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Preface

Viral contamination of food and water represents a significant threat to
human health. The cases of viral food borne outbreaks are on the rise partly
because of increases in population, scarcity of clean water, and changes in
eating habits. Outbreaks attributed to toxic, fungal, parasitic, and bacterial
agents are very well known and characterized because we have known about
these diseases for a long time and have developed appropriate methods to
investigate and track them. Methods to investigate viral food borne diseases,
on the other hand, have only recently begun to be developed. One reason
for the lack of these methods is that the number of viruses present in food
is too small to be detected by methods used in clinical virology, although low
levels of viral contamination can still cause infection in a susceptible host.
Another problem is that two of the most important food borne viruses either
do not grow in cell cultures (norovirus) or grow poorly in primary isolation
(hepatitis A virus). However, with the advent of molecular diagnostic
methods, the role of viruses in food borne disease outbreaks is beginning to
be understood.

Shellfish, fresh produce, and ready-to-eat foods are especially vulnerable
to viral contamination. Although viral disease outbreaks associated with
shellfish have been known to occur for decades, non-shellfish foods have only
recently been implicated in several large outbreaks. In fact, the incidence of
produce-associated outbreaks has increased in recent years because the con-
sumption of such foods has increased due to health reasons and because
produce is often imported from areas lacking in strict hygienic measures.
Because of their very nature, fresh produce and ready-to-eat foods are more
likely to contribute to the disease burden because they are often eaten
uncooked, thereby eliminating the added safety factor provided by cooking
and because they often come in contact with potentially contaminated water,
ice, human hands, and surfaces from farm-to-table continuum. Even a single
contamination event can result in widespread outbreaks as was demon-
strated by the raspberry-associated outbreaks that occurred simultaneously
in several countries. In addition, food is also subject to intentional contami-
nation with highly infectious pathogens including viruses such as smallpox
virus, filoviruses, arenaviruses, and alphaviruses.

A number of books are available on food borne disease outbreaks but
none on the role of viruses in such outbreaks. Viruses in Foods was written
to fill that gap. A team of international scientists has contributed material for
this volume.We hope that the book serves a useful purpose, howsoever small,
in the prevention and control of viral food borne outbreaks.

Sagar M. Goyal
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CHAPTER 1

Food Virology: Past, Present, and Future
Charles P. Gerba

Food was first recognized as a vehicle for the transmission of viruses in 1914
when a raw milk–associated outbreak of poliomyelitis was reported (Jubb,
1915). Additional milk-borne outbreaks were recognized after this time, but
with the development of a vaccine for poliovirus, no outbreaks were reported
in the developed world after the early 1950s (Sattar and Tetro, 2001).
However, in the mid-1950s, hepatitis A transmission by shellfish was first
reported in Sweden (Roos, 1956) and then in the United States (Mason and
McLean, 1962). Later, food-borne outbreaks of nonbacterial gastroenteritis
were recognized, although a specific viral agent could not be isolated in vitro.
For the next two decades, the study of food-borne viruses centered on virus
transmission by shellfish and potential risks from the use of reclaimed waste-
water for irrigation of food crops.

In the 1990s, molecular methods became available for the detection of
difficult to cultivable or noncultivable viruses, which led to the realization
that viruses are the leading cause of food-borne illness in the developed
world (Bresee et al., 2002; Koopmans and Duizer, 2004). Although any virus
capable of transmission by the fecal-oral route can be transmitted by foods,
human caliciviruses (noroviruses and sapoviruses) are believed to be the
major cause. Mead et al. (1999) estimated that 76 million cases of food-borne
illness occur in the United States each year and that viruses cause an esti-
mated 67% of these. They also estimated number of cases per year of cali-
civirus gastroenteritis at 23,000,000, or 40% of all cases (Mead et al., 1999).
The number of documented food-borne virus outbreaks is believed to be on
the increase worldwide (Koopmans et al., 2002). This trend will likely con-
tinue for a number of reasons as discussed in the next paragraph.

Persons that will experience more serious illness and greater chance of
mortality from infectious disease are on the increase in the United States
(Gerba et al., 1996).These include young children, pregnant individuals, older
people, and immunocompromised individuals (cancer and organ transplant
patients). This group currently represents almost 25% of the population in
the United States and is expected to grow as the population ages. Persons in
nursing homes are 100 times more likely to die of a rotavirus infection than
the general population (Gerba et al., 1996). Enteric adenovirus 40 and 41,
which appear to rarely cause disease in adults, can result in mortalities of
50% to 69% in immunosuppressed cancer and organ transplant patients
(Hierholzer, 1992).

Increased consumption of foods traditionally eaten raw and globaliza-
tion of international trade have increased the risks of viral contamination of
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foods. Much of the produce consumed in the developed world now origi-
nates from less developed countries where sanitation and hygiene are 
not adequate. Recent outbreaks of hepatitis A and norovirus from foods
imported to the United States and Europe demonstrate the importance of
international trade in aiding the transmission of viral diseases (Dentinger 
et al., 2001).An increase in the reported number of produce-associated food-
borne outbreaks corresponds with the increased consumption of fresh fruit
and vegetables and the expanded geographical sources and distribution of
these products during the past two decades (Sivapalasingam et al., 2004).
Produce-associated outbreaks have increased from 0.7% of all outbreaks in
the 1970s to more than 6% in the 1990s in the United States. From 1990 to
2002, produce was second only to seafood in the total number of outbreaks
documented, and in the same period the number of cases of produce-
associated illnesses was almost equal to those reported for all of beef,
poultry, and seafood combined (Center for Science in the Public Interest,
2002). The development of molecular methods has shown us how important
food is in the transmission of viruses. We are now able to detect viruses,
which cannot be grown in cell culture and can track their origin with molec-
ular fingerprinting.

Until recently, it was thought that food-borne enteric viruses could only
originate from humans and hence their transmission was limited to contam-
inated food handlers, cross-contamination of food, and contamination by
water. However, several recent outbreaks of hepatitis E virus have demon-
strated that it is a zoonotic virus capable of transmission by consumption of
raw or lightly cooked meat products (Mishiro, 2004;Tei et al., 2004).The close
relationship between human norovirus and some animal caliciviruses, such
as those found in calves, suggests that interspecies transmission to humans
may be possible (Koopmans et al., 2002). In addition, there are several other
animal viruses that have demonstrated an ability to cross species barriers and
have the potential to become involved in human disease. These include coro-
navirus of severe acute respiratory syndrome (SARS), influenza virus, pico-
birnaviruses, toroviruses, parvoviruses, bornaviruses, and pestivirus.

The fundamental problem with regard to the detection of viruses in food
is the presence of low numbers of highly infectious viruses, which requires
sampling of large volumes of food to assess the risk of infection. Ingestion
of even one virus particle has a significant probability of causing an infec-
tion. In contrast, bacteria require ingestion of thousands of cells to have the
same probability of infection. In addition, viruses have to be extracted or
removed from food before amplification in cell culture or detection by
molecular methods.This is necessary to reduce the assay volume and remove
substances that are toxic to cell cultures or interfere with detection by molec-
ular methods. This limits the sensitivity of viral assays and makes it a more
difficult and costly process as compared with the detection of food-borne
bacteria. Fortunately, in the case of produce contamination, it is most likely
to occur on the surface by contaminated irrigation water, improper handling,
or cross-contamination. Uptake of human viruses by roots and into the
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ingested part of produce seems an unlikely or rare event. However, in the
case of shellfish, internal structures of the animal become contaminated cre-
ating additional difficulties in the recovery of the virus.

