinary
and human medicine. New vaccines, immunomodulatory drugs, and competitive exclu-
sion (CE) technologies represent three areas of intense investigation that may be used
alone or in combination to prevent diseases that in the past have been met with insur-
mountable obstacles.

2.1. Vaccines

The development of vaccines to prevent infectious diseases predates the discovery
of antimicrobials by over 100 yr. Unfortunately, vaccination has not resulted in the
eradication of infectious disease, and many diseases thought conquered are reemerging.
Technological advances have provided new approaches to vaccine design. Even so,
conventional live-attenuated and killed vaccines are still the most cost-efficient and
efficacious means of immunization. Live-attenuated vaccines capable of replication
elicit the most protective immune response; however, they also carry risks. Whole-killed
vaccines are considerably safer. Generally, they produce an antibody response, but not
a significant mucosal or cell-mediated immune response. An antibody response alone is
often not sufficient to provide protection. Therefore, the current challenge is to develop
vaccines that produce a protective immune response similar to live vaccines, but have
the safety of killed vaccines.

There are literally hundreds of vaccines approved for use in domestic animals (6,7),
which include live-attenuated, killed, DNA, marker, and subunit vaccines. Ideally, a
vaccine should be safe for the individual; effective after a single dose; elicit a humoral,
cellular, and mucosal immune response that is protective against all field-strains; and
confer life-time protection (7). In food animal production in which the vaccination
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involves entire herds or flocks, a vaccine must also be stable at room temperature, easy
to administer, and low in cost. Many vaccines are made more efficacious by the use of
adjuvants; for a review on adjuvants in veterinary medicine see ref. (8,9).

Many new technologies, including newer vaccines, require changes in management
practices that introduce significant additional expense to the producer and overdue
stress to the animals. These technologies are considered impractical. Products that are
defined as recombinant or genetically modified are controversial and are not likely to
gain widespread use in the immediate future.

2.1.1. Live-Attenuated Vaccines

Historically, modified live vaccines (viral or bacterial) were produced by serial passage
or other growth conditions that resulted in a less pathogenic strain. Very little is known
about the process of attenuation at the molecular level, and it is likely to differ for
individual pathogens. Ever expanding molecular technologies are beginning to explain
the mechanism of attenuation for some pathogens (10) and this should in turn further
vaccine development.

2.1.2. Subunit Vaccines

Subunit vaccines consist of proteins produced by the pathogen that are believed to
confer a protective immune response in a natural infection (e.g., inactivated toxin proteins,
bacterial capsular polysaccharides, and viral proteins). The vaccine can consist of one
or more proteins that may be purified from cell cultures or cloned and expressed from
a protein expression vector. Subunit vaccines were developed in the belief that they
would elicit a protective immune-response while eliminating the potential for pathogene-
sis and an inflammatory response, thus providing greater safety than a live-attenuated
vaccine. The predicted advantages of using a protein expression vector are quantity,
purity, and cost. Protein expression vectors have been engineered to over express the pro-
tein of interest and may encode a tag for easy purification. However, there are numerous
problems associated with overproduction of proteins. In E. coli, it is not uncommon for
proteins to be sequestered in inclusion bodies. If this occurs, the proteins must be
denatured and refolded. This is a process may not yield the intended results. There are
several types of protein expression systems available and each has its own list of problems.

2.1.3. DNA Vaccines

DNA vaccines represent a novel delivery system for provision of antigenic proteins.
The gene of interest is cloned into a protein expression vector that can be transcribed
and translated into the protein of choice. In this case, the DNA vector (e.g., plasmid) is
injected directly into the host where it is taken up by the host cells. Transcription and
translation into proteins occurs within the host cells. This differs from subunit vaccines
in which the protein is generated and purified in a laboratory. Plasmids used as vaccines
are designed such that they are unable to replicate themselves (11).

2.2. Immunomodulators

Immunomodulators include cytokines, pharmaceuticals, probiotics, nutraceuticals, and
medicinal plant products (12). They may be used as adjuvants to enhance the immune
response to a vaccine, or in some cases as a treatment for disease. It is important that
products in these categories elicit an appropriate immune response without inducing
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immune-mediated tissue damage. Both the innate and adaptive arms of the host’s immune
system respond to pathogens, and over the last few years, a great deal is known about
the molecular function and interrelatedness to these two branches of the immune
response. The innate immune system responds to infection first by initiating a rather
nonspecific defense response. The adaptive immune response is mediated by a large
repertoire of antigen specific T and B lymphocytes that undergo gene rearrangement,
and thus specifically recognize a broad spectrum of foreign antigens that subsequently
provide memory of these antigens (13,14). Signal transduction pathways are integral
components of both innate and adaptive immune responses and are involved in linking
both the systems (15). Intensive research into the molecular mechanisms of these signal
transduction pathways continues to provide information on how individual proteins are
involved in infection, inflammatory disease, autoimmune disease, allergy, and cancer.
This knowledge has already led to new treatments for sepsis and rheumatoid arthritis
and may have the greatest potential for new pharmaceuticals that in some cases may
relieve our reliance on antimicrobials. Although these new technologies have a great
potential for treating a wide variety of diseases, therapies that treat inflammatory diseases
carry the risk of reducing the hosts ability to respond to infectious diseases.
2.2.1. Innate Immunity

A significant breakthrough in understanding how the innate immune system recognizes
pathogens has resulted from the discovery of pattern recognition receptors (PRR) and
their associated signal-transduction pathways. Toll-like receptors (TLRs) are a major
class of the PRR family, and are the human homologue of Toll receptors first described
in Drosophila (16). To date, 11 human TLRs and 10 murine TLRs have been identified
(14,17–20). TLRs recognize conserved components of infectious agents, termed pathogen-
associated molecular patterns (PAMPs). The structural component TLRs recognize, are
conserved, and are essential for the survival of the pathogen. PAMP binding to a TLR
alone, as a heterodimer with other TLRs, or in combination with other cofactor receptors
triggers signal transduction pathways that initiate inflammatory and cell-mediated
immune responses. Although a limited number of TLRs may recognize a number of
PAMPs, only a small number of the ligands are currently known; for a review of TLRs
and their ligands see ref. (15). TLR2 complexes recognize bacterial lipoteichoic acid,
lipoproteins, and peptidoglycan. TLR3 recognizes double-stranded RNA that leads to
the recognition of double-stranded RNA viruses (20,21). Recognition of double-stranded
RNA provides specificity to viruses because single-stranded and double-stranded viruses
have double-stranded intermediates during replication. RNA viruses also require RNA-
dependent RNA polymerases for replication. These polymerases are virus specific and
could theoretically be a PAMP. For a review of TLR recognition specificities to viruses
see ref. (20). TLR4 recognizes Gram-negative bacterial lipopolysaccharide and TLR9
recognizes unmethylated CpG DNA, a motif specific to bacterial DNA (22). Specificity
is an important issue because in many cases broad spectrum treatments have detri-
mental affects on the host. For example, broad spectrum antibiotic treatment often results
in diarrhea.

2.3. Competitive Exclusion Technology

In modern food-animal production facilities, it is often difficult to prevent early expo-
sure of newborns to human enteropathogens (23–25). Newborn animals may not have
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contact with their mothers or natural environmental factors such as soil that contribute
to the establishment of healthy flora (26). This problem was recognized over 20 yr ago,
and in an effort to counterbalance this deficiency, day-of-hatch chicks were orally provided
normal flora from the cecal contents of a healthy adult chicken (27). This technology
referred to as competitive exclusion (CE) (27) has proven to be an effective method for
prevention of animal and human pathogens that colonize the food-animal gastrointestinal
tract (27–32). In chickens, CE provides the most efficient protection against entero-
pathogens when provided immediately after birth (33,34). In neonatal pigs raised off sow,
a CE culture was shown to decrease fecal shedding and reduce mortality from challenge
with enterotoxigenic E. coli (31). The mechanisms that provide protection are thought
to be the same as those that are involved in maintaining niche selection pressure, discussed
below (34,35).

Nisbet et al. (32) further developed the technology of CE by establishing an anaerobic
continuous-flow culture of chicken cecal bacteria (CF3). Because the bacteria in CF3
were obtained from a healthy adult chicken that had never been treated with antibiotics,
the bacteria were niche-adapted to the chicken intestinal tract prior to in vitro culture
(36). This may have contributed to their ability to maintain complex species diversity as
well as stable cell concentrations within the continuous-flow system. The continuous-
flow system provides a means for reproducible application of CE technology.

2.3.1. Niche Adaptation

In nature, nonpathogenic bacteria from the environment colonize the human and animal
gastrointestinal tract shortly after birth. Synergistic and antagonistic interactions between
the host and the microflora entering the gastrointestinal tract lead to a succession of
bacterial species until a stable consortium results (37–39). The bacteria that persist in
the gastrointestinal tract must tolerate or adapt to the conditions present in the niche
during the initial colonization. Our knowledge regarding the complex composition of the
gastrointestinal population is less than complete, because many of the resident species
are difficult to culture. Modern culture-independent molecular methods used to identify
bacterial strains have greatly expanded our knowledge of species diversity, but are not
as useful for understanding ecological relationships among microflora in their natural
environment (40). The diversity of gastrointestinal microflora differs among animal
species, among individual animals, and along the length of the gastrointestinal tract itself
(37–39,41–43).

Many of the bacterial species present in the gastrointestinal tract produce substances
that are inhibitory to other bacterial species. These substances include bacteriocins,
organic acids, and hydrogen peroxide (35,38,44,45). The bacteria that produce these
substances are generally immune to their toxic effects. Many of the inhabitants of the
gastrointestinal tract are intrinsically tolerant to the low pH that results from the produc-
tion of organic acids. Susceptible species must adapt to the hostile local environment if
they are to persist in the niche. Factors such as attachment-site specificity, cell invasion,
or residence in mucus may provide protection from the hostile environment. In some
cases, acquisition of specific genes that encode resistance or immunity proteins may
confer resistance against specific inhibitors. Niche-specific selection pressure is main-
tained by the continuous production of inhibitory substances by the resident microflora
(38,46,47). Coordination of nutrient utilization and host-specific factors also contribute

Alternatives to Antimicrobials 423



to the selection process that ultimately determines the species profile of the gastro-
intestinal microflora (39). It is likely that many more mechanisms exist that allow
species survival in hostile environments.

Autochthonous bacteria are the species considered to have evolved with the host and
are considered normal flora to the host (26,37). Allochthonous species are the bacteria
nonindigenous to a particular host species. However, this is a fine line, and the factors
that disrupt the natural balance may allow the establishment of allochthonous species
(26,37). This is an important distinction while considering issues of food safety and
antimicrobial use. Antimicrobials not only reshape the profile of established bacteria
already present in the gastrointestinal tract, but also disrupt the inhibitory stringency
of the niche allowing other species, such as Salmonella, to persist that might normally
be transient (48–51). Disruption of the normal flora also increases susceptibility to
intestinal disease by microorganisms that are pathogenic to food animals (26,52).

There is an important distinction between CF3, and the most probiotic and CE cultures
described in the scientific literature. CF3 went through a natural selection process in
the chicken gastrointestinal tract. Most other experimental cultures were selected and
combined by scientists. Attempts in our laboratory to generate stable, long-term, diverse
continuous-flow cultures by hand-selecting and combining bacterial isolates have
failed. In our experience, defined cultures of scientist-selected isolates have only been
successful in continuous-flow culture if all of the isolates originated from one animal (25).
Even then, combining them in the correct proportion may yield varying results (31,35).

Because the CF3 culture naturally supports Enterococcus faecium, Enterococcus
faecalis, Enterococcus avium, and Enterococcus gallinarum, a derivative continuous-
flow culture of CF3, termed CCF, was used to study antibiotic resistance gene transfer
among enterococci. Because enterococci predominate in CCF, it had been assumed that
CCF culture conditions would easily support exogenous enterococci (50). This was not
the case, as all enterococci added to the CCF culture were rapidly eliminated. Moreover,
CCF displaced a continuous-flow monoculture of vancomycin-resistant E. faecium
(VRE) (50). CCF treatment of day-of-hatch chicks almost completely prevented VRE
colonization when challenged 48 h posttreatment (43).

The question has been put forth, “If exogenous E. faecium cannot survive in CCF,
how do the E. faecium naturally present in CCF survive?” We suspect that coadaptation
is a critical factor and E. faecium adapted to inhibitory factors in the chick cecum in a
sequential order during the initial microbial colonization. After the niche had stabilized,
it may have been more difficult for exogenous bacteria to adapt to the cocktail of
inhibitory factors they were exposed to simultaneously.

From the studies previously described, we capitalized on the ability of CCF to
eliminate exogenous VRE and developed a model to assess the ecological interactions
of a mixed anaerobic culture treated with antibiotics of various activities (51). Para-
meters used to predict the efficacy of CCF included bacterial cell counts, volatile fatty
acid (VFA) production, and rate of VRE clearance.

The most interesting result was produced by CCF cultures treated with 10 g/mL
vancomycin. VFA levels in these cultures suggested that it would be unable to inhibit
the VRE challenge organism. However, it eliminated VRE in 9 d as compared to 7 d for
CCF control cultures. In contrast, VRE was able to persist in CCF treated with 40 g/mL
vancomycin. Treatment with 40 g/mL vancomycin eliminated all of the endogenous
enterococci in CCF cultures including E. faecalis, whereas E. faecalis remained in the
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10 g/mL vancomycin-treated cultures. This was significant because we had previously
shown that CCF E. faecalis produces a bacteriocin-like substance that is inhibitory to
E. faecium. To reexamine the effect of low-level vancomycin treatment on CCF and
factor out the possibility of E. faecium inhibitory specificity, we substituted E. coli as
the posttreatment challenge organism. In this experiment, CCF was unable to eliminate
E. coli. These results suggest that CCF possesses a certain level of inhibitory specificity
against E. faecium. Once again it seems likely that endogenous CCF E. faecium have
adapted, by an unknown mechanism, to the conditions produced by CCF.

Studies with the CCF culture may have explained a significant role for niche adapta-
tion in the establishment and stability of gastrointestinal microbial ecology (48,50,51).
This may have relevance to the ecology of antimicrobial resistance. Instead of cycling
antimicrobials and allowing bacteria to consecutively adapt, it may be preferable to hit
them with multifaceted inhibitory cocktails as may be found in the gastrointestinal
niche. The multifocal approach could be considered analogous to the treatment of HIV.
This approach is believed to decrease the consecutive selection of resistant mutants by
targeting multiple viral enzymes at one time (53).

Niche-selection pressure may explain why most probiotic preparations fed to animals
are not maintained after oral administration was discontinued (54). Wagner et al. (55) have
developed an assay to assess the efficacy of CE cultures. This assay is based on short-term
mixed-batch cultures. They compared PREEMPT, an FDA approved product, derived
from CF3, to a similar batch culture derived by selecting similar species purchased from
ATCC. The use of a short-term culture of selected ATCC isolates provides no data on the
survivability of these isolates in a long-term culture. Our experience suggests that 29
ATCC isolates would be reduced to two or three isolates in a week’s time in a continuous-
flow culture and would have no value as a CE treatment. Although selected probiotic
cultures may be strongly inhibitory to enteropathogens in vitro, they are of little value
if they cannot become stable inhabitants of the gastrointestinal tract. The health benefits
of probiotic cultures may be greatly increased if cultures are derived from niche-adapted
mixed cultures of bacteria.

2.4. Targeting Specific Metabolic Pathways

Enterobacteriaceae, E. coli and Salmonella, have the capacity to respire under anaerobic
conditions by converting nitrate to nitrite (56). This reaction catalyzed by nitrate
reductase. Nitrate reductase also uses chlorate as a substrate converting chlorate into the
cytotoxic compound, chlorite (56). The accumulation of chlorite in the cytoplasm
results in cell death. For this reason, chlorate is selectively lethal to bacterial species that
express nitrate reductase.

The addition of chlorate to drinking water and diets of food animals has been shown
to reduce populations of enteric pathogens in poultry and livestock, including ruminant
species (57–60). Due to toxicity issues, long-term administration of chlorate is not recom-
mended. The strategy currently under consideration is the treatment of poultry and
livestock for a short period prior to slaughter to reduce the pathogen load at slaughter (61).

3. DISEASE TREATMENTS

New disease complexes continue to emerge; whereas, infectious diseases once
thought eradicated are reemerging because of the acquisition of multidrug resistance.
There are a very few new antimicrobials in development because there is little economic
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incentive for pharmaceutical companies to produce drugs of last resort that will only be
used by a small percentage of the population. However, as clinical failures increase the
demand for new treatments will outweigh the obstacles.

3.1. New Antimicrobials

Oxazolidinones represent a fairly new class of antimicrobial for the treatment of
Gram-positive infections. Oxazolidinone development was considered in the 1980s, but
was halted because of toxicity issues (62,63). Linezolid (Zyvox, Pfizer) is currently the
only member of the oxazolidinone class that has been approved for use in the United
States (64). Oxazolidinones bind to the 50S subunit of the bacterial ribosome and are
believed to prevent the formation of the ribosomal initiation complex; thus, inhibiting
translation initiation (65,66). Crossresistance with other protein synthesis inhibitors is not
known to occur (67). The only known mechanism of resistance against oxazolidinones
is the target modification of the 50S subunit. Presently, this is the result of mutation and
is not conferred by a mobile DNA element (66).

Unlike the oxazolidinones, most new antimicrobials are derivatives of the established
antimicrobial classes. Because the mechanism of action is the same for most members of
an antimicrobial class, resistant isolates present in the environment are often crossresis-
tant to the new drugs. For example, Virginamycin-resistant bacteria found in agricultural
venues are crossresistant to quinupristin-dalfopristin (Synercid, Monarch Pharmaceuticals)
that was approved for human use in 1999.

3.2. Novel Treatment Strategies

Advances in molecular biology and immunology continue to provide new targets
for drug development. A new target that may hold promise makes use of our relatively
new knowledge of programmed cell death (PCD) systems. The MazEF suicide module
of E. coli is currently the prototypic PCD system. The mechanism of action relies
on stability differences between MazF, a stable toxin, and MazE, a labile antitoxin.
Normally the proteins are coexpressed and the binding of MazE to MazF inactivates the
toxin. The MazEF complex also negatively regulates the transcription of the mazEF
genes. When the labile antitoxin is degraded and not replaced, the MazF triggers cell
death. Antimicrobials that inhibit transcription or translation also trigger mazEF PCD
(68). Many antimicrobials that inhibit protein synthesis are phenotypically bacterio-
static because protein synthesis may resume once the administration of the drug ceases.
However, a bactericidal phenotype may be observed if the same antimicrobial compound
induces mazEF cell-mediated death (69). Thymine starvation has also been reported
to trigger mazEF cell-mediated death (70). Knowledge of PCD and other metabolic
systems should provide new avenues for drug development in this century.

3.3. Bacteriophage

Bacteriophages are viruses that infect bacteria by injecting their genetic material
(e.g., DNA or RNA) into a bacterial cell. They fall into two general categories, lytic
and temperate. Lytic phages infect the bacterial cell, replicate, and cause cell lysis;
thus, killing the bacterial cell. Temperate (lysogenic) phages can replicate and lyse the
host cell, or they can integrate into the host’s genome becoming a prophage prior to
replication and lysis (71). The process of integration into the genome can lead to the
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acquisition of genetic material from the host. Antimicrobial resistance and virulence
genes are believed to have been horizontally transferred between bacterial species in
this manner (71–74). For this reason it is important to use only lytic phages for the
development of antibacterial therapeutics. Medicinal uses for bacteriophage therapy
include: gastrointestinal, systemic, and cutaneous infections. A number of potential
preharvest and postharvest uses are currently under investigation for the biological
control of foodborne pathogens (75–79).

The use of bacteriophages for clinical treatment of bacterial infections predates the
discovery of antimicrobials. However, there were a number of problems associated
with the initial attempts of bacteriophage therapy (80). The lack of phage biology
knowledge, narrow target specificity, purity of preparations, and proper storage consi-
derations were not well understood in the 1930s and 1940s. This led to unpredictable
results and clinical failures. When antimicrobials became readily available, bacterio-
phage research for clinical use ceased in the United States and Western Europe
(80–82). Now that multidrug resistant pathogens have become prevalent, and there
is a renewed interest in the use of bacteriophage as a clinical treatment for bacterial
infections. Advances in biochemistry and medicine have solved many of the early
obstacles associated with bacteriophage therapy. For example, the problem of bacte-
rial endo- and exotoxin contamination has been eliminated by modern purification
technology. The narrow host range specificity of bacteriophage is desirable in the
gastrointestinal tract, because the ability to target specific pathogens leaves the normal
flora largely undisturbed. In some cases, the host range is so narrow that phage may
only infect a single bacterial strain (81). One approach to overcome this problem has
been the use of multiphage preparations that target a number of common clinical
strains that are usually encountered (83,84). However, narrow host-range specificity has
also been used to the advantage of scientists for use as a diagnostic tool. Bacterio-
phages specific to Mycobacterium tuberculosis, Escherichia coli O157:H7, Listeria
monocytogenes, Salmonella spp., and Staphlylococcus aureus have been modified to
carry a reporter gene (85–88). If the phage-specific bacterial host is present for phage
transduction to occur, the reporter gene product should be detectable; thus, confirming
the presences of the pathogen. This may eventually be useful for the early detection
of tuberculosis (88).

Bacteriophage are ubiquitous in the environment and are commonly isolated from
the gastrointestinal tracts of food animals (89–95). Bacteriophage therapy has been
successfully used in vivo to reduce pathogenesis by enteric pathogens in mice, calves,
piglets, sheep, poultry, and fish (96–101). Because the gastrointestinal tract is a reser-
voir for many foodborne and opportunistic pathogens, bacteriophage therapy may be a
suitable biological control strategy to reduce pathogen load. Although bacteria may
develop phage resistance, this is less of a concern because a single dose is preferable
to multiple doses.

Over all there are many potential advantages with regard to bacteriophage therapy.
Bacteriophage themselves are not toxic to the host and can be administered in low
doses owing to the self-perpetuating nature of the infection. They are also self-limiting
when no more target organism is present to infect. The host can develop an immune
response to bacteriophage; however, only one dose is usually necessary to achieve
the results.
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4. CONCLUSIONS

To maintain a safe food supply, a broad range of preharvest and postharvest management
practices have been implemented, and many more are currently under investigation.
Even so, it has become clear that commensal and pathogenic microorganisms exhibit a
genetic fluidity that will necessitate continual development of intervention strategies as
new pathogens emerge and previously known pathogens reemerge.

We cannot eliminate the genetic reservoir that provides antimicrobial resistance
genes to bacteria, but we may be able to make vast improvements over the current situ-
ation. To curtail the emergence of multidrug resistant bacteria several approaches need
to be pursued. New management strategies must be used that reduce clonal expansion
and dissemination of resistant bacterial isolates into the environment. These may
include nutritional supplements that promote growth without affecting the bacterial
flora in the gut. Such supplements should not select for resistance, nor should they
increase fecal shedding of enteric pathogens. Combination therapy should also be consi-
dered for clinical therapeutics, so that consecutive resistance is not generated against
antimicrobials. This approach has been successful in reducing the emergence of resistant
HIV mutants (53), and appears to be similar to the mechanism used in nature to compe-
titively exclude enteric pathogens from the gut. Strategies that maintain competition in
the gut may reduce the ability of pathogens to disseminate.

Finally, advances in innate and adaptive immunology, vaccine technology, and
molecular biology will continue to provide new treatments that assure greater specificity
against pathogens, while reducing toxicity to the individual. Treatments that reduce the
susceptibility of humans and animals to opportunistic pathogens, even immunocompro-
mised patients, may soon be on the horizon.
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Abstract
Microbial risk assessment (MRA) is used to evaluate foodborne hazards, the likelihood of

exposure to those hazards, and the resulting public-health impact. It is generally recognized to
consist of four parts: hazard identification, hazard characterization, exposure assessment, and risk
characterization. Model predictions generated by MRAs are most often expressed as the estimated
likelihood of foodborne illness and/or number of deaths in a given population for a given period.
MRA is used increasingly to inform decision-making aimed both at managing human health risks
from foodborne pathogens and at devising standards for promoting safe and fair international food
trade. This chapter discusses how MRA fits into the larger context of risk analysis, describes in detail
the process of MRA, reviews examples of recently completed MRAs, and suggests steps towards
further improvement of the MRA process.

1. INTRODUCTION

1.1. Historical Context

During the late 1960s and early 1970s various naturally occurring and commercial
chemicals, including environmental pollutants, were identified as carcinogens (see
ref. [1]). The Federal agencies responsible for regulating these and other hazardous
substances quickly became the center of a whirlwind of controversy surrounding the
scientific validity, or alleged lack thereof, of the rationale underpinning their regulatory
decision-making. Consequently calls emerged for substantive changes in both the
institutional processes for evaluating health risk data and the way in which the results
were translated into regulatory policy (2). Based largely on these developments a US
Congressional directive issued in the early 1980s gave rise to formation of the National
Research Council’s (NRC) Committee on the Institutional Means for Assessments of
Risks to Public Health. The overall goal of the committee was to define ways to
“strengthen the reliability and objectivity of scientific assessment that forms the basis
for federal regulatory policies applicable to carcinogens and other public health hazards”
(3). The results of the committee’s work were summarized and published in 1983 as an
NRC report entitled Risk Assessment in the Federal Government: Managing the Process
(4). It is this report, commonly referred to as “The Red Book” (based on the color of its
cover), which has emerged as the seminal title in risk assessment, and which, based on
its general acceptance by the scientific community and continued practical use, can in
many ways be used to mark the beginning of a formalized concept of risk assessment.
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Recent years have witnessed adoption of the risk assessment process for characterizing
risks from pathogenic microorganisms. In 1994, the General Agreement on Tariffs and
Trade (GATT) established the Agreement on the Application of Sanitary and Phyto-
sanitary Measures (the SPS Agreement) and the Agreement on Technical Barriers to
Trade (the TBT Agreement). These two agreements are intended to (1) insure that no
member state is prevented from adopting and implementing measures to protect human,
animal, and plant health and (2) facilitate international free trade of foods by mandating
that public-health protections established by member states are based on sound science,
rather than used as de facto nontariff trade barriers (see ref. [5]). Establishment of
guidelines and procedures by which member countries conduct risk assessments for
developing food safety regulation fall under the auspices of the Food and Agricultural
Organization/World Health Organization (FAO/WHO) Food Standard Programme’s
Codex Alimentarius Commission (Codex) (6,7). Today microbial risk assessments (MRAs)
are a standard component, inter alia, in the effort to protect public health and facilitate
free trade.

1.2. The Bigger Picture: Risk Assessment As It Relates to Risk Analysis

Before proceeding to a more detailed description of the risk assessment process, it is
important first to establish a broader picture of the role of risk assessment in decision-
making. Risk assessment is one component of risk analysis, the process for gathering
information, doing analysis, and making decisions about risks. Risk analysis should
include a planning phase, the risk assessment, the structuring of the risk management
decisions, and the strategy for risk communication.

For even the most straightforward risk analysis, many different types of research may
be needed to inform the problem, including, for example, epidemiology, toxicology,
microbiology, human behavior, and engineering. Because of its multidisciplinary
character, using a team of individuals with different types of expertise is a very effective
approach to conducting risk analysis. Also, because it links in to several organizational
levels (scientific/technical staff to do the technical work, communications staff to do the
risk communication, and management to make decisions), it is critical for risk analysis
to be a team-driven effort.

1.2.1. Planning

The formulation of the problem, or the planning phase, is critical to achieving the
highest quality results from the risk assessment. Planning should include all members
of the team to ensure that everyone has input into the formulation of the questions
that the research will answer, and that the degree of uncertainty in these answers is
acceptable. The planning phase should include discussion of criteria for the quality of
the analysis, which will drive the data quality needs for the project. For example, if only
a rough estimate is needed and a high degree of uncertainty is acceptable, the quality of
the input data may not be as critical as when a high degree of certainty is needed, in
which case the quality of the data and the quality of any models used will need to be
developed to assure a high degree of certainty. The planning phase should also coordinate
the needs of the risk managers (by defining the questions that need answers) with the
ability of the analysts (taking into account the available resources, including expertise,
staff, time, data, and models). Risk communicators should also be involved in the planning
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to ensure that the strategy for communicating about these risks is taken into account
from the start. This approach leads to an efficient and effective strategy for making
decisions about risk.

