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ABSTRACT: Recent epidemiological evidence indicates that enteric viruses are the leading cause of foodborne disease in
the U.S.A. and, indeed, worldwide. Certainly, advances in epidemiology and molecular biology have improved the ability to
study this previously elusive group of foodborne pathogens. The purpose of this article is to review the agents, transmis-
sion routes, epidemiology, persistence, diagnosis, and detection of foodborne viruses and their diseases, with specific ref-
erence to the role that contemporary technologies have had in improving our understanding of this important group of
emerging foodborne pathogens.

Emergence Of Viral Foodborne Disease Agents
Since the discovery of Norwalk virus (NV) in 1972 (Kapikian

and others 1972) and rotavirus in 1973 (Bishop and others 1973),
the viral etiology of acute nonbacterial gastroenteritis has been
well established, and a considerable number of enteric viruses are
now recognized as human pathogens (Chiba 1996; McCarthy and
others 2000). Recently, estimates of total illnesses, hospitaliza-
tions, and deaths due to foodborne diseases in the U.S.A., based
on the compilation of data from multiple surveillance systems,
approximated 30.9 million (80%) of the 38.6 million total food-
borne illnesses annually to be attributable to viruses, making
them the leading cause of foodborne illness in the U.S.A. (Mead
and others 1999). Over the y, however, the prevalence of viral
gastroenteritis in the U.S.A. and worldwide has been drastically
underestimated for a number of reasons. For instance, laboratory
confirmation of viruses as the cause of foodborne illness has been
based on the detection of viral particles or antigen in stool or by
seroconversion, that is, a rise in specific antibody to the virus
(Hedberg and Osterholm 1993). These laboratory methods for an-
tigen or serological testing continue to be developed and refined
and are not always available, and laboratory confirmation of eti-
ology has not been common practice until recently (Hedberg and
Osterholm 1993). In most cases, viral contamination in food is
not detected, either due to the lack of an appropriate method or
the unavailability of food specimens (Cliver 1995). There is also a
general reluctance by public health officials to classify foodborne
outbreaks as viral solely on the basis of epidemiological criteria
(Bean and Griffin 1990), and a general failure to report and inves-
tigate outbreaks of mild gastrointestinal disease. Taken together,
these factors have contributed to an underestimation of the true
scope and significance of foodborne viral infection (Hedberg and
Osterholm 1993).

Fortunately, recent advances in epidemiology and molecular bi-
ology have improved the ability to study this previously elusive
group of foodborne pathogens. The purpose of this article is to re-

view the agents, transmission routes, epidemiology, persistence,
diagnosis, and detection of foodborne viruses and their diseases,
with specific reference to the role that contemporary technologies
have had in improving our understanding of this important group
of emerging foodborne pathogens.

Viral Foodborne Disease Agents
Viruses that are known to be transmissible through foods, and

are of concern to human health, are shed in the feces of infected
humans and transmitted via the fecal oral route (Table 1). Human
enteric viruses have properties that make them quite different
from the common bacterial agents of foodborne disease. As obli-
gate intracellular parasites, they require live mammalian cells in
order to replicate. To protect the viral genome from inactivation
outside of infected cells, virus particles have properties that make
them environmentally stable to the extremes of pH and to en-
zymes that are present in the human gastrointestinal tract. This
stability enables virus particles to survive a variety of food pro-
duction, processing, and storage conditions, making virtually any
type of food product a potential vehicle for transmission of viral
pathogens (Jaykus 2000b). The inability of human enteric viruses
to replicate in foods, and the fact that they are generally present
in low numbers, does not ensure product safety, as the infectious
doses (100 to 102 infectious units) are presumed to be low (Ivers-
en and others 1987; Moe and others 1998; Jaykus 2000a).

Human enteroviruses
The human enteroviruses, classified within the Picornaviridae

family, have been shown to be present in human feces and in do-
mestic sewage (Cliver 1994b). Approximately 66 immunological-
ly distinct serotypes of the human enteroviruses are known to
cause infections in humans, including the polioviruses, group A
and B coxsackieviruses, and the echoviruses, and the more re-
cently designated enterovirus serotypes 68 to 71 (Andreoletti and
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others 1996; Muir and others 1998; Lees 2000). The virion is a
smooth, round, nonenveloped particle of about 27 nm dia with a
positive sense, single stranded, nonsegmented RNA genome. Po-
liovirus, the prototype of this family, was the 1st virus shown to be
foodborne after transmission by contaminated water and unpas-
teurized milk (Svensson 2000). While vaccination has virtually
eradicated poliovirus in the U.S.A., it remains a problem in devel-
oping countries (Cliver 1997). Many of the infections caused by
human enteroviruses are asymptomatic, although, when symp-
tomatic, a wide range of clinical syndromes, including fever, pa-
ralysis, meningitis, poliomyelitis, respiratory disease, and diar-
rhea, have been reported. Numerous studies have reported the
detection of human enteroviruses in molluskan shellfish from es-
tuarine areas, both open and closed to harvesting, and they are,
by far, the most commonly isolated viral agent in shellfish (Denis
1973; Fugate and others 1975; Gerba and Goyal 1978). While
other members of the enterovirus group have been reported in as-
sociation with food and water, only a small number of foodborne
disease outbreaks caused by coxsackie and echoviruses have
been recorded (Cliver 1997). Unfortunately, there is no correla-
tion between the presence of human enteric viruses and the level
of fecal coliforms, the common index of sanitary quality in shell-
fish or their harvesting waters (Chung and others 1996; Griffin
and others 1999). Because of their high prevalence in human
sewage associated with routine vaccination, and their ease of cul-
ture, it has been suggested that poliovirus could be used as an al-
ternative indicator of viral pollution in harvesting waters (Pina
and others 1998). Additionally, poliovirus is typically used as a
model during the development of new virus detection methods
for food and environmental samples (Jaykus 1997). However, with
recent efforts toward worldwide poliovirus eradication, it is un-
likely that this virus will be used as a model in future y.

Hepatitis A virus
Hepatitis A virus (HAV), which was first classified in the genus

Enterovirus and has since been reclassified in the genus Hepatovi-
rus, is a member of the Picornaviridae family and is among those
enteric viruses most often transmitted by contaminated foods. Un-
like the other enteric viruses, HAV targets the liver, and the dis-
ease has an incubation period of about 4 wk (range 2 to 6 wk).
Proper hygiene and safe food handling practices are essential, be-
cause asymptomatic infected food handlers, including those
shedding virus during the last 10 to 14 d of their incubation peri-
ods, can serve as a significant source of contamination and subse-
quent disease propagation through the community. The severity of
HAV infection is age-associated; children under 6 y of age usually
have asymptomatic infections, whereas older children and adults
typically have symptomatic infections that may be as high as 95%
during outbreaks (Lednar and others 1985; Ciocca 2000). Acute

illness may last from 1 to several wk, and typical symptoms in-
clude fever, nausea, malaise, anorexia, headache, and jaundice
(Ciocca 2000). Hepatitis A virus is more resistant to heat and dry-
ing than are most other human enteric viruses, having been
shown to survive in seawater from a few d to several wk (Cliver
1997; Croci and others 1999) and to retain infectivity for at least
2 wk in feces (Cromeans and others 1994). While HAV infection
is generally regarded as one of the more severe of the foodborne
diseases (Cliver 1997), in most cases, recovery is complete and
infection confers lifelong protection against reinfection (Ciocca
2000). An effective, economical vaccine is available which will
likely reduce the long-term public health significance of this virus
(Jaykus 2000a).

Agents of acute viral gastroenteritis
In 1972, a 27 nm particle was visualized in an infectious stool

filtrate by immune electron microscopy (IEM) from an outbreak of
gastroenteritis that occurred 4 y earlier in Norwalk, Ohio, U.S.A.
(Kapikian and others 1972). The so-called “Norwalk virus” (NV)
became the 1st recognized human gastroenteritis virus of medical
importance. Norwalk virus is the prototype member of a group of
morphologically similar viruses that are commonly seen in the
stools of infected individuals by electron microscopy (EM) and
have been associated with outbreaks of gastroenteritis (Cukor and
Blacklow 1984; Kapikian and Chanock 1990). Through the y,
these viruses have been collectively referred to as the “small
round structured viruses” (SRSVs), although recent taxonomic
changes are outlined below.

Until the cloning and characterization of the NV (Jiang and oth-
ers 1990, 1993) and other related SRSV (Lambden and others
1993; Lew and others 1994a, 1994b) genomes, limited informa-
tion was available on the molecular characteristics of the SRSVs.
Furthermore, the inability to propagate any of the SRSVs in cell
culture, and the absence of effective animal surrogates with
which to study these viruses, has further complicated character-
ization of these agents. Recent genetic sequencing work (Jiang
and others 1990, 1993; Lambden and others 1993; Lew and oth-
ers 1994a, 1994b) has established the SRSV group as members of
the family Caliciviridae, even though some of them lack the char-
acteristic cup-shaped morphology seen by electron microscopy.
Human enteric caliciviruses have a positive-sense, single strand-
ed, nonsegmented RNA genome. These nonenveloped, icosahe-
dral virurses have a dia of 27 to 40 nm, a buoyant density of 1.33
to 1.41 g/ml, and a viral capsid composed of 180 copies of a sin-
gle structural protein (encoded in open reading frame (ORF) 2)
that ranges from 58000 to 62000 Da in molecular weight (Kapiki-
an and others 1996; Hardy 1999). Based on sequence analysis of
the RNA-dependent RNA polymerase region and the capsid pro-
tein region of representative SRSVs, the human caliciviruses
(HuCV) have been divided into 3 genogroups: genogroup I (NV
prototype); genogroup II (Snow Mountain agent prototype); and
genogroup III (Sapporo virus prototype) (Jiang and others 1997;
Nakata and others 1998). Molecular epidemiological studies of
gastroenteritis outbreaks in the U.S.A. and the U.K. have identi-
fied the genogroup II strains as being the most prevalent in recent
y (Fankhauser and others 1998; Maguire and others 1999). Unlike
genogroup I and II HuCVs which appear as SRSVs under the EM,
genogroup III viruses have the typical animal calicivirus morphol-
ogy (Matson and others 1995). Very recent virus taxonomy now
subdivides the Caliciviridae family into 4 genera: (1) the Vesivirus-
es, represented by vesicular exanthema of swine virus and feline
calicivirus; (2) the Lagoviruses, represented by rabbit hemorrhagic
disease virus and Europian brown hare syndrome virus; (3) the
“Norwalk-like viruses” (NLVs), having the Norwalk virus as the
prototype strain; and (4) “Sapporo-like viruses” (SLVs), represent-
ed by the Sapporo virus (van Regenmortel and others 2000). In

Table 1–Viruses associated with food and waterborne disease
outbreaks

Astroviruses
Human Enteroviruses (polioviruses, groups A and B coxsackieviruses,
and echoviruses)
Hepatitis A virus
Hepatitis E virus
Norwalk-like viruses (NLVs, for example, Norwalk and Snow Mountain)*
Sapporo-like viruses (SLVs)
Parvoviruses
Rotaviruses
Small round viruses

*Norwalk virus is the prototype genogroup I member of the NLVs;
Snow Mountain agent is the prototype genogroup II member of the NLVs. Other
representative members include Grimsby, Hawaii, Desert Shield, and many others.
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general, the Vesiviruses and Lagoviruses are considered animal
caliciviruses, posing no known human disease risk, while the
NLVs and SLVs are the genera most often responsible for epidem-
ic gastroenteritis.

According to recent epidemiological estimates, the NLVs ac-
count for over 60% of cases, 33% of hospitalizations, and 7% of
deaths among all of the illnesses that are attributable to food-
borne pathogens (Mead and others 1999). Year-round outbreaks
of Norwalk and the NLVs have affected schoolchildren and adults
in a variety of settings, including schools, restaurants, hospitals,
and nursing homes (Griffin and others 1982; Guest and others
1987; Gordon and others 1990; Kobayashi and others 1991). Nor-
walk-like virus infection typically presents with rapid onset (24 to
48 h) of acute vomiting, diarrhea, nausea, and abdominal cramps,
and typically lasts between 24 to 48 h (McCarthy and others
2000). Viral shedding in stool can occur as early as 15 h after ex-
posure, with prolonged excretion for 7 to 14 d (Graham and oth-
ers 1994; Okhuysen and others 1995). Virus can also be shed in
vomitus, providing a further mode of NLV transmission (Keswick
and others 1985; Patterson and others 1997; Marks and others
2000). Immunity to infection with the NLVs has been shown to be
transient, and those who do become infected may be subject to
reinfection within 6 mo to a y (Greenberg and Matsui 1992; Gra-
ham and others 1994; Cliver 1997). Consequently, much of the
adult population appears susceptible to NLV infection throughout
life (Lees 2000). While efforts are underway to develop an edible
vaccine for the HuCVs (Estes and others 2000; Tacket and others
2000), currently, one does not exist.

Other foodborne enteric viruses
While many other groups of human enteric viruses have been

identified, foodborne transmission of these agents is considered
rare. Rotaviruses most often infect young children worldwide,
with nearly all children acquiring serum antibodies to group A ro-
taviruses by 5 y of age (Cukor and Blacklow 1984). While there
have been many waterborne disease outbreaks linked to rotavirus-
es (Gerba 1988; Mehnert and Stewien 1993), as well as the dem-
onstration of the presence of these viruses in bivalve mollusks (for
example clams, cockles, mussels, and oysters) harvested from fe-
cally-contaminated waters, there has been no documented dis-
ease following seafood consumption (Lees 2000). Astroviruses,
also associated with gastroenteritis in young children, have been
detected in naturally grown oysters (Kitahashi and others 1999),
and there have been a few outbreaks associated with their con-
sumption (Caul 1987; Oishi and others 1994). A group of small
round viruses (SRV) that are not serologically related to NV or
HAV have reportedly caused several outbreaks of shellfish-associ-
ated gastroenteritis (Appleton 1994; Jaykus 2000b). While these
viruses possess characteristics similar to those of the parvoviruses,
they may represent more than 1 virus type and may include mem-
bers of the HuCVs (Appleton 1987). The hepatitis E virus is trans-
mitted predominantly by sewage-contaminated water and person-
to-person contact (Cromeans and others 1994; Cliver 1997), how-
ever, only a few foodborne cases have been reported to date
(Chan 1995; Stolle and Sperner 1997).

Transmission of the Human Enteric Viruses
Three major routes for viral contamination of foods have been

recognized and include: (1) shellfish contaminated by fecally pol-
luted marine waters; (2) human sewage pollution of drinking and
irrigation waters; and (3) ready-to-eat (RTE) and prepared foods
contaminated as a result of poor personal hygiene of infected
food handlers (Jaykus 2000a). In addition, the NLVs have been
shown to be spread by aerosolization of vomitus and through fo-
mites (Patterson and others 1997; Marks and others 2000). Signifi-

cant outbreaks of viral foodborne disease are detailed in Table 2.

Shellfish harvesting waters
Bivalve molluskan shellfish are filter feeders capable of concen-

trating viruses and other pathogens, and, in so doing, they act as
passive vehicles for enteric disease transmission. Human sewage
pollution is the ultimate source of viruses contaminating shellfish
harvesting waters, usually arising from illegal overboard waste
discharge from boaters, from failing septic systems along the
shoreline, or from treated and untreated municipal wastewater
and sludge discharges, which occur mostly during heavy rainfall
periods (Jaykus and others 1994; Shieh and others 2000). Infected
individuals may shed as many as 106 to 1010 infectious viruses
per gram of feces, and raw sewage can contain anywhere from
103 to 105 infectious virus particles per liter (Rodgers 1981;
Jaykus and others 1994). Common treatment processes, including
chlorination, have not been shown to completely eliminate enter-
ic viruses in sewage (De Leon and Jaykus 1997). The lack of cor-
relation between the fecal coliform indicators and the presence of
enteric viruses in shellfish and their harvesting waters is, at least
in part, due to the increased resistance and persistence of the vi-
ruses when compared to the less hardy Gram-negative indicator
bacteria (Gerba 1988; Lees 2000). Although over 100 different
types of human enteric viruses can be excreted in human feces,
only a few (HAV, NLVs, astroviruses, SRVs) have been epidemio-
logically linked to shellfish-associated viral disease, and, of those,
HAV and the NLVs are the ones most commonly implicated in
these outbreaks.

Infectious hepatitis caused by HAV is probably the most serious
viral infection linked to shellfish consumption (Richards 1985). It
has been demonstrated that actively feeding bivalve mollusks can
filter up to 10 gallons of water per h (Winn 1999) and concentrate
HAV 100-fold (Enriquez and others 1992). Hepatitis A virus can
remain infectious for at least 2 wk in feces (Cromeans and others
1994), and persist in contaminated shellfish for up to 6 wk after
concentration (Glass and others 1996). It has also been shown to
survive in marine waters longer than other human enteric viruses
(Bosch and Shields 1987). Hepatitis A virus might not be eliminat-
ed as readily as enteroviruses during depuration, helping to ex-
plain why depurated shellfish have been linked to outbreaks of
HAV infection (Richards 1985). Indeed, investigators have dem-
onstrated differences in the relative patterns and rates of elimina-
tion by depuration when comparing the E. coli fecal indicators to
model viruses, such as poliovirus and representative coliphage. In
general, the elimination rates for enteric bacteria during depura-
tion are 1 to 2 orders of magnitude higher than the virus removal
rates (Power and Collins 1989, 1990).

The 1st documented outbreaks of shellfish-associated hepatitis
in the United States occurred in the early 1960s, and since then
many more cases have been reported (Richards 1985; De Leon
and Jaykus 1997). A major outbreak of hepatitis A in Shanghai,
China in 1988, in which 300000 cases were linked to the con-
sumption of shellfish harvested from a site impacted by human
sewage pollution, currently ranks as the largest foodborne disease
outbreak ever reported (Halliday and others 1991). In Italy, shell-
fish consumption is a major risk factor for HAV infection (Mele
and others 1997; Leoni and others 1998), and it has been estimat-
ed that 7% of all worldwide HAV cases may be associated with
the consumption of contaminated bivalve mollusks (Cliver and
others 1983).