The application of polymerase chain reaction (PCR) assay has been a
major advance in our ability to detect viruses in foods. However, removal of
interfering substances, small assay volumes, and determination of infectivity
are areas that still require much improvement before full advantage of this
technology can be realized by food virologists. With the development of this
technology comes the question:What do we do with it? We can use it to inves-
tigate outbreaks, demonstrate the virus in the implicated food(s), and track
sources of contamination. In addition, we can test the effectiveness of the
treatment processes or evaluate strategies to reduce exposure of foods to
viral contamination. Beyond this, we may be limited by the sensitivity of the
methods and what they can tell us about the safety of the food and the risk
of viral illness.

Because low numbers of viruses are usually present in a food supply, we
cannot sample large volumes of food like we have been able to do with water.
Even with drinking water, the sampling of untreated water is done to esti-
mate the risk of infection after treatment, because even low concentrations
of virus (1 infectious virus in 100,000L) are capable of causing a risk of infec-
tion of 1 : 10,000 per year if the water is consumed (Regli et al., 1991). This
is where hazard analysis of critical control points (HACCP) comes into play.
As our knowledge expands on viral contamination of foods, we need to iden-
tify how and where virus contamination of foods occur.

We obviously need a much greater understanding of viral contamination
by water used in irrigation and processing. Controlling contamination by
food handlers may be very difficult because of asymptomatic infections. It is
currently unclear what proportion of food-borne infections can be attributed
to workers in different parts of the food chain. It is important that HACCP
systems be used to identify risks and help identify gaps in knowledge 
(Koopmans et al., 2002). Koopmans and Duizer (2004) noted that although
infected food handlers at the end of the food chain are implicated in most
outbreaks, contamination can occur anywhere (e.g., seasonal workers picking
berries, sick individuals harvesting oysters, and recreational activities on
lakes used for irrigation of crops, etc.).

Given the recent recognition of the significance of viruses in food-borne
disease and the development of methods for virus detection, it appears that
food virology as a field is poised to rapidly grow in the coming years.

REFERENCES

Bresee, J. S., Widdowson, M. A., Monroe, S. S., and Glass, R. I., 2002, Foodborne viral
gastroenteritis: challenges and opportunities. Clin. Infect. Dis. 35:748–753.

Center for Science in the Public Interest, 2002, Outbreak Alert. CSPI, Washington,
DC.

Food Virology 3



Dentinger C., Bower, W. A., Nainan, O. V., Cotter, S. M., Myers, G., Dubusky, L. M.,
Fowler, S., Salehi, E. D., and Bell, B. P., 2001, An outbreak of hepatitis A associ-
ated with green onions. J. Infect. Dis. 183:1273–1276.

Gerba, C. P., Rose, J. B., and Haas, C. N., 1996, Sensitive populations: who is at the
greatest risk? Int. J. Food Microbiol. 30:113–123.

Hierholzer, J. C., 1992, Adenoviruses in the immuncompromised host. Clin. Micro-
biol. Rev. 5:262–274.

Jubb, G., 1915, The outbreak of epidemic poliomyelitis at West Kirby. Lancet 167.
Koopmans, M., and Duizer, E., 2004, Foodborne viruses: an emerging problem. Int. J.

Food Microbiol. 90:23–41.
Koopmans, M., von Bonsdorff, C. H., Vinje, J., de Medici, D., and Monroe, S., 2002,

Foodborne viruses. FEMS Microbiol. Rev. 26:187–205.
Mason, J. O., and McLean, W. R., 1962, Infectious hepatitis traced to the consumption

of raw oysters: an epidemiologic study. Am. J. Hyg. 75:90–111.
Mead, P. S., Slutsker, L., Dietz, V., McCaig, L. F., Bresee, J. S., Shapiro, C., Griffin,

P. M., and Tauxe, R. V., 1999, Food-related illness and death in the United States.
Emerg. Infect. Dis. 5:607–625.

Mishiro, S., 2004, Recent topics on hepatitis E virus: emerging, zoonotic, animal-to-
human transmission in Japan. Uirusu 54:243–248.

Regli, S., Rose, J. B., Haas, C. N., and Gerba, C. P., 1991, Modeling the risk from Giardia
and viruses in drinking water. J. Am. Water Works Assoc. 83:473–479.

Roos, B., 1956, Hepatitis epidemic conveyed by oysters. Svensk Lakartidn 53:989–
1003.

Sattar, S. A., and Tetro, J. A., 2001, Other foodborne viruses, in: Foodborne Disease
Handbook, 2nd ed., vol. 2 (Y. H. Hui, S. A. Sattar, K. D. Murrell, W. K. Nip, and
P. S. Stantfield, eds.), Marcel Dekker, New York, pp. 127–163.

Sivapalasingam, S., Friedman, C. R., Cohen, L., and Tauxe, R. V., 2004, Fresh produce:
a growing cause of outbreaks of foodborne illness in the United States, 1973
through 1997. J. Food Protect. 67:2342–2353.

Tei, S., Kitajima, N., Ohara, S., Inoue, Y., Miki, M., Yamatani, T., Yamabe, H., Mishiro,
S., and Kinoshita, Y., 2004, Consumption of uncooked deer meat as a risk factor
for hepatitis E virus infection: an age- and sex-matched case-control study. J. Med.
Virol. 74:67–70.

4 C.P. Gerba



CHAPTER 2

Human and Animal Viruses in Food
(Including Taxonomy of Enteric Viruses)

Gail E. Greening

1.0. INTRODUCTION

In recent years, there has been an increase in the incidence of food-borne
diseases worldwide, with viruses now recognized as a major cause of these
illnesses.The viruses implicated in food-borne disease are the enteric viruses,
which are found in the human gut, excreted in human feces, and transmitted
by the fecal-oral route. Many different viruses are found in the gut, but not
all are recognized as food-borne pathogens. The enteric viral pathogens
found in human feces include noroviruses (previously known as Norwalk-
like viruses), enteroviruses, adenoviruses, hepatitis A virus (HAV), hepatitis
E virus (HEV), rotaviruses, and astroviruses, most of which have been 
associated with food-borne disease outbreaks. Noroviruses are the major
group identified in food-borne outbreaks of gastroenteritis, but other human-
derived and possibly animal-derived viruses can also be transmitted 
via food.

The diseases caused by enteric viruses fall into three main types: gas-
troenteritis, enterically transmitted hepatitis, and illnesses that can affect
other parts of the body such as the eye, the respiratory system, and the cen-
tral nervous system including conjunctivitis, poliomyelitis, meningitis, and
encephalitis. Four of the enteric viruses—noroviruses, HAV, rotaviruses, and
astroviruses—are included in the thirteen major food-borne pathogens iden-
tified by the Centers for Disease Control and Prevention (CDC) (Mead 
et al., 1999). These four viruses are reported to comprise 80% of all food-
borne illnesses in the United States, with noroviruses by far the greatest 
contributor at an estimated 23 million cases per year (Mead et al., 1999).