1.2.2. Assessment

A risk assessment is the process that develops the estimate of the likelihood and
severity of a particular outcome, given a well-defined scenario. This measure of likeli-
hood and severity is called the risk estimate. Risk assessment is the analysis step in
which data are gathered and assessed, models are chosen or developed, and results are
derived. A risk assessment could be done on the back-of-an-envelope in 10 min, or it
could be documented in a 500-page document with a CD of accompanying spreadsheets
and models. The differences between such approaches would be the degree of confidence
or uncertainty in the estimates. Again this should match the needs of the risk analysis,
as defined in the planning stage. According to the National Academies of Science (4),
risk assessment includes four steps: hazard identification, hazard characterization,
exposure assessment, and risk characterization. This framework has been adopted by
Codex and is described in section 3 below.

1.2.3. Management

Risk management is the process of making decisions about risks, informed by the
results of the risk assessment. It includes determining whether the risk calculated in
the risk assessment is acceptable or unacceptable, given the accompanying level of
uncertainty. In the case of unacceptable risk, risk management is most likely to involve
the development of strategies for reducing exposure, and may also include strategies for
additional research or data collection to reduce the uncertainty in the risk estimate. In
the case of acceptable risk, the risk management strategy may involve efforts to ensure
the exposure stays at or below a certain level.

Risk communication is often part of a risk management strategy. The National
Research Council of the National Academies (8) has described it as “an interactive
process of exchange of information and opinion among individuals, groups and insti-
tutions. It involves multiple messages about the nature of risk and other messages, not
strictly about risk, that express concerns, opinions, or reactions to risk messages or
to legal and institutional arrangements for risk management.” (p. 21). Further informa-
tion on the risk analysis process may be found at http://www.who.int/foodsafety/micro/
riskanalysis/en/. Meanwhile, having reviewed the overarching framework of risk analysis,
and having understood where risk assessment fits into this process, we shall now turn
our attention to MRA.

2. EXPLORING MICROBIAL RISK ASSESSMENT

2.1. Expertise Required to Conduct a Quantitative MRA

MRA typically requires access to a full range of professional expertise and informa-
tion. This includes not only identification of the type, extent, quality, and availability of
data, but also of key organizations with responsibilities for, or capacities to support,
microbiological risk assessment. In our experience, input and critical evaluation of experts
in a number of scientific disciplines, including microbiology, chemistry, epidemiology,
medicine, mathematics, statistics, toxicology, and food science, have typically proven
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necessary for conducting useful MRAs. It is critically important that before undertaking
a quantitative MRA appropriately trained personnel be identified and brought onboard.

2.2. Range of Microbial Risk Assessments

MRAs fall into two broad categories: qualitative and quantitative. In the former, risk
is described as the likelihood of illness (high vs low) whereas in the latter, it is expressed
as the predicted number of illnesses. Because of their relative complexity, and because
they are typically the preferable of the two formats for informing decision-making, we
shall focus on quantitative MRA.

Quantitative MRAs provide numerical expressions of risk and indication of the
attendant uncertainties (6). Quantitative MRA modeling, a relatively new approach in
the field of microbial risk, uses probability models to evaluate the likelihood of adverse
human health effects from exposure to pathogenic microorganisms. Predictions are
presented as distributions, rather than as point estimates. This approach offers several
advantages, one of which is that the variability of a contributing factor may be found
to have substantial significance, which can be difficult to assess properly by point
estimates alone. Distributions can further be used to reflect the presence of uncertainty
in data interpretation. Another advantage is that quantitative MRA modeling facilitates
the identification of factors most important in determining the magnitude of a risk.
Lastly, quantitative models are flexible; inputs and model components can be changed
readily as new data become available. Nearly all of today’s quantitative MRAs are
conducted using Monte Carlo sampling – a random sampling of individual probability
distributions to produce hundreds or thousands of outcome scenarios. Although further
discussion of Monte Carlo sampling is outside the scope of this chapter, the reader is
recommended to consult the text by Vose (9).

MRAs can be further delineated into one of at least four specific types: (1) pathogen–
commodity product pathway assessments, (2) relative risk rankings of food commodities,
(3) geographical assessments, and (4) risk–risk assessments (10).

2.2.1. Product Pathway Risk Assessments

The purpose of conducting a product pathway risk assessment is to identify factors
in the farm-to-table continuum that are likely to affect public health related to ingestion
of a particular pathogen via consumption of a particular food (10). An example of
this type of assessment is the USDA Escherichia coli O157:H7 in ground beef risk assess-
ment (described in section 5 below). In conducting a risk assessment of this type, the risk
assessment team is tasked with modeling the growth/decline of bacteria throughout
the farm-to-table continuum. The strength of the farm-to-table risk assessment process
is that it allows risk assessors to examine the predicted effects of various mitigation
options, including those related to animal production, food processing, and consumer
behavior, on the risk of foodborne illnesses.

2.2.2. Relative Risk Rankings

The primary purpose of relative risk rankings is to identify food commodities that
pose the greatest risk of illness from a particular foodborne pathogen. An example of
this type of assessment is the DHHS/USDA Listeria monocytogenes risk assessment
(described in section 5 below). Relative risk rankings are particularly useful in instances
where epidemiologic data suggest several foods may be of concern for a particular
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pathogen. Results of risk rankings help to focus efforts and resources aimed at reducing
foodborne illnesses.

2.2.3. Geographical Assessments

Geographical assessments, as the name suggest, are designed to elucidate both the
pathways that are likely to lead to exposure to pathogens and the factors the either limit
or allow the risk to occur. They are effective in identifying (1) the risk of introduction of
disease agents through food animals or animal products (e.g., intentionally, as in bio-
terrorism, or unintentionally) and (2) mitigations to reduce consumer exposure to foodborne
pathogens. The USDA/Harvard University risk assessment for bovine spongiform
encephalopathy (BSE) is an example of this type of assessment.

2.2.4. Risk–Risk Assessments

Risk–risk assessments examine a trade off of one risk for another in situations in
which reducing the risk of one hazard likely increases the risk of another. An example
of this type of assessment is determination of the impact on public health by treating
drinking water or water used in processing/manufacturing with a chemical, say chlorine,
to eliminate a microbial pathogen, Mycobacterium spp., for instance. The risk from
chlorine exposure would be expected to inversely correlate to that from ingesting
mycobacteria.

3. MICROBIAL RISK ASSESSMENT PROCESS

The Codex Committee on Food Hygiene (6) and the National Advisory Committee
on the Microbiological Criteria for Foods (11) have proposed a framework for conducting
MRAs. It includes four steps: (1) hazard identification (the identification of biological,
chemical, and physical agents capable of causing adverse health effects and which may
be present in a particular food or group of foods); (2) exposure assessment (the qualitative
and/or quantitative evaluation of the likely intake of biological, chemical, and physical
agents via food as well as exposures from other sources if relevant); (3) hazard character-
ization/dose–response (the qualitative and/or quantitative evaluation of the nature of the
adverse health effects associated with the hazard); and (4) risk characterization (the
integration of the hazard identification, hazard characterization, and exposure assessment
determinations to provide qualitative or quantitative estimates of the likelihood and
severity of the adverse effects which could occur in a given population).

3.1. Hazard Identification

For microbial agents, hazard identification identifies the microorganisms or the micro-
bial toxins of concern (6), i.e., those for which an association between disease and the
presence of a pathogen in a food is recognized and acknowledged (12). Hazard identi-
fication is predominately a qualitative process. Information on hazards can be obtained
from scientific literature, various databases, and through expert elicitation. Pertinent
information may be found in data from basic research and clinical studies, and from
epidemiological studies and surveillance.

3.2. Exposure Assessment

Exposure assessment estimates the level of microbiological pathogens or microbio-
logical toxins, and the likelihood of their occurrence in foods at the time of consumption.
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It includes an assessment of the extent of actual or anticipated human exposure to the
hazard. Levels of microorganisms can be dynamic and, while they may be kept low, such
as by adhering to proper time/temperature controls during food processing, can substan-
tially increase with food mishandling (6). The exposure assessment, therefore, usually
describes the pathway from production to consumption. Scenarios can be constructed to
predict the range of possible exposures. Factors to be considered include the frequency
of contamination of foods by the pathogenic agent and its level in those foods over time.
Qualitatively, foods can be categorized according to the likelihood of whether they will
be contaminated at their source; whether they can support the growth of the pathogen of
concern; whether there is substantial potential for abusive handling; or whether they will
undergo a heating process or other lethality step.

In turn, the presence, growth, survival, and death of microbial pathogens in foods are
influenced by several factors. These may include the (1) characteristics of the pathogenic
microorganism, (2) microbiological ecology of the food, (3) initial bacterial contamination
of the raw food material, (4) level of sanitation and process controls and the methods of
processing, (5) packaging, distribution, and storage of the foods, and (6) food preparation
steps such as cooking and hot-holding. As a result, predictive microbiology can be a useful
tool in performing the exposure assessment. The recently released ComBase database
(available at http://wyndmoor.arserrc.gov/combase/default.aspx), which estimates the
behavior of microorganisms in response to environmental conditions, is a helpful tool
to formulate the quantitative aspects of exposure assessment.

Other factors to be considered in the exposure assessment include patterns of consump-
tion (including both the portion size and frequency of consumption), which is typically
related to socio-economic and cultural backgrounds, ethnicity, seasonality, consumer age
differences (population demographics), regional differences, consumer preferences and
behavior, and the role of the food handler as a source of contamination. The potential
impact of abusive environmental time and temperature relationships should also be
considered in assessing the degree of exposure to a hazardous microbe. For instance,
human exposure levels to a foodborne pathogen can rapidly increase by a million-fold
within even a relatively short period of temperature abuse, whereas heating food imme-
diately prior to consumption can reduce pathogen levels considerably.

3.3. Hazard Characterization

The primary component of the hazard characterization is the dose–response relation-
ship, defined as the determination of the relationship between the magnitude of exposure
to a chemical, biological, or physical agent and the severity and/or frequency of associated
adverse health effects (6). Hazard characterization thus provides a qualitative or quan-
titative description of the severity and duration of adverse effects that may result from
ingestion of a foodborne microorganism or its toxin. The dose–response relationship
can be derived using data from clinical feeding trials, epidemiological (outbreak or
surveillance) investigations (13), or both (14). For instance, a combination of epidemio-
logic and food survey data was used by Buchanan et al. (15) to estimate a dose–response
relationship for L. monocytogenes illness from cheese. Extrapolation of animal studies
for determining dose–response may also be used to derive the dose–response, such as
in the HHS/USDA L. monocytogenes risk assessment (16). Generally speaking, data
from controlled human clinical feeding trials are preferable to those from outbreak or
surveillance investigations, which in turn are preferable to animal surrogate models.
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Several important factors relating to the microorganism of concern must be borne
in mind when performing the hazard characterization (17). These include the facts that:
(1) microorganisms can replicate; (2) the virulence and infectivity of microorganisms
can change depending on their interaction with their host and environment; (3) genetic
material can be transferred between microorganisms leading to the transfer of antibiotic
resistance and virulence factors; (4) microorganisms can be spread through secondary
and tertiary transmissions; (5) microorganisms can persist in certain individuals leading
to continued shedding and further chance of spreading infection; and (6) although the
likelihood of disease increases with increasing numbers of pathogenic microorganisms
consumed, there is potential for low levels of microorganisms to cause disease.

Similarly, aspects regarding the microbial ecology of foods must be carefully
thought-out prior to performing the hazard characterization. For instance, food attributes
such as high fat or salt content (and food matrix effects in general) are important consi-
derations in assessing the potential for microbial virulence. As an example, studies with
V. cholerae O1 indicate that a food matrix, such as cooked rice, provides buffering
capacity and may have substantive impact on dose–response relationships (18). Other
studies have shown that high intake of milk fat inhibits intestinal colonization of Listeria
but not of Salmonella in rats (19).

Lastly, it is important at the hazard characterization stage of the risk assessment to
remember that microbial virulence may also be affected by several host factors, such as
(1) increased host susceptibility because of breakdowns of physiological barriers; (2)
host susceptibility characteristics, such as age and immune status; and (3) population
characteristics, such as access to medical care. The FAO/WHO guidelines for conducting
hazard characterizations are available at http://www.who.int/foodsafety/publications/
micro/en/pathogen.pdf.

3.4. Risk Characterization

Risk characterization brings together the qualitative and/or quantitative information
of the hazard characterization and exposure assessment to provide an estimate of risk
for a given population. This estimate can be assessed by comparison with independent
epidemiological data that relate hazards to disease prevalence. The degree of confidence
in the final estimation of risk will depend on the variability, uncertainty, and assumptions
identified in the previous steps of MRA. Differentiation of uncertainty and variability is
important in subsequent selections of risk management options. Uncertainty is associated
with the data themselves, and with the choice of model. Data uncertainties include those
that might arise in the evaluation and extrapolation of information obtained from epi-
demiological, microbiological, and laboratory animal studies. Uncertainties also arise
whenever attempts are made to use data concerning the occurrence of certain phenomena
obtained under one set of conditions to make estimations or predictions about the pheno-
mena likely to occur under other sets of conditions for which the data are not available.

An important component of risk characterization is sensitivity analysis. This is done
to determine the parameters that contribute most to the total uncertainty of the risk
assessment output. A common type of sensitivity analysis is the use of “what if?” scena-
rios. By using this methodology, the risk assessor can examine the relative impact of
changing different parameters in the model. For example, one might find in the concep-
tual model that a change in the prevalence of pathogen at the farm has a dramatic effect
on risk, but that a change in the consumer behavior has little or no effect on predictions
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of risk. In this case, the results of the sensitivity analysis would indicate that the greatest
amount of resources should be focused on reducing the on-farm prevalence of the
pathogen. Sensitivity analysis may also be used to identify the crucial data gaps (see
section 4.2 below), those parameters that drive the risk estimates, but for which there
is little available data.

The end result or output of the risk characterization is the estimate or prediction of
illness associated with a particular microorganism, given the uncertainty and variability
inherent in the assumptions and data. The effect of control measures, if evaluated in the
risk assessment, is also described in the risk characterization.

4. OUTCOMES OF RISK ASSESSMENTS

The principal outcome of a quantitative MRA is a prediction of the numbers of illnesses,
the severity of illness outcome, or both. Risk of illness outcomes from quantitative
MRAs are typically reported either on a per-serving basis or as population estimates.
The latter are useful when focusing on specific groups of interest, such as children, the
elderly, or immune-compromised individuals.

Predictions from quantitative MRAs are most often given as distributions, in which
case the best estimate is usually associated with the distribution’s mean or median.
Distributions show a range of outcomes associated with foodborne illnesses where the
upper and lower confidence bounds (typically reported as the 5th and 95th percentile
confidence intervals) give a feel for overall estimate uncertainty and variability (Fig. 1).
Clearly defining confidence bounds for quantitative MRA results helps to underscore
that they are the best estimates, and not absolutes.

4.1. How Outcomes From Risk Assessments Are Used

Usually, one tries to start by characterizing the “baseline” model estimates by com-
paring the predicted number of illnesses to epidemiologically based estimates. It is then
possible to examine the impact of different assumptions used in the model. An impor-
tant feature of quantitative MRA is the ability to examine the impact of interventions
at points along the farm-to-fork continuum on reducing foodborne infections and to
identify at which point(s) the impact is greatest. This is useful in setting risk-based
performance standards and in informing the development of verification sampling
protocols. Outcomes of MRAs are also used to explore the impact of different risk
management options. For example, a risk manager can see the impact of setting a
performance standard, such as requiring a certain level of lethality to be achieved by
the processors.

4.2. Identification of Research Needs (Data Gaps)

As discussed above, data gaps are identified as a result of sensitivity analysis. This
is one of the most important exercises in a risk assessment in that it provides critical
information that may be used to prioritize and facilitate future research. A good risk
assessment report is the one that clearly and concisely identifies research needed to
be undertaken to strengthen the future assessments. A classical example of data gaps
commonly encountered in MRAs is that resulting from the relatively meager information
available with which to support quantitative modeling of dose–response relationships
for many, if not most, microbial pathogens (20).
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5. EXAMPLES OF QUANTITATIVE MICROBIAL RISK ASSESSMENTS

5.1. L. monocytogenes Risk Assessment of DHHS/USDA

The L. monocytogenes risk assessment (LMRA), commissioned in response to a presi-
dential request for federal agencies to develop control plans to reduce listeriosis by 50%
by the year 2005 (21), was a joint effort led by Food and Drug Administration’s Center
for Food Safety and Applied Nutrition (FDA/CFSAN) in collaboration with USDA’s Food
Safety and Inspection Service (FSIS), and with consultation with the US Centers for
Disease Control and Prevention (CDC). The purpose the assessment was to identify which
foods should receive the most regulatory attention in an effort to improve public health.

5.1.1. Scope of the LMRA

The disease endpoint used in the LMRA was that of patient fatality. The number of
listeriosis cases was estimated from the predicted number of deaths using a correction
factor based on CDC’s Foodborne Disease Active Surveillance Network (FoodNet)
data. The LMRA provided analyses and models that (1) estimated the potential level
of exposure of three age-based population groups (perinatal, intermediate-age, and
elderly) and the total United States population to L. monocytogenes contaminated foods
for 23 food categories, and (2) related this exposure to public health consequences.
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Fig. 1. Predictions from quantitative MRAs are often given as distributions, as in the hypo-
thetical case shown (for the number of illnesses caused by bacterium Y). The best estimate is
usually associated with the mean or median of the distribution. In this case the median estimate
was 182,000 illnesses, as indicated by the filled box and solid vertical line. The open diamonds
and attached line indicate the range of estimate uncertainty, extending from 81,000 illnesses
at the 5th percentile to 276,500 illnesses at the 95th percentile. By presenting results in this
manner, risk assessors make it easier for risk analysts to get a feel for overall estimate uncer-
tainty. Clearly defining confidence bounds also helps to underscore the fact that the results are
simply best estimates, and not absolutes.



5.1.2. Description of the LMRA Process

Once the decision was made to conduct a risk assessment, a formal announcement
detailing the purpose and scope of the project and requesting submission of relevant
data, was published in the Federal Register. Next, peer review of key assumptions,
data, and modeling approaches used in the assessment were sought from the National
Advisory Committee on the Microbiological Criteria of Foods, and during public
meetings with agency stakeholders. Scientific experts, both internal and external to
the agencies, then reviewed the draft risk assessment document and model, where-
upon it was further revised. Following agency approval and clearance, the draft risk
assessment was issued for public comment in 2001. Public comments, in addition to
newly available data and modeling techniques, were reviewed by FDA and USDA/
FSIS, and the model revised accordingly. The updated risk assessment report and the
model were released in October 2003. The risk assessment is available electronically
at http://www.foodsafety.gov.

5.1.3. Results and Conclusions From LMRA

The LMRA models provided an estimated rate of fatal infection from L. mono-
cytogenes on an individual serving basis for a particular food category. It also provided
an estimated number of fatal infections per year in the United States for each food
category, the “per annum risk.” Because the per annum risk was derived from the
“per-serving” risk, there was generally a higher degree of uncertainty associated
with this risk. The results in Table 1 show that the risk of listeriosis from consump-
tion of different ready-to-eat foods was predicted to vary greatly among the various
food categories.

A statistical technique referred to as “cluster analysis” was used to group the LMRA
simulation outputs for each food category, accounting for the differences in the median
predications as well as the upper and lower bounds of the predicted risks. When performed
at the 90% confidence level, the per-serving predictions fell into four clusters and the
per-annum predictions into five clusters for the 23 food categories. These clusters were
used, in turn, to develop a two-dimensional matrix of per-serving and per-annum groups
(Fig. 2). Risk managers used the resulting five cluster risk designations to develop
different approaches to controlling listeriosis based on the relative risk and characteristics
of specific foods.

Although the LMRA purposely did not look into the pathways for the manufacture
of individual foods, the models developed can be used to estimate the likely impact of
control strategies by changing one or more input parameters and measuring the change
in the model outputs. In the case of the LMRA, scenarios were run to allow comparison
of the baseline calculations (shown in Table 1) to new situations that might arise as a
result of potential risk-reduction strategies.

5.1.4. Impact of the LMRA

The scientific evaluations and mathematical models developed for LMRA provided
a systematic assessment of the scientific knowledge needed to assist not only in review-
ing the effectiveness of current policies, programs, and practices, but also in identifying
new strategies to minimize the public health impact of foodborne L. monocytogenes.
Moreover, the assessment provided a foundation to assist future evaluations of the
potential effectiveness of new strategies for controlling foodborne listeriosis.
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5.2. E. coli O157:H7 Risk Assessment of USDA

The E. coli O157:H7 risk assessment (ECRA) was conducted by the USDA FSIS
in consultation with the FDA, CDC, NACMF, and various professionals from federal
and state governments, industry, and academia. The ECRA was initiated in response to
identification of E. coli O157:H7 in cattle and ground beef, and in light of the serious
public health impact of O157:H7 foodborne outbreaks. Two of the main purposes in
conducting the ECRA were to (1) comprehensively evaluate the risk of illness from
O157:H7 in ground beef and (2) identify those points in the farm-to-table chain where
mitigations to reduce illness are likely to be most effective.

5.2.1. Scope of ECRA

The ECRA was farm-to-table in scope. It was a “baseline” risk assessment that was
designed to reflect the full range of practices, behaviors, and conditions throughout
animal production, slaughter, processing, transportation, storage, preparation, and
consumption (Fig. 3). The ECRA was confined to examine the risk of illness from
O157:H7 in ground beef servings; exposures from produce, water, cross-contamination,
and others were not included in the risk assessment model. Output estimates were
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Table 1 
Predicted Median Cases of Listeriosis for the Total US Population

Predicted median cases of listeriosis

Food categories Per-serving basis Per-annum basis

Deli meats 7.7 × 10 8 1598.7
Frankfurters, not reheated 6.5 × 10 8 30.5
Pate and meat spreads 3.2 × 10 8 3.8
Unpasteurized fluid milk 7.1 × 10 9 3.1
Smoked seafood 6.2 × 10 9 1.3
Cooked ready-to-eat crustaceans 5.1 × 10 9 2.8
High fat and other dairy products 2.7 × 10 9 56.4
Soft unripened cheese 1.8 × 10 9 7.7
Pasteurized fluid milk 1.0 × 10 9 90.8
Fresh soft cheese 1.7 × 10 10 <0.1
Frankfurters, reheated 6.3 × 10 11 0.4
Preserved fish 2.3 × 10 11 <0.1
Raw seafood 2.0 × 10 11 <0.1
Fruits 1.9 × 10 11 0.9
Dry/semi-dry fermented sausages 1.7 × 10 11 <0.1
Semi-soft cheese 6.5 × 10 12 <0.1
Soft ripened cheese 5.1 × 10 12 <0.1
Vegetables 2.8 × 10 12 0.2
Deli-type salads 5.6 × 10 13 <0.1
Ice cream and other frozen dairy products 4.9 × 10 14 <0.1
Processed cheese 4.2 × 10 14 <0.1
Cultured milk products 3.2 × 10 14 <0.1
Hard cheese 4.5 × 10 15 <0.1

Adapted from the HHSD/USDA Listeria monocytogenes risk assessment (see http://www.foodsafety.gov).



generated for a variety of risk assessment endpoints, including risks of (1) illness, (2)
hospitalization, (3) hemolytic uremic syndrome (HUS), and (4) death.

5.2.2. Description of ECRA Process

In August 1998, USDA FSIS announced plans to develop a risk assessment for
human illness from E. coli O157:H7 in ground beef. Accordingly, an announcement was
published in the Federal Register and a call for data was made. Scientific information
available as of July 2001 was then compiled, analyzed, and integrated into the risk
assessment framework. Scientists from inside and outside the agency reviewed the ECRA
throughout its construction, and their feedback was used continually to update the
risk assessment model. Following agency clearance, the ECRA was released for public
comment. At this time the National Academies of Science (NAS) were contracted to
assemble a panel of experts and conduct a peer-review of the draft ECRA. Based on
public comments and the NAS peer review, the ECRA is currently under revision. Once
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Fig. 2. Two-dimensional matrix of food categories based on cluster analysis.



revision is completed, the updated ECRA will be publicly released. The draft report
may be found at http://www.usda.fsis.gov. The NAS review of the ECRA is available in
print (22) or online at http://www.nationalacademies.org.

5.2.3. Results and Conclusions From ECRA

Less than 0.007–0.018% (depending upon time of year) of cooked ground beef
products were predicted to contain E. coli O157:H7. The median probability of illness
for the general population of the United States from consuming O157:H7 in ground
beef was predicted to be approx 1 illness per million servings (Table 2). The predicted
risk of illness was strongly dependent on the time of year during which the ground beef
is consumed (about one illness in every 600,000 servings consumed during June
through September compared to about 1 in every 1.6 million servings during October
through May). Children under the age of five were predicted to have a risk of illness
roughly 2.5 times that of the general population. Research needs identified in conducting
the ECRA included investigations regarding (1) the effect of carcass chilling on reducing
(or increasing) E. coli O157:H7; (2) the influence of food matrix effects, competitive
microbiota, and environmental conditions on the maximum density of O157:H7 in ground
beef; and (3) retail and consumer storage, cooking, and consumption patterns of ground
beef vis-à-vis seasons; i.e., winter, spring, summer, and fall.

5.2.4. Impact of ECRA

Similar to the LMRA, the scientific evaluations and mathematical models developed
for the ECRA yielded an assessment of the scientific knowledge to assist in reviewing
the effectiveness of current policies, programs, and practices, and in identifying strate-
gies to reduce the public health impact of E. coli O157:H7 in ground beef. For instance,
the ECRA was used to determine the effect of various mitigations in the slaughter house
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Fig. 3. Farm-to-table risk assessment model for E. coli O157:H7 in ground beef risk assess-
ment. The assessment reflected, to the extent practicable, a full range of current practices, behaviors,
and conditions in the farm-to-table continuum (production, slaughter, processing, transportation,
storage, preparation, and consumption).



on the risk of illness from E. coli O157:H7. Results from the ECRA also provided the
basis for the subsequent ruling that E. coli O157:H7 is reasonably likely to occur in
ground beef. Further impacts are likely to be realized following the completion of the
revised ECRA.

5.3. Other Food Safety Risk Assessments

A variety of food safety risk assessments have been performed by various organiza-
tions, including government and academic institutions. Table 3 highlights some important
MRAs performed to date. For more information, see http://www.foodriskclearinghouse.
umd.edu/risk_assessments.cfm and http://www.foodrisk.org/risk_assessments.cfm.

6. CONCLUSIONS

Risk assessment is a tool that provides a method for structuring disparate information
into an organized, systematic framework. It is a science-based approach, but developing
a risk assessment is not a purely technical task. Interpreting the science and fitting dif-
ferent types of data generated from different sources to answer a question (which in most
instances the data were not generated to answer) takes more than just technical know-
ledge. To ensure a high-quality risk assessment is developed, it takes an impressive array
of expertise, practical experience, perspective, and most importantly, careful planning.

But, as with most things, there is room for improvement. What can be done to
strengthen the MRA process? Here are a few suggestions:

(1) A common criticism is that it is very simple to “slant” a risk assessment by excluding or
including certain data, or by cherry-picking the models used. Therefore, it is important to
establish well-defined criteria for selecting data and models before the assessment begins.
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Table 2 
Risk of Illness From E. coli O157:H7 in Ground Beef for the US Population 
Using Median Exposure and Dose–Response Distributions

Log of E. coli No. of E. coli Probability of 
O157:H7 O157:H7 Probability of illness given Risk of illness
per-serving per-serving exposure (Ex) exposure (DR) (Ex × DR)

0.0 1 5.5 × 10 05 1.7 × 10 04 9.5 × 10 09

1.0 10 6.1 × 10 06 1.7 × 10 03 1.0 × 10 08

2.0 100 7.7 × 10 07 1.6 × 10 02 1.3 × 10 08

3.0 1,000 4.3 × 10 07 1.2 × 10 01 5.0 × 10 08

4.0 10,000 2.7 × 10 07 3.6 × 10 01 9.7 × 10 08

5.0 100,000 1.8 × 10 07 5.8 × 10 01 1.0 × 10 07

6.0 1,000,000 1.2 × 10 07 7.3 × 10 01 8.9 × 10 08

7.0 10,000,000 7.4 × 10 08 8.2 × 10 01 6.1 × 10 08

8.0 100,000,000 3.8 × 10 08 8.9 × 10 01 3.4 × 10 08

9.0 1,000,000,000 1.4 × 10 08 9.3 × 10 01 1.3 × 10 08

10.0 10,000,000,000 8.5 × 10 10 9.5 × 10 01 8.1 × 10 10

11.0 100,000,000,000 2.0 × 10 12 9.7 × 10 01 1.9 × 10 12

Population risk of illness from E. coli O157:H7 per-serving 9.6 × 10 07

The annual risk of illness from E. coli O157:H7 in ground beef for the general US population is nearly
one illness in 1 million servings of ground beef (9.6 × 10 7). Adapted from ref. (23).
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Table 3
Summary of Some Recently Completed Food Safety Microbial Risk Assessments

Pathogen/
commodity of Source (year
interest of publication) Summary Ref.