Norwalk-like viruses are most frequently identified as the caus-
ative agents in viral gastroenteritis outbreaks associated with bi-
valve mollusk consumption (Lees 2000). The 1st epidemiological
linkage between the NLVs and shellfish-associated gastroenteritis
was made in the U.K. in 1976, where the consumption of sew-
age-contaminated oysters was the suspected cause of disease (Ap-
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pleton and Pereira 1977). During the summer of 1978, a large
oyster-associated gastroenteritis outbreak, involving approximate-
ly 2000 persons in Australia (Murphy and others 1979), was also
linked to the Norwalk agent. In the U.S.A., the 1st documented

outbreak of NLV-associated gastroenteritis following raw oyster
consumption occurred in 1980 (Gunn and others 1982). Since
then, outbreaks have continued to occur (Cliver 1995; Stafford
and others 1997; Otsu 1999), and in Louisiana alone, 3 large out-

Table 2–Recent epidemiological investigations linking viruses in food commodities to foodborne disease outbreaks

Agent                  Food                      Samples Tested                      Methods                           Conclusi ons Reference

HAV Strawberries Outbreak samples RT-PCR Identical nucleotide Hutin and others 1999
(clinical only) (Single and nested) sequences of amplicons

Sequencing from patients in MI, WI,
LA, AZ, and TN

NLV Oysters Outbreak samples EM 12/12 samples positive Kohn and others 1995
(G I / G II) (clinical only) RT-PCR by EM and/or RT-PCR

Sequencing Identical nucleotide
 sequences of amplicons

from 7/7 stool samples tested
EIA 11/14 serum pairs had a

• 4-fold increase in NV
Antibody

NLV Shellfish Outbreak samples RT-PCR 4/4 outbreak samples Lees and others 1995
(food only) (Single and nested) Positive

Sequencing

NLV Oysters Outbreak samples RT-PCR (nested) Co-existence of 2 Sugieda and others 1996
(clinical and food) Sequencing different NLV genogroups

in single oyster specimen
by RT-PCR and sequencing

NLV Oysters Outbreak samples RT-PCR 2/3 recalled outbreak Shieh and others 1999
(G II) (food only) Sequencing oysters samples positive

NLV Deli meats Outbreak samples RT-PCR (nested) Identical nucleotide Schwab and others 2000
(G II) (clinical and food) Sequencing sequences of amplicons

from food and clinical
Samples

NLV Raspberries Outbreak samples RT-PCR Identical nucleotide Gaulin and others 1999b
(clinical and food) Southern Hyb. sequences of amplicons

Sequencing from food and clinical
Samples

NLV Salad Outbreak samples EM 6/6 clinical samples Gaulin and others 1999a
(G II) (clinical only) RT-PCR Positive

Evidence of transmission by an
asymptomatic food handler

NLV Sandwiches Outbreak samples EM 9/20 positive samples by EM Parashar and others 1998
(G II) (clinical only) RT-PCR 7/20 positive samples

Sequencing by RT-PCR
Identical nucleotide

sequences of amplicons
from asymptomatic food

handler and infected
company employees

NLV Potato salad Outbreak samples EM Airborne transmission of Patterson and others 1997
(G II) (clinical only) RT-PCR NLV infection

Sequencing Identical nucleotide sequences
of amplicons from food

handler and infected guests

NLV Box lunches Outbreak samples EM 4/4 positive samples by EM Becker and others 2000
(G I) (clinical and food) RT-PCR 5/6 positive samples

Sequencing by RT-PCR
No virus detected in food
samples from box lunches

NLV Raspberries Outbreak samples RT-PCR 4/9 positive samples Ponka and others 1999
(G II) (clinical and food) Sequencing by RT-PCR

No virus detected
from the raspberries
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breaks in the early 1990s illustrated the role of improper human
sewage discharge in propagating NLV disease (Kohn and others
1995; CDC 1997; Berg and others 2000).

Drinking and irrigation waters
Although waterborne transmission of human enteric viruses is

well documented, drinking water is only one route by which hu-
mans become exposed to waterborne pathogens. Human popula-
tions may also be exposed by the consumption of crop materials
that had been grown in fields irrigated with wastewater, or fertil-
ized and conditioned with inadequately decontaminated sewage
sludge (Metcalf and others 1995). For instance, Katzenelson and
others (1976) demonstrated that Israeli communities using waste-
water effluents for irrigation had an increased incidence of infec-
tious hepatitis as compared with other communities. Strawberries
linked to a recent HAV outbreak may have been contaminated
during irrigation, or by the use of human feces as fertilizer (Niu
and others 1992; Hutin and others 1999). Unfortunately, there are
few published studies that report on the stability of viruses in sew-
age that is composted and used on agricultural lands. A 1984
study found that sludged plots compared favorably to control
plots with respect to the occurrence and survival of enteroviruses
(Wallis and others 1984). We do know that adsorption is a major
factor in virus removal and persistence in soils, with adsorptive
capabilities being dependent upon both virus and soil type (Me-
sche and Sobsey 1998). Although there is little quantitative data
available to estimate the relative importance of contaminated wa-
ter and fertilizer in the propagation of foodborne viral disease,
there remains a high probability that this is a significant mode of
contamination and subsequent disease transmission.

Ready-to-eat and prepared foods
The vehicle of virus transmission is not identified in many food-

borne disease outbreaks, and infected food handlers who practice
poor personal hygiene appear to be an extremely common source
of contamination (Hedberg and Osterholm 1993). For instance, a
recent review suggested that HAV and the NLVs accounted for
over 60% of foodborne outbreaks, and ill food workers were
identified as the most common source of contamination (Guze-
wich and Ross 1999). Most of these workers were ill either prior
to or at the time of food preparation, but, in a few cases, asymp-
tomatic workers were believed to be the source of infection. In a
study conducted by Bean and others (1990), poor personal hy-
giene was found to be the contributing factor most commonly im-
plicated in outbreaks of hepatitis A infection (96%) and NLV
(78%) gastroenteritis. Given that the NLVs can be shed in the fe-
ces for over 14 d postinfection (Estes and Leparc-Goffart 1999),
and that fecally-associated HAV remains infectious for at least 2
wk (Cromeans and others 1994), there is a significant opportunity
for the recovering, asymptomatic food handler to continue to
contaminate product during food preparation.

Most foods involved in outbreaks for which human handling is
a factor are the ready-to-eat (RTE) foods, defined as “food that is
edible without washing, cooking, or additional preparation by the
consumer or by the food establishment and that is reasonably ex-
pected to be consumed in that manner” (U.S. Public Health Ser-
vice 1999). The contamination of RTE and prepared foods most
frequently comes from poor hand-washing practices of food han-
dlers after toilet use, as fecal material can be left on hands or
even under nails, which then can come in contact with food
products (Jaykus 2000a). Handling cooked products with bare
hands has been identified as a major factor for pathogen transfer
to RTE foods (Bryan 1995), and there is presumed to be a direct
correlation between the number of pathogenic organisms on a
food employee’s hands and the probability of microbial transfer
from hands to cooked food products (Restaino and Wind 1990).

Hepatitis A virus outbreaks linked to poor personal hygiene of
infected food handlers have been reported for lettuce, salads,
sandwiches, hamburgers, spaghetti, and bakery products (Rosen-
blum and others 1990; Battegay and others 1995; Feinstone 1996;
Cliver 1997). In 1992, up to 5000 people may have been exposed
to HAV following the consumption of a variety of gourmet foods
prepared by an infected food handler in Denver, Colorado (Dal-
ton and others 1996). A recent study investigating the transfer of
HAV from fingers to food demonstrated a 9.2% rate of transfer
(Bidawid and others 2000a). Treating contaminated fingerpads
with water, medicated or nonmedicated topical disinfectants, or
alcohol reduced the amount of infectious virus transferred to let-
tuce to between 0.3 and 0.6%, depending on the topical agent
used (Bidawid and others 2000a). These results suggest that the
risk of HAV contamination of foods could be significantly re-
duced through proper hand-washing and decontamination proce-
dures, although compliance is always an issue (Guzewich and
Ross 1999). While an effective, economical HAV vaccine is avail-
able, the cost effectiveness of vaccinating food service workers
has been questioned, and there is no current recommendation for
vaccinating this population (Jacobs and others 2000).

The predominant mode of transmission of the NLVs is now rec-
ognized as the consumption of contaminated foods (Tauxe 1997;
Mead and others 1999). The NLVs have been associated with
many outbreaks caused by poor food handler hygiene, including
the consumption of contaminated chicken, turkey, tuna salad, and
cafeteria sandwiches (Pether and Caul 1983; Gross and others
1989; Lo and others 1994), bakery products (Kuritsky and others
1984; Andersen and others 1996), hamburgers and french fries
(Guest and others 1987; Parashar and others 1998), and potato,
fruit, and tossed salads (White and others 1986). In recent non-
bacterial gastroenteritis outbreaks, combined molecular and im-
munological methods have been used to support epidemiological
evidence, indicating a common food source for virus transmis-
sion. For instance, Parashar and others (1998) used reverse tran-
scription-polymerase chain reaction (RT-PCR) and IEM of clinical
specimens from both patients and an asymptomatic food handler
to establish causality in a genogroup II NLV outbreak. Gaulin and
others (1999a) confirmed the importance of the asymptomatic
food handler by reporting NLV transmission by a food handler in
the pre-symptomatic phase of illness. In a particularly interesting
case, a genogroup I NLV was found to be the etiological agent in
an outbreak of foodborne viral gastroenteritis among athletes from
2 college football teams (Becker and others 2000). Although the
primary source of infection was sandwiches served to the 1st
team in a box lunch, the 2nd team developed symptoms after
contact on the field with the ill players of the 1st team. This par-
ticular case demonstrated the role of the infected food handler in
the initiation of a propagated viral foodborne disease outbreak.

Vomitus
A major factor in the above outbreak scenario included expo-

sure to vomitus. Soon after the discovery of NV in 1972, Green-
berg and others (1979) hypothesized that transmission of the virus
might not only occur via the fecal-oral route, but also by a “vomi-
tus-oral” route. Their hypothesis was based on the detection of
NV antigen in vomitus samples from experimentally infected vol-
unteers using radioimmunoassay (RIA). Other, more recent out-
break investigations provide further evidence that vomiting is an
important transmission factor. For instance, Patterson and others
(1997) reported on the role of a kitchen assistant who vomited
into a sink used to prepare a potato salad that was subsequently
identified as the vehicle in a NLV outbreak. Even though a chlo-
rine-based disinfectant was used to clean the sink prior to the po-
tato salad preparation, these investigators concluded that that rou-
tine surface chlorination alone could not be relied upon to inacti-
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vate NV (Keswick and others 1985). Marks and others (2000) re-
ported on an outbreak of NLV gastroenteritis following a meal in a
large hotel, during which one of the diners vomited. In this case,
attack rates were inversely related to the distance between sec-
ondary cases and the primary case who vomited, consistent with
airborne spread of the virus and infection by inhalation and sub-
sequent ingestion of virus particles. The vomitus-oral route of
transmission is likely to explain how NLVs are spread so rapidly
and why propagated epidemics frequently occur.

Environmental persistence of human enteric viruses
Studies on the persistence of human enteric viruses have dem-

onstrated that environmental surfaces also play an important role
in the spread of these infectious agents. Factors influencing the
environmental stability of viruses include relative humidity (RH),
temperature, and the type of surface contaminated (Sattar and
others 1986). For instance, the survival of rotavirus and HAV on
nonporous surfaces has been shown to be inversely proportional
to the level of relative humidity and temperature (Sattar and oth-
ers 1986; Mbithi and others 1991). Likewise, the half-life of HAV
was greater than 7 d at 20 8C and RH of 25%, while only 2 d at
20 8C and RH of 95% (Mbithi and others 1991). Similar results
have been observed for rotavirus, which demonstrates a half-life
of approximately 10 d at 22 8C and 25% RH, but only 12 h at 22
8C and RH of 85% (Sattar and others 1986). When 3 model en-
teroviruses (poliovirus, echovirus, and coxsackievirus) were add-
ed to uncooked vegetables and stored under household condi-
tions, infectivity was retained for as long as 15 d (Pirtle and Beran
1991). Similarly, after poliovirus type 1 and coxsackieviruses
were added to foods and held at room temperature and 10 8C, the
viruses were still infectious after 1 wk and 1 mo, respectively (Pir-
tle and Beran 1991). Recently, investigators have used the cultiva-
ble FCVs as a surrogate for NLVs in environmental persistence
studies. The FCVs were shown to persist at 4 8C for up to 60 d
with less than 50% reduction in infectivity (Doultree and others
1999). These same viruses were more readily inactivated at higher
temperatures (21 8C and 37 8C), with complete loss of virus infec-
tivity after 14 to 28 d at room temperature, and after 1 to 10 d at
37 8C. Environmental stability of the NLVs has been further eluci-
dated by Green and others (1998b), who were able to detect NLV
RNA in 11 out of 36 (31%) environmental swabs taken 3 d into a
1994 hospital outbreak of NLV infection. All of these samples
were collected from areas in the affected ward, including lockers,
sinks, curtains, and commodes. In another large institutional NLV
outbreak, Green and others (1999) reported detection of NLV
RNA from environmental surfaces such as toilet rims and seats
(72% samples positive), carpets (70%), horizontal surfaces (41%),
and other frequently handled objects.

Human hands and fomites have also been shown to play an im-
portant role in the direct, as well as the indirect, spread of certain
types of viruses (Mbithi and others 1992, 1993). In 1998, ten cas-
es of HAV were linked to a bartender who had chronic diarrhea
and had served drinks while incubating HAV (Sundkvist and oth-
ers 2000). After an epidemiological investigation, fomite transmis-
sion via the drinking glasses was determined to be the most likely
route of transmission. Mbithi and others (1992) conducted experi-
ments to determine HAV survival on human hands and its subse-
quent transfer to inanimate surfaces. After placing a fecal suspen-
sion of HAV on the fingerpads of 5 volunteers, 16 to 30% of the
initially recoverable virus remained detectable after 4 h; after 20
min of drying, 27% of the virus was transferable, while after 4 h
of drying, only 1.6% of the surviving virus could be transferred.
While the degree of virus transfer decreased with drying, residual
moisture on hands after hand washing has been shown to facili-
tate the transfer of residual viruses (Larson 1985; Springthorpe
and Sattar 1998). Similar studies conducted using rotavirus dem-

onstrated survival on human hands for up to 4 h and transfer of
16.1 and 1.8% of infectious rotavirus to inanimate objects at 20
and 60 min after inoculation, respectively (Ansari and others
1988).

Virus persistence in food processing and storage
Interest in the persistence of human enteric viruses after heating

peaked after several documented outbreaks of HAV and viral gas-
troenteritis were linked to the consumption of cooked shellfish
(Appleton and Pereira 1977; Sockett and others 1985; Morse and
others 1986). Standards set for commercial shellfish cooking oper-
ations in the U.K. are based on research demonstrating a 4 log10
inactivation of HAV in shellfish after holding at an internal tem-
perature of 85 to 95 8C for 1 min (Lees 2000). In contrast to the
U.K. standards, a recent study suggested that heat treatments of
60 8C for 30 min, 80 8C for 10 min, and 100 8C for 1 min were in-
sufficient to completely eliminate HAV in contaminated mussels
(Croci and others 1999); only after a treatment of 100 8C for 2
min was the virus completely inactivated. Unfortunately, the
tradeoff between food safety and organoleptic product quality im-
pacts consumer acceptance under conditions of more severe heat
treatment.

While standard thermal inactivation studies for NLVs in shell-
fish are not possible because of the inability to cultivate the virus-
es in vitro, Slomka and Appleton (1998) used a model feline cali-
civirus (FCV) to demonstrate that this virus family was less resis-
tant to heat than was HAV. These investigators demonstrated the
complete inactivation of FCVs in shellfish tissues when heated to
an internal temperature of 78 8C or higher. Doultree and others
(1999) confirmed these results, finding that a model FCV was only
partially inactivated after exposure to 70 8C for 1 to 3 min, but
that no virus could be recovered after exposure to 70 8C for 5 min
or boiling (100 8C) for 1 min. With respect to persistence during
depuration, Schwab and others (1998) compared the efficacy of
depuration on the elimination of NV and the fecal indicator E.
coli in oysters, finding a 95% reduction in bacterial levels but
only a 7% reduction in NV concentration after 48 h. The high fre-
quency of shellfish-associated NLV outbreaks is in part attribut-
able to the environmental stability of these viruses (Schwab and
others 1998).

Considerably less work has been done to evaluate thermal in-
activation of enteric viruses in other food commodities. Studies in
the late 1970s indicated a resistant fraction of the population
when viruses were heated in liquid suspension. This fraction was
seen as a tail in thermal inactivation curves, and was presumed to
be either an experimental artifact associated with inconsistent
heat penetration or else due a resistant fraction of infectious RNA
liberated from virions ruptured during the heating process (Tier-
ney and Larkin 1978; Larkin and Fassolitis 1979). However, more
recent work has confirmed biphasic inactivation kinetics when
heat was applied to 3 different dairy products inoculated with
HAV (Bidawid and others 2000b). In general, these investigators
concluded that < 0.5 min at 85 8C was sufficient to cause a 5-log
inactivation of HAV titer in skim milk, homogenized milk, and
cream. However, at lower temperatures, increased fat content
played a protective role, contributing to the heat stability of the
virus.