All enteric viruses except the adenoviruses contain RNA rather than
DNA, have a protein capsid protecting the nucleic acid, and are nonen-
veloped. In the environment and in food, the enteric viruses are inert parti-
cles and do not replicate or metabolize because, like all viruses, they are
obligate pathogens and require living cells to multiply. Many of the enteric
viruses such as astroviruses, enteric adenoviruses, HAV, and rotaviruses are
fastidious in their in vitro growth requirements but can still be grown in cell
cultures. Noroviruses, on the other hand, do not grow in vitro, and no animal
model exists for the human noroviruses yet. For many years, the lack of a
culture system limited investigations focusing on the role of noroviruses 
in food-borne disease, although progress is now being made after the in
vitro culture of a mouse norovirus (Wobus et al., 2004). Cell cultures are 
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generally used for the analysis of culturable viruses. Using culture methods,
infectious viruses can be identified through their ability to produce changes
in inoculated cells (cytopathic effects or CPE) or through expression of viral
antigens that may be detected serologically. The advantage of culture-based
methodology is that it can be either quantitative or qualitative and produces
unambiguous results with respect to virus presence and infectivity.

Until the introduction of molecular methods, enteric viruses were mainly
identified by electron microscopy (EM) including solid-phase immune elec-
tron microscopy (SPIEM). The SPIEM is more sensitive than direct EM
because, in the presence of specific antibodies, the virus particles are coated
with specific antibody and aggregated together, making them more easily dis-
tinguishable from the background matrix. Many of the “small round viruses,”
which include astroviruses, noroviruses, sapoviruses, and parvoviruses, were
first discovered through the use of EM.

Molecular methods are now the most commonly used techniques for the
identification of enteric viruses in foods, but other methods are also avail-
able for virus detection in human specimens. Identification of enteric viruses 
can also be carried out by enzyme-linked immunosorbent assay (ELISA),
radioimmunoassay (RIA), and, for the culturable viruses, culture-PCR, which
is a combination of cell culture and polymerase chain reaction (PCR)
methods. The latter technique detects only the infectious virus and is prefer-
able to direct PCR, which currently detects both infectious and noninfectious
viruses.

Enteric viruses are generally resistant to environmental stressors, includ-
ing heat and acid. Most resist freezing and drying and are stable in the pres-
ence of lipid solvents. It is not clear whether pasteurization at 60°C for 
30min inactivates all enteric viruses. Many enteric viruses show resistance to
ultrahigh hydrostatic pressure, which is now being widely used as a novel
food-processing treatment for shellfish, jams, jellies, and dairy products
(Wilkinson et al., 2001; Kingsley et al., 2002).The resistance of enteric viruses
to environmental stressors allows them to resist both the acidic environment
of the mammalian gut and also the proteolytic and alkaline activity of the
duodenum so that they are able to pass through these regions and colonize
the lower digestive tract. These properties also allow survival of enteric
viruses in acidic, marinated, and pickled foods; frozen foods; and lightly
cooked foods such as shellfish. Most enteric viruses are believed to have a
low infectious dose of 10–100 particles or possibly even less. Hence, although
they do not multiply in food, enough infectious virions may survive in food,
be consumed, and cause disease.

Enteric viruses have been shown to retain infectivity in shellfish and in
fresh, estuarine, and marine waters for several weeks at 4°C (Jaykus et al.,
1994; Scientific Committee on Veterinary Measures relating to Public Health,
2002). The length of virus survival appears to be temperature dependent and
is inversely related to increased temperature.The enteric viruses may survive
longer if attached to particulate matter or sediments, where they can present
a greater potential risk to human health (Jaykus et al., 1994).
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Most viruses causing food-borne disease are of human origin, and the
source of viral contamination generally originates from human fecal mate-
rial. Viral contamination of foods can occur pre- or postharvest at any stage
in the food harvesting, processing, and distribution chain. The key factors
influencing the risk of contamination of fresh produce are water quality, field-
worker hygiene, and food-handler hygiene. Thus, sewage contamination and
poor hygiene practices play a major role in the contamination process.

The globalization of the food supply means that the source of fresh
produce may not always be known and the quality may not always be con-
trolled. Although it is presumed that fresh produce is “clean, green, and
healthy,” it may not be so, especially when it is imported from countries
where general hygiene practices do not meet international standards. This
knowledge, combined with a number of outbreaks associated with contami-
nated fresh produce, has led to consumer suspicion of imported foods in
many countries.

The opportunities for both pre- and postharvest viral contamination are
numerous.The quality of the growing waters is important for shellfish quality.
Preharvest virus contamination occurs when filter-feeding bivalve shellfish
grow in waters contaminated with sewage or fecal material. Shellfish filter
between 4 and 20L of water every hour, sieving out and accumulating food
particles, including bacteria, viruses, and heavy metals. Feeding rates depend
on water temperature and salinity and availability of food and particulate
matter. Bacteria and viruses become trapped in the mucus of the gills, which
is then pushed into the digestive gland where viruses appear to concentrate.
Shellfish can accumulate high concentrations of viruses within a few hours
when surrounding waters contain sufficient levels of virus, so that concen-
trations in shellfish may be 100 to 1,000 times greater than the surrounding
waters.

Virus uptake varies between shellfish species and also between individu-
als. In winter, the shellfish are physiologically less active and so do not accu-
mulate or remove viruses as fast as in the warmer seasons. In clean waters,
shellfish depurate or cleanse themselves of bacteria and particulate matter.
However, some studies have shown that depuration does not remove viruses
efficiently, and there is no correlation between the removal of bacteria and
viruses (Lees, 2000). This was demonstrated in a large hepatitis A outbreak
in Australia where oysters were depurated for 36hr before consumption but
still retained infectious HAV (Conaty et al., 2000).

Fresh produce may have been irrigated or washed in water containing
human fecal material or handled by field workers or food handlers with poor
hygiene practices. In such situations, the produce may be contaminated with
disease-causing enteric viruses. Foods at the greatest risk of virus contami-
nation at the preharvest stage are shellfish, soft berry fruits, herbs, and salad
greens. Foods at risk from contamination by food handlers include a wide
range of foods that are subjected to much handling and are subsequently
consumed cold or uncooked. These include bread and bakery goods, lightly
cooked or raw shellfish, sandwiches, salads, herbs, fresh fruits, cold meats, and
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cold desserts. It is probable that the current trend for the consumption of raw
or lightly cooked ready-to-eat (RTE) foods, especially salads and sandwiches,
has increased the risk of food-borne viral disease. Poor food handling was
shown to be a key risk factor in the transmission of noroviruses and
rotaviruses in The Netherlands (de Wit et al., 2003).

All food-borne viruses are transmitted by the fecal-oral route and are
generally host specific for humans, although animal strains of the same virus
may also exist. Viruses are frequently host specific, preferring to grow in the
tissue of one species rather than a range of species. Both animal and human
strains exist in all of the enteric viral genera. A key question still to be
answered is whether animal viruses can infect humans and vice versa. The
pathogenic strains of astrovirus, adenovirus, and enterovirus that infect
animals appear to be distinct from those that infect humans. Thus, although
noroviruses have been isolated from animal feces, so far they have not been
implicated in human disease (Sugeida et al., 1998; van der Poel et al., 2000;
Oliver et al., 2003).