Bacillus cereus National Institute When stored at 7°C for not more than (24)
in pasteurized of Public Health 7 d (conditions for storing pasteurized 
milk and the Environment, milk in the Netherlands), the number 

the Netherlands of B. cereus cells present in milk at the 
(1997) time of expiration was predicted not to

exceed 105 cfu/mL. Additional data on
the dose of B. cereus likely to cause 
human illness are needed

Campylobacter Food and Agricultural A good example of how risk assessment (25)
spp. In broiler Organization/World can be applied to pathogen–commodity
chickens and Health Organization combinations. Several key data gaps 
Vibrio spp. in (2001) were identified regarding the risk of 
seafood human illness from thermophilic 

campylobacters in broiler chickens,
including, most importantly, a general 
lack of “systematic and fundamental”
investigations to determine those steps 
in the production-to-consumption
continuum that may lead to human 
infection subsequent to chicken 
consumption. Interventions such as 
thorough washing and safe preparation
of seafood were identified as key 
mitigations for reducing risk of illness 
from vibrios in seafood. A valuable 
discussion pertaining to the potential 
for risk assessments to be conducted
by developing countries can be 
found here

Campylobacter Institute of Food Safety Results of this risk assessment, based on (26)
spp. in and Toxicology, the data from Danish surveillance 
chickens Danish Veterinary and programs, suggested that the incidence 

Food Administration of campylobacteriosis from chicken 
(2003) consumption would be reduced approx 

30 times by either (1) introducing a 
two-log reduction reduction of the 
number of Campylobacter on chicken 
carcasses, (2) reducing the prevalence 
of Campylobacter in flocks by approx 
30 times, or (3) improving kitchen 
hygiene by approx 30 times. Persons 
18–29 yr of age were predicted to be at
the greatest risk for campylobacteriosis
from chicken

(Continued)
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Table 3 (Continued)

Pathogen/
commodity of Source (year
interest of publication) Summary Ref.

Fluoroquinolone- Center for Veterinary This assessment provided quantitative (27)
resistant Medicine, the US estimates for the human health risk 
Campylobacter Food and Drug posed by fluoroquinolone-resistant 
spp. in chicken Administration campylobacters in chicken. Estimates

(2001) were given for the number of persons in
the United States who contracted
fluoroquinolone-resistant campylobacter 
infections from chicken and received 
fluoroquinolones

Escherichia coli Health Canada (1998) The model predicted a probability of HUS (28)
in ground beef 3.7 × 10 6 and a probability of mortality

1.9 × 10 7 per meal for the very young.
The average probability of illness was
predicted to be reduced by 80%, if a
hypothetical mitigation strategy directed
at reducing microbial growth during 
retail storage via reduced storage 
temperature was introduced

Escherichia coli Netherlands National The results this farm-to-table risk (29)
in steak tartare Institute of Public assessment suggested the prevalence 

Health and the of raw tartare patties contaminated 
Environment (2001) with Shiga toxin-producing E. coli

O157 (0.3%) in the Netherlands is low,
but that the incidence rate of diarrheal 
illness (8 per 100,000 person yr) is
high. Intervention at the farm or during 
slaughter was predicted more efficient 
for reducing STEC O157 health risks 
than intervention by consumers

Listeria Food Safety and Food contact surfaces found positive (30)
monocytogenes Inspection Service, for Listeria spp. greatly increased 
in deli meats US Department of the likelihood of finding ready-to-eat

Agriculture (2003) (RTE) deli meat product lots positive
for L. monocytogenes. Multiple 
interventions, including increased 
inspection and sanitation of food
contact surface areas, use of growth 
inhibitors, and product reformulation,
were predicted to be more effective in 
reducing the risk of illness from
L. monocytogenes than any
single intervention

Listeria Epidemiology and Animal The average number of expected cases (31)
monocytogenes Health Management of listeriosis per year in France was 
in soft cheese Laboratory, Alfort estimated at 57 for a high-risk 

(Continued)
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Table 3 (Continued)

Pathogen/
commodity of Source (year
interest of publication) Summary Ref.

Veterinary School, subpopulation and one for a low-risk
Maisons-Alfort, healthy subpopulation. Reducing the
France (1998) frequency of environmental milk 

contamination and eliminating 
L. monocytogenes mastitis decreased 
substantially the expected incidence  
of listeriosis

Listeria Department of Health  Results supported the findings of (16)
monocytogenes and Human Services, epidemiological investigations that 
in selected the US Department certain foods are more likely to be the 
categories of of Agriculture vehicles for Listeria monocytogenes
RTE foods (2003) and quantified the magnitude of the

differences in the predicted risk of
listeriosis on a per-serving and 
per-annum basis for different RTE foods. 
The exposure models and ‘what-if’
scenarios identified five factors that 
affect consumer exposure: (1) amounts
and frequency of consumption of a
RTE food; (2) frequency and levels of 
Listeria in food; (3) potential of the food 
to support growth of Listeria during
refrigeration storage; (4) refrigeration 
temperature; and (5) duration of
refrigeration

Salmonella Center for Food Safety  Results revealed that inadequate (32)
Enteritidis in and Nutrition, the US pasteurization temperatures and/or 
pasteurized Food and Drug storage of eggs at abusive temperatures
liquid eggs Administration/Food between the farm and egg-breaker plant 

Safety and Inspection likely result in a hazardous liquid egg
Service, the US Depart- product. Pasteurization at proper
ment of Agriculture temperatures, however, was predicted to
(1997) provide sufficient consumer protection

from (1) a high-incidence of S. Enteritidis-
infected birds and (2) temperature abuse 
during egg storage

Salmonella Food Safety and Rapid cooling of eggs after lay and (35)
Enteritidis in Inspection Service, pasteurization of eggs were predicted to
shell eggs US Department of be effective mitigations for reducing 

Agriculture (2005) eggborne salmonellosis
Salmonella Danish Bacon and Meat The findings of this assessment predicted (33)

Typhimurium Council, the National that when Salmonella are present in raw
DT104 in dry- Committee for Pig pork, they are usually in low numbers,
cured pork Production, and the and that during processing any 
sausages Danish Meat Research Salmonella present will be reduced to

(Continued)
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Table 3 (Continued)

Pathogen/
commodity of Source (year
interest of publication) Summary Ref.

Institute (2002) approx 2–3 log-units. Dry-cured 
sausages, either produced within or 
imported to Denmark, will infrequently 
contain S. Typhimurium DT104; in those
cases in which they occur, the number
of bacterial cells was predicted to be
low (1–4 cells per serving)

Vibrio US Food and Drug Water temperature at the time of harvest (14)
parahaemolyticus Administration (2004) was found to be the driving force
in raw molluscan influencing the initial levels of 
shellfish V. parahaemolyticus in oysters. There

was a significant reduction in the
probability of illness when the oysters
were cooled immediately after harvest.
Other postharvest practices, especially
intervention measures, were found to
greatly influence the levels of pathogenic
bacteria in the resultant number of illness

For further information and a more detailed list see Forsythe (5) and http://www.foodrisk.org/
risk_assessments.cfm.

(2) Methods for communicating the uncertainty in data and models used to develop the risk
assessment are crude at best, and are easily overlooked by senior management decision-
makers. It is critical to have a system that provides the time and expertise to ensure high
quality, balanced assessment. When time or other resources are short, the quality of the risk
assessment is likely to be adversely impacted. However, detecting such problems is difficult
without a thorough peer-review.

(3) There are many types of foodborne illnesses and, despite the enthusiasm for risk assessment,
it is not feasible to perform MRAs on the entire gamut of foodborne pathogen/food com-
modity combinations. Prioritization is therefore essential. It is possible to further improve
upon the efficient use of resources, including staff expertise and time, finances, and oppor-
tunities for collaboration/leveraging.

(4) Finally, risk assessors are the most important resource for conducting MRAs. Education
efforts, including attempts to spark interest in students early in their careers, further deve-
lopment of university graduate programs in risk assessment, and continuing education
programs to foster professional development are necessary to expand the pool of well-
qualified risk assessors.

The above suggestions for improvement notwithstanding, MRA has been refined to
the point where it is all but universally recognized as a useful decision-making tool in
the absence of complete or reliable data. For this tool to be used most efficiently and
effectively, careful consideration and planning must be brought to bear throughout the
MRA process. Results from MRAs should not be used as the sole basis for policy or
regulatory decisions. Rather, they should be used to complement other information,



such as epidemiologic and surveillance data, financial considerations, and consumer
feedback, in which case they bolster sound decision-making. Used in this manner, quanti-
tative MRA proves a valuable tool for curtailing foodborne infections, and ultimately,
protecting the public health.
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Food Irradiation and Other Sanitation Procedures

Donald W. Thayer

Abstract
Radiation pasteurization of food can be used as a terminal intervention step in HACCP programs

to protect the public from foodborne pathogens that may be very difficult to control by any other
method. The appropriate radiation doses and the effects of environmental factors such as temperature,
atmosphere, and water activity required to control the following foodborne pathogens have been
determined. Bacillus cereus, Campylobacter jejuni, Clostridium botulinum, Clostridium perfringens,
Cyclospora cayetanensis, Escherichia coli O157:H7, Listeria monocytogenes, Salmonella spp.,
Staphylococcus aureus, Toxoplasma gondii, Vibrio cholerae, Vibrio vulnificus, Vibrio parahaemolyticus,
and Yersinia enterocolitica are typical of the foodborne microorganisms that can be inactivated by
food irradiation. The endospore-forming bacteria are considerably more resistant to ionizing radiation
than are the nonspore formers; however, even these will be reduced in numbers by pasteurization
doses. Radiation and thermal processing were demonstrated to interact, producing a greater inactivation
of salmonellae on poultry meat than would be predicted from the individual processes. Salmonellae
did not multiply at significantly greater rates on irradiated meat.

1. INTRODUCTION

The term food irradiation refers to the treatment of food with ionizing radiation to
achieve a beneficial effect. Almost from the time of the discovery of radioactivity itself,
scientists noted that pathogens could be inactivated by irradiation. Minck (1) suggested
in 1896 that X-rays might be therapeutic in controlling human pathogens. Green (2)
discovered that radiation from radium would inactivate Staphylococcus aureus, Vibrio
cholerae, and Bacillus anthracis. A patent was issued in 1918 to Gillett (3) for a device
containing 16 X-ray tubes that could produce X-rays to inactivate trichinae in pork.
Schwartz (4) discovered that encysted trichinae could be inactivated with X-rays. He did
not, as some have suggested, either apply for or receive a patent for the process.

1.1. Factors Influencing Effectiveness of Treatment

The effectiveness of ionizing irradiation to inactivate food-spoilage organisms and
foodborne pathogens depends on a number of factors, some of which are intrinsic to the
organism of interest and the food product upon which it is found and some of which are
processing factors, such as the temperature and atmosphere at the time of irradiation. In
general, the radiation resistance of microorganisms is indirectly related to their complexity
and size, as follows in the order of most to least sensitive: protozoa > log-phase bacterial
cell > stationary-phase cell > bacterial spore > virus > prion. The radiolytic products
of water, such as hydrogen peroxide, are themselves very toxic to microorganisms; thus,
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a foodborne pathogen will be more sensitive to ionizing radiation in foods with a high
percentage of water than in very dry foods. The complexity of the medium in or on
which the microorganism is present also significantly affects sensitivity to ionizing
radiation because of competition for free radicals. If antioxidants are present in the
foodstuff, they may protect the microorganism against the radiation.

1.2. Regulation of Irradiated Foods in the United States

In the United States, the US Food and Drug Administration limits the radiation
sources to the following: -rays from sealed units of the radionuclides cobalt-60 or
cesium-137, electrons generated from machine sources at energies not to exceed 10 MeV,
and X-rays generated from the machine sources at energies not to exceed 7.5 MeV (5).
The sources of radiation never touch the food and are incapable of generating any
radioactivity in the food itself. A food may be irradiated to: (1) inhibit sprouting in
tubers and bulbs, (2) alter growth and maturation inhibition of fresh foods, (3) disinfest
foods of arthropod pests, (4) inactivate foodborne pathogens and spoilage organisms,
and (5) sterilize foods. The inactivation of pathogens and spoilage organisms by ionizing
radiation is influenced by the temperature and atmosphere during the process of irradia-
tion as well as the food’s chemical composition. Irradiated foods have been demonstrated
to be wholesome and nutritious. As with any other food-processing technology, main-
tenance of good organoleptic properties of foods requires the proper application of the
technology and good food-science. The wholesomeness of irradiated foods is beyond
the scope of this article and has been the subject of many studies. The reader is urged
to consult reviews and contemporary research on the subject of nutritional and toxico-
logical safety of irradiated foods (6–10). Discussions and descriptions of the technology
for the irradiation of foods may be found in several literature (11–13). As a sanitation
practice, the inactivation of foodborne pathogens and spoilage organisms is discussed
in this chapter.

1.3. Definitions

The SI unit of absorbed radiation dose is the gray (Gy) and is equivalent to the
absorption of 1 J/kg. The older special unit for absorbed radiation dose was the rad defined
as follows: 1 rad = 10 2 J/kg, 100 rad = 1 kGy.

1.4. Limitations

The limitations imposed by US regulations for the irradiation of foods (5,14,15) can
serve as a guideline, but not a limit, for our discussion. The following are the purposes
for which foods currently may be irradiated in the United States (15) as stated in
21CFR179.26.

1.4.1. Trichinella spiralis

“For control of Trichinella spiralis in pork carcasses or fresh, nonheat processed cuts
of pork carcasses.” The minimum dose is 0.3 kGy and not to exceed 1 kGy.

1.4.2. Growth and Maturation Inhibition

“For growth and maturation inhibition of fresh foods.” The maximum dose must not
exceed 1 kGy.
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1.4.3. Disinfestation of Arthropod Pests

“For disinfestation of arthropod pests from foods.” The maximum dose must not
exceed 1 kGy.

1.4.4. Dehydrated Enzyme Preparations

“For microbial disinfection of dry or dehydrated enzyme preparations (including
immobilized enzymes).” The maximum dose must not exceed 10 kGy (1 Mrad).

1.4.5. Dry or Dehydrated Spice

“For microbial disinfection of the following dry or dehydrated aromatic vegetable
substances when used as ingredients in small amounts solely for flavoring or aroma:
culinary herbs, seeds, spices, vegetable seasonings that are used to impart flavor but that
are not either represented as, or appear to be, a vegetable that is eaten for its own sake,
and blends of these aromatic vegetable substances. Turmeric and paprika may also be
irradiated when they are to be used as color additives. The blends may contain sodium
chloride and minor amounts of dry food ingredients ordinarily used in such blends.” The
maximum dose must not exceed 30 kGy (3 Mrad).

1.4.6. Poultry

“For control of foodborne pathogens in fresh or frozen, uncooked poultry; any
packed products that are: (1) whole carcasses or disjointed portions of such carcasses
that are “ready-to-cook poultry” within the meaning of 9CFR 381.1 (16), or (2)
mechanically separated poultry product (a finely comminuted ingredient produced
by the mechanical deboning of poultry carcasses or parts of carcasses). The maximum
dose shall not exceed 3 kGy (300 krad) and any packaging used shall not exclude
oxygen” (15).

1.4.7. Space-Flight, Shelf-Stable Meats

“For the sterilization of frozen, packaged meats used solely in the National
Aeronautics and Space Administration space flight programs. Minimum dose: 44 kGy
(4.4 Mrad). Packaging materials used need not comply with Section 179.25(c) provided
that their use is otherwise permitted by applicable regulations in parts 174–186 of this
chapter” (15).

1.4.8. Meat

“For control of foodborne pathogens in, and extension of the shelf life of, refriger-
ated or frozen, uncooked meat products within the meaning of 9CFR301.2(rr), meat
by-products within the meaning of 9CFR301.2(tt), or meat food-products within the
meaning of 9CFR301.2(uu), with or without nonfluid seasoning, that are otherwise
composed solely of intact or ground meat, meat by-products, or both meat and meat
by-products. Dose not to exceed 4.5 kGy maximum for refrigerated products, and not
to exceed 7.0 kGy maximum for frozen products”(15).

1.4.9. Fresh Shell Eggs

“For control of Salmonella in fresh shell eggs; not to exceed 3 kGy.”

1.4.10. Seeds

“For control of microbial pathogens on seeds for sprouting; not to exceed 8 kGy.”
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2. SALMONELLA

Treatment with ionizing radiation is an effective method for the reduction or elimination
of contaminating Salmonella serovars from foods, and their inactivation has been studied
since 1904 (2).

2.1. Eradication or Control of Salmonella and Extension of Shelf Life 
of Poultry Meat

The elimination of salmonella by ionizing irradiation of fresh or frozen poultry
carcasses and mechanically deboned meat has been the subject of several dozen studies
since the initial work on the high-dose extension of the shelf life of chicken meat at the
Massachusetts Institute of Technology by Proctor et al. (17). The irradiation of poultry
meat was reviewed by Thayer (18). Kiss and Farkas (19) found that a dose of 2–5 kGy
of radiation administered to eviscerated chicken almost completely eliminated salmo-
nellae and extended the shelf life 2–3 times of carcasses stored at 0–4°C. Lescano et al.
(20) found that the chicken breasts irradiated at 2.5 kGy were free of salmonellae and
were organically acceptable for up to 22 d. Electron-beam irradiation was found to be
effective for the control of foodborne pathogens and had little effect on the sensory
properties of boneless chicken breast (21).

2.2. Effect of Irradiation Temperature on Radiation Resistance

Licciardello (22) discovered that the radiation sensitivity of Salmonella Typhimurium
increased as the irradiation temperature was increased from 0 to 54.4°C. The cells
were markedly more sensitive at irradiation temperatures above 43.3°C. Previte et al.
(23) discovered that the radiation D-value for five strains of S. Typhimurium irradi-
ated at 4°C on autoclaved chicken varied from 0.052 to 0.068 Mrad (0.52–0.68 kGy).
They also discovered that the D-value increased to 2.93 kGy when the samples were
irradiated at 80°C. Licciardello et al. (24) observed an increase in the radiation
resistance of salmonellae on chicken at subfreezing temperatures. Working with
broilers artificially contaminated on the skin with S. Panama, Mulder (25) irradiated
them at 18°C and obtained a D-value of 1.29 kGy. Mulder et al. (26) treated 240
naturally contaminated broilers with 2.5 kGy of radiation at 20°C and found that
the treatment reduced the S. Panama contamination by 2.5 log-cycles. When freshly
eviscerated broilers, either with or without salt treatment, were irradiated at a dose
of 2.5 kGy and stored at 1.6°C, Salmonella spp. were eliminated and the broilers had
a shelf life of 15 d (27). Mulder compared the effectiveness of irradiating broilers
before or after freezing and then stored them for up to 3 mo at 18°C (28).
Salmonellae were not detected after storage for 1 mo in those irradiated before freezing
and after 3 mo in those irradiated after freezing. Klinger et al. (29) were unable to
find salmonellae on broilers irradiated to 2 kGy, though they were easy to find on
untreated samples. Hanis et al. (30) discovered that chicken carcasses artificially
inoculated with 106 CFU/g of S. Typhimurium were free of salmonellae by a dose of
10 kGy at either 15 or +10°C, but not by treatment at 5 kGy. Thayer and Boyd (31)
investigated the effects of temperature from 20 to +20°C and radiation dose from
0 to 3.6 kGy in sterile, mechanically deboned chicken meat and developed equations
from the results that will predict the log-reduction of S. Typhimurium at a given
temperature and radiation dose. They also found that S. Typhimurium was more
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resistant to radiation when vacuum packaged than when air was present during
irradiation (32).

2.3. Effect of Irradiation Atmosphere on Radiation Resistance

In the 1950s, oxygen was identified by basic researchers of radiation biology as
increasing mutation frequency and lethality of ionizing radiation for cells (33–35).
These observations also had implications for changes in the sensory quality of irradi-
ated foods. Investigators discovered that the decimal reduction dose for Salmonella spp.
on anaerobic chicken meat was approx 2.8 times greater than the observed value when
oxygen was present (24). Licciardello et al. (24) estimated that a dose of 3 kGy would
result in a contamination rate of only one in 80,000 poultry carcasses treated. Thayer
et al. (36) compared the radiation resistance of six serovars of Salmonella when irra-
diated at 5°C in buffer, brain heart infusion broth, and mechanically deboned chicken
meat while vacuum packed or with air in the package. In each case, the measured radi-
ation resistance of the serovars was significantly greater in chicken than in either broth
or buffer, illustrating the necessity for obtaining D-values for the pathogens in the actual
food products. They found no significant differences because of the presence of air in
the package during irradiation.

2.4. Serovar

Significant differences in the radiation D-values were observed by Thayer et al. (36) for
the serovars: S. Newport, 0.38 ± 0.03 kGy; S. Arizonae, 0.44 ± 0.06 kGy; S. Typhimurium,
0.51 ± 0.03 kGy; S. Anatum, 0.52 ± 0.11 kGy; S. Dublin, 0.53 ± 0.11 kGy; and S. Enteritidis,
0.77 ± 0.10 kGy.

2.5. Competition and Growth Rates of Survivors on Irradiated Product

A concern about the irradiation of any food was that by reducing the normal flora on
the product, a surviving pathogen might multiply much more rapidly than normal.
Licciardello et al. (24) discovered that the surviving S. Typhimurium did not multiply
more rapidly on irradiated chicken meat. Thayer and Boyd (32) used response–surface
methodology to study the effects of radiation from 0 to 3.60 kGy, temperature from 20
to +20°C, and atmosphere of either air or vacuum pack on the survival of a streptomycin-
resistant isolate of S. Typhimurium on mechanically deboned chicken meat and chicken
drumsticks. Significant effects for temperature and radiation dose, but not for atmosphere,
were found. The predictive equations for the survival of this pathogen were not markedly
different from those derived for sterile, mechanically deboned chicken, indicating that
the residual indigenous microflora did not significantly alter the radiation resistance.
Thayer et al. (37) discovered that the -injured S. Typhimurium cells on mechanically
deboned chicken meat were much more sensitive to heat than the nonirradiated cells,
which implies any cells surviving the irradiation process were unlikely to survive cooking.
This increased sensitivity of the salmonellae to radiation was retained during refrigerated
storage of the irradiated chicken.

Szczawińska et al. (38) investigated the effect of irradiation on the ability of salmonellae
to compete by irradiating mechanically deboned chicken meat with 0, 1.25, or 2.50 kGy of

radiation at 5°C, challenging each lot of meat with an inoculation of approx 105 CFU/g
of nonirradiated salmonellae (S. Dublin, S. Enteritidis, or S. Typhimurium) and then
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storing the inoculated samples at 5, 10, or 20°C. The assumption was that the study
would mimic poultry meat that had become contaminated following irradiation. The final
populations of S. Dublin and S. Typhimurium were only slightly greater in the irradiated
meat after incubation at 10 or 20°C; however, there was no apparent difference
between the populations in the meat irradiated to 1.25 kGy vs in the meat irradiated to
2.50 kGy. Because the residual populations of indigenous microflora were greatly
reduced in the 2.5 kGy vs the 1.25 kGy irradiated chicken meat, one would have
expected a significant difference in the population of salmonellae after incubation if
competition were a significant factor.

2.6. Virulence

Because ionizing radiation was known to be mutagenic, the possibility of increased
or decreased virulence of surviving pathogens was the subject of several investigations.
Previte (39) discovered, in 1968, that the toxicity of S. Typhimurium endotoxin decreased
progressively when exposed to 10, 50, or 20 kGy of radiation. A dose of 50 kGy inacti-
vated approx 50% of the lethal lipopolysaccharide. Ley et al. (40) followed salmonellae
through six cycles of irradiation on frozen meat and discovered that there were no
changes in their normal taxonomic characteristics, though they became slightly more
sensitive to irradiation. There was no increase in the resistance of S. Typhimurium
surviving 1, 5, or 10 treatments with 5 kGy to tetracycline, chloramphenicol, or
polymixin (41) nor were there changes in virulence. When a lesser dose of 2.3 kGy was
used, there were increases in both antibiotic and radiation resistance after 10 cycles. It
is hard to conceive how, in the normal food-production process, with shipment of the
food to the consumer for cooking and consumption, pathogens would actually be subjected
to recycling. Maxcy (42) concluded that at doses low enough to retain good sensory
properties, any pathogenic survivors would be weakened and present no unique problem
of acquired resistance through recycling.

2.7. Dose Rate

It has been stated by many authors that dose rate might influence the actual dose of
ionizing radiation required to inactivate various pathogens. This is especially of concern
when comparing inactivation doses for electron-beam radiation to those for -rays.
There is support for concern because the very high-dose rates generated by electron-beam
irradiation resulted in greater retention of thiamin in radiation-sterilized chicken meat
than in radiation-sterilized chicken meat (8). The D-values for Listeria mono-
cytogenes, Staphylococcus aureus, Escherichia coli O157:H7, S. Typhimurium, Yersinia
enterocolitica, Vibrio parahaemolyticus, and Campylobacter jejuni were not signifi-
cantly different when derived from exposures to radiation at the rates of 0.78, 2.6, and
22 kGy/h (43).

2.8. Water

The literature is replete with observations of increased sensitivity of salmonellae
and other microorganisms to ionizing radiation in aqueous suspension (25,36,43).
Thayer et al. (44) found that the resistance to radiation of S. Typhimurium in chicken
meat increased when the amount of water was decreased or when NaCl was added to
the meat, decreasing the water activity. However, when the water activity was decreased
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by the addition of sucrose, no such increase in radiation resistance was observed,
implying that it was the amount of water in the suspending medium and not its water
activity that was the controlling factor.

2.9. Substrate

Those involved with the application of ionizing radiation for the control of foodborne
pathogens on foods quickly found that the observed radiation resistance was often very
different when the organisms were on a food product rather than in an aqueous suspen-
sion. To a large extent, we can attribute such variances to the chemical composition
of the food and its ability to react with the ionizing radiation as a scavenger for free
radicals allowing interaction of the radiation with the microorganism. We already know
from our earlier discussion that different serovars of Salmonella may vary in their resist-
ance to ionizing radiation; however, the D-value for S. Typhimurium was 0.37 kGy on
ground beef (45) and 0.44 kGy on minced chicken (46). A mixture of Salmonella
serovars had a D-value of 0.54 kGy (47) on sprouts, but a D-value of 0.97 kGy on alfalfa
seeds (48). Thayer et al. (49) postulated and tested the concept that many of the differ-
ences in radiation resistance attributed to the food substrate might be because of the
variations in primary factors such as oxygen tension, pH, irradiation temperature,
bacterial growth stage, amount of water, food additives, cultural conditions, and the
methods used to enumerate the number of survivors. Using identical cultural conditions,
Thayer et al. (49) found that the D-value for a mixture of Salmonella serovars S. Dublin
15480, S. Enteritidis 13076, S. Newport 6962, S. Senftenberg 8400, and S. Typhimurium
14028 did not differ significantly on ground beef, lamb, turkey breast, and turkey leg
meats. The mean D-value for this mixture of Salmonella serovars was 0.70 ± 0.04 kGy at
5°C. The D-value for this mixture was, however, significantly lower on pork meat (0.51 ±
0.03 kGy) than on the other meats. In a separate study of the radiation resistance of this
same mixture of S. serovars on bison, ostrich, alligator, and caiman meats, the D-values
obtained with all of the meats were not significantly different from each other, and
averaged 0.53 ± 0.02 kGy, not statistically different from that observed for pork (50).
The authors concluded that one could expect to obtain similar control of foodborne
pathogens on edible meats and poultry products.

Clavero et al. (51) discovered that the D-values for a mixture of Salmonella serovars
were not significantly different in low (8–14%) and high fat (27–28%) raw ground beef,
averaging 0.64 kGy when irradiated at 2–5°C.