Unfortunately, viruses remain recalcitrant to many food pro-
cessing and storage technologies. For instance, gamma irradiation
is unacceptable as a means of eliminating viruses in shellfish; at
doses of 3.0 kGy, beyond which shellfish tissues begin to show
significant organoleptic changes, investigators have reported up to
95% reduction in virus titer (Mallett and others 1991). Investiga-
tors have demonstrated no significant reduction in virus titer for
oysters artificially inoculated with model human enteroviruses af-
ter storage at refrigeration temperatures for over 1 mo (Tierney
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and others 1982). Similar results have been documented for re-
frigerated soft fruit and salad vegetables, on which poliovirus ti-
ters remained relatively stable, with D-values never exceeding
14.2 d and frequently insignificant inactivation (Kurdziel and oth-
ers 2001). Likewise, poliovirus was very stable in whole Pacific
oysters held frozen at -17.5 8C for up to 12 wk (DiGirolamo and
others 1970). Indeed, most laboratories store enteric virus stock
cultures for y at temperatures of -80 8C without appreciable loss
in virus infectivity.

Disinfection
Over the y, the kinetics of enteric virus disinfection, particularly

with respect to water treatment, have been intensely studied, as
reviewed by Letterman (1999). While enteric viruses are more re-
sistant than bacterial pathogens to common sewage treatment
processes, chlorine remains a highly effective virucide (U.S. EPA
1999). Virus survival studies have reported contact time (CT) val-
ues required to achieve 99.99% inactivation for various enteric
viruses to range from 4 mg*min/L to 400 mg*min/L when treated
at a free chlorine residual of 0.4 mg/L, pH 7.0, and temperature of
5 8C (AWWA 1979). The U.S. Environmental Protection Agency
(EPA) Surface Water Treatment Rules require systems using surface
water or ground water under the direct influence of surface water
to disinfect (and filter) their water to provide for 99.99% removal/
inactivation of viruses (U.S. EPA 2001). As a further precaution
and to maintain biological stability during water distribution, the
Total Coliform Rule (TCR) requires residual disinfectant of 0.2 mg/
L for treated water entering the distribution system. Chlorine,
monochloramine, and cholorine dioxide are the compounds most
often used to maintain this residual (U.S. EPA 1999).

From the perspective of foodborne illness, hand washing has
been shown to help prevent and control the transfer of viruses,
but hand washing agents differ in their ability to inactivate viruses
(Sattar and Springthorpe 1996). In general, the non-enveloped vi-
ruses, such as rotavirus, HAV and the NLVs survive better on skin
than do enveloped viruses (Sattar and Springthorpe 1996). Soaps,
medicated liquid soaps, and alcohol formulations have all been
investigated with regards to microbiocidal/microbiostatic action.
Handwashing with plain detergent soap can physically remove
microbes; however, antimicrobial soap is needed to kill or inhibit
the growth of remaining microorganisms (Larson 1985). Mbithi
and others (1993) found a medicated liquid soap containing 0.3%
triclosan (Bacti-Stat soap; DEB, Waterford, Ontario, Canada) to be
the most effective hand-washing agent to eliminate HAV and po-
liovirus type 1 (PV1) from finger pads, reducing populations by
92% and 98%, respectively. Although alcohols were not as effec-
tive as hand washing agents, Mbithi and others (1993) did find
products containing high levels of alcohol to be effective in pre-
venting the transfer of HAV and PV1 from fingerpads to stainless
steel surfaces. Alternatively, Ansari and others (1989) reported
that products containing 70% alcohol were the most effective in
inactivating rotavirus. Doultree and others (1999) demonstrated
that high concentrations of hypochlorite (1000 ppm freshly recon-
stituted granular hypochlorite, or 5000 ppm pre-reconstituted hy-
pochlorite solution), 1% glutaraldehyde, as well as 0.8% iodine
were effective in the complete inactivation of FCV (as a surrogate
for NLVs). However, quaternary ammonium-based products, an-
ionic detergents and 75% ethanol were relatively ineffective at
FCV inactivation. There were similarities between the results of
Doultree and others (1999) and those of Mbithi and others (1990)
with respect to the efficacy of surface disinfection of HAV. Two
percent glutaraldehyde and sodium hypochlorite ( > 5000 ppm of
free chlorine) have been shown to reduce HAV titers by > 99.9%,
while alcohol-based products were considerably less effective. In
general, results from all of these studies suggest that selection of
hand and surface disinfectants depends not only on the chemical,

but also on the particular viral agent whose transmission is to be
prevented.

Detection of Human Enteric Viruses in Clinical Specimens

Historical methods for diagnosis of enteric viral infection
Epidemiological criteria have been used in the past to classify

suspected human enteric viral illnesses, particularly viral gastro-
enteritis (Kaplan and others 1982a, 1982b; Jaykus 2000b). Based
on data compiled from numerous NLV outbreaks, a provisional
diagnosis of viral gastroenteritis can be made if the following cri-
teria are met: (1) bacterial or parasitic agents are not detected in
clinical (fecal) specimens; (2) the incubation period is 24 to 48 h;
(3) the median duration of illness is 12 to 60 h; and (4) vomiting
occurs in at least 50% of ill individuals (Kapikian and others
1996). Historically, the laboratory confirmation of viruses as the
cause of food or waterborne illness has been based on the dem-
onstration of a specific immune response to the virus, or, alterna-
tively, the detection of virus particles or antigen in stool (Svensson
2000). In early NV studies, EM of stool specimens was used ex-
clusively for the diagnosis of infection. Complexity of the fecal
matrix resulted in later adaptations to include the use of antibody-
rich convalescent-phase sera from infected patients to aggregate
NV particles for detection by IEM (Kapikian and others 1972; Do-
lin and others 1982; Lewis and others 1995). These were later re-
placed by various forms of the more sensitive immunoassay, in-
cluding RIA (Greenberg and others 1978; Blacklow and others
1979), biotin-avidin immunoassay (Gary and others 1985; Heun
and others 1987), immune adherence hemagglutination assay
(IAHA) (Kapikian and others 1978), enzyme immunoassay (EIA)
(Herrmann and others 1985; Fleissner and others 1989), and en-
zyme-linked immunosorbent assay (ELISA) (Herrmann and others
1986; Gary and others 1987), all of which have been used for the
detection of NV in clinical specimens. It must be noted that all of
these clinical detection strategies require the collection of either
patient fecal specimens in the 1st few d of illness, or alternatively,
acute and convalescent phase sera.

For HAV, early immunological methods, such as immunofluo-
rescence and radioimmunofocus assays (RIFA) were developed to
quantitate non-cytopathic virus growth in mammalian cell culture
(Lemon and others 1983), with later developments focused on the
detection of viruses as antigens in direct immunochemical assays
(Jaykus and others 1994). However, in contrast to NV, for which
clinical diagnosis is frequently obtained by detection of viral anti-
gen or viral nucleic acid in stool, diagnosis of hepatitis A infec-
tion is primarily done by detection of IgM anti-HAV antibodies in
serum (Parry and others 1989; Svensson 2000). Because a signifi-
cant proportion of infected individuals may be asymptomatic and
there is a need to screen household contacts, these types of meth-
ods have been criticized because they require widespread
venepuncture, which is difficult to justify, especially when chil-
dren are involved. Fortunately, recent methodological develop-
ments have facilitated the use of alternative body fluids, such as
saliva, to further facilitate the investigation and management of
hepatitis A outbreaks (Stuart and others 1992).

Development of new enzyme immunoassays
Recent genetic engineering efforts have resulted in the develop-

ment of “naked” (lacking RNA) NLV-like particles produced from
insect cells infected with a recombinant baculovirus. This has led
to the creation of sensitive EIAs for the detection of serum anti-
bodies to the Norwalk (Jiang and others 1992, 1993), Hawaii
(Green and others 1997), Snow Mountain (Jiang and others 1995),
Toronto (Leite and others 1996), and Sapporo viruses (Numata
and others 1997). While initially developed to measure total anti-
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NLV immunoglobulin in human sera, these EIAs have been adapt-
ed to detect anti-NLV immunoglobulin isotypes IgA, IgG, and IgM
(Monroe and others 1993; Treanor and others 1993; Gray and
others 1994; Parker and Cubitt 1994; Jiang and others 2000), each
having its own benefit. The earliest assays targeted acute and con-
valescent phase antisera, with infection to HuCVs commonly de-
fined as a > 4-fold increase in virus specific antibody between
these 2 samples. However, assays for IgG have been used in sero-
surveys of HuCV infection in many countries (Numata and others
1994; Parker and others 1994; Jiang and others 2000), while se-
rum IgM EIAs have been used to detect recent infection (Brinker
and others 1998). While these NLV EIAs have been used in large-
scale epidemiological studies worldwide (Estes and Leparc-Gof-
fart 1999; Honma and others 2000) and continue to be used for
some clinical diagnosis, the antigenic differences between the 3
genogroups of the HuCVs has made it difficult to detect exposure
to the different HuCV genera using the same antigen or antibody
EIAs. Recent efforts by Nakata and others (1998), who used re-
combinant antigens to all 3 prototypes of HuCVs in 3 different
EIA systems to detect HuCV infections in Kenya, demonstrate
some progress in the development of more broadly reactive serum
EIAs for detection of NLV exposure. Antigen detection EIAs have
also been developed to detect viral antigens in clinical (fecal)
samples (Graham and others 1994; Okhuysen and others 1995).
Using baculovirus-expressed recombinant NV (Graham and oth-
ers 1994), Mexico (Jiang and others 1995), Grimsby (Hale and
others 1999), and Hawaii (Green and others 1997) virus capsid
antigens, investigators have been able to raise hyperimmune se-
rum in laboratory animals for development of sandwich-format
EIAs.

Molecular methods for virus detection in clinical samples
The polymerase chain reaction (PCR), a sensitive and specific

in-vitro enzymatic nucleic acid amplification strategy, is currently
the most promising technology for the detection of human enteric
viruses in foods (Atmar and others 1993; Gouvea and others
1994; Hafliger and others 1997). Theoretically, PCR is capable of
amplifying a single specific nucleic acid sequence up to a mil-
lion-fold, making it an attractive alternative to other pathogen de-
tection methods that require high levels of the target pathogen to
achieve detection. The method is particularly attractive for detec-
tion of non-culturable infectious agents, since in vitro cultural en-
richment can be replaced with in vitro nucleic acid enrichment.

RT-PCR is now widely used for the detection of human enteric
viruses in clinical specimens (De Leon and others 1992; Ando
and others 1994; Moe and others 1994). Although these methods
have revolutionized detection, 2 major problems continue to
hinder the further development of reliable, generic molecular de-
tection methods for clinical, fecal diagnosis: (1) the presence of
matrix-associated RT-PCR amplification inhibitors; and (2) the ge-
netic heterogeneity among HuCVs which limits the development
of broadly reactive reagents.

A range of techniques have been employed in attempts to re-
move inhibitory substances from fecal specimens prior to RT-PCR
amplification. Many of these protocols require multiple steps and
involve the use of reagents such as guanidinium thiocyanate
(GTC), polyethylene glycol (PEG), cetyltrimethylammonium bro-
mide (CTAB), phenol-chloroform, and Sephadex (Schwab and
others 1997). Other methods that have been tested include the
combination of GTC and silica to further purify RNA (Boom and
others 1990) and gel chromatography using spin columns (De
Leon and others 1992). Hale and others (1996) compared 4 meth-
ods for RNA extraction from fecal specimens for detection of SRS-
Vs using RT-PCR, and found the GTC/silica method to be the most
efficient in removing inhibitory substances. This has since been
confirmed by Svensson (2000).

The choice of primers is another important factor for successful
application of RT-PCR, particularly for the detection of the geneti-
cally diverse HuCVs (Table 3). Typically, the RNA-dependent RNA
polymerase region is the target RT-PCR amplification region for
these viruse because it is the most highly conserved among sever-
al regions of the NLV genome. The early primers (NV 5’/3’ Pol and
NV 36/35) developed for the detection of the NLVs were extreme-
ly specific (De Leon and others 1992; Moe and others 1994;
Wang and others 1994). Sequencing of an assortment of PCR
products obtained using the NV 51-3 primer pair has clearly dem-
onstrated each outbreak strain to be unique with some degree of
genetic divergence from the reference 8FIIa Norwalk virus strain.

In an effort to improve primer reactivity, 2nd generation primers
that are more broadly reactive have been developed. For instance,
the primer set NI/E3, directed at partially conserved regions of the
RNA polymerase region of the SRSV genome, detected NLV RNA
in 93/101 (91%) fecal samples shown to be SRSV-positive by EM
(Green and others 1995a). A disadvantage of the NI/E3 primer set
is its low annealing temperature (40 8C) that can lead to nonspe-
cific amplification. Vinje and Koopmans (1996) developed the
JV12/JV13 primer set to screen NLV outbreak fecal specimens
from the Netherlands. While this primer pair could detect 85% of
a panel of an antigenically diverse set of NLV fecal specimens, the
low annealing temperature (37 8C) of this primer set is notable. In
some ways, the G-1 and G-2 primer sets, developed by Ando and
others (1995), are a “gold-standard” with respect to NLV detec-
tion and strain discrimination in clinical (fecal) and food samples
(Kohn and others 1995; Levett and others 1996; Noel and others
1997; Wolfaardt and others 1997), although the RT-PCR amplicon
produced from this set is quite small (123 bp), multiple amplifica-
tions are required, as are multiple DNA hybridizations for confir-
mation of amplicon identity. In short, in a recent review of 9 sets
of PCR primers used for the detection of NLVs and SLVs, no single
primer pair could be used to detect all NLV or all SLV strains
(Honma and others 2000). Investigators are beginning to combine
primers, as reported in recent studies which have used the G-1,
G-2, and Sapp35/Sapp36 primer sets to detect 95 to 100% of out-
break and sporadic cases of NLV or SLV infection in pediatric set-
tings (Berke and others 1997; Honma and others 2000).

Degenerate primers, a mixture of oligonucleotides varying in
nucleotide sequence but having the same number of nucleotides
(Bej and others 1991), have also been developed for the detection
of HuCVs. The benefit of using degenerate primers lies in the fact
that every possible combination of nucleic acid sequence that
could code for a given amino acid sequence can be generated
and used for PCR amplification. In early work, 2 sets of degener-
ate primers were used to sequence the polymerase, capsid, and
ORF-3 regions of a previously uncharacterized 3rd UK SRSV anti-
genic type (Green and others 1995b). Le Guyader and others
(1996b) reported on the development of a broadly reactive de-
generate primer (NVp110) used in conjunction with NV 36 for
the amplification of NLV RNA, obtaining positive amplification
results from 12 out of 15 fecal specimens representing all 3 NLV
genogroups. Others have reported using the NVp110 primer for
the detection of NLVs in shellfish (Le Guyader and others 1996a,
2000). Another degenerate primer set (primers 2/4 and primers 5/
T25VN) has been used to provide information on genetic varia-
tion among the antigenically diverse NLVs, although their use for
routine NLV detection in outbreak investigation has not yet been
reported in the literature (Monroe 1999).

Currently, a combination of the GI and GII primers, as well as a
degenerate set, are routinely used by the CDC in their outbreak
investigations (Monroe 1999. A supposedly “universal” primer set
that detects both NLVs and SLVs has been reported recently (Jiang
and others 1999). Honma and others (2000) confirmed that no
single primer pair was able to detect all NLV strains, but the
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NV110/NV36 primer set was the most efficient out of the 9 tested
in their study. Even as more sequence information becomes avail-
able, it is generally recognized that primer design remains a criti-
cal issue for the effective diagnosis of human disease caused by
the epidemiologically significant NLV group. There is currently no
consensus for the choice of the primer pairs to detect the NLVs
and detection may actually change by y and locale (Wolfaardt
and others 1997).

Unlike the great diversity of primers reported for detection of
the NLV group, primers used for the detection of HAV are fewer
in number (Table 4). Many of the primers used for HAV detection
target conserved sequences of the viral capsid region. Recently, a
nested RT-PCR using primers targeting the VP2 and VP4 capsid re-
gion was developed and could detect HAV at concentrations as
low as 1 TCID50/10 g of mollusc tissue (Croci and others 1999).

Detection of Human Enteric Viruses in Foods
For many y, foods were rarely tested for viral contamination,

and, when done, testing was almost entirely limited to shellfish
commodities. However, any food that has been handled or is sub-
ject to contamination with human feces poses a transmission risk
for viral foodborne disease (Cliver 1994a). There are, however,
significant impediments to the development of effective virus de-
tection methods targeting food commodities. For instance, since
human enteric viruses require live mammalian cells in order to
replicate, the traditional food microbiological techniques of cul-
tural enrichment and selective plating, aimed at increasing patho-
gen numbers while decreasing competitive microflora, cannot be
used. It is therefore necessary to separate and concentrate the vi-
ruses from the food matrix prior to detection. Historically, detec-
tion has been based on the infectivity of the viruses when cul-
tured with live mammalian cells, although more recently, immu-
nological or molecular techniques have also been favored (Jaykus

Table 3–RT-PCR primers for detection of members of the family Caliciviridae, including Norwalk-like viruses and Sapporo-like
viruses

Primer Sequence (5' }}}}}3') (Polarity) Location (bp) Size (bp) Viruses Reference

NV-5 CAAATTATGACAGAATCCTTC (+) 4601-4621 260 NV De Leon and
NV-3 GAGAAATATGACATGGATTGC (-) 4840-4860 others 1992
NV 36 ATAAAAGTTGGCATGAACA (+) 4475-4944 470 NV, UK, Wang and others 1994
NV 35 CTTGTTGGTTTGAGGCCATAT (-) SMA, TV
NV51 GTTGACACAATCTCATCATC (-) 4673-4878 206 NV, SMA, Moe and others 1994
NV3 GCACCATCTGAGATGGATGT (+) TV
NI GAATTCCATCGCCCACTGGCT (+) 4756-4867 113 SRSV Green and others 1995a
E3 ATCTCATCATCACCATA (-) (UK 1, 2, 3, 4)
JV12 ATACCACTATGATGCAGATTA Pol region 327 UK1, 2, 3, 4 Vinje and Koopmans 1996
JV13 TCATCATCACCATAGAAAGAG NET/MX
Mon381 CCAGAATGTACAATGGTTATGC 5362-5383 322 G2 Shieh and others 2000
Mon383 CAAGAGACTGTGAAGACATCATC 5661-5683
NVp110 AC(A/T/G)AT(C/T)TCATCATCACCATA (-) 4865-4884 398 UK1, 2, LeGuyader and others 1996
NVp36 ATAAAAGTTGGCATGAACA 4487-4501 3, 4 others 1996
Sapp 35 GCAGTGGGTTTGAGACCAAAG (-) 4956-4976 470 SV Honma and others 2000
Sapp 36 GTT GCT GTT GGC ATT AAC A (+) 4487-4505
SR33 TGTCACGATCTCATCATCACC (-) 4856-4876 123 Ando and others 1995

For negative-strand cDNA sythesis for G1 and G2 primers
G1
 SR48 GTGAACAGCATAAATCACTGG (+) 4754-4773 123 UK2, NV Ando and others 1995
 SR50 GTGAACAGTATAAACCACTGG (+) 4754-4773
 SR52 GTGAACAGTATAAACCATTGG (+) 4754-4773
G2
 SR46 TGGAATTCCATCGCCCACTGG (+) 4754-4773 123 UK1, UK3, Ando and others 1995

UK4 (TNA,
(HWA, SMA)

2000b) (Figure 1).