Zoonotic infections are generally not transmitted by food. However, the
risk of zoonotic viral disease from meat products contaminated with animal
viruses has been identified in some countries; tick-borne encephalitis virus
(TBE) and hepatitis E virus (HEV) being two examples. HEV is possibly the
first virus reported to cause zoonotic food-borne viral disease (Tei et al.,
2003). Nonviral infectious proteinaceous agents, or prions, that cause diseases
such as bovine spongiform encephalopathy (BSE), scrapie, and Creutzfeldt-
Jakob disease, also transmit disease from animals to man via the food-borne
route but are not discussed in this chapter.

As a result of the advances in methodology for detection of viruses in
foods, the extent and role of viruses in food borne viruses have been clari-
fied in recent years. The development of new molecular methods, including 
real-time PCR–based methods, for the detection of nonculturable or difficult
to culture viruses has shown their frequent presence in the environment 
and in foods, especially shellfish. These methods have also allowed investi-
gation of virus responses to environmental stressors and have contributed 
to increased knowledge of enteric virus behavior in foods and in the 
environment.

2.0. HEPATITIS A VIRUS

2.1. Distribution and Transmission
Several different viruses cause hepatitis but only two, HAV and HEV, are
transmitted by the fecal-oral route and are listed as “Severe Hazards” in
Appendix V of the U.S. Food and Drug Administration’s Food Code (Cliver,
1997). The hepatitis viruses are so named because they infect the liver, rather
than sharing phylogenetic or morphological similarities, and each of the five
different hepatitis viruses is classified in a distinct viral family. HAV causes
hepatitis A, a severe food and waterborne disease that was formerly known
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as infectious hepatitis or jaundice. The virus is primarily transmitted by the
fecal-oral route but can also be transmitted by person-to-person contact.
Hepatitis A infection occurs worldwide and is especially common in devel-
oping countries where more than 90% of children have been reported to be
infected by 6 years of age (Cliver, 1997; Cromeans et al., 2001). The infection
is often asymptomatic in children.

In recent years, the incidence of hepatitis A infection in many countries
has decreased as sewage treatment and hygiene practices have improved, but
this has also led to an overall lowering of immunity in these populations with
consequent increase in susceptibility to the disease. As a result, there is an
increasing risk of contracting hepatitis A infection from fresh foods imported
from regions of the world where HAV is endemic and general hygiene stan-
dards are poor. Hepatitis A is a serious food-borne infection and hence is a
notifiable disease in most of the developed countries. This means that accu-
rate data on its occurrence are recorded in these countries. In the United
States, hepatitis A is reported as the most common cause of hepatitis with a
reported death rate of 0.3%. However, the actual incidence of hepatitis A is
assumed to be 10 times that of the reported cases. Between 1980 and 2001,
the CDC was notified of an average of 25,000 cases/year, but when correc-
tions were made to the data, the average case numbers were estimated to be
approximately 260,000 per year (Fiore, 2004).

No seasonal distribution of HAV has been observed, with infection occur-
ring throughout the year, but the disease has been reported to have a cyclic
occurrence in endemic areas. This cyclic pattern has been observed in the
United States, particularly among low socioeconomic, Native American, and
Hispanic populations, with large increases in hepatitis A infections occurring
approximately every 10 years. However, the main transmission route is prob-
ably from person to person rather than being food-borne (Cromeans et al.,
2001; Fiore, 2004).

2.2. Taxonomy and Morphology
HAV is a 27- to 32-nm, nonenveloped, positive-sense, single-stranded RNA
virus with a 7.5-kb genome, icosahedral capsid symmetry, and a buoyant
density in cesium chloride of 1.33–1.34g/ml. The virus is classified in the
Picornaviridae family in its own distinct genus, Hepatovirus (Table 2.1) but
was formerly classified in the Enterovirus genus as Enterovirus 72. It has a
structure similar to that of other picornaviruses. There is one species,
HAV, with two strains or biotypes: human HAV and simian HAV. These two
distinct strains are phylogenetically distinct and have different preferred
hosts. Human HAV infects all species of primates including humans, chim-
panzees, owl monkeys, and marmosets, whereas simian HAV infects green
monkeys and cynomolgus monkeys. Seven genotypes have been recognized,
of which four infect humans and the remaining three infect nonhuman 
primates.

Unlike many RNA viruses, the genome of HAV is highly conserved, with
an average variation of only 1–4%, but there are two groups within the genus
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that show diversity of 10% and up to 25% (Cromeans et al., 2001). HAV has
been classified into seven genotypes based on sequence analysis of the VP1
and VP3 genes that code for surface proteins (Robertson et al., 1991, 1992).
Characterization of these genotypes has been useful in outbreak investiga-
tions for tracing infection sources, and strains within these genotypes have
shown more than 85% genetic similarity (Niu et al., 1992; Cromeans et al.,
2001).

2.3. Growth and Biological Properties
HAV can be cultured in several different primate cell lines including African
green monkey kidney cells (BSC-1), fetal rhesus monkey kidney cells
(FRhK-4 and FRhK-6), and human fibroblasts (HF), but wild-type strains
are difficult to culture and generally do not produce CPE in cell cultures.
Immunofluorescence is often used for detection of HAV antigen in infected
cells because of the lack of CPE. The virus is usually slow-growing and the
yield in cell cultures is lower as compared with most other picornaviruses.
Consequently, it is difficult to identify the virus in clinical, food, or environ-
mental sources by culture alone. Under normal conditions, the virus requires
3 weeks for in vitro growth. Laboratory-adapted strains such as HM 175 are
able to produce CPE and so have been used extensively in research studies.
These viruses require less time for in vitro growth and produce visible CPE
or plaques. Molecular techniques, including culture-PCR, have become 
the method of choice for detection of virus in nonhuman samples, whereas
clinical diagnosis is usually based on the patient’s immune response. HAV
antigens are conserved and antibodies are generated against a single 
antigenic site composed of amino acid residues of VP3 and VP1 proteins on
the virus surface.

HAV is very stable, showing high resistance to chemical and physical
agents such as drying, heat, low pH, and solvents, and has been shown to
survive in the environment, including seawater and marine sediments, for
more than 3 months (Sobsey et al., 1988). The virus retains integrity and
infectivity after 60-min incubation at 60°C and is only partially inactivated
after 10–12hr at 56°C. The heat resistance of HAV is reported to be greater
in foods and shellfish. After heating in a can for 19min at 60°C, HAV inoc-
ulated into oysters was not fully inactivated. Under refrigeration and freez-
ing conditions, the virus remains intact and infectious for several years. It is
also resistant to drying, remaining infectious for more than 1 month at 25°C
and 42% humidity, and shows even greater resistance at low humidity and
low temperatures.

Although HAV infectivity decreased by 2 to 5 log10 after exposure to 70%
alcohol for 3min and 60min at 25°C, it was resistant to several preservatives
and solvents including chloroform, Freon, Arklone, and 20% ether and was
not inactivated by 300mg/L perchloroacetic acid or 1g/L chloramine at 20°C
for 15min (Hollinger and Emerson, 2001) . The virus is stable at pH 1.0 and
survives acid marination at pH 3.75 in mussels for at least 4 weeks (Hollinger
and Emerson, 2001; Hewitt and Greening, 2004). Gamma irradiation is not



effective for inactivation of HAV on fresh fruits and vegetables, but the virus
does appear to be inactivated by high hydrostatic pressure. Hydrostatic 
pressure, now used as an isothermal preservation method for perishable
foods, inactivated HAV after 5-min exposure at 450MPa (Kingsley et al.,
2002). Overall HAV exhibits greater resistance to stressors than other 
picornaviruses.