2.10. Salmonella Control in Eggs and Egg Products

There was a very early recognition that irradiation might be a good method to control
Salmonella in liquid whole egg used for the production of dried egg powder (52).
Proctor et al. (52) found that the taste panels could not distinguish between scrambled
eggs prepared from spray dried irradiated and nonirradiated liquid whole egg; Salmonella
could be completely eliminated. Irradiation of either shell eggs or of liquid whole egg
was less feasible because of the high lipid-content of the yolk and because of the
adverse changes in the albumen fraction of shell eggs (53–57). Kijowski et al. (58) irra-
diated frozen whole egg and obtained D-values of 0.39 and 0.52 kGy for Salmonella
spp. and E. coli, respectively. No detrimental effects of irradiation were noted at doses
up to 2.5 kGy. In most foods E. coli is more sensitive to radiation than is Salmonella.
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Apparently, natural antibacterial factors in the egg influence the radiation resistance of
Salmonella. Matić et al. (59) discovered that the same degree of control by a 2.4-kGy
irradiation dose of Salmonella in egg powder could be achieved by 1 kGy when the
irradiated product was stored for 3 wk. Kijowski et al. (58) discovered that frozen
liquid whole egg could be irradiated to a dose of 2.5 kGy without detrimental functional,
chemical, and sensory effects and reduced the probability of survival of Salmonella by
6 logs. The irradiation resistances of five S. Enteritidis isolates were compared on and
within shell eggs (60). The D-values ranged from 0.32 to 0.41 kGy, indicating that a
dose of 1.5 kGy should reduce counts by 4 logs. Investigators irradiated liquid whole
egg at 60°C and obtained greater rates of Salmonella inactivation than with either heat
or radiation alone (61).

2.11. Salmonella Control on Fruits, Vegetables, and Produce

Salmonella contamination of produce is a continuing source of foodborne disease, in
part, because it is frequently consumed raw (62). The subject of irradiation of fruits,
vegetables, and produce has been reviewed, though few studies included pathogens
(63–70). Hagenmaier and Baker (71) observed that even a very low radiation dose of
0.19 kGy increased the shelf life of fresh-cut iceberg lettuce and reduced its microbial
population. The radiation D-values for the Salmonella spp. isolated from meat or vege-
tables on alfalfa sprouts were 0.54 and 0.46 kGy, respectively (47). A radiation dose of
2 kGy increased the shelf life of alfalfa sprouts by 10 d, and irradiation of the seeds at
doses up to 2 kGy did not unacceptably decrease the yield of alfalfa sprouts per given
weight of seed (72). Rajkowski et al. (73) discovered that the shelf life of the broccoli
sprout could be extended 10 d by a radiation dose of 2 kGy. The D-values for vegetable
isolates of Salmonella were 1.10 kGy when they were present on the seeds. A radiation
dose of 2 kGy significantly reduced both sprout yield and germination of the broccoli
seeds. Thayer et al. (48) discovered that when Salmonella isolates from either meat or
vegetables were present on alfalfa seeds, the average D-value for the inactivation of
Salmonella was 0.97 ± 0.03 kGy, much higher than the D-values for the same isolates
on meat and poultry. The higher than expected resistance to radiation was not because
of the low amounts of water (~12%) in the alfalfa seeds. Significantly, a 2-kGy radiation
dose should inactivate 2 logs of Salmonella on alfalfa seeds. A natural contaminant of
alfalfa seeds that had been responsible for several outbreaks of salmonellosis, S. Mbandaka,
had a D-value of 0.81 ± 0.02 kGy on alfalfa seeds (74). An absorbed dose of 4 kGy but
not 3 kGy eliminated S. Mbandaka from the seed. This dose was much greater than
expected because the organism could only be detected by an enrichment culture, and the
investigators concluded after several studies that the maximum contamination level per
seed and not contamination level of the lot of seed determined the radiation dose
required for inactivation (73). Salmonella are more sensitive to irradiation on lettuce than
on alfalfa sprouts, as Niemira (75) compared the sensitivities of a mixture of S. Anatum
and S. Stanley on Boston, green leaf, iceberg, and red leaf lettuce and obtained D-values
of 0.24 ± 0.01, 0.31 ± 02, 0.25 ± 0.01, and 0.23 ± 0.01 kGy, respectively.

2.12. Salmonella Control in Juice

Juices were recognized as possible sources of foodborne disease, and irradiation
was investigated as a method for pasteurization or sterilization (76–87). In spite of the
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linkage of Salmonella contamination of juices (88–90) to foodborne disease, relatively
few studies have explicitly examined its control in juice by irradiation. The radiation
resistance of S. Enteritidis varied only slightly in five different commercial orange
juices from 0.35 to 0.37 kGy (91). The radiation D-values at 2°C in undiluted
orange juice for S. Anatum, S. Newport, S. Infantis, and S. Stanley were 0.48, 0.48, 0.35,
and 0.38 kGy, respectively (92); variations in the amount of pulp did not alter the
radiation resistance.

3. CAMPYLOBACTER

Campylobacteriosis in 1996 accounts for 46% of the laboratory confirmed cases of
bacterial gastroenteritis reported to the US Centers for Disease Control and Prevention
(93). Poultry, meat, and raw milk are the major sources of human infection with
Campylobacter jejuni (93). Tarkowski et al. (45) obtained D-values of 0.15, 0.14, and
0.16 kGy for three strains of C. jejuni in ground beef. Lambert and Maxcy (94) deter-
mined that the D-values for log-phase cells of C. jejuni irradiated in ground beef were
0.32, 0.16, and 0.17 kGy at temperatures of 30 ± 10, 0–5, and 30 ± 10°C, respectively.
When irradiated in ground turkey meat the results were very similar, 0.29, 19, and
0.16 kGy at temperatures of 30 ± 10, 0–5, and 30 ± 10°C, respectively. However, only
two replications, and in some cases only two dose-levels, were investigated. The authors’
results did not indicate that growth stage affected the radiation resistance of the cells
in ground beef. Yogasundram et al. (95) discovered that a contamination level of 103

of C. jejuni on chicken drumsticks could be reduced by 1 log by a dose of 0.5 kGy;
a 1 kGy treatment completely eliminated it. Clavero et al. (51) measured D-values for
C. jejuni of 0.24 ± 0.02 and 0.18 ± 0.005 kGy in low-fat (8.2–13.9%) raw ground beef
at 17 to 15°C or at 3–5°C, respectively. The D-values for C. jejuni were 0.21 ± 0.02
and 0.20 ± 0.02 kGy in high-fat (26.8–27.1%) raw ground beef at 17 to 15°C or at
3–5°C, respectively. Dion et al. (43) discovered that a 28-fold difference in -ray dose
rate did not alter the D-value for inactivation of C. jejuni in chicken breast meat. Patterson
(96) compared the -radiation sensitivity of three strains of C. jejuni and one strain each
of C. fetus and C. lari on poultry meat. The D-values ranged from 0.12 to 0.25 kGy.
The author suggested that the radiation doses sufficient to eliminate Salmonella or Listeria
would also eliminate Campylobacter spp. The D-values for inactivation of Arcobacter
butzleri (0.27 kGy) and C. jejuni (0.19 kGy) in vacuum packaged pork were determined
with electron-beam irradiation (97). A 1.5 kGy dose of ionizing radiation would be
expected, therefore, to eliminate 5 logs of A. butzleri and 7 logs of C. jejuni. The available
evidence indicates that food irradiation offers an excellent opportunity to control this
pathogen on food.

4. ESCHERICHIA COLI

Escherichia coli in early studies was viewed primarily as a tool in the study of genetics
and radiation biology (98,99). These studies and others, however, produced information
for the practical application of ionizing radiation for the treatment of foods, such as the
effects of temperature during irradiation (100) and the effect of oxygen (33). Fram et al.
(101) demonstrated that the percentage of a given species killed by a specific dose of
X-rays was the same regardless of the concentration of cells in the initial suspension
and also that the inactivation followed first-order kinetics. Stapleton (102) discovered
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that there were variations in the radiation resistance of E. coli that were dependent on
the growth cycle of the bacterium.

4.1. Poultry

Mulder (25) investigated the inactivation of Escherichia coli K12 by irradiation on
inoculated deep-frozen chicken broiler carcasses. The poultry was also inoculated with
S. panama. At an irradiation temperature of 18°C and a -ray dose rate of 1.5 kGy/h,
the D-value for the inactivation of E. coli K12 on skin was 0.58 kGy. Patterson (46)
inoculated sterile chicken mince with an unidentified strain of E. coli and obtained a
D-value of 0.39 kGy in air or 0.27 in vacuum. This result is unusual in that the D-value
would be expected to be lower in the presence of oxygen.

4.2. Beef

In 1993, Thayer and Boyd (103) reported the results of an investigation of the sensi-
tivity of E. coli O157:H7 ATCC 43895 when irradiated on sterile, mechanically deboned
chicken meat or on sterile ground beef. At an irradiation temperature of 0°C in either
vacuum-packed hamburger or mechanically deboned chicken meat, stationary phase cells
of E. coli O157:H7 had a D-value of 0.27 ± 0.03 kGy. When the irradiation temperature
was decreased to 5°C, the D-value increased to 0.44 ± 0.03 kGy in mechanically
deboned chicken meat. The authors found a very significant effect of irradiation temp-
erature on the inactivation of E. coli O157:H7, indicating that a dose of 1.5 kGy should
eliminate 5.36 logs at 5°C but only 2.64 logs at 20°C. These authors found in a
challenge study that a dose of 0.75 kGy reduced an average inoculum of 104.8 CFU/g
of E. coli O157:H7 in ground beef to less than 10 CFU/g, and survivors were not
detected in ground beef irradiated to an absorbed dose of 1.5 kGy even after the samples
were temperature abused at 35°C for 20 h. Thayer et al. (49) found that D-values of a
cocktail of E. coli O157:H7 did not differ when irradiated in ground beef, pork, lamb,
or turkey under identical conditions. Thayer and Boyd (104) determined D-values for
the inactivation of E. coli O157:H7 in ground beef when irradiated at temperatures from

76 to +20°C; the results confirmed their earlier studies and provided D-values for
temperatures that might be encountered under commercial conditions of irradiation.

Clavero et al. (51), using a five strain mixture of E. coli O157 and irradiating the
samples of inoculated raw ground beef in a commercial irradiator, observed D-values of
0.24 and 0.31 kGy at irradiation temperatures of 3–5°C and 17 to 15°C. The D-values
were not affected by the amount of fat in the meat. Ito and Harsojo (105) found D-values
of 0.26 and 0.46 kGy for the inactivation of strain IID959 in ground beef by irradiation
at fresh and frozen conditions, respectively.

4.3. Juice

Contamination with E. coli O157:H7 is not limited to meats (62,63) and research has
established that ionizing irradiation can be an effective treatment for its elimination
from fruit juices, produce, and seeds used for the production of food sprouts. Buchanan
et al. (106) discovered that the D-values for three isolates of E. coli O157:H7 in apple
juice increased when the cells were acid adapted or when there was a high level of
suspended solids in the cider. They concluded that a dose of 1.8 kGy should be sufficient
to achieve the 5D inactivation recommended by the National Advisory Committee for
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Microbiological Criteria (90). Fan and Thayer (107) found that a dose of 3.55 kGy
required for a 5D reduction of Salmonella in apple juice resulted in increased production
of malondialdehyde after storage; however, malondialdehyde production was reduced
when the product was flushed with nitrogen and frozen before irradiation. Fan et al.
(108) determined that a 5D ionizing radiation dose at 5°C, 3.55 kGy, for the control
of Salmonella would result in a 16.6% loss of the total ascorbic acid in orange juice.
However, these losses were also reduced by flushing with nitrogen and freezing the
product before irradiation.

4.4. Food Sprouts and Seeds

Rajkowski and Thayer (47) discovered that the D-values 0.26–0.34 kGy at an irradiation
temperature of 19°C for the inactivation of E. coli O157:H7 on inoculated alfalfa,
broccoli, and radish sprouts were very similar to those observed for its inactivation
on meat. The total ascorbic acid in irradiated alfalfa sprouts was measured at 1, 7, and
14 d of storage following radiation doses of 0–2.57 kGy at 5°C and was found to be
slightly higher in the sprouts irradiated at the maximum dose than in the nonirradiated
controls (109).

Unfortunately, with the exception of very large commercial producers, most sprouts
are grown by relatively small firms with insufficient product for irradiation to be a
practical step in their HACCP plan. (Sprout producers are considered to be food proces-
sors, not farmers, by the US Food and Drug Administration.) This fact makes it a better
alternative to treat the seed rather than the sprouts; this also keeps the pathogens out of
the food-processing facility. However, there is an obvious limitation to irradiation of
seeds in that a too rigorous treatment may decrease sprouting or the yield of sprouts
per gram of seed. There is no single answer to the problem as seeds very widely in their
sensitivity to ionizing radiation (63). Thayer et al. (48) found that the D-values for the
inactivation of disease outbreak isolates of E. coli O157:H7 and Salmonella on alfalfa
seeds were 0.60 ± 0.01 and 0.97 ± 0.03 kGy, respectively. A 2-kGy dose for alfalfa seed,
recommended by Rajkowski and Thayer (72), should produce a 3.3-log reduction of
E. coli O157:H7 without a significant reduction in the yield of sprouts. Rajkowski et al.
(73) discovered that the D-value for inactivation of E. coli O157:H7 when present on
broccoli seeds was 1.11 ± 0.12 kGy and that 2 kGy was the maximum dose that allowed
good productivity of sprouts. Alfalfa sprouts grown from irradiated seeds consistently
were found to have higher quantities of antioxidants, including ascorbic acid, than those
grown from nonirradiated seeds, even after the sprouts were stored for 21 d at 7°C (110).
Bari et al. (111) compared chemical and irradiation treatments for killing E. coli O157:H7
on alfalfa, radish and mung bean seeds and concluded that only an irradiation dose of
2.0 kGy in combination with dry heat completely eliminated it from alfalfa seeds and mung
beans, but a dose of 2.5 kGy was required to eliminate the pathogen from radish seeds.

4.5. Produce

Outbreaks of disease have been linked to fresh cut lettuce contaminated with E. coli
O157:H7 (62). Niemira et al. (112) investigated the radiation sensitivity of an outbreak
isolate of E. coli O157:H7 on four types of lettuce and found significant differences
depending upon the lettuce type. The D-values were 0.12 ± 0.004 and 0.14 ± 0.003 kGy
on the surface of red leaf lettuce and either iceberg or Boston lettuce, respectively.
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The D-values were significantly higher when homogenates of the lettuce were used;
the D-value in homogenates of red leaf lettuce was 0.34 ± 0.01 kGy. Chlorination of iceberg
lettuce with 200 ng/mL and then irradiating it to 0.55 kGy provided a 5.4-log reduction
in E. coli O157:H7 (113).

5. LISTERIA

Several foodborne outbreaks of listeriosis prompted concern about the presence of
L. monocytogenes not only in milk and cheese, but also, in or on poultry, meat, and
ready-to-eat foods and for the potential of its control through irradiation (114–116).
Huhtanen et al. (117) discovered that the mean D-value for inactivation of seven isolates
of L. monocytogenes on mechanically deboned chicken meat was 0.46 ± 0.05 kGy at
2–4°C. El Shenawy et al. (118) found that D-values for three isolates of L mono-
cytogenes ranged from 0.51 to 1.0 kGy when present in minced beef and -irradiated
at 20–21°C. The Scott A strain was least resistant to irradiation. Patterson et al. (119)
found D-values of 0.42–0.55 kGy for four strains of L. monocytogenes on sterile
chicken mince. It is unknown if the author refrigerated the samples in any way during
the irradiation treatment. Farag et al. (120) obtained almost identical D-values with
- and 10 MeV-irradiation. Lewis and Corry (121) irradiated 32 of 64 matched chicken

carcasses to an absorbed dose of 2.5 kGy. The number of carcasses contaminated with
L. monocytogenes was lower in the irradiated birds. L. innocua was found on 44% of
the nonirradiated chickens but on none of those that was irradiated. Tarte et al. (122)
found that the D-values for L. monocytogenes NADC 2045 Scott A, L. monocytogenes
NADC 2783, L. monocytogenes ATCC 15313, L. ivanovi, and L. innocua in ground
pork were 0.447, 0.424, 0.445, 0.372, and 0.638 kGy, respectively. Thayer et al. (49)
found that the D-values for a mixture of four pathogenic isolates of L. monocytogenes
averaged 0.47 kGy and were not significantly different when irradiated at 5°C on vacuum-
packed beef, pork, lamb, turkey breast, and turkey leg meat.

5.1. Temperature

Monk et al. (123) irradiated low- and high-fat frozen and refrigerated ground beef
patties inoculated with L. monocytogenes using a commercial radiation source and
found that the D-values ranged from 0.507 to 0.610 kGy. Neither the amount of fat nor
the irradiation temperature influenced the D-value. Andrews et al. (124) also did not
observe increased resistance to radiation by L. monocytogenes when it was frozen
suspended in tryptic soy broth; the opposite effect was found. The D-values at 80, 4,
and 20°C were 0.43, 0.58, and 0.62 kGy, respectively. Thayer and Boyd (125) examined
the radiation resistance of L. monocytogenes in ground beef at 5°C intervals for irradiation
temperatures from 20 to +5°C using a temperature-controlled irradiator and found
that radiation resistance increased as the irradiation temperature decreased. In a manner
resembling the Arrhenius plot of reaction rate vs temperature, a straight line was obtained
when the logs of the D-values were plotted vs the reciprocal of the absolute temperature
from 5 to 20°C. The D-values were 0.445, 0.453, 0.772, 0.854, 1.006, and 1.298 kGy
at irradiation temperatures of 5, 0, 5, 10, 15, and 20°C, respectively. Survival of
L. monocytogenes followed a predictable pattern when irradiated at temperatures of

60 to +20°C. There was no statistically significant increase in survival as the temper-
ature decreased from 20 to 0°C, but survival increased sharply from 0 to 20°C and less
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so from 20 to 30°C, at which point the curve leveled off. This type of effect would
be predicted for a decrease in secondary reactions as the temperature reached the point
at which the migration of free radicals became severely inhibited by the ice structure.
Kamat and Nair (126) found significantly increased survival of L. monocytogenes when
irradiated at cryogenic temperatures (dry ice).

5.2. Synergy Between Heat and Irradiation

Grant and Patterson (127) found that the D-value for L. monocytogenes cells on minced
roast beef heated at 65°C was 34.0–53.0 s. When the samples were preirradiated to a
dose of 0.8 kGy the D-value was 15.3–16.8 s. The decreased resistance to heat persisted
for up to 2 wk during the storage of the irradiated beef at 2–3°C. The results suggest
that any L. monocytogenes present in irradiated foods that are intended to be reheated
prior to consumption would be more easily killed.

5.3. Milk and Cheese

In an interesting application it was found by Bougle and Stahl (128) that a fully
pathogenic strain of L. monocytogenes inoculated at 104/g, though not at 105/g, into raw
milk camembert cheese could be completely destroyed by a dose of 2.6 kGy of ionizing
radiation without altering the organoleptic properties. An irradiated camembert was
marketed in France. Hashisaka et al. (129,130) determined that the D-values for L.
monocytogenes at 78°C were 1.4 and 2.0 kGy in mozzarella cheese and ice cream,
respectively. This study investigated the production of low bacterial products for
immunosuppressed patients and unfortunately found that many milk products had off
flavors as a result of sterilization treatments (131). Ennahar et al. (132) proposed using
low energy electrons to irradiate the rind of soft and red smear cheeses to eliminate
L. monocytogenes which is associated primarily with the rind of the cheese. A dose of
3.0 kGy eliminated 105 CFU/g of L. monocytogenes and avoided changes in sensory
properties of the cheeses.

5.4. Modified Atmosphere Packaging

Grant and Patterson (133) irradiated two isolates of L. monocytogenes in minced
pork packed in either oxygen permeable packaging or under a modified atmosphere of
25% CO2 and 75% N2. They obtained D-values of 0.65 and 0.57 kGy in air and 0.71
and 0.60 kGy in the modified atmosphere. Thayer and Boyd (134) found that the recovery
and multiplication of radiation-injured L. monocytogenes cells on radiation-sterilized
ground raw turkey was inhibited by modified atmospheres containing 40.5 or 64% CO2
and nitrogen during storage at a mild abuse temperature of 7°C for 28 d.

5.5. Ready to Eat Precooked Foods

Grant and Patterson (135) determined the D-values for L. monocytogenes on individual
components of a chilled “ready meal” and found some significant variations. The D-values
were 0.53, 0.56, 0.56, 0.64, and 0.65 kGy on mashed potato, gravy, cauliflower, beef,
and roast potato, respectively. A sous-vide treatment of vacuum and cooking chicken to
an internal temperature of 65.6°C had little effect on the survival of L. monocytogenes;
but following a combination of sous-vide with an irradiation dose of 2.9 kGy, the pathogen
was undetectable during 8 wk of storage at 2°C. Grant et al. (136) found that irradiation
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extends the lag phase of L. monocytogenes. This work was extended by Patterson et al.
(119) who found that in cooked poultry meat at 6°C, the lag phase for L. monocytogenes
was only 1 d in unirradiated samples but 18 d in samples that had received a dose of
2.5 kGy. Thayer et al. (137) found that the D-values for the inactivation of L. mono-
cytogenes on air-packed raw and cooked ground turkey meat were significantly different,
0.70 ± 0.04 and 0.60 ± 0.02 kGy, respectively. L. monocytogenes cells surviving a low
dose of 1 or 2 kGy multiplied more rapidly on cooked turkey than on raw turkey during
21 d of storage at 7°C.

Clardy et al. (138) investigated the potential for irradiation control of L. monocytogenes
that might contaminate commercial ham and cheese sandwiches that are sold frozen.
The investigators inoculated the frozen ham slice with L. monocytogenes, resealed the
packages, and refroze the sandwiches before determining the D-value. The sensory
effects of irradiation were determined with uninoculated sandwiches. At an irradiation
temperature of 40°C, the D-values ranged from 0.71 to 0.81 kGy. The sensory panelists
were able to identify the irradiated sandwiches but were divided on whether or not the
irradiation had adversely affected the quality.

Frankfurters have been recalled on several occasions because of contamination with
L. monocytogenes. Irradiation offers an exceptionally good method for the decontami-
nation of packaged frankfurters. Sommers and Thayer (139) determined the D-values
for the inactivation of L. monocytogenes on the surface of several types and brands of
commercial frankfurters and found that D-values ranged from 0.49 to 0.71 kGy with an
average of 0.61 kGy. Product formulation significantly affected the radiation resistance;
the higher D-values tended to be associated with mixed meat and poultry frankfurters.
Stadium franks have a bright red color because they have been surface-treated with
sodium erythorbate. Because erythorbate is an antioxidant, there was a concern that its
presence might protect L. monocytogenes during irradiation. Sommers et al. (140) found
that though radiation resistance increased when cells were suspended in 0.1% solutions,
no such increase occurred when cells were on the surface of treated frankfurters. Sommers
and Fan (141) discovered that the D-value for the inactivation of L. monocytogenes
when it was surface inoculated onto slices of beef bologna was not influenced by the
antioxidant values of the meat, which increased with increasing dextrose concentrations
from 0 to 8%. The D-values ranged from 0.59 ± 0.02 to 0.61 ± 0.04 kGy. Sommers and
Fan (142) discovered that adding sodium diacetate to bologna emulsion decreased the
D-value for the inactivation of L. monocytogenes. Sommers et al. (143) found that the
D-value for L. monocytogenes decreased when sodium diacetate and potassium lactate
were added to the bologna mixture. Sodium diacetate and potassium lactate mixtures
inhibit the multiplication of L. monocytogenes. Sommers et al. (144) discovered that
the D-value for L. monocytogenes was inversely dependent to the concentration of
citric acid in which the frankfurters were dipped prior to packaging. The D-values were
0.61, 0.60, 0.54, and 0.53 kGy when frankfurters were dipped in 0, 1, 5, or 10% citric
acid, respectively.

5.6. Produce

Contaminated produce has been responsible for the dissemination of L. monocytogenes
to man, and produce serves as an excellent medium for its multiplication (62).
Irradiation is an appropriate method to eliminate this organism from produce and to
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increase shelf life significantly. Farkas et al. (145) investigated the inactivation of L.
monocytogenes on chilled cut bell peppers and carrots and found that a very low dose
of 1 kGy eliminated the pathogen and extended the shelf life. These authors also found
that the pathogen rapidly multiplied on unirradiated bell pepper. Because frozen vegetables
sometimes get included in salad mixes without prior cooking, they can be a possible
source of foodborne pathogens. Niemira et al. (146) irradiated inoculated broccoli,
corn, lima beans, and peas at subfreezing temperatures and determined that the D-values
for the inactivation of L. monocytogenes at 5°C ranged from 0.50 kGy for broccoli to
0.60 kGy for corn. Significant effects were noted for temperature and type of vegetable.
Niemira (75) discovered that the D-value for the inactivation of L. monocytogenes at
4°C was approx 0.19 kGy on Boston, green leaf, iceberg, and red leaf lettuce, indicating
that a 5-log reduction could be achieved by a dose of 1 kGy. Niemira et al. (147) deter-
mined that the D-value for L. monocytogenes was 0.21 ± 0.01 kGy at 2°C when the
pathogen was inoculated onto endive. It was determined that a 4-log reduction could be
achieved with little or no impact on the product’s texture or color.

6. VIBRIO

The possibility of inactivating Vibrio cholerae by irradiation was recognized and
tested by Green in 1904 (2). Among the many pathogenic Vibrio species is V. vulnificus,
which has proven to be resistant to technologies that have eliminated other vibrios from
shell fish (148). Matches and Liston (149) determined the sensitivity of 27 Vibrio para-
haemolyticus isolates in homogenized fish and crab meat to radiation. In crab meat,
reductions varied at 24°C from 2.8 logs at 1.0 kGy to 5.4 logs at 0.25 kGy. Campanini
et al. (150) determined that the D-values for V. parahaemolyticus and V. cholerae in
pH 7 phosphate buffer were 0.10 and 0.11 kGy, respectively. Bandekar et al. (151)
discovered that the D-value for the inactivation of Vibrio parahaemolyticus on frozen
shrimp was 0.10 kGy. Ito et al. (152) found that the dose necessary to eliminate V. para-
haemolyticus from frozen shrimp was 1.5–2.0 kGy. Hau et al. (153) found that the
D-value for V. cholerae on grass prawns was 0.11 kGy. Sang et al. (154) determined that
radiation doses of 1.0 and 0.5 kGy eliminated V. cholerae from frog legs at 20 and 4°C,
respectively. Ama et al. (155) found that irradiating fresh oyster at 40°C more effec-
tively inactivated Vibrio vulnificus than either heating or irradiation at refrigeration
temperatures. Kwon and Byun (156) discovered that V. parahaemolyticus was more
sensitive to radiation following a heat treatment. de Moraes et al. (157) found that the
D-values for V. cholerae in oysters ranged from 0.173 to 0.235 kGy. Jakabi et al. (158)
found that a dose of 1.0 kGy was sufficient for a 5- to 6-log reduction of V. parahaemo-
lyticus in oysters. The results clearly indicate that irradiation is an effective sanitation
treatment for the elimination of Vibrio species from food.

7. YERSINIA

El Zawahry and Rowley (159) determined that the D-values for Yersinia enterocolitica
in ground beef were 0.195 and 0.388 kGy at irradiation temperatures of 25 and 30°C,
respectively. Tarkowski et al. (45) determined that the D-values for Y. enterocolitica
were 0.10, 0.16, and 0.21 kGy for serotypes 0:3, 0:5/27, and 0:9, respectively. Grant and
Patterson (133) determined the D10-values for two isolates of Y. enterocolitica on pork
packed with air or under a modified atmosphere consisting of 25% CO2 : 75% N2. The
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D10-values ranged from 0.164 to 0.204 kGy on nonselective media. The presence of the
modified atmosphere increased the radiation resistance of one of the isolates signifi-
cantly from 0.164 to 0.176 kGy. The radiation resistances of log- and stationary-phase
Y. enterocolitica cells were not significantly different (43). Y. enterocolitica inoculated
at 105 onto the surface of steak or ground beef was undetectable following a radiation
dose of 2.0 kGy (160). Kamat et al. (161) found that the D-value for Y. enterocolitica
was 0.25 kGy in a homogenate of 10% raw pork meat. These authors found that while
Y. enterocolitica could be eliminated by an irradiation dose of 4–3 kGy from salami and
cooked ham that had been inoculated at 106 CFU/g, the pathogen was not eliminated
from raw pork. However, lower numbers, <103 CFU/g, were completely eliminated by
a dose of 1 kGy, even at 40°C. Shenoy et al. (162) found that heat shocking Y. entero-
colitica cells did not increase their resistance to radiation. Sommers et al. (163) determined
that the D-value for a mixture of four Y. enterocolitica strains inoculated into ground
pork increased when the radiation temperature decreased from 0.19 to 0.55 kGy at irradi-
ation temperatures of +5 and 76°C, respectively. Sommers and Bhaduri (164) discovered
that any Y. enterocolitica that might survive a low dose irradiation treatment would
have a high probability of being less virulent because of the loss of the virulence plasmid
as the result of the treatment. Sommers and Novak (165) discovered that the presence
or absence of the virulence plasmid in Y. enterocolitica did not affect its resistance to
ionizing radiation.