Virus concentration
Early work in virus concentration and purification from foods

was limited to bivalve molluskan shellfish commodities (Jaykus
2000b), with more recent efforts targeting a wider variety of at-
risk foods (Leggitt and Jaykus 2000; Schwab and others 2000).
Various methods have been developed for the recovery of enteric
viruses from shellfish and other seafood, as summarized by Jaykus
and others (1994). Two general schemes have proven particularly
successful, designated as extraction-concentration and adsorp-
tion-elution-concentration, although the adsorption-elution-con-
centration methods have gained more common use in recent y.
The goal in both cases is to separate viruses from shellfish meats,
provide a low-volume aqueous solution that is free of cytotoxic
material, and recover most of the viruses present in the shellfish
sample. Sample manipulations are based on the tendency of the
nonenveloped enteric viruses to behave as proteins in solutions,
and their ability to remain infectious even after exposure to or-
ganic solvents or at extremes of pH (Jaykus 2000b). Both schemes
employ conditions favoring the separation of viruses from shell-
fish tissues, primarily through the use of filtration, precipitation,
polyelectrolyte flocculation, and solvent extraction. As investiga-
tors have moved toward molecular detection methods, additional
virus concentration methods have been reported, including the
use of alternative virus precipitation agents such as ProCipitate‰

and Viraffinity‰ (LigoChem, Inc., Fairfield, N.J., U.S.A.) (Jaykus
and others 1996; Dix and Jaykus 1998; Leggitt 1998), and immu-
nomagnetic separation methods (Deng and others 1994; Schwab
and others 1996; Lopez-Sabater and others 1997). In general,
these virus concentration methods result in sample volume reduc-
tions of 10 to 1000-fold; virus yields after the application of ad-
sorption-elution-concentration methods have been reported to
range from 10 to 90% for shellfish (Sobsey and others 1978; Sob-



82 COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY—Vol. 1, 2002

CRFSFS: Comprehensive Reviews in Food Science and Food Safety

sey 1987). Limitations of all of these extraction approaches in-
clude loss of virus during sample manipulation, the inability to de-
tect the relatively low levels of virus that might be anticipated in
naturally-contaminated foods, and the presence of residual toxic
or inhibitory compounds that interfere with detection assays

(Jaykus and others 1996).

Virus detection
Mammalian cell culture infectivity assays. Historically, the de-

tection of human enteric viruses from food concentrates has been
based on the infectivity of the viruses for susceptible, live labora-
tory hosts (Jaykus and others 1994; Jaykus 2000b). Cell lines com-
monly used for the detection of culturable human enteric viruses
include the BGMK (buffalo green monkey kidney-derived) (Sob-
sey and others 1978; Jaykus and others 1995; De Leon and Jaykus
1997), MA-104 (rhesus monkey kidney-derived, RD (human rhab-
domyosarcoma-derived) (Schmidt and others 1978), and HeLa
(human cervical carcinoma) cell lines. Due to the ease of propa-
gation of PV1 in mammalian cell culture, it is the most frequently
used model virus when developing new detection strategies for
food and environmental systems (Jaykus 1997). While the FRhK-4
(fetal rhesus monkey kidney-derived) cell line is used routinely to
propagate the HM-175 lab-adapted strain of HAV (Cromeans and
others 1987), this cell line remains ineffective for the detection of
wild-type HAV (De Leon and Jaykus 1997). Furthermore, there is
no susceptible host system for the epidemiologically important
HuCVs. While development of host systems for the NLVs remains
an active area of research, results to date have been disappointing
(White and others 1996).

Immunological methods. Due to the technological limitations
of mammalian cell culture infectivity assays, including expense,
time to detection, and virus culturability, immunological methods
have been proposed, particularly for the detection of those enteric
viruses for which no host system exists. Some investigators have
adapted immunological methods for the detection of viruses, such
as HAV, in shellfish (Sobsey 1985). Furthermore, a number of the
clinical immunological methods reported in the literature have in-
deed been used to detect NV in clinical specimens associated
with foodborne disease outbreaks (Heun and others 1987; Hed-
berg and Osterholm 1993; Lewis and others 1995). However,
while shown to be effective for clinical specimens, the general un-
availability of reagents and the poor assay detection limits ( > 105

infectious virus particles) of immunulogical methods compromises
their practical application for the detection of viral contamination
in foods (Parker and others 1993).

Nucleic acid hybridization methods. Gene probes and nucleic
acid hybridization methods, both radioactive and nonradioactive,
have also been developed for the detection of enteric viruses in
clinical, environmental and food samples (Jaykus and others
1994; Bosch and others 1996; Jaykus 2000b). Detection limits for
hybridization to genomic viral RNA have been reported at 500 to
1000 infectious units for HAV (Shieh and others 1991), 105 physi-
cal particles for HuCVs (Kogawa and others 1996), 2.5 x 105 phys-
ical particles for rotavirus SA-11 (Dimitrov and others 1985), and
500 to 1000 plaque forming units (PFU) for the coxsackie B3 en-
terovirus (Jaykus and others 1994). Single-stranded RNA probes

Figure 1–Representation of virus concentration and detection
scheme for foods, consisting of sequential steps of filtration,
solvent extraction, primary PEG precipitation, secondary PEG
precipitation, RNA extraction, and RT-PCR.

Table 4–RT-PCR primers for detection of hepatitis A virus

Primer Sequence (5' }}}}} 3') (Polarity) Location (bp) Size (bp) Reference

H1 GGAAATGTCTCAGGTACTTTCTTTG (-) 2389-2413 247 Le Guyader and others 2000
H2 GTTTTGCTCCTCTTTATCATGCTATG (+) 2167-2192
H2 GTTTTGCTCCTCTTTATCATGCTATG (+) 2167-2192 210 Le Guyader and others 1994
H3 TCCTCAATTGTTGTGATAGC (-) 2358-2377
H1 GGAAATGTCTCAGGTACTTTCTTTG (-) 2389-2413 248 Arnal and others 1999
E GTTTTGCTCCTCTTTATCATGCTATGGATG 2167-2205

TTACTACAC (+)
HAV4 ATTCTACCTGCTTCTCTAATC (-) 6716-6696 412 Hafliger and others 1997
HAV1 TTTGGTTGGATGAAAATGGTT (+) 6305-6325
Primer 1 CAGACTGTTGGGAGTGG (+) 762 –778 385 Croci and others 1999
Primer 2 TTTATCTGAACTTGAAT (-) 1131-1147
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developed to detect HAV in stool and water samples have been
shown to be 5 to 8-fold more sensitive than cDNA probes (Jiang
and others 1987; Shieh and others 1991). In general, nonradioac-
tive detection systems are 10 times less sensitive than radioactive
alternatives (Jaykus and others 1994). Gene probes have been re-
portedly used for the detection of human enteroviruses (Margolin
and others 1989), HAV (Jiang and others 1987), and rotaviruses
(Zhou and others 1991) in environmental waters and shellfish
(Jaykus 2000b). However, with a desired detection limit of 1 to 10
infectious units, these hybridization methods have significant limi-
tations since assay detection limits usually exceed 103 to 104

physical particles/sample.
Nucleic acid amplification methods. Several RT-PCR methods

have been described for the detection of human enteric viruses
from foods, predominantly shellfish (reviewed by Jaykus 2000b).
However, despite some limited success in methods development,
RT-PCR is still not used routinely to detect viruses in contaminated
foods. Certainly, viruses must be concentrated and purified from
food matrices before applying detection methods such as RT-PCR,
but this is exacerbated by the very small sample volumes (1 to 10
ml) used in nucleic acid amplification. Consequently, food sam-
ples present additional challenges due to high sample volumes,
low levels of contamination, and the presence of residual food
components that can act as enzymatic inhibitors (Rossen and oth-
ers 1992; Dix and Jaykus 1998; Green and others 1998a; Jaykus
2000b; Shieh and others 1999). In general, 2 different approaches
have been used to simultaneously concentrate viruses or viral nu-
cleic acids and perform RT-PCR, and these are: (1) direct nucleic
acid extraction RT-PCR; and (2) virion concentration followed by
RT-PCR (reviewed by Jaykus 2000b). The direct nucleic acid ex-
traction RT-PCR method involves extraction of total sample RNA,
including viral RNA, and is the most widely reported approach for
the detection of viruses in environmental and food samples. While
the extracted RNA can be of relatively high purity, food-related
amplification inhibitors frequently remain and the multiple sample
manipulation steps can result in incomplete recovery and/or po-
tential degradation of RNA during the extraction procedure
(Drebot and Lee 1997; Jaykus 2000b). In the case of virion con-
centration, the analyst seeks to concentrate viruses and remove in-
hibitors prior to application of RNA extraction and RT-PCR ampli-
fication. One of these methods, the so-called antibody-capture RT-
PCR, involves the direct isolation of viruses from food samples by
immunocapture, followed by heat release of the viral RNA and
RT-PCR detection (Lopez-Sabater and others 1997). Even though
there are fewer sample manipulations involved with this method,
the specificity of the approach may be an issue, since only a sin-
gle virus type can be concentrated by antibody capture. A 2nd vir-
ion concentration RT-PCR method relies on further concentration
of viruses from the food matrix, frequently to volumes of < 1 ml,
and has been applied to virus detection in both artificially (Jaykus
and others 1996) and naturally-contaminated (Chung and others
1996) shellfish samples. While this method achieves significant
sample volume reductions with the recovery of infectious viruses,
substantial viral loss during the extraction steps may reduce over-
all detection limits (Jaykus 2000b). The reader is referred to Figure
1, which diagrams a representative virus concentration and detec-
tion approach for foods.

All of the methodological approaches described above have
been applied to artificially-contaminated shellfish species. Unfor-
tunately, only a few methods have been applied to naturally con-
taminated shellfish (Desenclos and others 1991; Le Guyader and
others 1994, 2000; Atmar and others 1995; Lees and others 1995;
Chung and others 1996; Haflinger and others 1997; Green and
others 1998a; Shieh and others 1999), and on only a few occa-
sions have the methods successfully detected viruses in food sam-
ples epidemiologically-linked to disease (Desenclos and others

1991; Lees and others 1995; Le Guyader and others 1996a;
Gaulin and others 1999b; Shieh and others 1999; Schwab and
others 2000). Only 3 studies have systematically attempted to de-
velop virus detection methods for food products other than shell-
fish (Gouvea and others 1994; Leggitt and Jaykus 2000; Schwab
and others 2000) (Table 3).

Recent progress in polymerase chain reaction detection
Nucleic acid extraction methods.
It is now well recognized that the reliability of nucleic acid am-

plification methods, for the detection of pathogens in all sorts of
samples (clinical, environmental, and foods), depends in large
part on the purity of the target template and the number of target
molecules (Jiang and others 1992; Deng and others 1994; Jaykus
and others 1996). Foods are such complex matrices that an ex-
traction method must be chosen that minimizes the effects of any
potentially inhibitory compounds that reduce the PCR amplifica-
tion efficiency of the intended target (Lampel and others 2000).
Because of the high susceptibility of reverse transcriptase to inter-
fering or inhibitory substances (Wilde and others 1990), an effi-
cient RNA extraction step is critical when attempting to detect vi-
ruses from complex sample matrices. Two parameters in need of
optimization therefore include (1) efficient recovery of the virus
and/or viral nucleic acid; and (2) elimination or inactivation of in-
hibitory substances (Arnal and others 1999). Unfortunately, many
of the methods to extract enteric viruses from foods result in the
simultaneous co-extraction of inhibitory substances such as acidic
polysaccharides, proteins, glycogen, salts, phenolic compounds,
and lipids that can in turn inhibit RT-PCR reactions (Beutler and
others 1990; Gouvea and others 1990; Demeke and Adams 1992;
Wilson 1997; Richards 1999).

A variety of methods have been developed to extract DNA and
RNA from foods and other complex samples while reducing the
level of inhibitors (reviewed by Wilson 1997). When applied to
virus detection in foods, most of these methods have been at-
tempted in the shellfish matrix (Atmar and others 1995; Jaykus
and others 1996; Sugieda and others 1996; Dix and Jaykus 1998),
and only a few have been reported for other foods (Gouvea and
others 1994; Leggitt and Jaykus 2000; Schwab and others 2000).
Protocols utilizing Sephadex (De Leon and others 1992), cellu-
lose (Wilde and others 1990), or Chelex (Straub and others 1994)
allow salts and small proteins to be effectively eliminated. Meth-
ods based on CTAB (Jiang and others 1992; Jaykus and others
1996) and ProCipitate‰ make it possible to eliminate polysaccha-
rides. Shieh and others (1999) found that an acid adsorption-elu-
tion step during virus concentration reduced inhibitor carryover,
and that further purification of RNA using a silica gel membrane
facilitated the removal of additional non-specific RT-PCR inhibi-
tors. Other investigators have used “nested” RT-PCR to improve
assay sensitivity, which has been necessary in almost all instances
where viruses were detected in naturally contaminated shellfish
(Lees and others 1995; Le Guyader and others 1996a; Haflinger
and others 1997; Green and others 1998a). Unfortunately, the in-
creased risk of contamination that is associated with extra sample
manipulations remains a significant drawback to nested amplifi-
cation approaches.

Detection of human enteric viruses in non-shellfish food
commodities

A recent report has indicated successful detection of NLVs by
nested RT-PCR in raspberries epidemiologically implicated in a
foodborne outbreak, although the methodological details are
sketchy (Gaulin and others 1999b). Gouvea and others (1994)
were the first to systematically develop a method to detect NV
and rotavirus from representative food commodities other than
shellfish, including orange juice, milk, lettuce, and melon. Using

Foodborne diseases…
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a guanidinium extraction followed by adsorption of RNA to hy-
droxyapatite and sequential precipitation with CTAB and ethanol,
these investigators were able to detect approximately 103 genom-
ic copies of rotavirus/10 g of clam meat and 20 to 200 particles of
NV/10 g of clam meat, but, again, nested RT-PCR was necessary
to achieve detection of low levels of input virus.

Schwab and others (2000) reported the use of TRIzol, a propri-
etary RNA extraction method, to wash deli meats, including sam-
ples artificially contaminated with NV and ones linked to an out-
break of NLV-associated gastroenteritis, for subsequent detection
by RT-PCR. By this method, 10 to 100 RT-PCR units (approximate-
ly equivalent to 102 to 103 viral genome copies) of HAV and NV
were detected from 20 g deli meat samples. While the TRIzol sur-
face wash method of Schwab and others (2000) was reportedly
simple, RT-PCR inhibition persisted unless sample concentrates
were diluted 10 to 100-fold, and nested RT-PCR was necessary to
further characterize the amplicons from the positive food sample
from the outbreak investigation.

Leggitt and Jaykus (2000) developed a prototype method to ex-
tract and detect human enteric viruses from lettuce and hamburg-
er samples using an elution-concentration approach followed by
a guanidinium RNA extraction and detection by RT-PCR. Poliovi-
rus type 1 and HAV were detected by RT-PCR at initial inoculum
levels $ 102 and 103 PFU/50-g food samples, respectively. Nor-
walk virus detection in both food products was achieved at inocu-
lum levels $ 1.5 x 103 PCR-amplifiable units/50-g sample. Similar
to the TRIzol wash method mentioned above (Schwab and others
2000), their final RNA concentrates were compatible with RT-PCR
amplification of viral RNA after a 1 to 2 log dilution for lettuce
RNA extracts and 1 log dilution for hamburger RNA extracts (Leg-
gitt and Jaykus 2000).

Although strides have been made in developing virus detection
methods for non-shellfish food commodities, barriers still remain.
For instance, the need for universal sample extraction methods
makes the TRIzol surface wash method impractical for products of
complex composition (hamburgers, bakery products) or those of
more liquid consistencies (mixed salads) that have to undergo ho-
mogenization prior to RNA extraction (Leggitt and Jaykus 2000).
An additional problem that is commonly seen in food systems is
non-specific amplification due to residual RNA from incomplete
ribonuclease activity of reverse transcriptase, and/or food derived
DNA or RNA (Jaykus and others 1996). It is well recognized that
the effect of residual RT-PCR inhibitors is greater at low copy
numbers (Jaykus and others 1996). Furthermore, since the detec-
tion target is almost always viral RNA, a clear correlation between
detection of RNA and infectivity of the virus must exist. This is
currently a hotly debated topic, with some investigators have sug-
gesting that free viral RNA is stable for d to wk and that its detec-
tion by RT-PCR is not necessarily indicative of infectious virions
(Tsai and others 1995; Richards 1999). Taken together, it is clear
that developmental advancements are needed in order to further
our ability to detect viral contamination in at-risk food products.