2.4. Infection and Disease
HAV infects the epithelial cells of small intestine and hepatocytes, causing
elevation of liver enzymes and inflammation of the liver. The cytotoxic T-cell
immune response destroys infected liver cells, releasing the virus particles
into the bile duct from where they are excreted in the feces. The virus is
believed to initially enter the liver via the bloodstream, and it is not clear if
intestinal replication occurs.

The virus has an incubation period of 2 to 6 weeks with an average of 
28 days. Initially the symptoms are nonspecific and include fever, headache,
fatigue, anorexia, dark urine, light stools, and nausea and vomiting with occa-
sional diarrhea. One to 2 weeks later, characteristic symptoms of hepatitis
such as viremia and jaundice appear. Peak infectivity occurs in 2 weeks pre-
ceding the onset of jaundice, and the virus is present in the blood at 2 to 4
weeks. The HAV is shed in large numbers (>106 particles/g) in feces from the
latter 2 weeks of the incubation period for up to 5 weeks. Jaundice is usually
evident from week 4 to 7 and virus shedding generally continues throughout
this period. Diagnosis is based on the detection of anti-HAV IgM antibody,
which can be detected before the onset of symptoms and becomes unde-
tectable within 6 months of recovery. Acute hepatitis is usually self-limiting,
but overall debility lasting several weeks is common and relapses may occur.

The HAV has not been associated with development of chronic liver
disease, but on rare occasions fulminant disease that results in death may
occur. Because the onset of symptoms occurs several weeks after infection,
it is rare to have the suspected food available for analysis. A killed vaccine
that provides long-lasting immunity has been commercially available since
1995 and is commonly given to travelers at high risk. This vaccine could be
used in the food industry to immunize food workers to reduce the risk of
food contamination by workers.

2.5. Food-borne Disease
HAV has been associated with many outbreaks of food-borne disease. Con-
tamination generally occurs either preharvest or during food handling.There
are a number of documented outbreaks of disease resulting from consump-
tion of HAV-contaminated shellfish, the largest of which occurred in China
in 1988 when approximately 300,000 people were infected after consumption
of partially cooked, HAV-contaminated clams harvested from a growing area
impacted by raw sewage (Halliday et al., 1991). A few of the shellfish-
associated outbreaks include oysters in Australia (Conaty et al., 2000),
oysters in Brazil (Coelho et al., 2003), mussels in Italy (Croci et al., 2000),
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and clams in Spain (Bosch et al., 2001). In most of these outbreaks, sewage
was generally the source of pollution.

Contamination of shellfish with HAV is still common in Italy, Spain, and
other European countries. Preharvest contamination of fruits and vegetables,
including strawberries (Niu et al., 1992), raspberries (Reid and Robinson,
1987; Ramsay and Upton, 1989), blueberries (Calder et al., 2003), lettuce
(Pebody et al., 1998), and green onions (CDC, 2003) has also been reported
and has resulted in outbreaks of disease in countries such as Finland and
New Zealand, where populations have low or no immunity to the disease
(Pebody et al., 1998; Calder et al., 2003).The source of contamination in these
outbreaks was reported to be either infected fruit-pickers or contaminated
irrigation waters.

The other main source of HAV infection is from food handlers and food
processors. Because HAV is shed before symptoms become apparent and
>106 infectious virus particles can be excreted per gram of feces, HAV-
infected produce harvesters and food handlers, without knowing, can become
a source of contamination. In areas with poor hygiene practices, this can
present a risk to human health. Food-borne outbreaks of HAV are relatively
uncommon in developing countries where there are high levels of immunity
in the local population, but tourists in these regions can be susceptible if they
are not vaccinated.

3.0. HEPATITIS E VIRUS

3.1. Distribution and Transmission
HEV is believed to be a major etiologic agent of enterically transmitted non-
A, non-B hepatitis in humans worldwide (Emerson and Purcell, 2003). The
virus is transmitted by the fecal-oral route and occurs widely in Asia, north-
ern Africa, and Latin America, including Mexico, where waterborne out-
breaks are common. Although originally it was believed that HEV did not
occur in industrialized countries, in recent years it has been identified in
Europe, Australasia, and the United States. However, it rarely is a cause of
overt disease in these countries (Clemente-Casares et al., 2003; Emerson and
Purcell, 2003). The virus has been isolated from raw sewage in Spain, France,
Greece, Italy, Austria, and the United States (Jothikumar et al., 1993; Pina 
et al., 1998). Transmission is generally via fecally contaminated water, and
evidence for food-borne transmission has not been definitively documented.
Epidemics and sporadic cases of HEV are responsible for the majority of
enterically transmitted acute hepatitis in regions where HEV is considered
endemic. Antibodies to HEV have been detected in many animal species,
which has led to a discussion on the possible zoonotic aspect of HEV.

3.2. Taxonomy and Morphology
HEV was first isolated and identified by Balayan et al. (1983) in acute and
convalescent specimens collected from a case of non-A, non-B hepatitis. It
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is a 32- to 34-nm, nonenveloped, positive-sense, single-stranded RNA virus
with a linear genome of 7.2kb (Table 2.1). The capsid symmetry is icosa-
hedral, and the buoyant density in potassium tartrate–glycerol gradient is
1.29g/ml. HEV was originally classified in the Caliciviridae because of simi-
larities in structural morphology and genome organization. The virus was
then reclassified in the family Togaviridae because of similarities between the
replicative enzymes of HEV and the togaviruses. However, the current Inter-
national Committee on Taxonomy of Viruses (ICTV) classification places
HEV under a new family, Hepeviridae, genus Hepevirus (van Regenmortel
et al., 2000). Two HEV serotypes and four major HEV genotypes have been
identified based on nucleotide and protein sequencing. Genotype 1 includes
Asian and African strains, genotype 2 includes a Mexican strain, genotype 3
includes United States swine and human strains, and genotype 4 includes
strains from China, Japan, and Taiwan (Emerson and Purcell, 2003).

3.3. Growth and Biological Properties
Although there are reports describing culture of HEV, none have shown sus-
tained replication with production of virus particles, and there is no recog-
nized culture system for the virus. HEV is generally identified by molecular
methods.The inability to grow the virus has hampered research on the ability
of this virus to survive in the environment.

3.4. Infection and Disease
As is the case with HAV, HEV produces an acute disease with generally 
mild symptoms. Although the disease can be quite severe in some cases, it is
usually self-limiting and does not progress to a carrier or chronic state. The
virus infects the liver and produces symptoms of hepatitis after a 22–60 day
incubation period. Symptoms may include viremia, nausea, dark urine, and
general malaise. The virus is excreted in bile and feces from 2 weeks before
the elevation of liver enzymes and continues until the enzyme levels return
to normal. Identification and diagnosis is generally by detection of IgM and
IgG responses in patients’ sera to recombinant HEV protein antigens or by
molecular assays to identify the virus in feces or sera. In general, the mor-
tality rate from hepatitis E infections is about 1% but may reach as high as
17–30% in pregnant women (Cromeans et al., 2001; Emerson and Purcell,
2003). The major mode of transmission appears to be contaminated water.
Secondary person-to-person transmission has been estimated at 0.7–8.0%
and is relatively uncommon (Cromeans et al., 2001).