8. STAPHYLOCOCCUS

Staphylococcus pyogenes aureus was among the bacteria first found to be sensitive
to radiation from radium by Green in 1904, and Chambers and Russ in 1912 (2,166).
Baker (167) quantified the response of Staphylococcus aureus to the -rays from radium
and observed that when the log concentration was plotted vs the exposure time in hours,
the inactivation was linear or first order. Fram et al. (101) found that S. aureus was more
resistant to X-rays than Aerobacter aerogenes, E. coli, Serratia marcescens, Pseudomonas
aeruginosa, and P. fluorescens. The percentage of bacteria of a given species that were
killed by a specified dose was the same regardless of the concentration of bacteria in
the irradiated suspension. Patterson (46) did not find any significant differences in the
D-values, averaging 0.40 kGy at 10°C, for S. aureus inoculated onto sterile chicken
mince and irradiated in air, CO2, vacuum, or N2. Licciardello et al. (168) found that the
D-value for the inactivation of S. aureus in minced clam and mussel meat was 100 krad
(0.10 kGy). Unfortunately, the irradiation temperature was not stated, making it difficult
to assess the significance of the data. Grant and Patterson (135) measured the D-values
for S. aureus NCTC 10655 when irradiated at a temperature of 0–3°C in the compo-
nents of a roast beef meal and obtained D-values of 0.39, 0.36, 0.43, 0.39, and 0.42 kGy
in roast beef, gravy, cauliflower, roast potato, and mashed potato, respectively. Hau et al.
(153) measured the D-value for S. aureus ATCC 10832 on the surface of frozen grass
prawns and obtained a value of 0.29 kGy at 10 ± 2°C.

Thayer and Boyd (169) measured D-values of 0.27 ± 0.02 and 0.36 ± 0.01 kGy for
the inactivation of log- and stationary-phase cells of S. aureus ATCC 13565 inoculated
into sterile, mechanically deboned chicken meat and irradiated at a temperature of 0°C.
Results obtained with air- and vacuum-packed samples were not significantly different.
A higher D-value of 0.47 ± 0.01 kGy was obtained for a mixture of four strains (ATCC
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13565, B121, B124, and B176) of S. aureus inoculated into sterile, mechanically ground
chicken meat, vacuum packed, and irradiated at 0°C. These authors (169) conducted a
challenge study in which vacuum-packaged, sterile, mechanically-deboned chicken
meat was inoculated with approx 103.9 CFU of S. aureus and irradiated samples at doses
from 0 to 3.0 kGy at 0°C. One set of samples was analyzed immediately after irradiation
and a second set was temperature abused at 35°C for 20 h before analysis. In the non-
temperature abused samples, S. aureus was not detected in samples that had been treated
with 1.50 kGy or higher. In samples that were temperature abused, nonirradiated sam-
ples and those treated with 0.75 kGy were positive for S. aureus; however, toxin was
detected only in the nonirradiated samples. Neither viable S. aureus nor toxin was found
in samples that received 1.50 kGy or greater treatment. The authors found significantly
increased survival of S. aureus in frozen samples. Grant et al. (170) discovered that
following a 2-kGy treatment, S. aureus was not detected during storage at 15°C for 7 d
in roast beef and gravy that had been inoculated with approx 102 CFU/g. With a greater
inoculum 2 kGy produced a 3–4 log-reduction in the population and a significant delay
before toxin was detectable under abuse conditions.

Thayer et al. (49) tested the hypothesis that radiation resistances of S. aureus were
specific for the meat on which the bacteria were irradiated. Using identical conditions
of preparation and irradiation and a mixture of ATCC 25923 and 13565, they found that
there were only minor variations in the D-values. The D-values for the inactivation of
S. aureus inoculated onto sterile meat and irradiated at 5°C were 0.46 ± 0.02, 0.40
± 0.03, 0.43 ± 0.02, 0.45 ± 0.03, and 0.46 ± 0.05 kGy for beef, lamb, pork, turkey breast,
and turkey leg meats, respectively. Thayer et al. (50) conducted a similar study with
exotic meats and found D-values of 0.40 ± 0.02, 0.34 ± 0.02, 0.36 ± 0.01, and 0.38
± 0.01 kGy for the inactivation of S. aureus ATCC 25923 and ATCC 13565 on ground
bison, ostrich, alligator, and caiman meats, respectively. Thayer and Boyd (104) deter-
mined the D-value for S. aureus on ground beef at several irradiation temperatures and
found significantly increased values when the product was irradiated under frozen con-
ditions, e.g., 0.51 ± 0.02 and 0.88 ± 0.05 kGy at 0 and 20°C, respectively. Lamb et al.
(171) determined the D-value for the inactivation of S. aureus on ready to eat ham and
cheese sandwiches to be 0.63 kGy. The authors concluded that irradiation was a viable
method for the preservation of such products.

9. BACILLUS CEREUS

The spores of Bacillus cereus are much more resistant to ionizing radiation than are
their vegetative cells, requiring care in designing and evaluating experiments and in
applying the technology, especially if the aim is to produce a shelf-stable food product.
On the other hand, ionizing irradiation of dry spices, herbs, vegetable seasonings, and
enzymes to eliminate pathogens and spoilage organisms is undoubtedly the largest
commercial use of the technology. The reader is referred for detailed discussion and
irradiation practice to the following: Farkas (172), Kiss and Farkas (173), and IGFI
Document 5 (174).

Basic research on the radiation resistance of the spores of Bacillus species dates back
to the work of Green in 1904 (2). Yamazaki et al. (175) discovered that the medium in
which the spores were produced influenced their radiation resistance and that some of the
observed variations were associated with variations in Mn and Ca in the media. Berg and
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Grecz (176) discovered that radiation resistance of Bacillus cereus spores was directly
related to the amount of dipicolinic acid (DPA) in the spore. Farkas and Roberts (177)
discovered that B. cereus spores were more sensitive to sodium chloride when they were
irradiated and then heated. Ma and Maxcy (178) discovered that the spores of B. cereus
were more resistant to radiation at ambient temperature than at 30°C. Kamat and Lewis
(179) found that the D-value for spores of B. cereus BIS-59 was 4 kGy and that for
vegetative cells was 0.30 kGy. They did not observe a decreased D-value for DPA
depleted spores. Kamat and Pradhan (180) found that DPA did not seem to influence the
sensitivity of B. cereus spores to radiation. Hashisaka et al. (130) discovered that the
12-D value for the inactivation of B. cereus spores inoculated into ice cream or yoghurt
was 43–50 kGy at 78°C. Grant and Patterson (135) found that the D-value for the inac-
tivation of B. cereus vegetative cells in the components of a chilled ready-meal of roast
beef and mashed potato was 0.126–0.288 kGy. Grant et al. (170) found that toxin produc-
tion was delayed by a radiation dose of 2 kGy in a roast beef ready-meal inoculated with
~102 cells/g when temperature abused at 22°C. It is unclear in the latter study if the
authors were certain that no spores were present in the inoculum. Thayer and Boyd (181)
discovered that the D-values for B. cereus ATCC 33018 log-phase cells, stationary-phase
cells, and spores were 0.18, 0.43, and 2.56 kGy, respectively, on mechanically deboned
chicken meat when irradiated at a temperature of 5°C. The radiation resistance of vegeta-
tive cells was greater at 20 than at +20°C; however, the effect of temperature on the
radiation resistance of spores was small. The radiation resistance of a mixture of the
spores of six strains of B. cereus was 2.78 in ground beef, ground pork loin, and beef gravy.

10. CLOSTRIDIUM

In general the spores of Clostridium are very resistant to ionizing radiation, and a
very high dose is required to establish a 12D inactivation of C. botulinum. When we are
interested in the inactivation of C. botulinum, we are usually working with vacuum-packed
products that are stored at room temperature on which there is a potential to produce
botulinum toxin. Because of this potential, the recommended minimum dose for the
sterilization of meat, poultry, and fish products is 45 kGy and is usually administered to
vacuum-packed, enzyme-inactivated products while they are deeply frozen (182).
Combination treatments may be used, but the sum of the treatments must always be
equivalent to canning. The microbiological and food technological conditions required
to produce irradiated shelf-stable meat and poultry products was reviewed in ref. (183).

Anellis et al. (184) established that the 12D-value for the inactivation of C. botulinum
type A or B spores in enzyme-inactivated beef to be 43 kGy, in vacuo, at 30 ± 10°C.
Anellis et al. (185) established that the 12D dose for enzyme-inactivated pork was
42.7 kGy with a shoulder of 1.1 kGy. Anellis et al. (185) also determined the 12D dose
for enzyme-inactivated chicken to be 42.7 kGy, with a shoulder of 5.1 kGy.

11. FOODBORNE PARASITES

The incidence of foodborne disease caused by parasitic helminths and protozoa
remain a significant problem worldwide (186). The process of food irradiation could
make a significant contribution in the control of such diseases (186,187).

Though there is no explicit regulatory approval of food irradiation for the control or
inactivation of protozoa in the United States, there are several studies suggesting that
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many could be inactivated on foods by low-dose treatment with ionizing radiation.
Entamoeba histolytica cysts are inactivated by 0.25 kGy (188). Toxoplasma gondii cysts
are killed by ionizing radiation doses of 0.5 kGy or above (189–193). Dubey et al. (193)
demonstrated that ionizing irradiation (0.5 kGy) killed T. gondii oocysts on raspberries
as a model for the inactivation of other coccidian parasites such as Cyclospora or
Cryptosporidium on fruits and vegetables.

Trichinella spiralis infested pork can be made safe for consumption by low-dose
irradiation. Brake et al. (194) discovered that a -radiation dose of 0.15 kGy prevented
larval development in the intestine though it did not kill the first-stage larvae outright.
The data from this study was used by the FDA in approving irradiation to a dose of
0.30 kGy to control Trichinella spiralis in pork carcasses or fresh, nonheat processed
cuts of pork carcasses.
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Molecular Techniques of Detection 

and Discrimination of Foodborne Pathogens 
and Their Toxins

Steven L. Foley and Kathie Grant

1. INTRODUCTION

The ability to detect foodborne pathogens and their toxins is important in reducing
the role that these pathogens play in human disease. In order to ensure the safety of food
and thereby to protect the public health, there is an ever-increasing demand from the
food industry, the food consumer, and public-health authorities for more rapid methods
to detect foodborne pathogens. Along with pathogen detection, the ability to distinguish
between individual pathogens and their products is essential for identifying and under-
standing the sources of pathogens implicated in diseases. Taken together, discriminatory
identification and typing methods provide valuable information that allow scientists to
further understand how pathogens pass through the food chain and contribute to infec-
tion. To help understand the methods available for the detection and discrimination of
foodborne pathogens, this chapter provides coverage of methods for rapid pathogen
detection, the detection of foodborne toxins, and an examination of methods that can be
used to distinguish among foodborne pathogens.

2. RAPID METHODS FOR FOOD PATHOGEN DETECTION

Traditional microbiological detection and identification methods for foodborne
pathogens are well known for being both time consuming and laborious to perform, and
are increasingly seen as being unable to meet the demands for rapid food testing. A
rapid method is generally characterized as a test giving quicker results than the standard
accepted method of isolation and biochemical and/or serological identification (1). The
demand for speedy results combined with major advances in a range of technologies has
led to a vast array of rapid methods being developed and investigated over the past two
decades. The use of such methods, either in a laboratory or for on-site testing of food
production premises, depends not only on the time taken to get results but on a range of
other factors such as robustness, sensitivity, specificity, accuracy, reliability, standard-
ization, evaluation, throughput, ease of use, potential for automation, as well as cost,
convenience, validation, and the throughput of the end user. The major advances in
rapid methods have, in general, been in immunological and nucleic acid-based detec-
tion systems, although significant developments have been made and are being made in
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other areas including impedance and conductance, bacteriophages, biosensors, microscopy
as well as in miniaturized, automated biochemical detection kits. Many of the methods,
as well as being used on their own for rapid detection, may also be used in combination,
for example, immunomagnetic separation followed by bioluminescent detection. This
has led to an almost exponential increase in the number of rapid methods being reported
for detecting foodborne pathogens.

2.1. Application to Foods

Because of interference from the food matrix, almost all new rapid methods for food
pathogen detection are performed following enrichment culture. Although this overcomes
many of the problems associated with their application directly to food samples, it still
necessitates a time-consuming incubation step, typically requiring at least 8–24 h. A
number of separation and concentration techniques to isolate pathogens or their nucleic
acids from foods have been investigated in order to overcome this lengthy step. Major
difficulties in detecting pathogens directly in foods arise from the diverse range of food
matrices that may be encountered, the inhibitory nature of the food constituents to various
detection assays, and the necessity to ensure the absence of microorganisms in 25 g of
food (1). A further problem is the need of the ability to detect viable organisms and not
those that have been destroyed by food processing. All of these points must be addressed
in a simple, robust, rapid, generic method, and one that is amenable to automation, before
the direct detection of pathogens in foods becomes a reality.

A variety of techniques have been investigated to overcome cultural enrichment,
including centrifugation, filtration, aqueous polymer two-phase separation systems,
ultrasound, immunomagnetic, bacteriophage, and lectin separation as well as dielectro-
phoresis (2). A number have been shown to improve the sensitivity of the rapid detection
methods compared to the previous method being applied directly to foods. Although,
as yet, none has been able to deliver 100% separation of bacteria from foods, many have
improved the sensitivity of several rapid-detection methods when carried out without
enrichment culture. There is a great interest in this area at present, as the development
of a simple generic method for food sample preparation to facilitate the direct use of
rapid methods would be a huge benefit to all concerned with the microbiological safety
of foods.

Although enrichment culture may be a lengthy step, its application before the use of
a rapid-detection method provides a solution to those problems that are a challenge to
the direct detection of pathogens in foods. Enrichment culture itself is an amplification
technique, which allows small numbers of microorganisms to be detected and to grow
only viable organisms. Another advantage may be in enabling the repair of stressed or
injured cells that may be able to cause disease but would not be detectable by direct
methods. Use of enrichment culture also dilutes the food material, thus diluting out
inhibitors and can result in microorganisms being in a more similar, simpler matrix.

As increasing numbers of rapid tests for foodborne pathogens become commercially
available, it is important that they are evaluated fully both by the user laboratory and
also collectively conforming to approved official standards in order to ensure that the
tests are as good as they claim and to evaluate how well they perform compared to the
existing standard accepted detection method. However, at present, it is difficult to keep
up with the sheer numbers of tests that are coming on to the market.
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2.2. Immunological Assays

Immunological methods, in particular, have had a major impact on the development
of rapid methods for foodborne pathogens and constitute the largest proportion of com-
mercially available rapid tests for food pathogens. Immunoassays come in a variety of
formats all of which involve the specific binding of antibody to an antigen of the food
pathogen. Latex agglutination is one of the simplest examples, in which the antibody-
coated colored latex particles or colloidal gold particles specifically cross-link with
antigens of the pathogen to give visible clumping, thereby enabling rapid identification
of pure cultures isolated from foods. There are many commercial assays of this type for
a range of food pathogens including Campylobacter, Escherichia coli O157:H7, Listeria
monocytogenes, Salmonella and Shigella, Staphylococcus aureus.

The most common form of immunoassay used for food pathogen detection is the
enzyme-linked immunosorbent assay (ELISA). Standard assays are based on an anti-
body sandwich technique in which an antigen on the food pathogen in an enrichment
culture bind to a specific antibody coated onto a solid support, typically a 96-well
microtiter plate. Unwanted material is then removed by washing and detection of the
pathogen is carried out by the addition of a second specific antibody coupled to an easily
assayed enzyme (3). Enzymes commonly used are alkaline phosphatase, -galactosidase
or horseradish peroxidase, which can be easily detected using colorimetric substrates.
Alternative detection systems to enzymes are also in use with the sandwich assay format
and these include fluorescence, or chemiluminescence, impedance, and polymerase chain
reaction (PCR).

There is a huge range of commercial solid-phase assays available for a wide variety
of food pathogens. The elaborate list is available at two authoritative references:
Association of Official Analytical Chemists (AOAC) International website (https://ecam.
commer.net/aboutecam.asp) which lists methods that have been evaluated to officially
accepted standards and also produces a list of nonofficially validated commercial
assays; and the United States Food and Drug Administration (FDA) website (http://www.
cfsan.fda.gov/~ebam/bam-toc.html) which also lists a range of commercially available
tests. It is important to note that owing to the rapid development of such tests no single
list is exhaustive and the ones cited therein certainly do not claim to be.

The standard ELISA format allows for high sample throughput but the individual
steps of the ELISA procedure, such as adding sample, washing, adding antibody com-
plexes, adding detection reagents, etc., are fairly labor intensive and led to the automation
in part or all of the ELISA processes. One example of a fully automated ELISA is
BioMerieux’s Vidas System in which the entire procedure take between 45 min to 2 h
to complete after addition of an overnight enrichment broth. At present Vidas assays are
available for Listeria, L. monocytogenes, Salmonella, E. coli, and Campylobacter. This
particular company also markets an immunoconcentration kit for Salmonella and E. coli
O157, which may help to shorten the preenrichment step. A range of commercial
ELISAs for the detection of several foodborne pathogens is available (4).

Although ELISAs are most frequently used in a 96-well format, other solid supports
including dipsticks, paddles, magnetic particles, and nylon or nitrocellulose membranes
can also be used and may be more convenient, particularly for lower throughputs. A
significant step forward in the immunodetection field has been the development of lateral
flow assays, which are both simple and extremely rapid to perform, typically taking
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10–15 min. Although they are sandwich-based assays (in a membrane strip format), no
washing steps or further manipulations are required once the overnight enrichment sample
has been applied. Target bacteria, if present, react with specific antibody that is labeled
with either colored latex particles, colloidal gold, or with a fluorescent marker. This
antigen–antibody complex migrates laterally by capillary action to a second antibody
specific for the target organism. This effectively captures the first antibody complex and
a colored or fluorescent line forms owing to the label on the first antibody. However, in
the absence of target bacteria no initial antigen–antibody complex forms and the first
antibody migrates past the second specific antibody to react with a further antibody
specific to the first to give a colored or fluorescent line. This line appears in a different
area of the strip and acts as a control indication of the system if working properly (5).
Assays using fluorescently labeled antibodies for pathogen detection require a suitable
device for detecting fluorescence. Again, many commercial companies are marketing
lateral flow assays as rapid detection tests for foodborne pathogen, and examples of
these can be found on the AOAC and FDA websites.

Because of interference from the food matrix or debris, ELISA for foodborne
pathogens generally require the food sample to undergo an overnight incubation step
before assay, to ensure that the target organism has reached a detectable level. This has
led to numerous immunoassays being used in combination with separation and concen-
tration methods to eliminate or shorten the preincubation time, for example, the use of
immunoseparation to concentrate specific target bacteria from a short enrichment
incubation then coupled with a specific ELISA to identify the pathogen. Antigen–antibody
reactions have successfully provided a rapid means of detecting foodborne pathogens
and recent developments have seen dramatic improvements in their automation and
sensitivity. Their flexibility lends itself to their use in combination with other techno-
logies. Exciting further developments for rapid direct detection of pathogens in foods
are likely to occur.

2.3. Nucleic Acid Technologies

Major advances in nucleic acid-based food pathogen detection assays have occurred
from the 1980s onward. This type of technology affords a high level of specificity as it
depends on detecting specific nucleic-acid sequences in the target organism by hybridizing
them to a short synthetic oligonucleotide complementary to the specific nucleic-acid
sequence in the target organism. Several different types of assays including nucleic-acid
hybridization, amplification, microarrays, and chips have either been developed or are
being developed for use as rapid methods to detect food pathogens. One reason why
nucleic-acid detection is attractive is that many conventional microbiological tests,
including antigen–antibody detection, rely on the expression of phenotypic characteristics
and these may vary depending on the assay or test conditions. The advantage of nucleic
acids as a target for detection is its unambiguous nature; a bacterial culture has a mutation
rate of approx 1 in 100 million cells (114).

Simple hybridization assays for detecting the range of foodborne pathogens have
been available over a decade and some have gained AOAC approval (6). These assays
generally consist of a labeled DNA probe, which hybridizes to a specific ribosomal
RNA (rRNA) sequence in the target bacterial cell. rRNA is present at a much higher
copy number than DNA and offers an increased sensitivity when used as the detection
target for hybridization. Such assays are now available in simple to use 96-well formats
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enabling a high sample throughput. Although hybridization assays can be performed
rapidly, typically 1–1.5 h, they do require the use of overnight enrichment cultures.

The advent of nucleic-acid amplification techniques heralded a revolution in rapid
diagnostics. The theoretical ability to amplify a single copy of a nucleic-acid target
offered the opportunity to increase the sensitivity of rapid detection tests and resolve the
requirement for enrichment culture. However, in practice familiar problems of food matrix
interference and inhibition together with the use of small sample volumes for nucleic-acid
amplification assays has meant that techniques are not, in general, performed directly
on foods but after cultural enrichment.

2.3.1. PCR Methods

PCR is the most well-known and established nucleic-acid amplification technique for
detecting pathogenic microorganisms. In this process a specific region of nucleic acid
in the target organism is amplified up to a billionfold during a rapid three-step cycling
process reaching easily detectable levels. Cell lysis is usually required to release the
nucleic acid from the microorganism under detection and then, following denaturation
of the target sequence, two short synthetic oligonucleotides or primers specifically
anneal to complementary sequences on opposite strands of the DNA flanking the region
of interest. The primers are then extended, using the DNA strand on which they have
annealed to as a template. The thermophilic enzyme Taq polymerize catalyzes the addi-
tion of complementary bases. Each cycle of denaturation, annealing, and extension
results in a doubling in the amount of specific DNA of interest and, as all DNA produced
at the end of a cycle then goes on to act as a template in the next cycle; there is an expo-
nential increase in the amount of specific DNA generated. In conventional or block-based
PCR, the accumulated DNA products are either visualized as a band on an ethidium
bromide-stained agarose gel electrophoresis are identified on their base pair size (7).
However, this method of detection does not confirm the PCR product is the specific
gene fragment of interest only that it approximately has the expected number of base
pairs. Further characterization such as through hybridization of PCR products to a specific
probe or sequencing of PCR products would confirm they were the specific DNA region
of interest. Some of the PCR detection methods based on the use of DNA probes can be
performed in 96-well formats. For example, in a PCR ELISA system, the PCR-probe
hybrid is captured in a 96-well plate and detected colorimetrically using a labeled anti-
body. There are many PCR assays that have been described for food pathogens such as
Salmonella, E. coli O157, L. monocytogenes, Campylobacter, and several others are
commercially available (FDA, AOAC). PCR offers a rapid, specific, and sensitive method
for the detection of food pathogens following enrichment, but strict measures, including
the use of separate areas for performing different stages of the PCR process and the use
of appropriate controls, must be in place to ensure that either samples or reagents do not
become contaminated with amplified material.

PCR assays can also be multiplexed to detect more than one specific target in one
reaction, thus offering the potential of detecting several food pathogens in a single pro-
cedure. Primers for amplifying several different targets can be combined in one reaction
and following PCR-specific amplicons detected on size difference by agarose gel electro-
phoresis or by using specific hybridization probes. Successful multiplex PCR assays
depend on judicious primer design, to avoid primer dimer formation, and careful
optimization of the PCR assay in order to prevent individual reactions having an adverse
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affect on one another. There are numerous examples available in the literature on the use
of multiplex PCR assays for the detection of foodborne pathogens (8–10).

2.3.2. Real-Time PCR Methods

The development of real-time PCR has been a major advance in nucleic-acid amplifica-
tion technology. PCR amplicons are detected when PCR is occurring using fluorescently
labeled molecules. In this way post-PCR manipulations such as agarose gel electro-
phoresis are eliminated and the whole procedure once setup is a closed tube system,
helping to minimize potential contamination from amplicons. A further major advan-
tage of real-time PCR is that amplicon detection occurs during the exponential phase of
amplification; this enables accurate quantification of the initial starting nucleic acid and
can be related to the number of microorganisms in a sample (1). This offers great poten-
tial for quantitating the number of pathogens directly in foods. There are a number of
different formats of real-time PCR, which depend on the method used for amplicon
detection. The simplest method is independent of the target sequence relying on the
incorporation of a double-stranded (ds) DNA-binding dye, SYBR Green I (9). Amplicon
accumulation is monitored at the end of each PCR cycle by an increase in fluorescence
owing to the binding of SYBR Green I. The amplicon can be detected more specifically
at the end of the amplification process by melt curve analysis. Each amplicon has a
sequence-dependent temperature at which its double strands denature. This temperature
is detected by monitoring the decrease in fluorescence when increasing the temperature
of the amplicon from 65 to 94°C. A commercialized example of this type of assay is the
BAX assay (Qualicon), which received AOAC approval for screening for Salmonella,
E. coli O157, and L. moncytogenes from enrichment cultures (11,12).

The common alternative methods of amplicon detection are sequence specific and
depend on the use of DNA probes and fluorescence resonance energy transfer (FRET).
FRET is the transfer of resonance energy from one fluorophore to another owing to their
close proximity and their overlapping emission and absorption spectra (13). The effect
of FRET is to alter the emission spectra of the fluorophores to which the resonance
energy has been transferred. The use of DNA probes confers both increased specificity
and sensitivity to the PCR assay. There are a range of different probe formats including
hydrolysis probes, hybridization probes, molecular beacons, molecular scorpions, and
protein nucleic-acid probes. Hydrolysis probes are the basis for TaqMan-based real-
time PCR assays (ABI) and depend on the 5 ’ thermonuclease-dependent activity of Taq
polymerase (14). A DNA probe complementary to a central region of 100–150 bp
amplicon and with an annealing temperature 10°C above that of the PCR primers, is
labeled at its 3 -end with a fluorophore that quenches the fluorescence of a reporter
fluorophore attached to the 5 -end resulting from FRET. This probe hybridizes to the
appropriate strand of the amplicon before the primers bind at the annealing temperature.
The primers bind at 60°C and Taq polymerase begins extending the 3 -end but on reaching
the bound probe it cleaves the 5 -end of the probe, associated with the exonuclease
activity, and thus releases the reporter fluorophore from the quencher. FRET is no
longer occurring, the emission spectrum is altered and there is a resultant increase in
fluorescence at a specific wavelength. The advantages of TaqMan-based assays are that
they are all designed to run under the same PCR cycling conditions and are performed
in a 96-well microtiter format. This allows for high throughput and enables assays for

490 Foley and Grant



different targets to run at the same time on one microtiter plate. Many assays for a variety
of food pathogens have been described using TaqMan-based assays and several companies
are marketing such assays for the detection of food pathogens (15–17).

The hybridization probe format uses two probes that bind within a few base pairs of
each other to one strand of the amplicon. The upstream probe is labeled with an acceptor
fluorophore at its 3 -end whereas the downstream probe is labeled at its 5 -end with a
fluorophore that acts as the donor for resonance energy transfer. Following denaturation
the two probes bind to the amplicon at a temperature approx 10°C above the annealing
temperature of the PCR reaction. This brings the probes into sufficiently close proximity
to one another for resonance energy transfer to occur from the donor fluorophore to the
acceptor, resulting in an increase in fluorescence being detected from the acceptor
fluorophore. Assays for a range of food pathogens have been described that use the
hybridization probe format for detecting real-time PCR products. Commercial assays
are available for the detection of Salmonella, E. coli O157, and L. monocytogenes
within 1 h following enrichment culture using the Lightcycler real-time PCR platform
(Roche Diagnostics, Indianapolis, IN). With this particular PCR, thermal cycler reactions
take place in glass capillaries that are heated and cooled very rapidly by air, enabling
the PCR process to be accomplished very rapidly (1,9,18,19).

Amplicons can also be detected using molecular beacons. These are hairpin-shaped
oligonucleotides with a loop sequence complementary to the PCR amplicon, flanked by
arm sequences that are complementary to each other (20). The 5 - and 3 -end of the
oligonucleotide are fluorescently labeled with reporter and donor fluorophores, respec-
tively, and in the absence of target sequence the hairpin loop structure is favored in
which the reporter fluorophore is quenched by the donor. However, in the presence of
target or amplicon, owing to greater stability, the loop of the hairpin preferentially binds
to its complementary sequence, resulting in the separation of the reporter from the
quencher and a concomitant increase in fluorescence at a particular wavelength.