Choice of primers for the detection of human
caliciviruses in foods

For food systems, the issue of primer choice is critical. Of
course, the danger of choosing primer pairs that are not broadly
reactive is the increased probability of obtaining false-negative re-
sults. Unfortunately, the more broadly reactive primers either con-
tain a significant degree of degeneracy or else are used under
conditions of extremely low annealing temperature. In the case of
fecal specimens with high ( > 106 particles/g) virus levels, such
primer degeneracy or low annealing temperature are likely to be
less important issues because the amount of viral RNA available
to support amplification is quite high, pushing the RT-PCR reac-
tion towards specific amplification. However, for food matrices,

where levels of contamination are considerably lower and the
food matrix effect is significant, high levels of degeneracy and
low annealing temperatures are likely to favor non-specific ampli-
fication which has the potential to significantly reduce both assay
sensitivity and specificity.

The NV 36/35 primer set has been the most widely used for the
detection of NLVs in shellfish and deli meat samples (Atmar and
others 1995; Schwab and others 1997, 2000, 2001) (Table 4).
Leggitt and Jaykus (2000) used the NV 51-3 primer pair during the
development of methods to detect NLVs from seeded hamburger
and lettuce samples, while Lees and others (1995) used the NI/E3
primer set for the detection of SRSVs in shellfish associated with 4
separate outbreaks of human gastroenteritis, with all 4 samples
yielding positive results. Shieh and others (2000) used both poly-
merase and capsid primer sets, G2 and Mon381/383, respective-
ly, for nested PCR to identify a NLV G2 strain in 2 oyster samples
implicated in a 1998 California outbreak. Hafliger and others
(1997) have also reported the use of primers designed to bind to
the 3D region of the RNA polymerase gene to detect HAV from
shellfish.

Alternative confirmation methods
While PCR will amplify DNA molecules several thousand-fold,

detection of the resulting DNA fragments (amplicons) must be
done, and, furthermore, amplicon confirmation is necessary to as-
sure that detection is accurate. The most commonly used method
for the detection and subsequent confirmation of RT-PCR amplifi-
cations is agarose gel electrophoresis followed by Southern hy-
bridization using labeled internal oligonucleotide probes (Hardy
and others 1997; Honma and others 2000). Unfortunately, South-
ern hybridization is a time-consuming and cumbersome method,
frequently requiring 2 d before results are obtained. Recently,
Schwab and others (2001) reported the development of a DNA
EIA (DEIA) to detect RT-PCR-generated amplicons in microtiter
wells using virus-specific biotinylated oligoprobes. The DEIA de-
tected low levels of NV RNA RT-PCR amplicons from stool (NV
end point of 20 ml of a 10-5.5 dilution), and both NLV and HAV
from bivalve mollusks following bioaccumulation. Assay sensitivi-
ty was equal to or better than Southern hybridization, and had the
added advantages of ease of interpretation and more rapid (4 h)
amplicon confirmation. Other PCR confirmation methods have
included specific “nesting” reactions (Gouvea and others 1994;
Lees and others 1995; Sugieda and others 1996; Hafliger and oth-
ers 1997), restriction endonuclease digestion of RT-PCR products
(Gouvea and others 1994; Hafliger and others 1997), and direct
amplicon sequencing (Lees and others 1995; Le Guyader and oth-
ers 1996a; Parashar and others 1998; Schwab and others 2000).
However, all of these confirmation methods require significant
amounts of sample manipulation and remain time-consuming
(Jaykus 2000b).

There is a clear need for more rapid endpoint detection and
confirmation of PCR amplification products when attempting de-
tection of infectious agents in any sample matrix, including foods.
Given this need, investigators have recently focused their efforts
on developing alternatives to the classic methods currently in use
for the detection and confirmation of PCR products. Significant
among these methods is nucleic acid sequence based amplifica-
tion (NASBA), and the fluorescence resonance energy transfer
(FRET) phenomenon (Martell and others 1999).

NASBA (Organon Teknika, Durham, N.C., U.S.A.) is a novel
RNA amplification method (Organon Teknika Corp. 1999) that
utilizes 3 enzymes (Avian Myeloblastosis Virus Reverse Tran-
scriptase (AMV-RT), RNase H, and T7 RNA polymerase) and 2
specific oligonucleotide primers. The NASBA assay system has
several advantages over other nucleic acid amplification methods
because it is isothermal, it results in single-stranded RNA, which
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can be readily detected by probe hybridization without the need
for a denaturation step, and rapid confirmation can be achieved
using the automated ECL detection system. NASBA methods are
already available as commercial kits for the detection of key
bloodborne pathogens such as HIV and cytomegalovirus, and are
more recently available as a Basic Kit for use in the development
of other diagnostic tests. Greene and others (1999) adapted the
NASBA protocol for the detection of NLV RNA, and when com-
pared to RT-PCR, the NASBA was more rapid (6 to 8 h) and dem-
onstrated 10 to 100-fold better detection limits. Although the
NASBA is likely to be impacted by many of the same restrictions
as RT-PCR (that is, contamination control, sample volume consid-
erations, matrix-associated reaction inhibitors), it is likely to re-
main an important alternative detection method for foodborne
pathogens. Furthermore, since it is isothermal, it may well be
more amenable to future biosensor applications.

Other investigators have reported using the FRET phenomenon
for the rapid and specific detection of PCR amplicons. Of particu-
lar note in recent y is the TaqMan AssayTM (Applied Biosystems,
Foster City, Calif., U.S.A.), which has been applied to the detec-
tion of other foodborne pathogens including L. monocytogenes
(Bassler and others 1995; Norton and Batt 1999) and E. coli
O157:H7 (Witham and others 1996; Chen and others 1998;
Oberst and others 1998; Sharma and others 1999; Sharma and
Carlson 2000). Other improved and enhanced versions of FRET-
based PCR protocols have included molecular beacons (Tyagi and
Kramer 1996; McKillip and Drake 2000) and an “asymmetric” 5’
nuclease activity assay (Koo and Jaykus 2000). Although none of
these methods has yet been applied for the detection of enteric vi-
ruses in clinical, environmental, or food matrices, they offer op-
portunities that could substantially simplify testing and signifi-
cantly reduce overall endpoint detection time.

Biosensors and microarray detection
Recently, the sensitive detection of foodborne pathogens in

complex environments has been achieved using biosensor meth-
ods, that is microchip systems for analyzing the formation of anti-
gen-antibody complexes (Malmqvist 1993; Hirmo and others
1998; Pyun and others 1998; Zhou and others 1998; Mandrell
and Wachtel 1999). For most biosensor-based methods, an immu-
noaffinity step to capture the antigen of interest on beads, a mem-
brane, or a fiber optic probe tip is followed by detection of the
antigen by laser excitation of bound antibodies, acoustogravimet-
ric wave transduction, or surface plasmon resonance (Mandrell
and Wachtel 1999). These systems report rapid (min) detection
along with a reasonably sensitive limit of detection (1 x 103 cfu/
ml for bacteria). Recently, biosensors have also been applied to
the detection of polioviruses (Kersten and others 1999; McDer-
mott and others 2000). Despite their apparent potential as analyti-
cal tools, few biosensors are used routinely and further research is
needed to address issues such as advanced sample (pathogen)
concentration, elimination of non-specific detection, and im-
proved detection limits before their widespread use in food mi-
crobiology.

Recent advances in the detection of sequence-specific nucleic
acid hybridization have been achieved using microarrays, high-
density microscropic arrays of immobilized nucleic acids (Epstein
and Butow 2000). Microarrays can be prepared by synthesizing
DNA in situ on a glass surface using combinational chemistry
(Pease and others 1994), or by robotic microdeposition of cDNAs
(0.5- to 2-kb) amplified by PCR (Zammatteo and others 2000).
The sample DNA, usually bound to a fluorescent or enzyme la-
bel, is exposed to the microarray and hybridizes with the target
sequences. The detection of the probe-target hybrid at each spot
on the array is achieved either by direct fluorescence scanning or
enzyme-mediated detection yielding a semi-quantitative result (de

Boer and Beumer 1999). Advantages of DNA microarray technol-
ogy, as compared to conventional techniques, include the small
size of the array allowing for a higher sensitivity, the ability to si-
multaneously detect diverse individual sequences in complex
DNA samples, and the capacity to do comparative analysis of a
large number of samples (de Boer and Beumer 1999; van Hal and
others 2000). However, as with biosensors, obstacles such as
sample size, matrix-associated inhibitors, non-specific binding,
and cross hybridization must be overcome before microarrays can
be used for the detection and differentiation of pathogens in food
samples. Regardless, an oligonucleotide array dot-blot format for
NLV strain genotyping has recently been reported (Vinje and
Koopmans 2000), and this technology offers promise in the devel-
opment of more advanced testing strategies for foodborne patho-
gens.

Conclusions
Epidemiological data clearly demonstrates that foods can act as

efficient vehicles for the transmission of human enteric viruses by
the fecal oral route. Control strategies that have been proposed in-
clude depuration and improved microbial indicators (shellfish),
educational initiatives (production agriculture and food handlers),
and vaccination (HAV and NLVs). However, all of the strategies
require significant resources and none of them are failsafe.

Before the prevalence of viral gastroenteritis in the U.S.A. and
worldwide can be fully appreciated, a better understanding of
how foods contribute to both outbreak and sporadic cases must
be achieved. While recent advances in molecular biology have
improved our ability to study foodborne viruses, there are still
barriers to overcome. Methodological improvements for the de-
tection of viruses from foods must focus on virus extraction proce-
dures, decreasing the level of matrix-associated RT-PCR amplifi-
cation inhibitors in the final concentrates, and the development of
a universal testing protocol for all foods. Our ability to detect vi-
ruses in foods epidemiologically-linked to disease, along with our
understanding of the extent to which sporadic cases of viral gas-
troenteritis are, in fact, associated with foodborne routes of trans-
mission will only improve with further research in this area.

References
American Water Works Association (AWWA). 1979. Committee, viruses in drinking water. J

AWWA 71:441.
Andersen FR, Birkeland FG, Bo G, Eidsto A, Bruu AL. 1996. Outbreak of food-borne gastro-

enteritis caused by a Norwalk-like virus. Evaluation of methods for confirmation of the
etiology in suspected viral gastroenteritis. Tidsskr Nor Laegeforen 116:3325-3328.

Ando T, Mulders MN, Lewis DC, Estes MK, Monroe SS, Glass RI. 1994. Comparison of the
polymerase region of small round structured virus strains previously classified in 3 antigen-
ic types by solid-phase immune electron-microscopy. Arch Virol 135:217-226.

Ando T, Monroe SS, Gentsch JR, Jin Q, Lewis DC, Glass RI. 1995. Detection and differenti-
ation of antigenically distinct small round-structured viruses (Norwalk-like viruses) by
reverse transcription-PCR and Southern hybridization. J Clin Microbiol 33:64-71.

Andreoletti L, Hober D, Belaich S, Lobert PE, Dewilde A, Wattre P. 1996. Rapid detection of
enterovirus in clinical specimens using PCR and microwell capture hybridization assay. J
Virol Methods 62:1-10.

Ansari SA, Sattar SA, Springhtorpe VS, Wells GA, Tostowaryk W. 1988. Rotavirus survival on
human hands and transfer of infectious virus to animate and nonporous inanimate surfac-
es. J Clin Microbiol 26:1513-1518.

Ansari SA, Sattar SA, Springhtorpe VS, Wells GA, Tostowaryk W. 1989. In vivo protocol for
testing efficacy of hand-washing agents against viruses and bacteria: experiments with
rotavirus and E. coli. Appl Environ Microbiol 55:3113-3118.

Appleton H. 1987. Small round viruses: classification and role in food-borne infections. In:
Bock G, Whelan J, editors. Novel diarrhoea viruses. New York: John Wiley and Sons. p
120-125.

Appleton H. 1994. Norwalk virus and the small round viruses causing foodborne gastroen-
teritis. In: Hui YH, Gorham JR, Murrell KD, Cliver DO, editors. Foodborne disease hand-
book: diseases caused by viruses, parasites, and fungi. Vol. 2. New York: Marcel Dekker,
Inc. p 57-79.

Appleton H, Pereira MS. 1977. A possible virus aetiology in outbreaks of food poisoning
from cockles. Lancet 1(8015):780-781.

Arnal C, Ferre-Aubineau V, Besse B, Mignotte B, Schwartzbrod L, Billaudel S. 1999. Compar-
ison of 7 RNA extraction methods on stool and shellfish samples prior to hepatitis A virus
amplification. J Virol Methods 77:17-26.

Atmar RL, Metcalf TG, Neill FH, Estes MK. 1993. Detection of enteric viruses in oysters by

Foodborne diseases…



86 COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY—Vol. 1, 2002

CRFSFS: Comprehensive Reviews in Food Science and Food Safety

using the polymerase chain reaction. Appl Environ Microbiol 59:631-635.
Atmar RL, Neill FH, Romalde JL, Le Guyader F, Woodley CM, Metcalf TG, Estes MK. 1995.

Detection of Norwalk virus and hepatitis A virus in shellfish tissues with the PCR. Appl
Environ Microbiol 61:3014-3018.

Bassler HA, Flood SJA, Livak KJ, Marmaro J, Knorr R., Batt CA. 1995. Use of fluorogenic
probe in a PCR-based assay for the detection of Listeria monocytogenes. Appl Environ
Microbiol 61:3724-3728.

Battegay M, Gust ID, Feinstone SM. 1995. Hepatitis A virus. In: Mandell GL, Bennett JL,
Dolin R, editors. Principles and practice of infectious diseases. New York: Churchill-Liv-
ingstone. p. 1636.

Bean NH, Griffin PM. 1990. Foodborne disease outbreaks in the United States, 1973-1987:
pathogens, vehicles, and trends. J Food Protect 53:804-817.

Bean NH, Griffin PM, Goulding JS, Ivey CB. 1990. Foodborne disease outbreaks, 5-y sum-
mary, 1983-1987. J Food Protect 53:711-728.

Becker KM, Moe CL, Southwick KL, MacCormack JN. 2000. Transmission of Norwalk virus
during a football game. N Engl J Med 343:1223-1227.

Bej AK, Mahbubani MH, Atlas RM. 1991. Amplification of nucleic acids by polymerase
chain reaction (PCR) and other methods and their applications. Crit Rev Biochem Mol Biol
26:301-334.

Berg DE, Kohn MA, Farley TA, McFarland LM. 2000. Multi-state outbreaks of acute gastro-
enteritis traced to fecal-contaminated oysters harvested in Louisiana. J Infect Dis
181(S2):S381-386.

Berke T, Golding B, Jiang X, Cubitt WD, Wolfaardt M, Smith AW, Matson DO. 1997. Phylo-
genetic analysis of the Caliciviruses. J Med Virol 52:419-424.

Beutler E, Gelbart J, Kulh W. 1990. Interference of heparine with polymerase chain reaction.
Biotechniques 9:166.

Bidawid S, Farber JM, Sattar SA. 2000a. Contamination of foods by food handlers: experi-
ments on hepatitis A virus transfer to food and its interruption. Appl Environ Microbiol
66:2759-2763.

Bidawid S, Farber JM, Sattar SA, Hayward S. 2000b. Heat inactivation of hepatitis A virus in
dairy foods. J Food Prot 63:522-528.

Bishop RF, Davidson GP, Holmes IH, Ruck BJ. 1973. Virus particles in epithelial cells of
duodenal mucosa from children with acute non-bacterial gastroenteritis. Lancet 2:1281-
1283.

Blacklow NR, Cukor G, Bedigian MK, Echeverria P, Greenberg HB, Schreiber DS, Trier JS.
1979. Immune response and prevalence of antibody to Norwalk enteritis virus as deter-
mined by radioimmunoassay. J Clin Microbiol 10:903-909.

Boom R, Sol CJ, Salimans MM, Jansen CL, Wertheim-van Dillen PM, van der Noordaa J.
1990. Rapid and simple method for purification of nucleic acids. J Clin Microbiol 28:495-
503.

Bosch A, Shields PA. 1987. Survival of hepatitis A virus and poliovirus in seawater and ma-
rine sediments. Abstr Ann Mtg Am Soc Microbiol. p 295.

Bosch A, Gajardo R, Diez JM, Pinto RM. 1996. Non isotopic automatable molecular proce-
dures for the detection of enteroviruses. Mol Cell Probes 10:81-89.

Brinker JP, Blacklow NR, Estes MK, Moe CL, Schwab KJ, Herrmann JE. 1998. Detection of
Norwalk virus and other genogroup 1 human caliciviruses by a monoclonal antibody, re-
combinant-antigen-based immunoglobulin M capture enzyme immunoassay. J Clin Micro-
biol 36:1064-1069.

Bryan FL. 1995. Hazard analysis: the link between epidemiology and microbiology. J Food
Protect 59:102-107.

Caul EO. 1987. Astroviruses: human and animal. Ciba Found Symp 128:102-107.
CDC (Centers for Disease Control and Prevention). 1997. Viral gastroenteritis associated with

eating oysters - Louisiana, December 1996 - January 1997. MMWR 46:1009-1012.
Chan TY. 1995. Shellfish-borne illnesses. A Hong Kong perspective. Trop Geogr Med 47:305-

307.
Chen S, Xu R, Yee A, Wu KY, Wang CN, Read S, De Grandis SA. 1998. An automated fluo-

rescent PCR method for the detection of Shiga toxin producing Escherichia coli in foods.
Appl Environ Micro 64:4210-4116.