3.5. Food-borne Disease
Food-borne outbreaks of HEV are the most common in developing coun-
tries with inadequate environmental sanitation. Large waterborne outbreaks
have also been reported in Asian countries (Cromeans et al., 2001; Emerson
and Purcell, 2003). HEV was not thought to be endemic in developed coun-
tries, and the first reported human cases of acute hepatitis E in the United
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States were attributed to travel in HEV-endemic countries. In 1997, however,
HEV was isolated from a U.S. resident with hepatitis with no history of travel.
Simultaneously, the virus was also identified in domestic swine (Meng et al.,
1997; Schlauder et al., 1998) and has now been documented in humans and
swine in many other countries including Argentina, Australia, Austria,
Canada, Germany, Greece, Japan, Korea, The Netherlands, New Zealand,
Spain, and Taiwan (Clemente-Casares et al., 2003). The waterborne trans-
mission route has been proved, and there have been reports of possible food-
borne outbreaks in China, but corroborating evidence is lacking. There has
been no evidence of HEV transmission via seafood.

3.6. Zoonotic Transmission
The HEV has been isolated from swine in several countries where hepatitis
E in humans is rare, including Spain, New Zealand, The Netherlands, Japan,
and Canada (Emerson and Purcell, 2003).The reservoirs of infection for HEV
are unknown, but the virus has been isolated from the feces of a wide range
of domestic animals. Recent reports from Japan show that the virus may be
transmitted to humans by close contact with infected swine or from the con-
sumption of contaminated raw or undercooked pork, wild boar liver, and deer
meat (Tei et al., 2003; Yazaki et al., 2003). The most convincing evidence of
zoonotic transmission to date is a recent report in which consumption of raw
deer meat by a Japanese family was implicated in the transmission of HEV
(Tei et al., 2003). In another study,Tei et al. (2004) investigated the risks asso-
ciated with consumption of uncooked deer meat in a case control study and
found that, in the area studied, eating uncooked deer meat was a risk factor.

Meng et al. (2002) found that veterinarians and people working with pigs
were more likely to have antibodies to HEV. The isolation of a swine HEV
that cross-reacts with an antibody to the capsid antigen of human HEV pro-
vides additional evidence for a zoonotic transmission route (Meng et al.,
1997). Nonhuman primates can also be infected by swine HEV; inoculation
of rhesus monkeys with swine HEV led to seroconversion, fecal shedding of
virus, viremia, and development of a mild acute hepatitis with slight eleva-
tion in liver enzymes. Similar studies in chimpanzees also resulted in sero-
conversion and fecal shedding of virus but not viremia or hepatitis (Meng 
et al., 1998). These findings suggest that swine HEV may infect humans and
that swine could be a zoonotic reservoir for HEV.

HEV is shed in the feces and bile of swine for 3–5 weeks after infection
(Halbur et al., 2001). The excretion of HEV in feces of infected pigs could
lead to the spread of HEV in the environment and increase the potential for
zoonotic transmission. Similarly, fecal contamination of runoff waters from
pig farms or from lands on which untreated pig manure has been spread
could contaminate irrigation and surface waters with subsequent HEV con-
tamination of fruits, vegetables, and shellfish. Although there is increasing
evidence of the zoonotic transmission of HEV, the risk factors are still largely
unknown.

Human and  Animal  Viruses  in  Food 15



4.0. NOROVIRUS AND SAPOVIRUS

4.1. Distribution and Transmission
Noroviruses, previously known as small round structured viruses (SRSVs)
and Norwalk-like viruses (NLVs), are now the most widely recognized 
viral agents associated with food-borne and waterborne outbreaks of 
nonbacterial gastroenteritis and probably the most common cause of food-
borne disease worldwide. These viruses cause epidemic viral gastroenteritis
resulting in large outbreaks.The prototype norovirus, Norwalk virus, was first
discovered by Kapikian et al. (1972) after an outbreak of gastroenteritis in a
school in Norwalk, Ohio. Immune electron microscopy was used to examine
feces from volunteers who consumed fecal filtrates from infected cases
(Dolin et al., 1971; Kapikian et al., 1972). At that time, most cases of gas-
troenteritis that could not be attributed to a bacterial agent were termed
acute nonbacterial gastroenteritis. The discovery of Norwalk virus provided
the first evidence of a viral etiology for human diarrheal disease. Despite this
discovery, noroviruses remained largely unrecognized until about 15 years
ago because their detection was technically difficult and because the illness
is generally mild and short-lived and is not reportable to public health
authorities.

Noroviruses are primarily transmitted through the fecal-oral route, by
consumption of fecally contaminated food or water, or by direct person-to-
person spread. Secondary spread may also occur by airborne transmission.
Outbreaks commonly occur in closed community situations such as rest
homes, schools, camps, hospitals, resorts, and cruise ships and where the food
and water sources are shared. Because norovirus infections are not notifi-
able, the total burden of disease is not known and is generally grossly under-
reported (Mead et al., 1999; Wheeler et al., 1999). However, some of the
disease burden is recorded through the notification of gastroenteritis out-
breaks to the public health disease surveillance systems in many developed
countries. It has been estimated that noroviruses are responsible for approx-
imately 60% of food-borne disease in the United States, including more than
9 million cases, 33% of hospitalizations, and 7% of deaths related to food-
borne disease each year (Mead et al., 1999). Fankhauser et al. (2002) found
that 93% of 284 nonbacterial gastroenteritis outbreaks in the United States
were due to norovirus, and in 57% of these, contaminated food was the
vehicle of infection.The majority of viral gastroenteritis outbreaks in Europe
have been attributed to noroviruses, where they were reported to be respon-
sible for more than 85% of nonbacterial gastroenteritis outbreaks between
1995 and 2000 (Lopman et al., 2003).

The sapoviruses, formerly described as the “Sapporo-like viruses,” or
SLVs, also belong to the Caliciviridae family and cause gastroenteritis 
among both children and adults, although association with food-borne trans-
mission is rare.The sapoviruses are most commonly associated with pediatric
disease in infants, and transmission is more likely to be from person to
person.
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Figure 2.1. Electron micrographs of human enteric viruses. Negative staining.
(a) Baculovirus-expressed recombinant Norwalk virus-like particles (VLPs);
(b) rotavirus; (c) adenovirus.



4.2. Taxonomy and Morphology
There are four genera in the Caliciviridae family: Norovirus and Sapovirus,
which are both human pathogens, and Lagovirus and Vesivirus, which infect
animals and are not known to be pathogenic for humans. The Norwalk-
like viruses and the Sapporo-like viruses were renamed as Norovirus and
Sapovirus in August 2002 by the ICTV (van Regenmortel et al., 2000). The
noroviruses do not show the characteristic cup-shaped morphology of cali-
civiruses but instead show a “fuzzy” or ragged appearance by direct electron
microscopy, which is why they were classified as a distinct group until 1995
(Fig. 2.1a). Sapoviruses have a morphological appearance more typical of the
caliciviruses, with distinct cup-shaped indentations on the surface of the
virions.