With molecular scorpions the probe element is physically coupled to one of the PCR
primers (21). This primer/probe has a reporter fluorophore at its 5 -end and a quencher
fluorophore located on the 3 -end of a separate complementary oligonucleotide. The
scorpion also possesses a blocker to prevent Taq polymerase copying the probe region.
When the scorpion anneals to target DNA sequence, it is extended by Taq polymerase;
denaturation then occurs which separates newly extended scorpion primer and target
DNA as well as the oligonucleotide plus quencher fluorophore from the probe region of
the scorpion. As the temperature reaches that of annealing, the probe region of the scorpion
binds intramolecularly to the newly extended target region. Fluorescence is detectable,
as the 5 reporter fluorophore is no longer being quenched. Any unextended primer is
quenched through hybridization with the quencher oligonucleotide.

Sequence-specific amplicon detection can also be achieved through the use of peptide
nucleic-acid (PNA) probes which are believed to have enhanced sensitivity and speci-
ficity for detecting amplicons owing to a more stable hybridization with the DNA target
(22). With these probes the negatively charged sugar phosphate backbone of DNA is
replaced by an achiral, uncharged pseudopeptide backbone composed of repeated N-
(2-aminoethyl) glycine units (22,23). Individual nucleotide bases attached to each of the
units enables the PNA to hybridize to target nucleic acid. PNA probes can either be dual
labeled with reporter and quencher fluorophores or may be labeled singly with a reporter
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dye attached to the PNA probe that has low fluorescence when unbound to its target
DNA, but is highly fluorescent when bound.

Real-time PCR assays can also be multiplexed to detect more than one target gene or
pathogen. Individual amplified products can be detected either by melt curve analysis,
owing to differences in amplicon length and/or guanine–cytosine (GC) content, or by
oligonucleotide probes through the use of different fluorescent labels. Many of the newer
real-time machines have four optical channels enabling the fluorescence of up to four
different fluorophores to be distinguished. However, because of the complicated kinetics
of four different reactions taking place in a single tube, most real-time technologies, at
present, tend to advocate duplexing. A number of multiplex real-time PCR assays for food
pathogens have been described in the literature (9,24–27).

Many real-time PCR assays have been developed for foodborne pathogens affording
the rapid, sensitive, specific detection of a range of pathogens following enrichment cul-
ture. The advantages of these assays together with their ease of use and amenability to
automation make them highly attractive for use in combination with rapid generic meth-
ods for the separation and concentration of bacteria or nucleic acids from foods in order
to overcome the lengthy cultural enrichment step. It is possible that the research and
developments in this area will grow and lead to rapid, specific, sensitive detection
assays that can be performed directly on food samples in the near future.

Although PCR is the most well-known, a number of other nucleic-acid amplification
systems have been reported for the detection of foodborne pathogens including nucleic-
acid sequence-based assays (NASBA) and strand displacement amplification (SDA).
Both methods, unlike PCR, are isothermal taking place at a single temperature, which
can obviate the need for a thermal cycler. With NASBA the target nucleic acid specifi-
cally detected is RNA and this has the potential for the direct detection of viable
pathogens in food samples (28). Most PCR assays for the detection of bacterial food
pathogens amplify and detect DNA. However, DNA is known to be relatively stable and
can persist in food samples after heat processing has rendered bacteria nonviable. Thus,
the DNA amplified directly from a food sample may not be a reliable indicator of the
presence of viable pathogenic bacteria. Messenger RNA (mRNA), on the other hand, is
much less stable and has a shorter half-life than DNA and in general, mRNA is thought
to be a more suitable indicator of bacterial viability (28). In reality stability can depend
on the particular transcript and the physiological state of the cell, and thus the mRNA
target for detection must be selected judiciously (28,29). Bacterial target mRNA can be
detected by PCR using the enzyme reverse transcriptase, however, the procedure neces-
sitates the complete removal of DNA from the sample and the use of several sample
controls to ensure that any amplification detected is associated with mRNA and not with
DNA. With NASBA, copy DNA (cDNA) is synthesized using a specific primer to the
target mRNA and the enzyme avian myeloblastosis virus–reverse transcriptase (AMV-
RT). The RNA portion of the resulting RNA–cDNA duplex is then degraded using
RNase H and second strand synthesis of the cDNA occurs using a second specific
primer and the DNA polymerase activity of AMV-RT. This ds-DNA is then transcribed
by T7 RNA polymerase to produce thousands of RNA transcripts. The entire procedure
occurs at 41°C and at this temperature genomic DNA from the target microorganism
remains double-stranded and unable to act as a target for amplification (28). Although
less well-developed than PCR there are a number of reports in the literature on NASBA
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assays, including a few using real-time methodologies, to detect mRNA from foodborne
pathogens (28,30,31). Further reports on the use of this technology for food-pathogen
detection are anticipated with much interest.

SDA is also an isothermal nucleic-acid amplification technique. SDA, however,
occurs in two phases. There is an initial target generation phase in which the modified
primers and a polymerase enzyme generate copies of the specific target sequence
containing a restriction site at either end. This is followed by an amplification phase in
which a restriction enzyme nicks one strand of the modified target and thus initiates
transcription and subsequent displacement of the downstream DNA strand. Each dis-
placed strand continues to participate in the target generation step, and so, there is a
continual process of nicking, extension, strand displacement, and amplification resulting
in exponential amplification of the original target DNA. SDA combined with fluo-
rescence polarization as a detection method has been investigated to rapidly identify
E. coli O157:H7 (32).

2.3.3. mRNA and Cell Viability

Most nucleic-acid amplification methods for detecting bacterial food pathogens
including PCR and SDA are based on the amplification of target DNA. However, DNA
is relatively stable and can be amplified from bacterial cells that have been autoclaved.
In addition to foods, it is important to detect pathogens that pose a risk to human health
and not those that have been rendered harmless by food processing. To address this
problem a number of investigators have used mRNA as the target in PCR assays for
bacterial food pathogens. In comparison to DNA mRNA is relatively short-lived typically
having a half-life of minutes as opposed to hours or days; and thus, the detection of
mRNA as a product of active gene expression is believed to be an indicator of cell
viability. By using reverse transcriptase PCR (RT-PCR) a cDNA of the target mRNA is
synthesized before amplification; this cDNA then continues to be used in a standard
PCR assay. Although RT-PCR and real-time RT-PCR have been used for the detection
of bacterial food pathogens (26), there are several difficulties with the methodology that
prevent it being widely adopted as a rapid food pathogen detection method. Isolating
mRNA from bacterial cells can be problematic as it is highly susceptible to digestion by
nucleases. This can have a direct impact on the sensitivity of the assay. Another require-
ment is the need to remove any DNA to prevent it acting as a target during PCR. To
ensure that amplification is because of the presence of mRNA alone necessitates the use
of several more control reactions than an assay where DNA is the target. These additional
factors can make RT-PCR technically challenging to perform, particularly on large numbers
of samples. However, mRNA is the direct target for the NASBA technique described in
the section on alternative amplification techniques. There are increasing numbers of
reports in the literature of its use to determine the presence of viable microorganisms
(33–35). The use of NASBA in combination with fluorescently labeled molecular beacon
probes has been used to investigate gene expression in Bacillus species during growth
in milk (31). Such an approach offers the potential for real-time detection of viable
bacteria cells (26).

2.4. Microarrays
There has been a variety of interest in recent years in the use of DNA microarray

technology as a rapid method for identifying and characterizing pathogens (26). In
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essence, DNA microarrays consist of multiple-specific oligonucleotides or PCR probes
spotted mechanically on to a glass microchip in a lattice-type configuration. Target nucleic
acid, which may be either PCR products, genomic DNA, or RNA, cDNA is then applied
to the microarray and hybridization detected by a fluorescent label incorporated directly
into the target nucleic acid. The fluorescence pattern is then recorded and analyzed
using a scanner (36). Potentially thousands of oligonucleotides or probes can be spotted
on to a single microarray slide offering the opportunity not only of detecting a broad
range of pathogens simultaneously with high specificity, but also of providing detailed
genetic characterization or genotyping of specific foodborne pathogens. Several micro-
arrays have been developed for food pathogens. One such array simultaneously detects
and genotypes enterohemorrhagic E. coli (EHEC) in chicken rinsate (37), whereas
another based on the gyrB gene has been used to rapidly detect and identify E. coli,
Salmonella, and Shigella (38). Different species of Listeria have also been discriminated
by the use of a microarray based on six virulence determinant genes (39). Microarrays
for broad-range bacterial detection are often based on 16S rRNA gene sequences
enabling universal primers to amplify 16S rDNA and using specific 16S rDNA probes
on the microarray for hybridization to identify different bacterial species. One example
of this is a 16S rDNA-based microarray developed to detect 40 bacterial species that
predominate in the human gastrointestinal tract. This enabled the rapid detection of
these species in DNA directly extracted from fecal samples from 11 individuals (40).
The latest technological developments are leading to the production of more cost-effective
microarrays and are beginning to incorporate the use of three-dimensional arrays to
facilitate extremely rapid hybridization and real-time detection (41). Such progress is
paving the way for the wider use of microarrays for rapid detection of pathogens and
particularly for their application for food microbiology.

3. TOXIN DETECTION

There is a wide variety of microorganisms that are able to produce toxins. In this
section, we discuss the detection of the toxins produced by S. aureus, Vibrio cholerae,
Clostridium botulinum, C. perfringens, Bacillus cereus, and E. coli. A number of different
types of methods have been developed for the detection of toxin genes and their toxic
products. These methods include the detection of toxin genes by amplification methods
and hybridization probing. The toxins themselves have been detected using immuno-
logical assays, such as ELISA and agglutination tests, and by bioassays such as mouse
neutralization testing and cytotoxicity assays in tissue culture.

3.1. Nucleic Acid Detection

PCR methods are useful for amplifying specific genes that encode bacterial toxins.
The presence or absence of a gene provides insights into the toxin-producing ability of
an organism. PCR methods for toxin detection have been developed for a number of
bacterial species including V. cholera, E. coli, and staphylococcal isolates to name a
few. Many of the PCR-based methods utilize PCR to detect different toxin or virulence
genes that allow the bacteria to become pathogens. Table 1 contains a list of PCR
primers that have been employed for the detection of microbial toxin genes. For example,
PCR can be used to detect cholera toxin genes (ctxA and ctxB) which are present in
strains of V. cholera O1 that are known to cause epidemic cholera. The genes code for
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Table 1
PCR Primers for the Detection of Bacterial Toxin Genes

Species Toxin Gene Primer sequence (5 3 ) Ref.

Bacillus Hemolysin hblA AAGCAATGGAATACAATGGG (45)
cereus BL AGAATCTAAATCATGCCACTGC

hblB AAGCAATGGAATACAATGGG (45)
AATATGTCCCAGTACACCCG

hblC GATAC(T/C)AATGTGGCAACTGC (45)
TTGAGACTGCTCG(T/C)TAGTTG

hblD ACCGGTAACACTATTCATGC (45)
AGATCCATATGCTTAGATGC

Nonhemolytic nheA GTTAGGATCACAATCACCGC (45)
enterotoxin ACGAATGTAATTTGAGTCGC

nheB TTTAGTAGTGGATCTGTACGC (45)
TTAATGTTCGTTAATCCTGC

nheC TGGATTCCAAGATGTAAGG (45)
ATTACGACTTCTGCTTGTGC

Enterotoxin T bceT CGTATCGGTCGTTCACTCGG (45)
GTTGATTTTCCGTAGCCTGGG

Cytotoxin K cytK ACAGATATCGG(G/T)CAAAATGC (45)
GAACTC(G/C)(A/T)AACTGGGTTGGA

Clostridium Type A toxin BoNT(A) AGCTACGGAGGCAGCTATGTT (43)
botulinum CGTATTTCCAAAGCTGAAAAGG

Type B toxin BoNT(B) CAGGAGAAGTGGAGCGAAAA (43)
CTTGCGCCTTTGTTTTCTTG

Type E toxin BoNT(E) CCAAGATTTTCATCCGCCTA (43)
GCTATTGATCCAAAACGGTGA

Type F toxin BoNT(F) CGGCTTCATTAGAGAACGGA (43)
TAACTCCCCTAGCCCCGTAT

Clostridium Enterotoxin cpe TTGTTAATACTTTAAGGATATGTATCC (106)
perfringens TCCATCACCTAAGGACTG

E. coli Shiga toxin 1 stx1 AGTCGTACGGGGATGCAGATAAAT (48)
CCGGACACATAGAAGGAAACTCAT

Shiga toxin 2 stx2 TTCCGGAATGCAAATCAGTC (48)
CGATACTCCGGAAGCACATTG

Staphylococcus Enterotoxin A entA CCTTTGGAAACGGTTAAAACG (46)
aureus TCTGAACCTTCCCATCAAAAAC

Enterotoxin B entB TCGCATCAAACTGACAAACG (46)
GCAGGTACTCTATAAGTGCCTGC

Enterotoxin C entC CTCAAGAACTAGACATAAAAGCTAGG (46)
TCAAAATCGGATTAACATTATCC

Enterotoxin D entD CTAGTTTGGTAATATCTCCTTTAAACG (46)
TTAATGCTATATCTTATAGGGTAAACATC

Enterotoxin E entE CAGTACCTATAGATAAAGTTAAAACAAGC (46)
TAACTTACCGTGGACCCTTC

Vibrio Cholera toxin ctxA CGGGCAGATTCTAGACCTCCTG (107)
cholerae CGATGATCTTGGAGCATTCCCAC
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a A–B polypeptide toxin, in which the B subunit (ctxB) allows for binding of the toxin
in the intestinal epithelium, and the A subunit (ctxA) activates adenylate cyclase activity
leading to the secretion of large amounts of fluid characteristic of cholera (42).

Other PCR targets include the amplification of the botulinum neurotoxin (BoNT)
gene from the different strains of C. botulinum. There are seven types of C. botulinum
(A–G) that are distinguished by the BoNT produced by the strains. Strains A, B, E, and
F produce neurotoxins, which are toxic to humans (43). C. perfringens also produces a
toxin that affects humans. The C. perfringens enterotoxin (CPE) leads to the observed
food poisoning symptoms, including abdominal pain and diarrhea (44). B. cereus strains
are also able to produce a series of enterotoxins that are made up of multiprotein com-
plexes. A series of PCR primer pairs have been designed to identify these proteins that
make up the function B. cereus enterotoxins (Table 1) (45). S. aureus strains are capable
of producing multiple toxins (enterotoxins) that are associated with food poisoning as
well as toxic shock syndrome toxins and exfoliative toxins (46). PCR primer pairs used
for the detection of enterotoxins A–E are provided in Table 1.

Toxin genes are also the targets of many E. coli differentiation strategies. Entero-
toxigenic E. coli (ETEC) are an important cause of diarrhea in humans and animals.
These organisms are known to produce heat-labile (LT) and/or heat-stable (ST) entero-
toxins. Enterohemorrhagic E. coli (EHEC) strains are known to contain shiga toxin (Stx)
genes (47,48). In addition to PCR, a number of gene-specific hybridization probes have
been designed and utilized for the detection of toxin genes in food and stool samples.
The procedure for hybridization detection is described earlier in this chapter. Probes
have been designed for C. botulinum neurotoxins (49), CPE (44), E. coli Shiga toxins (48),
staphylococcal exotoxins (46), and cholera toxins (50).

3.2. Immunological and Biochemical Methods

Many biological toxin detection methods rely on the presence of immunological
reactions to detect toxins. One set of tests that is commonly employed are ELISAs. The
procedure is described earlier in the chapter. ELISA tests for toxins have been gene-
rated for staphylococcal enterotoxins A, B, C, and E and found to have detections levels
of less than 0.5 g/100 g in ground beef (51). ELISA tests have also been employed
for the detection of botulinum toxins. The sensitivity of detection for botulinum toxins
obtained by standard ELISA testing is somewhat less than that obtained by mouse
bioassays; however, signal amplification methods have been used to increase the
sensitivity to near that of the bioassays (52). ELISA tests have also been developed for
the detection of enterotoxins produced by E. coli. Monoclonal antibodies with specificity
to Shiga-like toxins have been used to detect the presence of Shiga-like toxin I and II
from E. coli (53).

Additional immunological-based methods include latex agglutination techniques
such as reverse passive latex agglutination (RPLA). As mentioned above, latex aggluti-
nation utilizes antibody-coated colored latex particles or colloidal gold particles that
cross-link with the toxin to give visible clumping to identify toxins in foods. With
RPLA, toxins are soluble, so positive reactions are indicated by the formation of a diffuse
lattice pattern (4). There are commercial tests available using RPLA for toxins including
those of B. cereus, C. perfringens, Shiga toxin-producing E. coli, S. aureus, and V. cholerae.
The FDA-BAM has an extensive listing of immunological-based methods for rapid



detection of bacterial toxins on its website http://www.cfsan.fda.gov/~ebam/bam-a1.
html (accessed on 10 November 2006).

Gel diffusion assays are another set of immunologic methods that have been used
in toxin detection. Gel diffusion methods include electroimmunodiffusion, micro-
Ouchterlony slide test, Oudin or single-diffusion tube test, and the microslide double
diffusion test (54). These methods rely on diffusion of the toxin and detecting antibody
in a semisolid gel (often agarose) matrix. Interaction of the toxin and antibody results
in a visible precipitation band that indicating the presence of the toxin (55). Gel diffusion
assays have been used in the detection of toxins from C. botulinum, C. perfringens, and
S. aureus (54).

Biochemical detection of toxin-producing microorganisms typically utilizes chemical
reactions to detect unique characteristics of the toxins or toxin-producing microorganisms.
One example is the thermostable nuclease test, which has been used for the detection of
enterotoxin-producing S. aureus strains. It appears that S. aureus strains that produce
enterotoxins typically produce higher levels of the heat-stable DNAse than other organ-
isms. As the level of enterotoxin appears to rise, so does the nuclease, which is more
easily detected chemically than then toxin. Because the enzyme, like the enterotoxin, is
heat stable, the assay can be used detect toxin on heat-treated foods (54).

3.3. Bioassays

Animal bioassays for toxin detection typically involve the injection of the toxin into
an animal, or a part of an animal, and examine the animal or its tissue for toxin-induced
lesions or death. Mice lethality tests are typically used for the detection of BoNT. The
test involves isolating the potential toxin from the food source, dividing the sample,
inactivating the potential toxin in half of the sample and injecting it intraperitoneally
into one mouse and injecting the noninactivated sample into a second mouse. The mice
are observed for up to 3 d to check for symptoms of botulism or death. The mouse
with the inactivated sample serves as a control and should not show significant pathology
or die (56). Mouse lethality assays have also been used in the detection of toxins from
C. perfringens (57).

Other animal bioassays involve testing in only a portion of the animal. One such
group of tests is the ligated loop tests. These tests assay for the ability of toxins to elicit
fluid release from the host enteric tissue leading to fluid accumulation in the intestine.
To test for the accumulation of fluid, a portion of the small intestines in the test animal
(most commonly a rabbit) is exposed and sections of the intestine tied off with suture.
The suspension carrying the potential toxin is injected into the lumen of the intestine
and animal is sewn up. After an incubation period, the animal is sacrificed and the intes-
tines checked for the accumulation of fluid, which would indicate potential enterotoxicity.
The ligated loop method has been used in the study of B. cereus, C. perfringens, E. coli,
and Vibrio enterotoxins (54). Other tests have utilized injecting suspensions into the
skin of test animals and examining for changes in the tissue that would indicate the
presence of toxins in the test sample.

In addition to in vivo assays using live animals, a number of cell culture assays have
been developed to assess the presence of pathogens and their toxins in food test samples.
Often, culture cells will be induced to change shape when they are exposed to certain
toxins, these morphological changes can be visualized and the presence of the toxin
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detected. Cholera toxin and E. coli enterotoxins have been found to distort the shape of
Chinese hamster ovary cells and CPE has been shown to disrupt the plating efficiency
in cultured Vero cells (58,59).

4. PHENOTYPIC METHODS FOR PATHOGEN DISCRIMINATION

Traditionally, bacterial pathogens have been identified by the examination of phenotypic
characteristics of organisms. The methods of characterization used include biochemical
profiles based on metabolic activity combined with methods such as serotyping and
phage typing. These and other phenotypic-typing techniques utilize the expression prod-
ucts of particular genes that may be present in the different strains of bacteria to separate
organisms. A number of phenotypic-typing methods have passed the test of time and
have remained in use for many decades. Because of their importance for the detection
and characterization of foodborne pathogens, some of the phenotypic techniques will be
discussed in the following subsections.

4.1. Serotyping

A widely used method to differentiate among foodborne pathogens is serotyping.
Serotyping uses differences in the somatic (O) and flagellar (H) surface antigens to sepa-
rate strains into distinct serotypes (60). For serotyping, the suspension of bacteria is
mixed and incubated with a panel of antisera specific for a variety of O and H epitopes.
Specific agglutination profiles are used to determine the serotype of the isolate being
tested. Currently, there are over 2500 identified serotypes of Salmonella, with more
types being added every year (61). In the past, serotyping results were used to speciate
Salmonella isolates, there was one species per serotype. In the current naming scheme,
the Salmonellae are divided into two species, S. enterica and S. bongori, each with multiple
serotypes (62). Serotyping has been used to classify a number of other foodborne pathogens
including Campylobacter and E. coli (63).

4.2. Phage Typing

Phage typing is phenotypic method of discrimination that has been utilized for many
decades to discriminate among closely related bacterial strains (64). There are a number of
phage typing schemes available for discriminating among foodborne pathogens including
Salmonella, E. coli, and Campylobacter (63,67,68). Phage typing has been shown to be
useful in the description of pandemic clones such S. enterica serovar Typhimurium
definitive type 104 (DT104), a relatively common cause severe gastrointestinal illness
in humans and is typically resistant to multiple antibiotics and the pathogenic S. enterica
serovar Enteriditis phage types 4 and 8 (68). Additionally, phage typing has proven useful
to separate E. coli O157:H7 strains associated with an outbreak from the strains not
associated with an outbreak (67).

Phage typing utilizes the selective ability of bacteriophages to infect certain strains of
bacteria (64). This differential ability of bacteriophages to infect bacteria is related to the
phage receptors present on the surface of the bacteria (65). If the bacterial cell harbors
the appropriate receptor for a particular phage, the phage will infect the organism and
lyse the bacterium. The phage type is assigned to the specific strain of bacteria based upon
whether or not specific typing phages are able to infect and lyse the cells, which is evident
through the formation of plaques on an otherwise confluent lawn of bacterial growth
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(66). A noted problem with phage typing is that due to the limited number of available
phages, many strains are untypeable (69). Also, because the typing procedure is technically
demanding and requires the preservation of multiple biologically active phage stocks, it
is typically performed by reference laboratories, which can limit its availability (70).

5. MOLECULAR METHODS FOR PATHOGEN DISCRIMINATION

5.1. Plasmid Typing

The examination of plasmids may be an important way to discriminate among potential
foodborne pathogens. Bacteria can share genetic material with one another through the
transfer of plasmids (71). Plasmid DNA is typically isolated using a procedure that limits
the isolation of chromosomal DNA, when retaining the plasmid DNA (74,75). The isolated
plasmid DNA is analyzed using agarose gel electrophoresis, and the number and size of
the plasmids present provides a potential method to discriminate between strains (76).
An alternative approach to using the size and number of plasmids to discriminate among
isolates is to restrict the plasmid DNA with enzymes to create restriction fragment
profiles that can be used to differentiate among the isolates (76). Restriction analysis of
plasmids eliminates a critical drawback of traditional plasmid profiling to type bacteria.
Because the topography of plasmids affects their electrophoretic mobility, a plasmid
that is nicked or unwound will migrate at different rates. Multiple bands could be present
for the same plasmid, thus making analysis more difficult (71). Additionally, some strains
lack plasmids making it impossible to distinguish among isolates using plasmid profiling.
Plasmids are also mobile elements, the gain or loss of plasmids can lead to problems
trying to determine the relatedness of foodborne bacterial isolates (77).

5.2. Restriction Fragment Length Polymorphism Analysis (RFLP)

RFLP profiles are created following restriction enzyme digestion of bacterial DNA.
The restriction patterns produced can be visualized following gel electrophoresis.
Typically this method generates a very large number of DNA fragments making it
difficult to distinguish band patterns with standard gel electrophoresis. When restriction
fragmentation is combined with Southern blotting using probes for repetitive DNA target,
RFLP can be an effective technique for differentiating among strains of foodborne
pathogens. Ribotyping and insertion sequence (IS) RFLP typing are examples of this
form of RFLP analysis. Additionally, restriction fragment analysis can be done without
blotting through the use of a rare-cutting enzyme and separation by pulsed-field gel
electrophoresis (PFGE) (discussed below).

IS typing has been widely used as an epidemiological tool for investigating foodborne
pathogens. Many enteric organisms contain IS200 sequences that can be utilized for
RFLP blotting. IS200 sequences are present in many Salmonella, as well as in some
E. coli and Yersinia. These sequences are approx 700 bp in length and have been found
randomly around the genome of enteric organisms (78). A drawback of IS200 analysis
is that some strains lack IS200 sequences; thus, the technique would not be effective in
differentiating these isolates (79). RFLP with IS blotting is widely being replaced by
PCR amplification methods, such as IS200 repetitive element-PCR (Rep-PCR), for typing
foodborne pathogens.

Ribotyping utilizes the number and location of the rRNA gene sequences to probe the
restricted cellular DNA (80). Enzymes commonly used to restrict foodborne pathogens
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for DNA include PstI, PvuII, HindIII, and EcoRI (80,81,115). The restriction fragments
profiles are hybridized with a probe that is homologous to the highly conserved regions of
rRNA (82). Differences in the DNA sequences in the regions flanking the rRNA lead to
variability in the size of the junction fragments. This sequence variability produces
distinct patterns that can be used to discriminate between related strains (81,83). Ribotyping
can be highly reproducible, especially when the technique is automated using a system
where most of the procedure is robotically controlled. There are a few potential weak-
nesses in ribotyping, some bacterial groups have a limited number of rRNA genes leading
to the identification of very few bands for significant analysis. Also, genome modification,
such as methylation, can lead to problems with DNA restriction and poor band-pattern
resolution (84).

PFGE is an additional restriction-based typing method that is considered by many
to be the “gold standard” molecular typing method for bacteria (84). PFGE is used
by public health monitoring systems such as PulseNet, a multiagency program to track
the spread of foodborne pathogens and assist in determining sources of foodborne disease
outbreaks (85). RFLP typing by electrophoresis is often limited by the size of DNA
fragments that can be efficiently separated. Standard agarose or acrylamide gel elec-
trophoresis can only separate fragments up to about 50 kb in size. With PFGE, DNA
fragments are separated under conditions where there is incremental switch of the
polarity of the electric field in the running apparatus. This electrophoretic approach
allows for the resolution of DNA fragments up to 800 kb in size (86). When DNA is
restricted with a rare-cutting restriction enzyme, PFGE provides a DNA “fingerprint”
that reflects the DNA sequence of the entire bacterial genome (84).

For PFGE, a bacterial suspension is prepared with an optimal cell concentration,
mixed with molten agarose, and cast into plug molds. The embedded cells are treated
with detergents and/or enzymes, such as sarcosine and proteinase K, to lyse the cells
and release the DNA. The plug is thoroughly washed to remove cellular debris and
treated with a rare-cutting restriction enzyme. Following enzyme treatment, the plugs
are inserted into an agarose gel and the restriction fragments separated under conditions
of switching polarity. Following electrophoresis, the pattern of DNA separation is visu-
alized after staining with a fluorescent dye, such as ethidium bromide (87). The banding
pattern from one isolate can be compared with those of other isolates and information
about the relatedness of the strains can be detected. Tenover and others developed a
standardized criterion to determine the genetic relatedness of isolates based on their
PFGE banding patterns (88). Recently, additional standardized criteria have been deve-
loped for PFGE analysis of heterogeneous foodborne pathogens that allows for better
resolution of pathogen relatedness (116). This standardization of technique has allowed
PFGE to become a widely accepted method for comparing the genetic identity of bac-
teria during a disease outbreak (85). PFGE typing has demonstrated a high level of
reproducibility for foodborne pathogens. Because all of the DNA extraction and restriction
enzyme digestion occurs within the agarose plugs, the free DNA is not pipetted, thus
the banding patterns generated are related to restriction enzyme digestion, not non-
specific mechanical shearing (89). A potential drawback of PFGE is that it tends to be
somewhat labor intensive, sometimes requiring a few days to perform the procedure and
interpret the results (90).
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5.3. Amplified Fragment Length Polymorphisms (AFLP)

There are a number of methods that utilize PCR to differentiate among foodborne
pathogens. One such method is AFLP. AFLP uses both restriction digest analysis and
PCR amplification to genotype of bacterial strains. Discrimination among isolates is
based on variability in restriction enzyme recognition sites within the genome. Bacterial
DNA is digested with one or more enzymes and short polynucleotide linker sequences
are ligated to the free DNA ends. The linker sequences serve as targets for PCR primers
to anneal and facilitate amplification of the restriction fragments. Following amplification,
fragments are separated by electrophoresis and the amplification profiles analyzed and
compared to other isolates to distinguish among strains (91). AFLP can be further auto-
mated through the use of fluorescently labeled PCR primers. Amplified fragments are
separated and detected using an automated DNA sequencer.