Chiba S. 1996. Immunological aspects of viral gastroenteritis. In: Paradise LJ, Bendinelli M,
Friedman H, editors. Enteric infections and immunity. New York: Plenum Press. p 187-206.

Chung H, Jaykus LA, Sobsey MD. 1996. Detection of human enteric viruses in oysters by in
vivo and in vitro amplification of nucleic acids. Appl Environ Microbiol 62:3772-3778.

Ciocca M. 2000. Clinical course and consequences of hepatitis A infection. Vaccine 18:Sup-
pl 1:S71-4.

Cliver DO. 1994a. Viral foodborne disease agents of concern. J Food Protect 57:176-178.
Cliver DO. 1994b. Other foodborne viral diseases. In: Hui YH, Gorham JR, Murrell KD, Cliv-

er DO, editors. Foodborne disease handbook: diseases caused by viruses, parasites, and
fungi. Vol. 2. New York: Marcel Dekker, Inc. p 137-143.

Cliver DO. 1995. Detection and control of foodborne viruses. Trends in Food Sci Technol
6:353-358.

Cliver DO. 1997. Virus transmission via food. Food Technol 51(4):71-78.
Cliver DO, Ellender RD, Sobsey MD. 1983. Methods to detect viruses in foods: testing and

interpretation of results. J Food Protect 46:345-357.
Croci L, Ciccozzi M, De Medici D, Di Pasquale S, Fiore A, Mele A, Toti L. 1999. Inactivation

of hepatitis A virus in heat-treated mussels. J Appl Microbiol 87:884-888.
Cromeans T, Sobsey MD, Fields HA. 1987. Development of a plaque assays for a cytopath-

ic, rapidly replicating isolate of hepatitis A virus. J Med Virol 22:45-56.
Cromeans T, Nainan OV, Fields HA, Favorov MO, Margolis HS. 1994. Hepatitis A and E vi-

ruses. In: Hui YH, Gorham JR, Murrell KD, Cliver DO, editors. Foodborne disease hand-
book: diseases caused by viruses, parasites, and fungi. Vol. 2. New York: Marcel Dekker,
Inc. p 1-56.

Cukor G, Blacklow NR. 1984. Human viral gastroenteritis. Microbiol Rev 48:157-179.
Dalton CB, Haddix A, Hoffman RE, Mast EE. 1996. The cost of a food-borne outbreak of

hepatitis A in Denver, Colo. Arch Intern Med 156:1013-1016.
de Boer E, Beumer RR. 1999. Methodology for detection and typing of foodborne microor-

ganisms. Int J Food Microbiol 50:119-130.
De Leon R, Matsui SM, Baric RS, Herrmann JE, Blacklow NR, Greenberg HB, Sobsey MD.

1992. Detection of Norwalk virus in stool specimens by reverse transcriptase-polymerase
chain reaction and nonradioactive oligoprobes. J Clin Microbiol 30:3151-3157.

De Leon R, Jaykus LA. 1997. Detection of the presence of bacteria and viruses in shellfish.
In: Hurst CJ, Knudsen GR, McInerney MJ, Stetzenbach LD, Walter WV, editors. Manual of
environmental microbiology. Washington, D.C.: ASM Press. p 203-212.

Demeke T, Adams RP. 1992. The effects of plant polysaccharides and buffer additives on PCR.
Biotechniques 12:332-333.

Deng MY, Day SP, Cliver DO. 1994. Detection of hepatitis A virus in environmental samples
by antigen-capture PCR. Appl Environ Microbiol 60:1927-1933.

Denis F. 1973. Coxsackie virus group A in oysters and mussels. Lancet 1:1262.
Desenclos JC, Klontz KC, Wilder MH, Nainan OV, Margolis HS, Gunn RA. 1991. A multistate

outbreak of hepatitis A caused by the consumption of raw oysters. Am J Public Health
81:1268-1272.

DiGirolamo R, Liston J, Matches JR. 1970. Survival of virus in chilled, frozen, and processed
oysters. Appl Environ Microbiol 20:58-63.

Dimitrov DH, Graham DY, Estes MK. 1985. Detection of rotavirus by nucleic acid hybridiza-
tion with cloned DNA of simian rotavirus SA-11 genes. J Infect Dis 152:293-300.

Dix AB, Jaykus LA. 1998. Virion concentration method for the detection of human enteric
viruses in extracts of hard-shelled clams. J Food Protect 61:458-465.

Dolin R, Reichman RC, Roessner KD, Tralker TS, Schooley RT, Gary W, Morens D. 1982.
Detection by immune electron microscopy of the Snow Mountain Agent of acute viral
gastroenteritis. J Infect Dis 146:184-189.

Doultree JC, Druce JD, Birch CJ, Bowden DS, Marshall JA. 1999. Inactiviation of feline cali-
civirus, a Norwalk virus surrogate. J Hosp Infect 41:51-57.

Drebot MA, Lee SH. 1997. RT-PCR detection of RNA viruses in stool specimens. Biotech-
niques 23:616-618.

Enriquez R, Frosner GG, Hochstein-Mintzel V, Riedemann S, Reinhardt G. 1992. Accumu-
lation and persistence of hepatitis A virus in mussels. J Med Virol 37:174-179.

Epstein CB, Butow RA. 2000. Microarray technology - enhanced versatility, persistent chal-
lenge. Curr Opin Biotechnol 11:36-41.

Estes MK, Leparc-Goffart I. 1999. Norwalk and related viruses. In: Granoff A, Webster RG,
editors. Encyclopedia of virology: volume 2, 2nd ed. San Diego: Academic Press. p 1035-
1041.

Estes MK, Ball JM, Guerrero RA, Opekun AR, Gilger MA, Pacheco SS, Graham DY. 2000.
Norwalk virus vaccines: challenges and progress. J Infect Dis 181(S2):S367-373.

Fankhauser RL, Noel JS, Monroe SS, Ando T, Glass RI. 1998. Molecular epidemiology of
“Norwalk-like viruses” in outbreaks of gastroenteritis in the United States. J Infect Dis
178:1571-1578.

Feinstone SM. 1996. Hepatitis A: epidemiology and prevention. Eur J Gastroenterol Hepa-
tol 8:300-305.

Fleissner ML, Herrmann JE, Booth JW, Blacklow NR, Nowak NA. 1989. Role of Norwalk
virus in 2 foodborne outbreaks of gastroenteritis: definitive virus association. Am J Epide-
miol 129:165-172.

Fugate KJ, Cliver DO, Hatch MT. 1975. Enteroviruses and potential bacterial indicators in
Gulf Coast oysters. J Milk Food Technol 38:100-104.

Gary GW, Kaplan JE, Stine SE, Anderson LJ. 1985. Detection of Norwalk virus antibodies and
antigen with a biotin-avidin immunoassay. J Clin Microbiol 22:274-278.

Gary GW, Anderson LJ, Keswick BH, Johnson PC, DuPont HL, Stine SE, Bartlett AV. 1987.
Norwalk virus antigen and antibody response in an adult volunteer study. J Clin Microbiol
25:2001-2003.

Gaulin C, Frigon M, Poirier D, Fournier C. 1999a. Transmission of calicivirus by a foodhan-
dler in the pre-symptomatic phase of illness. Epidemiol Infect 123:475-478.

Gaulin CD, Ramsay D, Cardinal P, D’Halevyn MA. 1999b. Epidemic of gastroenteritis of viral
origin associated with eating import raspberries. Can J Public Health 90:37-40.

Gerba CP. 1988. Viral disease transmission by seafoods. Food Technol 42(3):99-103.
Gerba CP, Goyal SM. 1978. Detection and occurrence of enteric viruses in shellfish: a re-

view. J Food Protect 41:743-754.
Glass RI, Gentsch JR, Ivanoff B. 1996. New lessons for rotavirus vaccines. Science 272:46-

48.
Gordon SM, Oshiro LS, Jarvis WR, Donenfeld D, Ho MS, Taylor F, Greenberg HB, Glass R,

Madore HP, Dolin R. 1990. Foodborne Snow Mountain agent gastroenteritis with second-
ary person-to-person spread in a retirement community. Am J Epidemiol 131:702-710.

Gouvea V, Glass RI, Woods P, Taniguchi K, Clark HF, Forrester B, Fang ZY. 1990. Polymerase
chain reaction amplification and typing of rotaviruses nucleic acid from stool specimens.
J Clin Microbiol 28:276-282.

Gouvea V, Santos N, Carmo-Timenetsky M, Estes MK. 1994. Identification of Norwalk virus
in artificially seeded shellfish and selected foods. J Virol Methods 48:177-187.

Graham DY, Jiang X, Tanaka T, Opekun AR, Madore HP, Estes MK. 1994. Norwalk virus in-
fection of volunteers: new insights based on improved assays. J Infect Dis 170:34-43.

Gray JJ, Cunliffe C, Ball J, Graham DY, Desselberger U, Estes MK. 1994. Detection of immu-
noglobulin M (IgM), IgA, and IgG Norwalk virus-specific antibodies by indirect enzyme-
linked immunosorbent assay with baculovirus-expressed Norwalk virus capsid antigen in
adult volunteers challenged with Norwalk virus. J Clin Microbiol 32:3059-3063.

Green J, Gallimore CI, Norcott JP, Lewis D, Brown DWG. 1995a. Broadly reactive reverse
transcriptase polymerase chain reaction (RT-PCR) for the diagnosis of SRSV-associated
gastroenteritis. J Med Virol 47:392-398.

Green SM, Lambden PR, Caul EO, Ashley CR, Clarke IN. 1995b. Capsid diversity in small
round-structured viruses: molecular characterization of an antigenically distinct human
enteric calicivirus. Virus Res 37:271-283.

Green KY, Kapikian AZ, Valdesuso J, Sosnovtsev S, Treanor JJ, Lew JF. 1997. Expression and
self-assembly of recombinant capsid protein from the antigenically distinct Hawaii human
calicivirus. J Clin Microbiol 35:1909-1914.

Green J, Henshilwood K, Gallimore CI, Brown DWG, Lees DN. 1998a. A nested reverse tran-
scriptase PCR assay for detection of small round-structured viruses in environmentally
contaminated molluscan shellfish. Appl Environ Microbiol 64:858-863.

Green J, Wright PA, Gallimore CI, Mitchell O, Morgan-Capner P, Brown DWG. 1998b. The
role of environmental contamination with small round structured viruses in a hospital
outbreak investigated by reverse-transcriptase polymerase chain reaction assay. J Hospital
Infect 39:39-45.

Green J, Brown D, Cheesbrough J, Wright P. 1999. The detection of environmental small
round structured virus by nested reverse transcriptase polymerase chain reaction. In:
Abstract book of the International Workshop on Human Caliciviruses; March 29-31,
1999; Atlanta, GA. Nr S3-8.

Greenberg HB, Wyatt RG, Valdesuso J, Kalica AR, London WT, Chanock RM, Kapikian AZ.
1978. Solid-phase microtiter radioimmunoassay for detection of the Norwalk strain of
acute nonbacterial, epidemic gastroenteritis virus and its antibodies. J Med Virol 2:97-108.

Greenberg HB, Wyatt RG, Kapikian AZ. 1979. Norwalk virus in vomitus. Lancet 1(8106):55.



Vol. 1, 2002—COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY 87

Greenberg HB, Matsui SM. 1992. Astrovirus and caliciviruses: emerging enteric pathogens.
Infect Agents Dis 1:71-91.

Greene SR, Moe CL, Jaykus LA, Cronin M. 1999. Evaluation of a rapid method for the detec-
tion of Norwalk virus RNA. In: The Interscience Conference on Antimicrobial Agents and
Chemotherapy; September 1999; San Francisco, CA.

Griffin MR, Surowiec JJ, McCloskey DI, Capuano B, Pierzynski B, Quinn M, Wojnarski R,
Parkin WE, Greenberg H, Gary GW. 1982. Foodborne Norwalk virus. Am J Epidemiol
115:178-184.

Griffin DW, Gibson III CJ, Lipp EK, Riley K, Paul III JH, Rose JB. 1999. Detection of viral
pathogens by reverse transcriptase PCR and of microbial indicators by standard methods
in the canals of the Florida Keys. Appl Environ Microbiol 65:4118-4125.

Gross TP, Conde JG, Gary GW, Harting D, Goeller D, Israel E. 1989. An outbreak of acute
infectious nonbacterial gastroenteritis in a high school in Maryland. Public Health Rep
104:164-169.

Guest C, Spitainy KC, Madore HP, Pray K, Dolin R, Herrmann JE, Blacklow NR. 1987. Food-
borne snow mountain agent gastroenteritis in a school cafeteria. Pediatrics 79:559-563.

Gunn RA, Janowski HT, Lieb S, Prather EC, Greenberg HB. 1982. Norwalk virus gastroenteri-
tis following raw oyster consumption. Am J Epidemiol 115:348-351.

Guzewich J, Ross MP. 1999. “Evaluation of Risks Related to Microbiological Contamination
of Ready-to-eat Food by Food Preparation Workers and the Effectiveness of Interventions
to Minimize Those Risks.” http://www.cfsan.fda.gov/~ear/rterisk.html (Accessed 11 Janu-
ary, 2000).

Hafliger D, Gilgen M, Luthy J, Hubner P. 1997. Seminested RT-PCR systems for small round
structured viruses and detection of enteric viruses in seafood. Int J Food Microbiol 37:27-
36.

Hale AD, Green J, Brown DWG. 1996. Comparison of 4 RNA extraction methods for the
detection of small round structured viruses in faecal specimens. J Virol Methods 57:195-
201.

Hale AD, Crawford SE, Ciarlet M, Green J, Gallimore C, Brown DWG, Jiang X, Estes MK.
1999. Expression and self-assembly of Grimsby virus: antigenic distinction from Norwalk
and Mexico viruses. Clin Diag Lab Immunol 6:142-145.

Halliday ML, Kang LY, Zhou TK, Hu MD, Pan QC, Fu TY, Huang YS, Hu SL. 1991. An epidem-
ic of hepatitis A attributable to the ingestion of raw clams in Shanghai, China. J Infect Dis
164:852-859.

Hardy ME. 1999. Norwalk and “Norwalk-like viruses” in epidemic gastroenteritis. Clin Lab
Med 19:675-690.

Hardy ME, Kramer SF, Treanor JJ, Estes MK. 1997. Human calicivirus genogroup II capsid
sequence diversity revealed by analyses of the prototype Snow Mountain agent. Arch Vi-
rol 142:197-202.

Hedberg CW, Osterholm MT. 1993. Outbreaks of food-borne and waterborne viral gastroen-
teritis. Clin Microbiol Rev 6:199-210.

Herrmann JE, Nowak NA, Blacklow NR. 1985. Detection of Norwalk virus in stools by en-
zyme immunoassay. J Med Virol 17:127-133.

Herrmann JE, Kent GP, Nowak NA, Brondum J, Blacklow NR. 1986. Antigen detection in the
diagnosis of Norwalk virus gastroenteritis. J Infect Dis 154:547-548.

Heun EM, Vogt RL, Hudson PJ, Parren S, Gary GW. 1987. Risk factors for secondary trans-
mission in households after a common-source outbreak of Norwalk gastroenteritis. Am J
Epidemiol 126:1181-1186.

Hirmo S, Artursson E, Puu G, Wadstrom T, Nilsson B. 1998. Characterization of Helicobacter
pylori interactions with sialylglycoconjugates using a resonant mirror biosensor. Anal Bio-
chem 257:63-66.

Honma S, Nakata S, Kinoshita-Numata K, Kogawa K, Chiba S. 2000. Evaluation of 9 sets of
PCR primers in the RNA dependent RNA polymerase region for detection and differenti-
ation of members of the family Caliciviridae, Norwalk virus and Sapporo virus. Microbi-
ol Immunol 44:411-419.

Hutin YJF, Pool V, Cramer EH, Nainan OV, Weth J, Williams IT, Goldstein ST, Gensheimer KF,
Bell BP, Shapiro CN, Alter MJ, Margolis HS. 1999. A multistate, foodborne outbreak of
hepatitis A. New Engl J Med 340:595-602.

Iversen AM, Gill M, Bartlett CLR. 1987. Two outbreaks of foodborne gastroenteritis caused
by a small round structured virus: evidence of prolonged infectivity in a food handler.
Lancet 2(8558):556-558.

Jacobs RJ, Grover SF, Meyerhoff AS, Paivanas TA. 2000. Cost effectiveness of vaccinating food
service workers against hepatitis A infection. J Food Protect 63:768-774.

Jaykus LA. 1997. Epidemiology and detection as options for control of viral and parasitic
foodborne disease. Emerg Infect Dis 3:529-539.

Jaykus LA. 2000a. Enteric viruses as “emerging” agents of foodborne disease. Irish J Agr Food
Res 39:245-255.

Jaykus LA. 2000b. Detection of human enteric viruses in foods. In: Hui YH, Sattar SA, Murrell
KD, Nip WK, Stanfield PS, editors. Foodborne disease handbook: viruses, parasites, and
HACCP, volume 2, 2nd ed. New York: Marcel Dekker, Inc. p 137-163.

Jaykus LA, Hemard MT, Sobsey MD. 1994. Human enteric pathogenic viruses. In: Hackney
CR, Pierson MD, editors. Environmental indicators and shellfish safety. New York: Chap-
man and Hall. p 92-153.

Jaykus LA, De Leon R, Sobsey MD. 1995. Development of a molecular method for the de-
tection of enteric viruses in oysters. J Food Protect 58:1357-1362.

Jaykus LA, De Leon R, Sobsey MD. 1996. A virion concentration method for detection of
human enteric viruses in oysters by PCR and oligoprobe hybridization. Appl Environ Mi-
crobiol 62:2074-2080.

Jiang X, Estes MK, Metcalf TG. 1987. Detection of hepatitis A virus by hybridization with
single-stranded RNA probes. Appl Environ Microbiol 53:2487-2495.