The noroviruses are 28- to 35-nm, nonenveloped, linear, positive-sense,
single-stranded RNA viruses with a genome of approximately 7.6kb and
icosahedral capsid symmetry (Table 2.1).The buoyant density in cesium chlo-
ride gradient is 1.36–1.41g/ml. The genome is composed of three open
reading frames (ORFs), which code for the nonstructural proteins including
the RNA polymerase (ORF1), the capsid protein (ORF2), and a minor struc-
tural protein (ORF3).

There is a single species, norovirus, which has seven designated strains:
Norwalk virus, Snow Mountain virus, Hawaii virus, Southampton virus,
Lordsdale virus, Mexico virus, Desert Shield virus, and one tentative species,
swine calicivirus, listed in the ICTV database. Noroviruses have a defined
nomenclature whereby strains are named after the geographic location of 
the outbreak from which they were first identified. A number of distinct
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genogroups and genotypes have been characterized based on DNA sequenc-
ing of PCR products from the RNA polymerase region in ORF1 (Ando 
et al., 1995). Sequencing of the genetically variable capsid gene (ORF2) has
produced further strain discrimination and recognition of additional geno-
types (Fankhauser et al., 2002; Green et al., 2000; Vinje et al., 2004). Cur-
rently, four norovirus genogroups (GI, GII, GIII, GIV, and GV) have been
identified, and these are subdivided into at least 15 genetic clusters (Ando 
et al., 2000). Genogroup III includes the bovine enteric caliciviruses, includ-
ing the Jena and Newbury agents, which are genetically closer to noroviruses
than other known caliciviruses (Fig. 2.2). Genogroup V includes the recently
identified murine norovirus, MNV-1.

The sapoviruses are 28- to 35-nm, nonenveloped, positive-sense, single-
stranded RNA viruses with a genome of approximately 7.6kb and ico-
sahedral capsid symmetry (Table 2.1) and exhibit the properties of the
Caliciviridae. They are small round viruses with a morphology similar to 
that of noroviruses by EM. The ICTV (van Regenmortel et al., 2000) lists 
six species of Sapovirus all named according to their first identification:
Houston/86, Houston/90, London 29845, Manchester virus, Parkville virus,
and Sapporo virus. The sapoviruses are genetically more similar to the
members of the Lagovirus genus (rabbit calicivirus) than to those in the
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Figure 2.2. Dendrogram showing genetic relationships of norovirus sequences in a
172-bp region of the polymerase gene (region B) of the genome. References
sequences from Genbank and CDC Calicinet database. Norovirus strains
represented are Norwalk virus M87661, Chiba virus AB022679, Southampton virus
L07418, Desert Shield virus U04469, Hesse virus AF093797, Jena virus AJ011099,
Hawaii virus U07611, Snow Mountain virus L23831, Melksham virus X818879,
Mexico virus U22498, Lordsdale virus X86557, White river virus AF414423,
Gwynedd virus AF414409, Ft. Lauderdale virus AF414426, GI/5 AF414406, GII/6
AF414407, and GII/8 AY054299. Dendrogram created by unweighted pair-group
method using arithmetic averages (UPGMA).



Norovirus genus.Three genogroups (I, II, and III) have been identified based
on sequence analysis (van Regenmortel et al., 2000, Schuffenecker et al.,
2001). These viruses are reported to be genetically more similar to animal
caliciviruses than the noroviruses (Matson et al., 1995).

4.3. Growth and Biological Properties
Most information on the biology and properties of noroviruses has been
obtained through human volunteer studies in the 1970s (Dolin et al., 1971,
1972; Green et al., 2001). Human noroviruses are nonculturable, and until
recently no animal model had been identified. Inoculation of chimpanzees
with Norwalk virus elicited immune responses but no symptoms developed
and no virus was shed in feces (Wyatt et al., 1978). Sustained attempts have
been made to culture human noroviruses over the past 10–15 years but
without success. More than 26 different cell lines combined with many varied
cell culture supplements and growth conditions have been evaluated, but no
norovirus-induced CPE or replicating norovirus was obtained (Duizer et al.,
2004). Noroviruses have now been identified that infect animals, including
pigs, cattle, and mice, and progress in this field is now being made with the
growth of a mouse norovirus in artificial culture (Wobus et al., 2004). This
culture system will help to discover more about human noroviruses and their
mechanisms of pathogenicity. The infected mice develop gastroenteritis, and
so this discovery holds potential as a future model for human norovirus
disease.

Prior to the development of molecular methods, there was limited knowl-
edge about these viruses because their identification was difficult. The inabil-
ity to culture noroviruses coupled with the problems associated with
identification of the virus by EM restricted their detection for many years.
Noroviruses are difficult to identify by direct EM in fecal samples and foods
because of their small size and the nature of the background matrices.
Immune electron microscopy (IEM) is frequently used to improve the 
sensitivity of detection, but the antibody coating can mask the appearance
of the virus. The development of assays such as reverse transcription-
polymerase chain reaction (RT-PCR) has facilitated the detection and iden-
tification of these viruses, and consequently the role of noroviruses in gas-
troenteritis outbreaks has been clarified. Noroviruses show great genetic
diversity, which has complicated their identification by molecular assays. To
date, none of the numerous norovirus primer sets designed have been able
to detect 100% of known norovirus strains, but some sets have been found
to be more sensitive and have a broader detection range than others (Vinje
et al., 2003).

The lack of a culture system for noroviruses has hindered the develop-
ment of traditional immunological and serological detection assays because
it is not possible to cultivate sufficient noroviruses in vitro to generate anti-
gen for antibody production. Recently, advances in routine detection of
noroviruses have been made with the development of commercially avail-
able ELISA assays.These assays use monoclonal antibodies prepared against
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recombinant norovirus capsid proteins generated in a baculovirus expression
system. The norovirus capsid proteins are also known as virus-like particles,
or VLPs, and are essentially empty viral protein coats without the nucleic
acid. The noninfectious VLPs are highly immunogenic, making them suitable
for antiserum and vaccine production (Estes et al., 2000). However, com-
mercially available ELISA assays are not able to detect all norovirus strains
and are reported to have limited sensitivity and specificity (Richards et al.,
2003; Burton-Mcleod et al., 2004).

Because norovirus is nonculturable, its infectivity can only be assessed 
in human dose-response experiments, hence there is little information on 
its survival characteristics. Studies using human volunteers showed that
norovirus retains infectivity when heated to 60°C for 30min and therefore is
not inactivated by pasteurization treatment. The virus also retains infectivity
after exposure to pH 2.7 for 3hr at room temperature (Dolin et al., 1972;
Green et al., 2001). Further evidence of its resistance to low pH was shown
when norovirus was exposed to heat treatment and subsequent marination
at pH 3.75 in mussels for 1 month. No decrease in norovirus titer was
observed by real-time RT-PCR (Hewitt and Greening, 2004). There are 
anecdotal reports of people developing gastroenteritis after eating pickled
shellfish. Norovirus, like other enteric viruses, remains infectious under
refrigeration and freezing conditions, appears to survive well in the environ-
ment, and is resistant to drying. This was demonstrated when carpet layers
became ill after lifting carpet that had become contaminated 12 days earlier
in a rest-home outbreak (Cheesbrough et al., 2000).