To limit the number of PCR products amplified to a manageable number for analysis,
PCR primers are designed to contain one to three additional nucleotides on their 3 -end.
The additional bases of the primer potentially anneal with unknown sequence in the
template strand. For each additional nucleotide added to the primer that could interact
with the template, the number of amplicons is reduced by about a factor of 4, because
of the requirement that the added bases need to be complimentary to bases in the
unknown template sequence (92). Following PCR, amplicons are separated with a DNA
sequencing gel, and an elution profile is generated using the fluorescent intensity of the
incorporated primers. The resulting profile intensities are compared to those of other
isolates to determine the relationship of strains to one another. With the increased signal
resulting from PCR amplification of the restriction fragments, only a small amount of
DNA is required for analysis. The PCR primers are directed toward the linker DNA
because the prior knowledge of the organism’s DNA sequence is not required for analysis.
The fairly random fragments generated represent a wide range of different locations
throughout the bacterial genome, giving a relatively good coverage of the genome to
identify differences (93). AFLP is a technique that is well suited for detecting differences
among closely related strains (91).

5.4. Random Amplified Polymorphic DNA PCR and Arbitrarily Primed PCR

Two additional PCR-based typing methods are, namely, random amplified polymorphic
DNA PCR (RAPD-PCR) and arbitrarily primed PCR (AP-PCR), which are similar
methods to PCR subtyping. These similar techniques use random PCR primers to
amplify DNA sequences. When the random primers bind the DNA template in close
proximity to one another, they amplify the region of the genome between the primers
creating variably sized amplification products. For AP-PCR, the primers are usually
20–34 bases, whereas for RAPD-PCR the primers are approx 6–10 bp in length (94,95).
Annealing of the random primers is done at relatively low temperature (lower stringency
conditions) to facilitate primer binding to genomic sequences with incomplete homology
leading to PCR amplification. With AP-PCR, the first few amplification cycles use the
lower annealing temperature, which is followed by a higher temperature and stringency
for the remainder amplification cycles (94). Following amplification, the PCR products are
subjected to agarose gel electrophoresis and the amplicon banding patterns from isolates
are compared to one another to differentiate the strains of the bacteria.
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Use of methods such as AP-PCR and RAPD-PCR has many benefits. The typing
results are obtained in a short amount of time, only a small amount of template DNA is
needed and a prior knowledge of the DNA sequence is not required because of the use
of the random primers. If increased separation among strains is required, multiple sets
of primers can be used to increase discrimination (96). As with many PCR-based typing
methods, there is often difficulty in reproducing the same result from one time to the
next and from one operator to the next. This difficulty is likely related to the low stringency
conditions used to amplify the products, small differences in reaction conditions, and/or
reagent concentrations can alter the banding patterns produced leading to difficulty in
interpreting and comparing results (90).

5.5. Repetitive Element PCR (Rep-PCR)

In most species of foodborne pathogens, there are repeated DNA sequences spread
throughout their genome. These repetitive elements can serve as targets for PCR primers
that facilitate the amplification of genomic DNA between the repetitive elements. In
order for PCR to work, two of the elements must be in close proximity to allow ampli-
fication (97). Because the regions that flank the repeated elements are variable in size,
different-sized amplicons will be formed creating a profile that is viewed following gel
electrophoresis. Differences in the size of the amplified fragments produce different
banding patterns that are compared to one another (98). A number of repeated sequences
have been used as targets for Rep-PCR analysis including enterobacterial repetitive
intergenic consensus PCR (ERIC-PCR) and repetitive extragenic palindromic PCR
(REP-PCR). ERIC sequences are conserved sequences present in enteric bacteria,
whereas REP elements are relatively short sequences of DNA that have highly con-
served regions of palindromic DNA that serve as good PCR primer targets (97,99).
Additionally, insertion sequences such as IS200, serve as target sequence for primers in
a type of Rep-PCR (79).

Like AP-PCR and RAPD-PCR, Rep-PCR returns typing results in a short time with
good discrimination (90). An additional benefit is that the techniques are fairly easy to
perform and can be adapted to run on an automated DNA sequencer. Automation of the
techniques helps to facilitate analysis of the amplification profiles and increase repro-
ducibility of the results, which can be a problem in manual Rep-PCR (100). Rep-PCR
results can be stored in database libraries to facilitate comparison of profiles among
researchers and public health officials (101). A weakness of Rep-PCR typing is that certain
strains lack a sufficient number of repetitive elements to generate a discriminatory profile
leading to difficulty in making relational inferences about isolates (90).

6. FUTURE DIRECTIONS AND CONCLUSIONS

The trend in pathogen detection is the continuing to move toward rapid methods for
the detection and characterization of pathogens. This movement is facilitated by the desire
to reduce the amount of time it takes to go from the collection of a sample to pathogen
identification and characterization to food safety intervention. Ideally results will be
ready in hours instead of days or weeks. A number of techniques have recently been
developed with utility for use in identification and characterization, including immuno-
logical assays, real-time PCR assays, DNA microarrays, multilocus sequence typing
(MLST), and multilocus variable number tandem repeat analysis (MLVA). Real-time
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PCR and DNA microarray assays are continuously developed that allows for very rapid
identification and differentiations of pathogens. These microarrays contain a large number
of oligonucleotides that can be used to screen for the presence or absence of multiple
virulence or other discriminatory genes that can be used to identify and assess the poten-
tial pathogenicity of the organisms (36). Similarly, real-time PCR could be used to
screen isolates for a more limited set of genes to separate isolates. To increase PCR effi-
ciency, multiple primer sets can be combined in multiplex PCR assays to reduce the
number of reactions required for analysis. An added benefit of gene detection from a
clinical standpoint is that specific genes of clinical importance, such as those for toxins
and antimicrobial resistance, can be detected (102). As the number of pathogen genomes
that have been sequenced continues to rise, the design of microarrays and real-time
PCR assays should only improve to provide better identification and characterization of
bacterial foodborne pathogens.

Another trend in molecular typing is the advancement of sequence-based methodologies.
One example of this trend is MLST, the foundation of this set of techniques is that in
different strains of bacteria there will be variability in the sequence of particular genes.
This variability would be associated with mutation or recombination events that lead to
genetic divergence of different strains that can be used to determine the relatedness of
bacteria. Typically, multiple housekeeping genes (genes required for basic cellular
functions) are sequenced. Whereas generally conserved, housekeeping genes usually
have sufficient variability to develop distinct alleles for the different strains (103). The
alleles from each of the genes sequenced are looked at as a group and the strain is
assigned a specific sequence type. The genetic relatedness of the strains is determined
by comparing differences in allele profiles that make up the sequence type. In cases
where all alleles are the same, the sequence types are identical and the two strains are
defined as clonal (104). An advantage of MLST is that the data is portable, Internet-based
MLST databases have been set up for some of the foodborne pathogens to facilitate the
rapid exchange of MLST data (104). Table 2 lists many of the genes that have been used
for typing different foodborne pathogens. Advances in gene selection and the establishment
of additional online databases will help facilitate wider acceptance of sequence typing,
especially if the cost and difficulty of DNA sequencing continues to decline.

Bacterial genome sequencing has spawned additional sequence-based typing methods.
One such method is MLVA, a technique that utilizes copy number differences in
repeated sequences located throughout the bacterial genome. Differences in the copy
numbers of the repeated elements at the variable loci are used to differentiate isolates.
By examining multiple repeat regions a discriminatory pattern can often be determined.
The technique has shown promise with some of the strains that appear homogeneous
with PFGE, such as E. coli O157:H7 isolates. MLVA is able to distinguish among many
of these isolates and will prevent nonclonal strains from being called identical (105).

As is shown in this chapter, there are a wide variety of methods that can be used for
the detection and discrimination of foodborne pathogens and their toxins. The continuing
development of rapid methods of detection should help to minimize the impact of
foodborne pathogens on human health. One of the areas of need in the detection of food-
borne pathogens is in the area of development of culture-independent methods detection
and discrimination. Removing the need for overnight enrichment for viable pathogens
would allow for much more rapid methods that is valuable in determining whether a
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food source is contaminated or not. When pathogens are detected there are a number of
methods available to characterize the organisms responsible for foodborne illnesses.
The various discrimination methods have strengths and weakness that make choosing
the proper technique important. The use of rapid, reliable, and sensitive methods allow
for the development of intervention strategies that could help to limit the spread of
foodborne pathogens.
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Abstract
The recent success that the USDA Food Safety Inspection Service has had in 2003 and 2004 of

reversing the steadily increasing trend in Class 1 recalls is welcomed. In agreement with those
statistics are the FSIS microbiological results for Escherichia coli O157:H7 in raw ground beef,
which also showed a decrease in 2003. But there is much work to be done in food safety and much
more to achieve. It is imperative that while addressing food-safety issues, we should understand the
role that the environmental microbiology, public health epidemiology, aerobiology, molecular micro-
bial ecology, occupational health, industrial processes, municipal water quality, and animal health
have on food safety. Although it is a difficult task, a concerted effort by industry, academic, and
governmental researchers can accomplish the goal. Here we discuss the future directions and appli-
cations in the distribution and spread of foodborne hazards, methods for microbial detection and
differentiation, intervention strategies for farm pathogen reduction, targeting waste at animal production
sites, considerations on antimicrobial resistance, food-safety storage and preparation strategies,
food irradiation, new and emerging food-safety hazards, and quantitative microbial food-safety risk
assessment. Although this does not comprise an exhaustive list of food-safety issues, these are the
areas that, we think, require considerable attention by researchers. Not only we need to strive to
improve food safety through new strategies, processes, and applications, but we also need to be
flexible and observant to readily handle the new and emerging food-safety problems, whether they
are within our borders or global. At present, the United States has one of the safest food-safety
systems in place. However, although this is not a time for complacency, our research endeavors
should be designed to keep pace with the food-safety needs of the future.

1. INTRODUCTION

Thousands of people around the world die each year from contaminated food. Foods
can be contaminated with microbial pathogens and toxins at all points of the food-
production cycle from preharvest through postharvest as well as within the home.
Pathogens that can be deadly to humans are found to reside within food animals. The
US Centers for Disease Control and Prevention (CDC) reported that the outbreaks of
foodborne diseases for which the etiology and transmission vehicle could be traced have
resulted from foods of animal origin about 50% of the time (1). The CDC estimates that
foodborne disease causes approx 76 million illness cases in the United States each year.
This results in approx 325,000 hospitalizations and 5000 deaths each year. The costs in
terms of overall medical expenses and lost wage-productivity are estimated to be between
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US$6.5 and 34.9 billion (2,3). One of the main pathogens for concern, Salmonella, is
an important cause for human and animal diseases worldwide (4), and can be serious or
fatal for the elderly and immunocompromised. The CDC estimates that each year in the
United States over 1.3 million illnesses and 553 deaths are caused by foodborne trans-
mission of Salmonella. The cost of medical care and lost productivity due to Salmonella
infections in the United States were estimated at $2.3 billion per year in 1998 dollars
(5). Pathogenic Escherichia coli primarily cause one of three types of infections: enteric
infections, urinary tract infections, or septicemic infections (6). Among the enteric E. coli,
bacteria capable of producing Shiga toxins are of particular concern. Shiga toxins
are potent protein-synthesis inhibitors capable of killing cells in picogram quantities.
E. coli O157:H7 is the most common Shiga toxin-producing E. coli (7). It is estimated
that in the United States 62,000 human illnesses and 52 deaths are caused by foodborne
transmission of E. coli O157:H7 each year (2).

Increased occurrence of pathogens that cause major foodborne disease outbreaks
(E. coli O157:H7, Salmonella, and Listeria monocytogenes) are key concerns for
food producers, food processors, governmental regulators, public health officials, and
consumers worldwide. These challenges have led to increased global demand for
actions to improve the safety of raw and manufactured foods (8). The US Department
of Agriculture–Food Safety Inspection Service (USDA–FSIS) has adopted an overall
food-safety strategy to reduce the risk of foodborne illness associated with pathogens
such as Salmonella spp., Campylobacter spp., E. coli O157:H7, L. monocytogenes,
Clostridium botulinum, Clostridium perfringens, Staphylococcus aureus, Aeromonas
hydrophila, and Bacillus cereus (9). In 1996, the USDA–FSIS issued a final rule that
requires the meat and poultry establishments to adopt a scientific Hazard Analysis
Critical Control Point (HACCP) system (10). HACCP is a mandatory food system used
by all food companies in the European Union (11), and it is internationally recognized
as being a most effective means for producing safe food (12–14).

In the years following the implementation of the HACCP program, the total number
of Class 1, or high risk, recalls steadily increased (Fig. 1). Then, in 2003, FSIS outlined
five goals to improve the health status of consumers. This document is called “Enhancing
Public Health: Strategies for the Future” (15). In this document “FSIS outlined a series
of new and comprehensive scientific initiatives to better understand, predict, and prevent
microbiological contamination of meat, poultry, and egg products, thereby improving
health outcomes for American families” (16). The addition of these initiatives along
with other improvements in food safety has resulted in a downward trend in the number
of Class 1 recalls during 2003 and in the first half of 2004 (Fig. 1). FSIS has been
obtaining microbiological results for E. coli O157:H7 in raw ground beef products since
1994 (17). Late in 1999, FSIS introduced new methods that further increased the sensi-
tivity of the microbiological tests. Table 1 shows the overall results of the determinations
for the years 2000–2003. The percent positives average around 0.8% from the years
2000–2002, but declined to 0.3% in 2003 (17). These results correlate well with the
observed recalls over this period. Another indicator that the FSIS scientific policies and
programs have improved food safety is the data from late 2003 that show a 25% drop
in the percentage of positive L. monocytogenes regulatory samples compared to those of
the year 2002, and a 70% decline compared to the years prior to the implementation of the
HACCP program (16).
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These FSIS results are very promising and the contamination trend appears to be in
the right direction. But let us make no mistake that there is plenty to do in food safety.
The recent trends shown above by FSIS are just a beginning. We definitely want to
see recall rates hovering around 0%, and contamination rates at zero. Are these rates
achievable? Can these rates be maintained?

Many of the pathogens that can cause widespread disease outbreaks among the
human population are transmitted through surface and groundwater and may ultimately
end up on food, either through irrigation water, through contact or through contaminated
processing water. Given the multiple routes through which humans can contaminate the
environment as well as be exposed to microbial pathogens, it is impossible or illogical
to separate food-safety principles from the environmental quality or from the public
health principles (Fig. 2). It is also extremely critical to emphasize that to address
food-safety issues holistically, a clear understanding of environmental microbiology,
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Table 1 
Microbiological Results of Raw Ground Beef Products
Analyzed for E. coli O157:H7, 2000–2003 (17)

Year No. of samples No. of positives %Positives

2000 6375 55 0.86
2001 7010 59 0.84
2002 7025 55 0.78
2003 6584 20 0.30

Fig. 1. Total number of recalls during the fiscal years 2000–2004 (16).



public health epidemiology, aerobiology, molecular microbial ecology, occupational
health, industrial processes, municipal water quality, and animal health are needed (Fig. 3).
Otherwise, the solutions that are devised and the outcomes that are achieved can be
seriously compromised. In the mean time however, we need to be adamant about
learning more about host–pathogen interactions, distribution and spread of foodborne
hazards, including handling the glut of manure buildup at animal production facilities,
antimicrobial resistance involvement from prescription and on-farm abuse, and the abuse
because of the incorporation of antibiotics in a myriad of household products available
in the open market. We must also strive to improve and simplify verification tests,
improve decontamination strategies and on-farm pathogen reduction strategies, be fully
prepared to handle the new and emerging food-safety hazards, and be more analytical in
addressing microbial food-safety issues. Last but not least we need to come up with a
good plan to impart and implement food-safety storage and preparation strategies for
the producer, retailer, food service operation, and the consumer. Some of these areas
will be highlighted in this chapter. These areas as well as others have been discussed in
detail in other recent publications (18,19).

2. DISTRIBUTION AND SPREAD OF FOODBORNE HAZARDS

The scientific community, the regulatory community, and the general public need to
realize that is impossible and incorrect to cubbyhole food safety separately from environ-
mental quality and public health. As shown in Fig. 2, the organisms that are of concern
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to food safety find their origins in the environment, in farm animals, and in humans.
Organisms are transmitted between humans, animals, the environment, and foods through
air, water, soil, and equipment routes. Multiple disciplines and factors ultimately impact
the safety and quality of foods (Fig. 3). Although the transmission of hepatitis A infection
may be decreased by vaccinating food-service workers, there are other routes of hepatitis
A transmission that are extremely difficult to control. The safety in food-service operations
can depend highly on the incoming food ingredients. Enteric viruses such as hepatitis
A (HAV) can get into the food chain through contaminated irrigation water or wash
water. In 1988, 202 cases of HAV were reported in one outbreak, and upon investigation
it was traced back to commercially distributed lettuce. Contamination in the lettuce was
found to be prior to local distribution (20). In 2003, approx 555 people were infected
with HAV at one restaurant, resulting in three deaths, through contaminated green
onions which was traced back to contamination in the distribution system or during
growing, harvesting, packing, or cooling (21). Pathogens such as L. monocytogenes find
ecological niches (to survive) within food-processing facilities in locations such as
within drains and on food-handling equipment. Thus, the design, the material, and the
ability to clean and disinfect the equipment have significant impacts on our ability to
control this pathogen.

In the future, improved analytical methods will lead to the identification of the
environmental reservoirs of a number of pathogens that are relevant to food safety.
Improved surveillance and tracking studies will lead to the identification of many of these
pathogens that could be classified as emerging or re-emerging pathogens. Studies on the
biotic and abiotic factors that influence the emergence of these pathogens will gain
increased attention worldwide. The influence of global climate change on infectious disease
trends will be another intensively studied area. The fate of newly identified pathogens in
air, water, and soil would need to be explained to identify the environmental management
strategies to control these pathogens. Improved waste-handling and waste-treatment
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systems for both municipal and animal wastes have to be developed to minimize or
eliminate infections from pathogens such as SARS. Water treatment technologies
incorporating UV disinfection, reverse osmosis, chlorine dioxide, and ozone need to be
evaluated for specific applications on the farm and in postharvest processing applications.

3. METHODS FOR MICROBIAL DETECTION AND DIFFERENTIATION

The detection of specific microbial pathogens is expected to increase worldwide. In
1999, the United States food industry performed as many as 144 million microbiological
tests (22). These numbers were 23% higher than what was observed in the preceding
year. It must be emphasized that though the number of microbiological tests were indeed
significant, only approx 26% of these tests were pathogen-specific tests. Regulatory
pressures on the food industry such as the “zero tolerance” of pathogens like L. mono-
cytogenes and E. coli O157:H7 have been responsible for the increase in tests to detect
these organisms (23). Even though there are commercial diagnostic assays to detect
many of the key foodborne bacterial pathogens, there are no commercial kits to
detect enteric viruses in food. This is an unfortunate situation given that viruses account
for over 65% of known foodborne illnesses in humans. A variety of food items such as
fresh produce, frosted bakery products, infected food-handlers, and shellfish are known
to have transmitted viral infections to the human population (24–26). Methods are
urgently needed to process the food samples to extract the viruses out of the samples,
concentrate the viruses, and ultimately detect the viruses without interference from the
sample matrix. Current methods to detect enteric viruses using tissue culture are extremely
time-consuming, labor intensive, and are consequently expensive. Qualitative molecular
methods that provide only a cursory positive/negative result for the presence of enteric
viruses in food may have only limited applicability given the potential to detect
noninfectious virus particles. There have been a few reports on the detection of infectious
virus particles using molecular methods. These methods need to be rigorously tested
in multiple laboratories and on different types of samples to prove their ultimate utility
for the food industry.

Critical issues related to the use of molecular methods for pathogen detection in the
food industry include choosing the appropriate sample volumes to be tested, sample
concentration and purification procedures, and ultimately regulatory acceptance of the
molecular methods. Molecular methods will find increasing applications especially for
microbial risk-assessment studies. The USDA and the FDA must deal with the issue of
re-emerging organisms and have the responsibility of identifying and prioritizing the
critical microbial contaminants in foods. Using indicator organisms in lieu of specific
pathogens can be fraught with limitations. Although spectacular breakthroughs have
been achieved in terms of biosensors for pathogen detection, much work still remains
to be done with respect to the first step in detecting pathogens, namely sample processing.
The processing has to be extremely efficient at recovering small numbers of organisms
on food samples but also has to be amenable to downstream applications such as
molecular assays (i.e., PCR, quantitative PCR, or biosensors) without any interference
from the sample matrix. PCR is ideally suited for the food industry. It may provide more
effective product quality monitoring and prevent costly recalls. Even though molecular
methods will not totally replace the conventional microbiological assays, the future
molecular methods can allow for faster, more sensitive, and more characterization
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capabilities. This will entail an increased awareness of QA/QC as it pertains to molecular
methods and a trained workforce that can keep up with the rapidly changing technologies.

Differentiation among foodborne pathogens is accomplished in two main ways. The
traditional phenotypic methods are one way of identification and classification of
bacteria. The second way uses genotypic or other molecular methods (27). Many of the
best discriminatory methods, like pulse-field gel electrophoresis (PFGE), take days to
conduct. The CDC supported PulseNet which relies on PFGE fingerprinting is considered
the golden standard for epidemiological tracking. In the future, methods to differentiate
bacteria strains will be developed that are rapid, reproducible, and hopefully automated.
The current 16S rDNA-based fingerprinting method (termed Riboprinting), though
automated and sophisticated, is still far from being as discriminatory as PFGE. It is
critical to improve and devise new discriminatory tools. Methods based on multilocus
variable number tandem repeat analysis (MLVA) show promise. This method has been
able to distinguish among E. coli O157:H7 isolates that appear homogeneous by PFGE
(28,29), and distinguished between Bacillus anthracis isolates (30–32). It is the new
methodologies, such as this one, that will help us to move forward into the future with
more discriminatory results and rapid response time. In the final analysis, however, it
will be the regulatory and liability pressures that will ultimately dictate whether or not,
and to what extent the food industry will adopt molecular methods (23).

4. ON-FARM PATHOGEN REDUCTION INTERVENTION STRATEGIES

Because the farm is the initial location for the foods of animal origin, it is on the farm
where the improvement of food safety of animal origin needs to begin. New additional
food-safety interventions should be developed to decrease pathogen contamination
during livestock and poultry production. A number of products have been developed
using the strategy known as competitive exclusion (CE). Competitive exclusion is the
process of using microbial cultures to out compete pathogenic bacteria. A defined culture
having 29 nonpathogenic bacteria was developed that decreased the prevalence of
Salmonella in chicks (33,34). Another CE product was developed using an undefined
culture that decreased the prevalence of Salmonella in poultry (35). Currently, a CE
culture to be used in swine is under development. In vitro studies using a continuous
flow culture in chemostats demonstrated that the culture designated RPCF decreased
Salmonella enterica serovar Choleraesuis, E. coli F-18, and E. coli O157:H7 within 24 h
post-inoculation, and S. enterica serovar Typhimurium was reduced by 48 h post-
inoculation (36). The RPCF culture reduced Salmonella serovar Choleraesuis colonization
in early-weaned pigs (37). The use of RPCF to protect suckling neonatal pigs against
infection with enterotoxigenic E. coli resulted in significant reduction of E. coli compared
to the controls (38). During field trials, the RPCF culture reduced the disease associated
with enterotoxigenic strains of E. coli in weaned pigs (39). The RPCF culture has shown
successful results in decreasing disease caused by E. coli in neonatal and weaned pigs.
This disease can be fatal and the mortality rate can reach high levels (40). Antibiotics
have traditionally been used as a treatment of choice. But over time, E. coli have become
more resistant to antibiotics and CE is a potential alternative treatment. When developed
properly, it could become the method of choice for reducing the disease associated with
enterotoxigenic strains of E. coli. More work in these and other animal species should
be investigated using the CE strategy.
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An important area for the use of intervention strategies to reduce pathogens is by
using feed additives or treatments. Some of these strategies use heating, pelleting,
chemical treatments, or a combination of treatments. The use of chlorate treatment is a
very interesting strategy. The reduction of chlorate by nitrate reductase (NR) increases
the death rates of E. coli and Salmonella (41). Salmonella and E. coli possess respiratory
NR activity (42) that can reduce chlorate to cytotoxic chlorite (43), while most gastro-
intestinal anaerobes lack NR and are not affected (44). Nitrate adaptation in broilers
produced a higher reduction of Salmonella Typhimurium following chlorate treatment (45).
Chlorate treatment via oral gavage of weaned pigs resulted in reduced cecal concentrations
of Salmonella (44), and reduced E. coli O157:H7 in the pig gut (46). E. coli O157:H7
in sheep can also be reduced by chlorate supplementation (47,48). This is an example
of a unique chemical treatment that affects pathogens with little or no affect on other
gastrointestinal anaerobes and is worthy of further pursuit.

New innovative approaches to successfully develop intervention strategies would
be advantageous. Also, educational efforts are needed that focus on the producers of
beef, dairy, pork, egg, and poultry describing the best intervention strategies to decrease
pathogen contamination on the farm.

5. TARGETING WASTE AT ANIMAL PRODUCTION SITES

Recently there have been some improvements in wastewater discharge to surface
waters (49). It is also common to spread large amounts of animal waste on agricultural
lands. Prior to spreading the animal waste, there usually is some form of storage.
Temperature was targeted as being the single most effective environmental factor
affecting pathogen survival in storage (50). Another factor that influences the availability
of pathogens in overland flow is their survival in soil. But there is still a lack of basic
data on the levels of pathogens found in animal manures (50). Given the diversity of
microbial pathogens and the diversity of soil types and geographical locations, it is
expected that data gaps still exist. However, future studies should try to integrate as
many different parameters as possible into the study design.

The understanding of how microorganisms partition during overland-flow transport
is just beginning to emerge. Existing pathogen transport models do not take into account
the interactions between the pathogens and the soil and waste particles. Improvements
are needed in pathogen transport models (49). Although significant amounts of informa-
tion on virus and bacterial transport in the subsurface are known, our knowledge of
particle-assisted pathogen migration during runoff is still rudimentary. With a better
understanding of overland-flow transport of pathogens, better management strategies
can be developed and implemented. Solutions to handle the glut of manure should
also include both ground-water and surface runoff water protection strategies toward
contamination with bacterial load.

Surface runoff and ground-water contamination by pathogens from intense animal
production and waste lagoons is an emerging problem. In 2004, it was reported that
North Carolina had 4500 active and 1700 inactive swine waste lagoons (51). Because
of the problem with overflow and leakage into surface and ground water, North Carolina
is no longer permitting waste lagoons (51). The United States is faced with a manure
glut because of the large numbers of animals that are produced (19). The amount of
manure was estimated in 1997 to be approx 1.36 billion tons (19). Because of public
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health and environmental concerns it would be advantageous to develop new technologies
to handle large amounts of high nitrogenous wastes that will result in marketable
by-products, limit the amount of land required for waste management, limit the impact
on surface and ground water, and ultimately also help with global warming.

Until new waste treatment technologies are developed and rigorously tested we
should assume that animal wastes harbor harmful pathogens, and their contact with
humans and crops should be limited to the extent possible. It is important to thoroughly
understand the impact of animal wastes on public health and the environment. The
municipal waste industry is currently facing enormous challenges related to the disposal
of municipal sewage sludge (biosolids) close to human population centers because of
poor management. We must determine the magnitude of the contamination from bacteria
found in animal wastes on surface water, ground water, and soil (and the plants that are
grown on this soil). To embrace this problem with a better understanding, it will require
numerous studies that evaluate the bacteria in animal production facilities, in surface
water, and at sites where waste leakage or water runoff is likely.

We only need to remind ourselves of the recent Walkerton, Ontario, tragedy to put
in perspective how contamination from cattle manure can cause a large disaster (52).
This disaster occurred in a pristine Canadian small farming community, where more
than 2300 people became ill and seven people died (53). The tragedy was caused by
contamination of a drinking water well by cattle manure containing E. coli O157:H7.
The potential contamination of water wells should be at the top of the list as a critical
focal point for development and implementation of prevention strategies. Another area
of concern directly associated with water-well contamination is the use of contaminated
water on truck crops. How about the process of recycling this water? What steps are
needed to be sure that this water is pathogen-free (including E. coli O157:H7) when
reused on truck crops?