Jiang X, Graham DY, Wang K, Estes MK. 1990. Norwalk virus genome cloning and charac-
terization. Science 250:1580-1583.

Jiang X, Wang M, Graham DY, Estes MK. 1992. Expression, self-assembly, and antigenicity
of the Norwalk virus capsid protein. J Virol 66:6527-6532.

Jiang X, Wang M, Wang K, Estes MK. 1993. Sequence and genomic organization of Norwalk
virus. Virology 195:51-61.

Jiang X, Wang J, Estes MK. 1995. Characterization of SRSVs using RT-PCR and a new anti-
gen ELISA. Arch Virol 140:363-374.

Jiang X, Cubitt WD, Berke T, Zhong W, Dai X, Nakata S, Pickering LK, Matson DO. 1997.
Sapporo-like human caliciviruses are genetically and antigenically diverse. Arch Virol
142:1813-1827.

Jiang X, Huang PW, Zhong WM, Farkas T, Cubitt DW, Matson DO. 1999. Design and eval-

uation of a primer pair that detects both Norwalk- and Sapporo-like caliciviruses by RT-
PCR. J Virol Methods 83:145-154.

Jiang X, Wilton N, Zhong WM, Farkas T, Huang PW, Barrett E, Guerrero M, Ruiz-Palacios G,
Green KY, Green J, Hale AD, Estes MK, Pickering LK, Matson DO. 2000. Diagnosis of
human caliciviruses by use of enzyme immunoassays. J Infect Dis 181(S2):S349-359.

Kapikian AZ, Wyatt RG, Dolin R, Thornhill TS, Kalica AR, Chanock RM. 1972. Visualization
by immune electron microscopy of a 27-nm particle associated with acute infectious non-
bacterial gastroenteritis. J Virol 10:1075-1081.

Kapikian AZ, Greenberg HB, Cline WL, Kalica AR, Wyatt RG, James Jr. HD, Lloyd NL, Cha-
nock RM, Ryder RW, Kim HW. 1978. Prevalence of antibody to the Norwalk agent by a
newly developed immune adherence hemagglutination assay. J Med Virol 2:281-294.

Kapikian AZ, Chanock RM. 1990. Norwalk group of viruses. In: Fields BN, Knipe DM, Cha-
nock RM, Hirsch MS, Melnick JL, Monath TP, Roizman B, editors. Fields virology, 2nd ed.
New York: Raven Press. p 671-693.

Kapikian AZ, Estes MK, Chanock RM. 1996. Norwalk group of viruses. In: Fields BN, Knipe
DM, Howley PM, editors. Fields virology, 3rd ed. Philadelphia: Lippincott- Raven Publish-
ers. p 783-810.

Kaplan JE, Gary GW, Baron RC, Singh N, Schonberger LB, Feldman R, Greenberg HB. 1982a.
Epidemiology of Norwalk gastroenteritis and the role of Norwalk virus in outbreaks of
acute nonbacterial gastroenteritis. Ann Intern Med 96:756-761.

Kaplan JE, Feldman R, Campbell DS, Lookabaugh C, Gary GW. 1982b. The frequency of a
Norwalk-like pattern of illness in outbreaks of acute gastroenteritis. Am J Public Health
72:1329-1332.

Katzenelson E, Buium I, Shuval HI. 1976. Risk of communicable disease infection associated
with wastewater irrigation in agricultural settlements. Science 194:944-946.

Kersten G, Hazendonk T, Beuvery C. 1999. Antigenic and immunogenic properties of inac-
tivated polio vaccine made from Sabin strains. Vaccine 17:2059-2066.

Keswick BH, Satterwhite TK, Johnson PC, DuPont HL, Secor SL, Bitsura JA, Gary GW, Hoff
JC. 1985. Inactivation of Norwalk virus in drinking water by chlorine. Appl Environ Micro-
biol 50:261-264.

Kitahashi T, Tanaka T, Utagawa E. 1999. Detection of HAV, SRSV and astrovirus genomes
from native oysters in Chiba City, Japan. Kansenshogaku Zasshi 73:559:564.

Kobayashi S, Morishita T, Yamashita T, Sakae K, Nishio O, Miyake T, Ishihara Y, Isomura S.
1991. A large outbreak of gastroenteritis associated with a small round structured virus
among school children and teachers in Japan. Epidemiol Infect 107:81-86.

Kogawa K, Nakata S, Ukae S, Adachi N, Numata K, Matson DO, Estes MK, Chiba S. 1996.
Dot blot hybridization with a cDNA probe derived from the human calicivirus Sapporo
1982 strain. Arch Virol 141:1949-59.

Kohn MA, Farley TA, Ando T, Curtis M, Wilson SA, Jin Q, Monroe SS, Baron RC, McFarland
LM, Glass RI. 1995. An outbreak of Norwalk virus gastroenteritis associated with eating
raw oysters: implications for maintaining safe oyster beds. JAMA 273:466-471.

Koo K, Jaykus LA. 2000. A modified method to detect PCR products by a 5’ nuclease activ-
ity and an asymmetric fluorogenic probe set. Biotechniques 29:690-694.

Kurdziel AS, Wilkinson N, Langton S, Cook N. 2001. Survival of poliovirus on soft fruit and
salad vegetables. J Food Prot 64:706-709.

Kuritsky JN, Osterholm MT, Greenberg HB, Korlath JA, Godes JR, Hedberg CW, Forfang JC,
Kapikian AZ, McCullough JC, White KE. 1984. Norwalk gastroenteritis: a community out-
break associated with bakery product consumption. Ann Intern Med 100:519-521.

Lambden PR, Caul EO, Ashley CR, Clarke IN. 1993. Sequence and genome organization of
a human small round-structured (Norwalk-like) virus. Science 259:516-519.

Lampel KA, Orlandi PA, Kornegay L. 2000. Improved template preparation for PCR-based
assays for detection of food-borne bacterial pathogens. Appl Environ Microbiol 66:4539-
4542.

Larkin EP, Fassolitis AC. 1979. Viral heat resistance and infectious ribonucleic acid. Appl
Environ Microbiol 38:650-655.

Larson EL. 1985. Handwashing and skin physiologic and bacteriologic aspects. Infect Control
6:14-23.

Le Guyader F, Dubois E, Menard D, Pommepuy M. 1994. Detection of Hepatitis A virus,
rotavirus, and enterovirus in naturally contaminated shellfish and sediment by reverse tran-
scription-seminested PCR. Appl Environ Micrbiol 60:3665-3671.

Le Guyader F, Neill FH, Estes MK, Monroe SS, Ando T, Atmar RL. 1996a. Detection and
analysis of a small round-structured virus strain in oysters implicated in an outbreak of
acute gastroenteritis. Appl Environ Microbiol 62:4268-4272.

Le Guyader F, Estes MK, Hardy ME, Neill FH, Green J, Brown DWG, Atmar RL. 1996b. Eval-
uation of a degenerate primer for the PCR detection of human caliciviruses. Arch Virol
141:2225-2235.

Le Guyader F, Haugarreau L, Miossec L, Dubois E, Pommepuy M. 2000. Three-y study to
assess human enteric viruses in shellfish. Appl Environ Microbiol 66:3241-3248.

Lednar WM, Lemon SM, Kirkpatrick JW, Redfield RR, Fields ML, Kelley PW. 1985. Frequency
of illness associated with epidemic hepatitis A virus infections in adults. Am J Epidemiol
122:226-233.

Lees D. 2000. Viruses and bivalve shellfish. Int J Food Microbiol 59:81-116.
Lees DN, Henshilwood K, Green J, Gallimore CI, Brown DWG. 1995. Detection of small

round structured viruses in shellfish by reverse transcription-PCR. Appl Environ Microbi-
ol 61:4418-4424.

Leggitt PR. 1998. Development of methods to purify and concentrate human enteric virus-
es from representative food commodities for detection by reverse transcription-polymerase
chain reaction (RT-PCR) and oligoprobe hybridization (OP) [MS thesis]. Raleigh, NC: North
Carolina State Univ.

Leggitt PR, Jaykus LA. 2000. Detection methods for human enteric viruses in representative
foods. J Food Protect 63:1738-1744.

Leite JP, Ando T, Noel JS, Jiang B, Humphrey CD, Lew JF, Green KY, Glass RI, Monroe SS.
1996. Characterization of Toronto virus capsid protein expressed in baculovirus. Arch Virol
141:865-875.

Lemon SM, Binn LN, Marchwicki RH. 1983. Radioimmunofocus assay for quantitation of
hepatitis A virus in cell cultures. J Clin Microbiol 17:834-839.

Leoni E, Bevini C, Degli Esposti S, Graziano A. 1998. An outbreak of intrafamiliar hepatitis
A associated with clam consumption: epidemic transmission to a school community. Eur
J Epidemiol 14:187-192.

Letterman RD. 1999. Water quality and treatment: A handbook of community water supplies.
5th ed. New York: American Water Works Association, McGraw-Hill.

Levett PN, Gu M, Luan B, Fearon M, Stubberfield J, Jamieson F, Petric M. 1996. Longitudi-

Foodborne diseases…



88 COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY—Vol. 1, 2002

CRFSFS: Comprehensive Reviews in Food Science and Food Safety

nal study of molecular epidemiology of small round-structured viruses in a pediatric pop-
ulation. J Clin Microbiol 34:1497-1501.

Lew JF, Kapikian AZ, Valdesuso J, Green KY. 1994a. Molecular characterization of Hawaii
virus and other Norwalk-like viruses: evidence for genetic polymorphism among human
caliciviruses. J Infect Dis 170:535-542.

Lew JF, Kapikian AZ, Jiang X, Estes MK, Green KY. 1994b. Molecular characterization and
expression of the capsid protein of a Norwalk-like virus recovered from a Desert Shield
troop with gastroenteritis. Virology 200:319-325.

Lewis D, Ando T, Humphrey CD, Monroe SS, Glass RI. 1995. Use of solid-phase immune
electron microscopy for classification of Norwalk-like viruses into 6 antigenic groups from
10 outbreaks of gastroenteritis in the United States. J Clin Microbiol 33:501-504.

Lo SV, Connolly AM, Palmer SR, Wright D, Thomas PD, Joynson D. 1994. The role of the pre-
symptomatic food handler in a common source outbreak of food-borne SRSV gastroenteri-
tis in a group of hospitals. Epidemiol Infect 113:513-521.

Lopez-Sabater EI, Deng MY, Cliver DO. 1997. Magnetic immunoseparation PCR assay
(MIPA) for detection of hepatitis A virus (HAV) in American oyster (Crassostrea virginica).
Letters in Appl Microbiol 24:101-104.

Maguire AJ, Green J, Brown DG, Desselberger U, Gray JJ. 1999. Molecular epidemiology of
outbreaks of gastroenteritis associated with small round-structured viruses in East Anglia,
United Kingdom, during the 1996-1997 season. J Clin Microbiol 37:81-89.

Mallett JC, Beghian LE, Metcalf TG, Kaylor JD. 1991. Potential of irradiation technology for
improved shellfish sanitation. J Food Safety 11:231-245.

Malmqvist M. 1993. Biospecific interaction analysis using biosensor technology. Nature.
361:186-187.

Mandrell RE, Wachtel MR. 1999. Novel detection techniques for human pathogens that
contaminate poultry. Curr Opin Biotechnol 10:273-278.

Margolin AB, Richardson KJ, DeLeon R, Gerba CP. 1989. Application of gene probes to the
detection of enteroviruses in water. In: Larson RA, editor. Biohazards of drinking water
treatment. Chelsea: Lewis Publishers. 265-270.

Marks PJ, Vipond IB, Carlisle D, Deakin D, Fey RE, Caul EO. 2000. Evidence for airborne
transmission of Norwalk-like virus (NLV) in a hotel restaurant. Epidemiol Infect 124:481-
487.

Martell M, Gomez J, Esteban JI, Sauleda S, Quer J, Cabot B, Esteban R, Guardia J. 1999.
High-throughput real-time reverse transcription-PCR quantitation of hepatitis C virus RNA.
J Clin Microbiol 37:327-332.

Matson DO, Zhong WM, Nakata S, Numata K, Jiang X, Pickering LK, Chiba S, Estes MK.
1995. Molecular characterization of a human calicivirus with sequence relationships clos-
er to animal caliciviruses. J Med Virol 45:215-222.

Mbithi JN, Springthorpe VS, Sattar SA. 1990. Chemical disinfection of hepatitis A virus on
environmental surfaces. Appl Environ Microbiol 56:3601-3604.

Mbithi JN, Springthorpe VS, Sattar SA. 1991. Effect of relative humidity and air temperature
on survival of hepatitis A virus on environmental surfaces. Appl Environ Microbiol
57:1394-1399.

Mbithi JN, Springthorpe VS, Boulet JR, Sattar SA. 1992. Survival of hepatitis A virus on hu-
man hands and its transfer on contact with animate and inanimate surfaces. J Clin Micro-
biol 30:757-763.

Mbithi JN, Springthorpe VS, Sattar SA. 1993. Comparative in vivo efficiencies of hand-wash-
ing agents against hepatitis A virus (HM-175) and poliovirus type 1 (Sabin). Appl Environ
Microbiol 59:3463-3469.

McCarthy M, Estes MK, Hyams KC. 2000. Norwalk-like virus infection in military forces:
epidemic potential, sporadic disease, and the future direction of prevention and control
efforts. J Infect Dis 181(S2):S387-391.

McDermott BM, Rux AH, Eisenberg RJ, Cohen GH, Racaniello VR. 2000. Two distinct bind-
ing affinities of poliovirus for its cellular receptor. J Biol Chem 275:23089-23096.

McKillip JL, Drake M. 2000. Molecular beacon polymerase chain reaction detection of Es-
cherichia coli O157:H7 in milk. J Food Prot 63:855-859.

Mead PS, Slutsker L, Dietz V, McCaig LF, Bresee JS, Shapiro C, Griffin PM, Tauxe RV. 1999.
Food-related illness and death in the United States. Emer Infect Dis 5:607-625.

Mehnert DU, Stewien KE. 1993. Detection and distribution of rotavirus in raw sewage and
creeks in Sao Paolo, Brazil. Appl Environ Microbiol 59:140-143.

Mele A, Stroffolini T, Palumbo F, Gallo G, Ragni P, Balocchini E, Tosti ME, Corona R, Marzo-
lini A, Moiraghi A. 1997. Incidence of and risk factors for hepatitis A in Italy: public health
indications from a 10-y surveillance. J Hepatol 26:743-747.

Meschke JS, Sobsey MD. 1998. Comparative adsorption of Norwalk virus, poliovirus 1 and
F+ RNA coliphage MS2 to soils suspended in treated wastewater. Water Sci Technol
38:187-189.

Metcalf TG, Melnick JL, Estes MK. 1995. Environmental virology: from detection of virus in
sewage and water by isolation to identification by molecular biology – a trip of over 50 y.
Annu Rev Microbiol 49:461-487.

Moe CL, Gentsch J, Ando T, Grohmann G, Monroe SS, Jiang X, Wang J, Estes MK, Seto Y,
Humphrey C, Stine S, Glass RI. 1994. Application of PCR to detect Norwalk virus in fecal
specimens from outbreaks of gastroenteritis. J Clin Microbiol 32:642-648.

Moe CL, Rhodes D, Pusek S, Tseng F, Heizer W, Kapoor C, Gilliam B, Harb M, Stewart P,
Miller S, Sobsey M, Herrmann J, Blacklow N, Calderon R. 1998. Determination of Norwalk
virus dose-response in human volunteers [abstract]. In: Abstracts of the 98th Annual
Meeting of the American Society for Microbiology; May 1998; Atlanta, GA. Nr C-384

Monroe SS, Stine SE, Jiang X, Estes MK, Glass RI. 1993. Detection of antibody to recom-
binant Norwalk virus antigen in specimens from outbreaks of gastroenteritis. J Clin
Microbiol 31:2866-2872.

Monroe, S.S. 1999. Personal Communication.
Morse DL, Guzewich JJ, Hanrahan HP, Stricof R, Shayegani M, Deibel R, Grabau J, Nowak

NA, Herrman JE, Cukor G, Blacklow NR. 1986. Widespread outbreaks of clam and oyster-
associated gastroenteritis-role of Norwalk virus. New Eng J Med 314:678-681.

Muir P, Kammerer U, Korn K, Mulders MN, Poyry T, Weissbrich B, Kandolf R, Cleator GM,
van Loon AM. 1998. Molecular typing of enteroviruses: current status and future require-
ments. Clin Microbiol Rev 11:202-227.

Murphy AM, Grohmann GS, Christopher RJ, Lopez WA, Davey GR, Millsom RH. 1979. An
Australia-wide outbreak of gastroenteritis from oysters caused by Norwalk virus. Med J Aust
2:329-333.

Nakata S, Honma S, Numata K, Kogawa K, Ukae S, Adachi N, Jiang X, Estes MK, Gatheru Z,
Tukei PM, Chiba S. 1998. Prevalence of human calicivirus infections in Kenya as deter-
mined by enzyme immunoassays for 3 genogroups of the virus. J Clin Microbiol 36:3160-

3163.
Niu MT, Polish LB, Robertson BH, Khanna BK, Woodruff BA, Shapiro CN, Miller MA, Smith

JD, Gedrose JK, Alter MJ, Margolis HS. 1992. Multistate outbreak of hepatitis A associat-
ed with frozen strawberries. J Infect Dis 166:518-524.

Noel JS, Ando T, Leite JP, Green KY, Dingle KE, Estes MK, Seto Y, Monroe SS, Glass RI. 1997.
Correlation of patient immune responses with genetically characterized small round-struc-
tured viruses involved in outbreaks of nonbacterial acute gastroenteritis in the United
States, 1990-1995. J Med Virol 53:372-383.