6. ANTIMICROBIAL RESISTANCE CONSIDERATIONS

Because some antibiotics or classes of antibiotics are used to treat both human and
animal illnesses, there is a large debate over the emergence of antibiotic-resistant
pathogens. Some health professionals believe that antibiotic-resistant pathogens have
emerged because of the therapeutic use of antibiotics to treat animal diseases and by
the use of growth promoters in animal feeds (54–56). However, others believe that over-
prescription and abuse of antibiotics to treat human illnesses have caused the emergence
of antibiotic-resistant pathogens (57). Antimicrobial resistance has become a highly
controversial topic in both animal husbandry and clinical medicine. Even though much
is known about the role of gene transfer mechanisms in the development of antibiotic
resistance, it is extremely important to clearly understand the molecular mechanisms
that signal the involvement of horizontal gene transfer of antibiotic resistance genes
among bacteria. Once the mechanisms and magnitude of resistance gene transfer are
clearly understood and quantified, strategies can be sought to reduce the potential for
dissemination of these genes. Also, the role of host signals in the development of antibiotic-
resistant bacteria in humans and animals warrants further study.

Research reports have expressed concern that the use of biocides may contribute to
the development of antibiotic resistance (58). The use of antimicrobials such as triclosan
in hand and dish soaps, deodorant soaps, hand creams, shower gels, surgical scrubs,
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facial cleaners, sanitizers, coatings and gloves may very well be the suspect because of
the possibility of introducing antimicrobial resistance. It was thought that triclosan was
a nonspecific biocide that disrupted cell membranes, thereby leaving the bacteria unable
to proliferate (59). However, recent research has shown that triclosan acts at specific
targets (60,61). The basis of triclosan’s activity is to inhibit fatty-acid biosynthesis (62).
Triclosan is a substrate of a multidrug efflux pump in Pseudomonas aeruginosa, and
triclosan will select for itself as well as for multidrug-resistance in bacteria (63).
Therefore, it is quite clear that triclosan should not be in every product possible, as it is
now. Especially, it should not be used in surgical scrubs. In the future, chemicals like
triclosan should not find their way into consumer products; it is expected that sooner or
later triclosan will be removed from the glut of products on the market that now contain
it. However, there is a high-dollar commercial investment in using triclosan or chemicals
like it in consumer products. This allows the tag of “antibacterial” to be used, which is
worth a lot to the companies that manufacture these products.

There has been an ongoing concern whether antibiotic and biocide resistance may
be linked in some way (64–66). Indeed a link has been shown (63,67,68). Exposure to
antibiotics or triclosan can select for multidrug-resistance by over-expression of identical
multidrug efflux systems (63). There is an urgent need for improved surveillance systems
to monitor the development of biocide resistance in enteric pathogens. We must be
mindful of using biocides in animal production that are also used in food-processing
plants, food-preparation facilities, and in human clinical settings. We also must consider
stopping the use of biocides like triclosan that show a link between the developments of
cross-resistance to antibiotics.

The debate over the origin of antibiotic resistance will ultimately affect the success
or failure of global marketplace opportunities. The success of the global marketplace
will require truly common sense global food-safety standards and equivalent food-safety
systems in place. Sperber stated that industry had responded more quickly on L. mono-
cytogenes in 1986 and E. coli O157:H7 in 1994 because of the growing alliance between
the food industry, trade associations, and research teams (11). He commented, “you put
these groups together and it is a powerful alliance” (11). Further, he recommends that for
a true global effort to produce food-safety rules that are based on common sense requires
the addition and contribution of regulators to the alliance.

We need to be forward looking in terms of antimicrobial resistance considerations.
Not only should we be improving detection methods, the understanding of resistance
mechanisms, and the types of environmental or human-made pressures that increase
resistance, but we need to be putting together the international cooperation needed to
swiftly handle an emerging resistance problem anywhere in the world.

7. FOOD-SAFETY STORAGE AND PREPARATION STRATEGIES

A comparison of food-safety knowledge with home food-handling practices found
that the level of knowledge of food-safety practices is much higher than the level of
in-home application of food-handling practices (69,70). Anderson and coworkers placed
cameras in the kitchens of 100 middle-class families to directly observe their food
handling and preparation behaviors (70). The researchers evaluated washing hands,
cleaning working surfaces and vegetables, modes of cross-contamination, and cooking
and chilling behaviors. The results showed the researchers why foodborne illness is such
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a problem in American homes. However, in a survey that was conducted by the researchers,
nearly all subjects were concerned about food safety (70).

The Council for Agricultural Science and Technology (CAST) discussed consumer
education pointing out that the educational goal of increasing the application of safe
food-handling and food-consumption practices will continue to target the consumer.
However, after much educational effort, the gap between current food-safety education
and the ideal remains large (19). Consumers are increasingly aware that foodborne
illnesses are a problem, but they continue to blame others and are unaware of the role
that they must play in food safety (19,71). McIntosh took a critical look at consumer
food-handling behavior (71). He concluded that the consumers are aware of food-safety
problems, and yet do not make improvements in their own food-handling behavior (71).
McIntosh points out that perhaps an intervention having long-term consequences might
be within the public school system, and to potentially use the health education class to
introduce and discuss food safety (71). He notes that adolescents are in the process of
evolving food habits that will carry over to adulthood (71).

We would like to make further suggestions regarding the use of public school system
as a vehicle to embed food-safety strategies into every individual. It is our opinion that
during the Junior or Senior year of High School a class be mandatory for every student
on food-safety strategies and behavior, and food-safety handling practices for various
foods. These handling behaviors should incorporate both a variety of pathogens as well
as some common food toxicants. Therefore, the principles of handwashing, surface
cleaning, eliminating cross-contamination, cooking, and chilling should all be demons-
trated and practiced by the students. The students should also gain knowledge in this
food-safety class of the safe ways to store and handle those foods that contain toxicants
(e.g., potatoes, celery, parsley, limes, and sweet potatoes).

8. FOOD IRRADIATION

Foodborne illness is preventable. It can be prevented by improved food-production
methods, improved food-processing technologies, and improved food preparation and
consumption methods within homes. A number of food-processing technologies have
been developed and employed in recent years. However, none of the current technologies
have had the same level of promise, and unfortunately the level of criticism, as had food
irradiation. Ionizing irradiation is one of the most extensively studied food-processing
technologies. It was found in 1904 that ionizing radiation could destroy bacteria, and
the technology was evaluated in 1921 to destroy trichinae in pork (72). Today, we have
nationally and internationally approved irradiation protocols for a variety of food products
including uncooked meat and poultry products.

Ionizing radiation is defined as a radiation that has enough energy to remove electrons
from atoms thereby leading to the formation of ions. There are different types of ionizing
radiation such as X-rays, gamma rays and beta rays (E-beam), depending on the source
of the radiation. All types of ionizing radiation function in the same way, i.e., causing
ionization of atoms in the food material by stripping off electrons. Over 40 different
countries have approved the use of food irradiation. The United States has the most
number of approvals for the use of irradiation on foods. However, the United States
Food and Drug Administration (FDA) still considers irradiation as a “food additive.”
The inappropriateness of this classification is evident since other processes such as baking,
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frying, and boiling, which also cause chemical changes in the food are not considered
as additives (73).

Internationally, foods such as apples, strawberries, bananas, mangoes, onions, potatoes,
spices and seasonings, meat, poultry, fish, frog legs, and grains have been irradiated for
many years. There is a worldwide standard for food irradiation. The standard was adopted
by the Codex Alimentarius Commission, a joint body of the Food and Agricultural Organi-
zation (FAO) of the United Nations and the World Health Organization (73). Achieving
low doses of irradiation is extremely important to eliminate minor traces of microbial
contamination and retain the sensory qualities of specific food items. In conjunction
with low-dose irradiation capabilities, dosimeters that can measure such low doses are
urgently required. There is a need to develop irradiation protocols for achieving uniform
dose distribution on uniquely shaped foods, such as apples, cantaloupes, tomatoes, and
heterogeneously shaped packages. Standardized protocols are needed for dosimeter
placement and product presentation to the E-beam to achieve minimal min : max ratios
for efficient pathogen kill. Studies are also needed to identify the irradiation dose for
different food-matrix properties that can eliminate viral pathogens on fruits and vegetables
that are minimally processed and are highly vulnerable to fecal contamination (74).

9. NEW AND EMERGING FOOD-SAFETY HAZARDS

During the early 1990s, there was a widespread concern over the possibility of deve-
loping resistance in pathogens to antimicrobial agents used in food-animal production.
In 1997, a group from Denmark published an exhaustive study on the issue (75). Seyforth
and coworkers concluded that although Salmonella Typhimurium isolated from animals
and humans showed antimicrobial resistance, multiple-resistance was most often acquired
outside of Denmark (75). Then Aarestrup and Wegener stated in a review that “There is
an urgent need to implement strategies for prudent use of antibiotics in food animal
production to prevent further increases in the occurrence of antimicrobial resistance
in foodborne human pathogenic bacteria such as Campylobacter and E. coli” ([76],
p. 639). However, their concerns immediately became reality. A variant of Salmonella
Typhimurium strain DT104, resistant to quinolones, was responsible for the death of
two people in 1998 (77). This bacterium was traced back to a single Danish swine herd
that had been treated with quinolones (78). This episode clearly documents the spread
of zoonotic (the transmission of infections under normal conditions from animals to
humans) bacteria from animals to humans. The threat of emerging resistant pathogenic
bacteria is real. We must be focused with a close watch on the potential for this to happen
anywhere in the world (79).

9.1. Bovine Spongiform Encephalopathy Responsiveness and Preparedness

The emergence of bovine spongiform encephalopathy (BSE) is one example of a
challenge to the food production safety system upon which the existing food-safety
monitoring systems did not have an appreciable impact (11). See a review on risks for
human health from animal transmissible spongiform encephalopathies (TSEs) (80).
Since BSE is a threat to human and animal health, and fell outside of the existing
food-safety health measures, firewalls were developed by the United States to prevent
its introduction and amplification (19). Three firewalls have been introduced, briefly: (1)
importation of live ruminants and ruminant products are restricted from countries
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with BSE cases; (2) the USDA performs immunohistological exams of all brains from
cattle condemned for central nervous system disorders; and (3) the FDA has prohibited
feeding ruminant meat and bone meal to ruminants (19).

Based on strain typing tests in mice, BSE also causes the human disease, variant
Creutzfeldt Jakob disease (vCJD) (81), and both BSE and vCJD had similar incubation
times in prion gene replacement studies (82,83). All of the different types of tests used
to evaluate the similarities and differences between BSE and vCJD have clearly shown
that BSE and vCJD are the same TSE strain (80). While these and other tests for strain-
typing showed that chronic wasting disease (CWD) in the family Cervidae, which
includes mule deer, white-tailed deer, and Rocky Mountain elk, possesses different
patterns from BSE or vCJD. Please see other reviews for further reading concerning
CWD (84,85).

Sheep have been given the same food as cattle in some areas, and this may result
in the possibility of sheep also contracting BSE. There is a concern of possible trans-
mission of vCJD to humans through BSE-infected sheep, which would be very difficult
to distinguish in sheep from scrapie (80). Therefore, methodology to test for BSE in
sheep vs scrapie is needed.

Scrapie was recognized in the United States since 1947. It was a speculation that
CWD was derived from scrapie. Observations from captive cervids provide evidence
of lateral transmission of CWD, which is similar to scrapie, but the details concerning
the transmission of CWD still remain to be determined. The CWD agent has been
demonstrated to be in various tissues suggesting that the CWD agent may be shed
through the alimentary tract, and shedding probably precedes the onset of the clinical
disease in both deer and elk (85). However, CWD is like BSE because of the long
incubation periods and subtle early clinical signs. There have been no cases reported of
human prion disease associated with CWD, whereas human exposure to the BSE agent
has resulted in over one hundred deaths due to vCJD (85). The prevalence of CWD has
been steadily increasing, and therefore, we need to carefully assess the potential risk
that CWD exposure may pose to humans. Recently, the sheep scrapie agent was used
to experimentally induce spongiform encephalopathy in elk, and could not be distinguished
from CWD of elk (86).

Certainly, much remains to be learned about the transmission and epidemiology
of BSE and CWD. Current improvements in CWD testing using enzyme-linked
immunosorbent assay (ELISA) technology proved that the ELISA is an excellent rapid
test for screening large number of samples and there is a tremendous improvement in
CWD detection (87), and similar improvements are needed in the detection of BSE.
A much higher proportion of cattle need to be evaluated for BSE. ELISA methods have
been developed in collaboration with the French Commissariat à L’Energie Atomique
(CEA) for a very highly sensitive and specific ELISA for BSE. This test is available in
many countries including the United Kingdom, France, Germany, Belgium, Luxembourg,
the Netherlands, Norway, Sweden, Switzerland, Italy, and Spain (88), but not in the
United States.

9.2. Is there a Link Between Johne’s and Crohn’s Diseases?

There are concerns that the cause of Johne’s disease in ruminants is also the cause
of Crohn’s disease in humans (89,90). Johne’s disease is a chronic inflammatory
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bowel disease of ruminants caused by Mycobacterium avium subsp. paratuberculosis
(MapTb) (91). It is estimated that Johne’s disease costs the US dairy industry $200–250
million annually in reduced productivity (92). Crohn’s disease is also a chronic
inflammatory gastrointestinal disease found in humans that can affect the whole
digestive tract, but most commonly affects the lower portion of the small intestine
(ileum), where it connects with the large intestine (93). The cause of Crohn’s disease
is not known (93). It is estimated that almost one million Americans live with Crohn’s
disease, and that up to 75% of those who live with Crohn’s disease may require surgery
at some point (93).

Paratuberculosis in ruminants has a prolonged incubation period, resulting in most
animals remaining subclinical (90). It is these subclinical animals that can spread the
disease to other animals. It is estimated that more than 20% of cow herds in the United
States are infected with Johne’s disease (94). The survival, in some cases, of MapTb
during pasteurization of raw milk (19,95,96), the isolation of MapTb from wildlife,
and the similar manifestation of Johne’s and Crohn’s disease point out why there is a
concern. There is a need for more accurate diagnostic testing for MapTb (90). However,
the MapTb link between Johne’s and Crohn’s diseases is highly debated. The debate is
primarily based on an inability to satisfy Koch’s postulates, since the presence of
MapTb has not been demonstrated in all cases of Crohn’s disease (90).

The knowledge of the genomic structure of this group of organisms is incomplete,
and there is evidence suggesting that M. avium and MapTb may represent only two
forms of a continuum of complex M. avium isolates (90). Recently developed animal
models offer the opportunity to study specific interactions between the host/pathogen
and potentially lead to improved diagnosis and therapeutic treatment (90). This area
would benefit from more researchers evaluating the causes of Crohn’s disease, and more
pointedly, improved and more accurate diagnostic testing.

10. QUANTITATIVE MICROBIAL FOOD-SAFETY RISK ASSESSMENT

In quantitative microbial risk assessment (QMRA), risk assessment is the first
component of the risk analysis process, and it is followed by risk management and risk
communication (97,98). Mena and coworkers have discussed QMRA and its application
for foodborne pathogens (98). The goal of the risk analysis process is to lead to risk
management decisions to better utilize intervention strategies or monitoring procedures.
QMRAs are needed to identify the critical points within the food supply system at which
additional interventions will have the greatest impact on decreasing the health hazards
and improving the overall suitability of foods. Therefore, the result from QMRA can be
folded right back into HACCP programs.

The use of QMRA in the food industry has the promise of being very powerful.
However, there are many data gaps that must be addressed before QMRA can be fully
utilized (19). Also, QMRA is not simple, for it requires microbial modeling. A contro-
versial area is the choice of the model to fit the data with (98). QMRA provides the
necessary approach to predict the public health significance of new food production and
processing practices, the emergence of foodborne pathogens, and the use of particular
critical points for intervention strategies or monitoring procedures (98). With aggressive
data gathering along with adoption of models proven to fit real world scenarios, QMRA
will become the premier risk assessment tool in the food industry.
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animal-to-person, 316
drinking water, 316, 317
food, 317, 318
insects, 318
person-to-person, 316
risk factors, 314, 315
sexual, 318

treatment, 323, 324
vaccination, 324
virulence, 322, 323

H

HACCP Program, see Hazard Analysis
and Critical Control Point Program

HAV, see Hepatitis A virus
Hazard Analysis and Critical Control

Point (HACCP) Program
implementation at Food Safety

and Inspection Service, 385, 395
industry

implementation assistance
food safety assessments, 394, 395
in-depth verification teams, 392,

393
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intensified verification testing,
393, 394

Technical Assessment Groups, 392
responsibilities, 386, 387

international food safety
harmonization, 396, 397
regulation, 396

microbiological testing
Escherichia coli, 388–390, 392, 398, 399
Listeria, 399
National Advisory Committee

on Microbiological
Criteria for Foods performance
standards evaluation, 389, 390

raw products, 400
ready-to-eat products, 400, 401
Salmonella, 387, 388, 390, 397, 398

origins, 384, 385
principles, 385, 386
prospects, 397–401

Hemolysin, Vibrio virulence factor,
132, 133, 135

Hemolytic uremic syndrome,
see Escherichia coli

Hemorrhagic colitis, see Escherichia coli
Hepatitis A virus (HAV)

biotypes, 175, 176
characteristics, 175
clinical features of infection, 182, 183
diagnosis and detection, 183, 184
epidemiology, 177, 178
outbreaks

foodborne
food handlers, 181, 182
fruits and vegetables, 180, 181
shellfish, 180

risk factors, 178, 179
waterborne, 179

pathogenesis, 183
prevention and control

foodborne transmission
food handlers, 187
fruits and vegetables, 186
indicator organisms, 187
shellfish, 185, 186

general measures, 184
immunoprophylaxis

active, 184, 185
passive, 185

stability
acid resistance, 176
chlorine resistance, 177
environmental survival, 176
temperature resistance, 176

Hepatitis E virus (HEV)
characteristics, 187, 188
classification, 189
clinical features and pathogenicity

humans, 193, 194
nonhuman primates, 194
pigs, 194, 195

diagnosis and detection, 195
epidemiology, 189–191
foodborne infection, 192, 193
reservoirs, 191, 192
treatment and prevention, 195, 196
vaccines, 196

HEV, see Hepatitis E virus
Histamine fish poisoning, see Scombroid

fish poisoning
Hyaluronidase, Enterococcus virulence

factor, 161

I

Infant botulism,
see Clostridium botulinum

Intimin, enterohemorrhagic Escherichia
coli virulence factor, 15

Invasin, Yersinia virulence factor, 91
Irradiation, see Food irradiation
Lipopolysaccharide (LPS), Vibrio, 132
Listeria

classification, 27, 28
epidemiology

animals, 34
humans, 34, 355
prevalence in food, 34

food irradiation
dairy products, 469
modified atmosphere packaging, 469
overview, 468
poultry, 470, 471
ready-to-eat foods, 469, 470
temperature effects, 468, 469

Hazard Analysis and Critical Control
Point Program, 399

history of study, 27
identification, 28
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Listeria monocytogenes
antimicrobial resistance, 33, 34
clinical features of infection, 31–33
foodborne outbreaks, 29, 30
reservoirs, 28, 29
treatment, 33

microbial risk assessments, 450, 451
mortality, 35, 36
prevention, 35
virulence factors, 30, 31

Listeria monocytogenes risk assessment
(LMRA)

conclusions, 444, 445
impact, 444
process, 444
scope, 443

L

Listeriolysin O,
Listeria virulence mechanisms, 31

LMRA, see Listeria monocytogenes risk
assessment

Loss of enterocyte
effacement, enterohemorrhagic
Escherichia coli virulence factor, 14

LPS, see Lipopolysaccharide

M

Mass spectrometry,
botulism toxin detection, 46, 47

Metronidazole, Giardia management, 324
Microbial risk assessment (MRA)

Escherichia coli O157:H7
risk assessment

conclusions, 447, 448
impact, 447, 448
process, 446, 447
scope, 445, 446

expertise requirements, 437, 438
historical perspective, 435, 435
Listeria monocytogenes

risk assessment
conclusions, 444, 445
impact, 444
process, 444
scope, 443

outcome applications, 442
process

exposure assessment, 439, 440

hazard characterization, 440, 441
hazard identification, 439
risk characterization, 441, 442

prospects, 448, 452, 453
risk analysis relationship

assessment, 437
management, 437
planning, 436, 437

types
geographic assessments, 439
overview, 438
product pathway risk

assessments, 438
relative risk rankings, 438, 439
risk-risk assessments, 439

MLST, see Multilocus sequence typing
MLVA, see Multilocus variable number

tandem repeat analysis
Molecular beacon, amplicon detection,

491
MRA, see Microbial risk assessment
Multilocus sequence typing (MLST)

principles, 503
target genes in pathogens, 504
Vibrio typing, 128

Multilocus variable number tandem
repeat analysis (MLVA),
principles, 504

Mycotoxins, see Aflatoxin
Myf, Yersinia virulence factor, 92

N

NASBA, see Nucleic acid
sequence-based assay

Necrotizing enteritis, see Clostridium
perfringens

Nitazoxanide (NTZ)
Cryptosporidium management,

 264–266
Giardia management, 324

Norovirus
classification, 216
clinical characteristics of infection,

223, 224
diagnosis, 218, 219, 225
foodborne outbreaks, 221, 222
pathogenicity, 222, 223
reservoirs, 220, 221

NTZ, see Nitazoxanide
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Nucleic acid sequence-based
assay (NASBA),
pathogen detection, 492

O

O157:H7, see Escherichia coli
Oocyst, see Cryptosporidium; Cyclospora;

Giardia; Toxoplasma gondii

P

PCD, see Programmed cell death
PCR, see Polymerase chain reaction
Peptide nucleic acid (PNA), probes

for amplicon detection, 491, 492
PFGE,

see Pulsed-field gel electrophoresis
Phage typing, principles, 498, 499
Picobirnavirus

classification, 218
diagnosis, 218, 220
foodborne outbreaks, 221, 222
pathogenicity, 222, 223
reservoirs, 220, 221

Plasmid typing, principles, 499
PlcB, Listeria virulence mechanisms, 31
PNA, see Peptide nucleic acid
Polymerase chain reaction (PCR)

botulism toxin gene detection, 46
Clostridium perfringens enterotoxin

gene detection, 63, 69
Cryptosporidium detection

inhibitors, 243
oocyst assay, 251, 252
oocyst DNA extraction, 244, 245
sensitivity, 241, 246
targets, 245

Cyclospora detection, 283, 284, 286,
287, 295, 296

gastroenteric virus detection, 219, 220
Giardia detection, 308, 311, 326
hepatitis A virus detection, 184
hepatitis E virus detection, 195
multiplexed assays, 489, 492
principles, 489
prospects, 502, 503
real-time polymerase chain reaction,

490–493
reverse transcriptase-polymerase

chain reaction, 493

toxin gene detection, 494–496
typing

arbitrarily primed PCR, 501, 502
random amplified polymorphic

DNA PCR, 501, 502
repetitive element PCR, 502

Vibrio identification, 122–125
Programmed cell death

(PCD), therapeutic targeting, 426
Pulsed-field gel electrophoresis (PFGE)

principles, 500
Vibrio typing, 126–128

Pyrimethamine,
Toxoplasma gondii management,
348

R

Radiation pasteurization,
see Food irradiation

Random amplified polymorphic DNA
PCR (RAPD-PCR), principles, 501,
502

RAPD-PCR,
see Random amplified polymorphic
DNA PCR

Rep-PCR, see Repetitive element PCR
Repetitive element PCR

(Rep-PCR), principles, 502
Resistance,

see Animal production antimicrobials;
Antibiotic therapy

Restriction fragment length polymorphism
(RFLP)

principles, 499, 500
Vibrio typing, 126

Reverse passive latex agglutination (RPLA)
Clostridium perfringens enterotoxin

detection, 62, 63
toxin detection, 496

RFLP, see Restriction fragment length
polymorphism

Risk assessment,
see Microbial risk assessment

Rotavirus
classification, 216
clinical characteristics of infection,

224
diagnosis, 218–220
foodborne outbreaks, 221, 222
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pathogenicity, 222, 223
reservoirs, 220, 221

RPLA, see Reverse passive
latex agglutination

Salmonella
food irradiation
atmosphere effects, 461
competition and growth

rates of survivors, 461, 462
dose rate, 462
eggs, 463, 464
fruits and vegetables, 464
juice, 464, 465
poultry, 460
serovar differences, 461
substrate effects, 463
temperature effects

on radiation resistance, 460, 461
virulence outcomes, 462
water effects, 462, 463
Hazard Analysis and Critical Control

Point Program, 387, 388, 390,
397, 398

microbial risk assessments, 451, 452

S

Sapovirus
classification, 216
clinical characteristics of infection,

223, 224
diagnosis, 218, 219
foodborne outbreaks, 221, 222
pathogenicity, 222, 223
reservoirs, 220, 221

SARS, see Coronavirus
Scombroid fish poisoning

barrier disruption hypothesis, 376,
377

clinical features, 377, 378
diamine oxidase inhibitors

in pathogenesis, 376
dose effects, 378
etiology, 375
foodborne outbreaks, 375, 376
histamine potentiator hypothesis, 376
reservoirs, 375
resistance epidemiology, 378
treatment, 378

Seed, irradiation treatment, 459, 467

Serotyping, principles, 498
Shiga toxin,

 enterohemorrhagic Escherichia coli
virulence factor, 13, 14

Skin permeable factor (SPF),
Vibrio virulence factor, 133

SPF, see Skin permeable factor
Staphylococcus, food irradiation, 472, 473
Strand displacement

amplification (SDA), pathogen
detection, 492, 493

Sulfadiazine,
Toxoplasma gondii management,
348

T

Tir, enterohemorrhagic Escherichia coli
virulence factor, 15

TLRs, see Toll-like receptors
Toll-like receptors (TLRs),

innate immunity, 422
Torovirus

classification, 217, 218
diagnosis, 218, 220
foodborne outbreaks, 221, 222
pathogenicity, 222, 223
reservoirs, 220, 221

Toxoplasma gondii
characteristics, 337, 339
classification, 337, 342
clinical features, 345–348
food irradiation, 475
life cycle, 339, 341
pathogenicity, 344, 345
prevention and control, 348
transmission, 342–344
treatment, 348

ToxR, Vibrio virulence factor, 134
Trichinella spiralis, food irradiation,

457, 458, 475
Trimethoprim-sulfamethoxazole,

Cyclospora management, 294

U

Urease, Yersinia virulence factor, 92, 93
USDA,

see Food Safety and Inspection
Service; Hazard Analysis
and Critical Control Point Program
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V

Vaccines
animal production

DNA vaccines, 421
live-attenuated vaccines, 421
overview, 420, 421
subunit vaccines, 421

Giardia, 324
hepatitis E virus, 196

Vibrio
cholera toxin features, 133, 134
classification, 115, 116
clinical features of infection, 136, 137
decontamination from food, 139,

140
diseases, 115, 136, 137
foodborne outbreaks, 129–132
food irradiation, 471
identification

biochemical
and growth characteristics,
 117–119

isolation, 116
kits, 117, 120
polymerase chain reaction,

122–125
serotyping, 117, 120, 121

microbial risk assessments, 452
molecular typing

multilocus sequence typing, 128
pulsed-field gel electrophoresis,

126–128
restriction fragment

length polymorphism, 126
pathogenicity and virulence factors,

132–136
phylogenetic analysis, 125–127
prevention and control, 140, 141
reservoirs, 128, 129
resistance epidemiology, 138, 139
treatment, 137, 138

VM-ST, Vibrio virulence factor, 134

Y

YadA, Yersinia virulence factor, 90, 91
Yersinia enterocolitica

biotypes and strains, 79, 80
clinical features, 93–96
foodborne outbreaks, 87–89
food irradiation, 471, 472
history of study, 79
phage typing, 82
reservoirs, 83–87
resistance epidemiology, 97–99
serotypes, 81
treatment, 96, 97
virulence factors

Ail, 91
Invasin, 91
Myf, 92
urease, 92, 93
YadA, 90, 91
Yops, 90, 91
Yst, 92

Yersinia pseudotuberculosis
biotypes, 80
clinical features, 93–96
foodborne outbreaks, 87–89
food irradiation, 471, 472
history of study, 79
reservoirs, 83–87
resistance epidemiology, 97–99
serotypes, 81–83
treatment, 96, 97
virulence factors

Ail, 91
Invasin, 91
Myf, 92
urease, 92, 93
YadA, 90, 91
Yops, 90, 91
YPM, 93

Yops, Yersinia virulence factor, 90, 91
YPM, Yersinia virulence factor, 93
Yst, Yersinia virulence factor, 92
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