Norton DM, Batt CA. 1999. Detection of viable Listeria monocytogenes with a 5’ nuclease
PCR assay. Appl Environ Microbiol 65:2122-2127.

Numata K, Nakata S, Jiang X, Estes MK, Chiba S. 1994. Epidemiological study of Norwalk
virus infections in Japan and Southeast Asia by enzyme-linked immunosorbent assays with
Norwalk virus capsid protein produced by the baculovirus expression system. J Clin Mi-
crobiol 32:121-126.

Numata K, Hardy ME, Nakata S, Chiba S, Estes MK. 1997. Molecular characterization of
morphologically typical human calicivirus Sapporo. Arch Virol 142:1537-1552.

Oberst RD, Hays MP, Bohra LK, Phebus RK, Yamashiro CT, Paszko-Kolva C, Flood SJA,
Sargeant JM, Gillespie JR. 1998. PCR-based DNA amplification and presumptive detection
of Escherichia coli O157:H7 with an internal fluorogenic probe and the 5’ nuclease (Taq-
man) assay. Appl Environ Micro 64:3389-3396.

Oishi I, Yamazaki K, Kimoto T, Minekawa Y, Utagawa E, Tamazaki S, Inouye S, Grohmann GS,
Monroe SS, Stine SE. 1994. A large outbreak of acute gastroenteritis associated with astro-
virus among students and teachers in Osaka, Japan. J Infect Dis 170:439-443.

Okhuysen PC, Jiang X, Ye L, Johnson PC, Estes MK. 1995. Viral shedding and fecal IgA re-
sponse after Norwalk virus infection. J Infect Dis 171:566-569.

Organon Teknika Corp. 1999. NucliSens basic kit application manual. Organon Teknika
Corp., Durham, NC.

Otsu R. 1999. Outbreaks of gastroenteritis caused by SRSVs from 1987 to 1992 in Kyushu,
Japan: 4 outbreaks associated with oyster consumption. Eur J Epidemiol 15:175-180.

Parashar UD, Dow L, Fankhauser RL, Humphrey CD, Miller J, Ando T, Williams KS, Eddy CR,
Noel JS, Ingram T, Bresee JS, Monroe SS, Glass RI. 1998. An outbreak of viral gastroenteritis
associated with consumption of sandwiches: implications for the control of transmission
by food handlers. Epidemiol Infect 121:615-621.

Parker SP, Cubitt WD, Jiang X, Estes MK. 1993. Efficacy of a recombinant Norwalk virus pro-
tein enzyme immunoassay for the diagnosis of infections with Norwalk virus and other
human “candidate” caliciviruses. J Med Virol 41:179-184.

Parker SP, Cubitt WD. 1994. Measurement of IgA responses following Norwalk virus infec-
tion and other human caliciviruses using a recombinant Norwalk virus protein EIA. Epide-
miol Infect 113:143-152.

Parker SP, Cubitt WD, Jiang X, Estes MK. 1994. Seroprevalence studies using a recombinant
Norwalk virus protein enzyme immunoassay. J Med Virol 42:146-150.

Parry JV, Perry KR, Panday S, Mortimer PP. 1989. Diagnosis of hepatitis A and B by testing
saliva. J Med Virol 28:255-260.

Patterson W, Haswell P, Fryers PT, Green J. 1997. Outbreak of small round structured virus
gastroenteritis arose after kitchen assistant vomited. Commun Dis Rep 7(7):R101-3.

Pease AC, Solas D, Sullivan EJ, Cronin MT, Holmes CP, Fodor SPA. 1994. Light-generated
oligonucleotide arrays for rapid DNA sequence analysis. Proc Natl Acad Sci USA.
91:5022-5026.

Pether JVS, Caul EO. 1983. An outbreak of food-borne gastroenteritis in 2 hospitals associ-
ated with a Norwalk-like virus. J Hyg Camb 91:343-350.

Pina S, Puig M, Lucena F, Jofre J, Girones R. 1998. Viral pollution in the environment and in
shellfish: human adenovirus detection by PCR as an index of human viruses. Appl Environ
Microbiol 64:3376-3382.

Pirtle EC, Beran GW. 1991. Virus survival in the environment. Rev Sci Tech 10:733-748.
Ponka A, Maunula L, von Bonsdorff CH, Lyytikainen O. 1999. An outbreak of calicivirus

associated with consumption of frozen raspberries Epidemiol Infect 123:469-474.
Power UF, Collins JK. 1989. Differential depuration of poliovirus, Escherichia coli, and a

coliphage by the common mussel, Mytilus edulis. Appl Environ Microbiol 55:1386-1390.
Power UF, Collins JK. 1990. Tissue distribution of a coliphage and Escherichia coli in mus-

sels after contamination and depuration. Appl Environ Micorbiol 56:803-807.
Pyun JC, Beutel H, Meyer JU, Ruf HH. 1998. Development of a biosensor for E. coli based

on a flexural plate wave (FPW) transducer. Biosens Bioelectron 13:839-845.
Restaino L, Wind CE. 1990. Antimicrobial effectiveness of hand washing for food establish-

ments. Dairy Food Environ Sanit 10:136-141.
Richards GP. 1985. Outbreaks of shellfish-associated enteric virus illness in the United States:

requisite for development of viral guidelines. J Food Protect 48:815-823.
Richards GP. 1999. Limitations of molecular biological techniques for assessing the virolog-

ical safety of foods. J Food Protect 62:691-697.
Rodgers FG. 1981. Concentration of viruses in faecal samples from patients with gastroen-

teritis. In: Goddard M, Buttler M, editors. Viruses and wastewater treatment. New York:
Pergamon Press. p 15-18.

Rosenblum LS, Mirkin IR, Allen DT, Safford S, Hadler SC. 1990. A multifocal outbreak of
hepatitis A traced to commercially distributed lettuce. Am J Public Health 80:1075-1079.

Rossen L, Norskov P, Holmstrom K, Rasmussen OF. 1992. Inhibition of PCR by components
of food samples, microbial diagnostic assays and DNA-extraction solutions. Int J Food
Microbiol 17:37-45.

Sattar SA, Lloyd-Evans N, Springthorpe VS. 1986. Institutional outbreaks of rotavirus diar-
rhoea: potential role of fomites and environmental surfaces as vehicles for virus transmis-
sion. J Hyg Camb 96:277-289.

Sattar SA, Springthorpe VS. 1996. Transmission of viral infections through animate and inan-
imate surfaces and infection control through chemical disinfection. In: Hurst CJ, editor.
Modeling disease transmission and its prevention by disinfection. Cambridge, MA: Cam-
bridge Univ. Press. p 224-257.

Schmidt NJ, Ho HH, Riggs JL, Lennette RH. 1978. Comparative sensitivity of various cell
culture systems for isolation of viruses from wastewater and fecal samples. Appl Environ
Microbiol 36:480-486.

Schwab KJ, De Leon R, Sobsey MD. 1996. Immunoaffinity concentration and purification of
waterborne enteric virus for detection by reverse transcriptase PCR. Appl Environ Micro-
biol 62:2086-2094.

Schwab KJ, Estes MK, Neill FH, Atmar RL. 1997. Use of heat release and an internal RNA
standard control in reverse transcription-PCR detection of Norwalk virus from stool sam-
ples. J Clin Microbiol 35:511-514.



Vol. 1, 2002—COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY 89

Foodborne diseases…

Schwab KJ, Neill FH, Estes MK, Metcalf TG, Atmar RL. 1998. Distribution of Norwalk virus
within shellfish following bioaccumulation and subsequent depuration by detection using
RT-PCR. J Food Protect 61:1674-1680.

Schwab KJ, Neill FH, Fankhauser RL, Daniels NA, Monroe SS, Bergmire-Sweat DA, Estes MK,
Atmar RL. 2000. Development of methods to detect “Norwalk-like viruses” (NLVs) and
hepatitis A virus in delicatessen foods: application to a food-borne NLV outbreak. Appl
Environ Microbiol 66:213-218.

Schwab KJ, Neill FH, Le Guyader F, Estes MK, Atmar RL. 2001. Development of a reverse
transcription-PCR-DNA enzyme immunoassay for detection of “Norwalk-like” viruses and
hepatitis A virus in stool and shellfish. Appl Environ Microbiol 67:742-749.

Sharma VK, Dean-Nystrom EA, Casey TA. 1999. Semi-automated fluorogenic PCR assays
(TaqMan) for rapid detection of Escherichia coli O157:H7 and other Shiga toxigenic E. coli.
Mol Cell Probes 13:291-302.

Sharma VK, Carlson SA. 2000. Simultaneous detection of Salmonella strains and Escherichia
coli 0157:H7 with fluorogenic PCR and single-enrichment-broth culture. Appl Environ
Microbiol 66:5472-5476.

Shieh YC, Baric RS, Sobsey MD, Ticehurst J, Meile TA, De Leon R, Walter R. 1991. Detection
of hepatitis A virus and other enteroviruses in water by ssRNA probes. J Virol Methods
31:119-136.

Shieh YC, Calci KR, Baric RS. 1999. A method to detect low levels of enteric viruses in con-
taminated oysters. Appl Environ Microbiol 65:4709-4714.

Shieh YC, Monroe SS, Fankhauser RL, Langlois GW, Burkhardt III W, Baric RS. 2000. Detec-
tion of Norwalk-like virus in shellfish implicated in illness. J Infect Dis 181(S2):S360-366.

Slomka MJ, Appleton H. 1998. Feline calicivirus as a model system for heat inactivation stud-
ies of small round structured viruses in shellfish. Epidemiol Infect 121:401-407.

Sobsey MD. 1985. Development of hepatitis A virus infectivity assay for Eastern oysters. Fi-
nal Contract Report No. NA-83-GA-C-00032. Charleston, S.C.: Nathional Marine Fisher-
ies Service.

Sobsey MD. 1987. Methods for recovering viruses from shellfish, seawater, and sediments.
In: Berg G, editor. Methods for recovering viruses from the environment. Boca Raton:
CRC Press. 77-108.

Sobsey MD, Carrick RJ, Jensen HR. 1978. Improved methods for detecting enteric viruses in
oysters. Appl Environ Microbiol 36:121-128.

Sockett PN, West PA, Jacob M. 1985. Shellfish and public health. PHLS Microbiol Digest
2:29-35.

Springthorpe S, Sattar S. 1998. Handwashing: what can we learn from recent research? In-
fect Control Today 2:20-28.

Stafford R, Strain D, Heymer M, Smith C, Trent M, Beard J. 1997. An outbreak of Norwalk
virus gastroenteritis following consumption of oysters. Commun Dis Intell 21:317-320.

Stolle A, Sperner B. 1997. Viral infections transmitted by food of animal origin: the present
situation in the European Union. Arch Virol Suppl 13:219-228.

Straub TM, Pepper IL, Gerba CP. 1994. Detection of naturally occurring enteroviruses and
hepatitis A in undigested and anaerobically digested sludge using the polymerase chain
reaction. Can J Microbiol 40:884-888.

Stuart JM, Majeed FA, Cartwright KAV, Room R, Parry JV, Perry KR, Begg NT. 1992. Salivary
antibody testing in a school outbreak of hepatitis A. Epidemiol Infect 109:161-166.

Sugieda M, Nakajima K, Nakajima S. 1996. Outbreaks of Norwalk-like virus-associated
gastroenteritis traced to shellfish: coexistence of 2 genotypes in 1 specimen. Epidemiol
Infect 116:339-346.

Sundkvist T, Hamilton GR, Hourihan BM, Hart IJ. 2000. Outbreak of hepatitis A spread by
contaminated drinking glasses in a public house. Commun Dis Public Health 3:60-62.

Svensson L. 2000. Diagnosis of foodborne viral infections in patients. Int J Food Microbiol
59:117-126.

Tacket CO, Mason HS, Losonsky G, Estes MK, Levine MM, Arntzen CJ. 2000. Human im-
mune response to a novel Norwalk virus vaccine delivered in transgenic potatoes. J Infect
Dis 182:302-305.

Tauxe RV. 1997. Emerging foodborne diseases: an evolving public health challenge. Emerg
Inf Dis 3:425-434.

Tierney JT, Larkin EP. 1978. Potential sources of error during virus thermal inactivation. Appl
Environ Microbiol 36:432-437.

Tierney JT, Sullivan R, Peeler JT, Larkin EP. 1982. Persistence of polioviruses in shellstock and
shucked oysters stored at refrigeration temperature. J Food Prot 45:1135-1137.

Treanor JJ, Jiang X, Madore HP, Estes MK. 1993. Subclass-specific serum antibody responses
to recombinant Norwalk virus capsid antigen (rNV) in adults infected with Norwalk,
Snow Mountain, or Hawaii virus. J Clin Microbiol 31:1630-1634.

Tsai Y-L, Tran B, Palmer CJ. 1995. Analysis of viral RNA persistence in seawater by reverse
transcriptase-PCR. Appl Environ Microbiol 61:363-366.

Tyagi S, Kramer FR. 1996. Molecular beacons: probes that fluoresce upon hybridization.
Nature Biotech 14:303-308.

U.S. Environmental Protection Agency (EPA), Office of Water. 1999. Guidance Manual, Al-

terntive Disinfectants and Oxidants. Chapter 2, Disinfectant Use in Water. EPA 815-R-99-
014.

U.S. Environmental Protection Agency (EPA), Office of Water. 2001. Current Drinking Wa-
ter Standards. http://www.epa.gov/safewater/mcl.html.

U.S. Public Health Service, Food and Drug Administration, Food Code, 1999. Springfield,
VA: National Technology Information Service. Chapter 3:43.

van Hal NL, Vorst O, van Houwelingen AM, Kok EJ, Peijnenburg A, Aharoni A, van Tunen AJ,
Keijer J. 2000. The application of DNA microarrays in gene expression analysis. J Bio-
technology 78:271-280.

van Regenmortel MHV, Fauquet CM, Bishop DHL. 2000. Virus Taxonomy: Classification and
Nomenclature of Viruses. Academic Press, San Diego, CA. pp. 725-739.

Vinje J, Koopmans MP. 1996. Molecular detection and epidemiology of small round-struc-
tured viruses in outbreaks of gastroenteritis in the Netherlands. J Infect Dis 174:610-615.

Vinje J, Koopmans MP. 2000. Simultaneous detection and genotyping of “Norwalk-like vi-
ruses” by oligonucleotide array in a reverse line blot hybridization format. J Clin Microbiol
38:2595-2601.

Wallis PM, Lehmann DL, MacMillan DA, Buchanan-Mappin JM. 1984. Sludge application
to land compared with a pasture and a hayfield: reduction of biological health hazard over
time. J Environ Qual 13:645-650.

Wang J, Jiang X, Madore HP, Gray J, Desselberger U, Ando T, Seto Y, Oishi I, Lew JF, Green
KY, Estes MK. 1994. Sequence diversity of small, round-structured viruses in the Norwalk
virus group. J Virol 68:5982-5990.

White KE, Osterholm MT, Mariotti JA, Korlath JA, Lawrence DH, Ristinen TL, Greenberg HB.
1986. A foodborne outbreak of Norwalk virus gastroenteritis. Am J Epidemiol 124:120-
126.

White LJ, Ball JM, Hardy ME, Tanaka TN, Kitamoto N, Estes MK. 1996. Attachment and en-
try of recombinant Norwalk virus capsids to cultured human and animal cell lines. J Virol
70:6589-6597.

Wilde J, Eiden J, Yolken R. 1990. Removal of inhibitory substances from human fecal spec-
imens for detection of group A rotaviruses by reverse transcriptase and polymerase chain
reactions. J Clin Microbiol 28:1300-1307.

Wilson IG. 1997. Inhibition and facilitation of nucleic acid amplification. Appl Environ
Microbiol 63:3741-3751.

Winn WC. 1999. Enterically transmitted hepatitis. Hepatitis A and E viruses. Clin Lab Med
19:661-673.

Witham PK, Yamashiro CT, Livak KJ, Batt CA. 1996. A PCR-based assay for the detection of
Escherichia coli shiga-like toxin genes in ground beef. Appl Environ Micrbiol 62:1347-
1353.

Wolfaardt M, Taylor MB, Booysen HF, Engelbrecht L, Grabow WO, Jiang X. 1997. Incidence
of human calicivirus and rotavirus infection in patients with gastroenteritis in South Afri-
ca. J Med Virol 51:290-296.

Zammatteo N, Jeanmart L, Hamels S, Courtois S, Louette P, Hevesi L, Remacle J. 2000. Com-
parison between different strategies of covalent attachment of DNA to glass surfaces to
build DNA microarrays. Anal Biochem 280:143-150.

Zhou YJ, Estes MK, Jiang X, Metcalf TG. 1991. Concentration and detection of hepatitis A
virus and rotavirus from shellfish by hybridization tests. Appl Environ Microbiol 57:2963-
2968.

Zhou C, Pivarnik P, Rand AG, Letcher SV. 1998. Acoustic standing-wave enhancement of a
fiber-optic Salmonella biosensor. Biosens Bioelectron 13:495-500.

MS 20010312

The authors gratefully acknowledge the USDA-CSREES National Needs Fellowship Program in Food
and Agricultural Sciences for support of A.I. Sair and the USDA-CSREES National Research Initia-
tive Competitive Grants Program, Ensuring Food Safety Division (98-35201-62161). This manu-
script is paper number FSR 01-18 in the Journal Series of the Dept. of Food Science, North Carolina
State Univ., Raleigh, NC. The use of trade names in this publication does not imply endorsement by
the North Carolina Agricultural Research Service nor criticism of similar ones not mentioned.

The authors are with the Dept. of Food Science, College of Agriculture and
Life Sciences, North Carolina State Univ., Raleigh, North Carolina. Direct
inquiries to Dr. Lee-Ann Jaykus, N.C. State Univ., Dept. of Food Science,

Box 7624, Raleigh, NC 27695-7624, email: leeann_jaykus@ncsu.edu