Fecal pollution from sewage discharges, septic tank leachates, and boat
discharges has caused contamination of shellfish beds, recreational water,
irrigation water, and drinking water. It is probable that noroviruses persist
in these environments for extended periods of time. In live oysters,
noroviruses were still detectable after 4–6 weeks in natural growing condi-
tions (Greening et al., 2003). These viruses are also resistant to treatment
with 3.75 to 6.25mg chlorine/L, which is equivalent to free residual chlorine
of 0.5 to 1.0mg/ml, a level of free chlorine consistent with that generally
present in a chlorinated drinking water supply. However, the viruses were
inactivated after treatment with 10mg/L of chlorine, which is the concentra-
tion applied to water supplies after a contamination event (Green et al.,
2001). Norovirus also retained infectivity after exposure to 20% ether at 4°C
for 18hr (Dolin et al., 1972).

As with noroviruses, sapoviruses have also not been cultured in vitro yet.
In addition, sapoviruses have not been studied as intensively as noroviruses,
hence little information is available on the biological and physical properties
of these viruses. Detection and identification is generally by molecular
methods (Jiang et al., 1999; Green et al., 2000; Schuffenecker et al., 2001).

4.4. Infection and Disease
Noroviruses are extremely infectious and cause epidemic gastroenteritis.The
infectious dose is believed to be as low as 10–100 virus particles (Caul, 1996).
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Recent dose-response studies show that both the infective dose and host 
susceptibility may vary according to the infecting norovirus strain (Moe 
et al., 2004; Lindesmith et al., 2005). The mechanism of pathogenicity of
noroviruses is still not clearly understood because of the inability to propa-
gate these viruses, but information is being obtained from the in vitro culture
of a mouse norovirus (Wobus et al., 2004).

It is known that the mature enterocyte cells in the small intestine become
infected and that malabsorption of fats, d-xylose, and lactose occurs for up
to 2 weeks. Unusually, gastric emptying is also delayed, and this may explain
the nausea and characteristic projectile vomiting associated with norovirus
infection. Large numbers of noroviruses are excreted in feces from the onset
of symptoms and continue to be shed in decreasing numbers for up to 2
weeks after infection. Animals infected with the Newbury agent, bovine cali-
civiruses assigned to Norovirus genogroup III, show similar symptoms,
pathological changes and processes as seen in humans (Appleton, 2001).

In the absence of reliable laboratory tests for norovirus, Kaplan et al.
(1982) developed epidemiological and clinical criteria for the diagnosis of
noroviral gastroenteritis outbreaks. These criteria were stools negative for
bacterial pathogens, a mean or median duration of illness of 12–60hr, vom-
iting in ≥50% of cases, and a mean or median incubation period of 24–48hr.
These criteria are still widely used. The symptoms of acute-onset projectile
vomiting, watery nonbloody diarrhea with abdominal cramps, and nausea
may develop within 12hr of exposure, and low-grade fever also occurs occa-
sionally. Dehydration is a common complication that can particularly affect
the young and elderly, necessitating rehydration therapy. There is no evi-
dence of any long-term sequelae after norovirus infection. The symptoms
associated with Sapovirus infection are similar to those of noroviral gas-
troenteritis, but the sapoviruses do not cause epidemic gastroenteritis.

The mechanism of immunity to norovirus infection is not clear. Infection
normally stimulates production of both gut and serum antibody, and although
immunity to the infecting norovirus strain may develop, it is generally short-
lived, strain-specific, and does not confer protection against future infection.
Reinfection with a different strain can occur soon after the initial infection.
Thus, given the genetic variability of noroviruses, people are likely to be rein-
fected many times during their lifetimes. Recent research has suggested that
there may be a genetic determinant involved in susceptibility to norovirus
infection, with people belonging to histo-blood group O being at greater risk
for severe infection (Hutson et al., 2002, 2004).

Projectile vomiting is a characteristic symptom that can contribute to sec-
ondary spread through droplet infection, where droplets containing virus
may contaminate surfaces or be swallowed. Evidence that norovirus trans-
mission occurs through aerosolization of vomit was clearly demonstrated at
a U.K. hotel. During a meal, a guest vomited at the table, and norovirus infec-
tion spread in a radial pattern through the restaurant, progressively decreas-
ing from 91% attack rate among those seated at the same table to an attack
rate of 25% in those patrons who were seated the farthest distance away
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from the guest who vomited (Marks et al., 2000). Norovirus infection 
characteristically has an attack rate of 50–70% or even higher in some 
situations. This high attack rate combined with a low infectious dose,
prolonged virus excretion, short-term immunity, and the environmental 
stability of the noroviruses contributes to the epidemic nature of noroviral
gastroenteritis.

Norovirus infection was termed winter vomiting disease because out-
breaks occurred most frequently in the winter months, especially in rest
homes and institutions. This seasonality is no longer apparent as norovirus
outbreaks are now reported to occur throughout the year.

4.5. Food-borne Disease
Noroviruses are the main cause of food-borne viral gastroenteritis worldwide
with food-borne transmission accounting for a large proportion of norovirus
outbreaks in many countries. Food-borne norovirus outbreaks resulting from
preharvest contamination of foods such as shellfish and postharvest con-
tamination through food handling have been reported worldwide. Among
these are several outbreaks resulting from consumption of norovirus-
contaminated shellfish (Dowell et al., 1995; Christensen et al., 1998; Berg 
et al., 2000; Simmons et al., 2001), bakery products (Kuritsky et al., 1984),
delicatessen meats (Schwab et al., 2000), sandwiches (Parashar et al., 1998;
Daniels et al., 2000), raspberries (Ponka et al., 1999), water and ice (Beller
et al., 1997; Brugha et al., 1999; Beuret et al., 2002). Presymptomatic infec-
tion in food handlers has also been shown to cause outbreaks of food-borne
norovirus infection (Lo et al., 1994; Gaulin et al., 1999).

Among the 284 outbreaks of norovirus illness reported to CDC from July
1997 to June 2000, the cause of transmission was not determined in 42, or
24% of outbreaks (Fankhauser et al., 2002). Determination of the original
source of the virus is often problematic because several modes of transmis-
sion frequently operate during norovirus gastroenteritis outbreaks.Although
the initial transmission route may be through consumption of contaminated
foods, secondary transmission via direct contamination of the environment
or person-to-person contact also often occurs. This results in wide dissemi-
nation where infection quickly spreads through institutions, schools, camps,
resorts, and cruise ships and causes large-scale epidemics with more than
50% attack rates.

The use of DNA sequencing techniques for genotyping of noroviruses
has greatly assisted the epidemiologic investigation of gastroenteritis out-
breaks. The comparison of noroviral sequences from fecal specimens and
contaminated foods, such as oysters, can clearly indicate if it is a common
source outbreak or if individual cases are somehow related. In 1993, 23 gas-
troenteritis outbreaks across 6 states in the United States were shown to be
related to consumption of oysters harvested from a single area and contam-
inated with the same norovirus strain (Dowell et al., 1995).

There are few reports of Sapovirus infection directly resulting from con-
sumption of food. An outbreak of viral gastroenteritis among adults at a

Human and  Animal  Viruses  in  Food 23



school in Parkville, Maryland, in 1997 was determined to be food-related.The
causal agent was a Sapovirus later designated as the Parkville virus (Noel 
et al., 1997).

4.6. Zoonotic Transmission
Research in Japan, The Netherlands, and the United Kingdom has demon-
strated calicivirus-like particles and calicivirus RNA sequences in the cecum
of pigs and in fecal samples from calves (Sugieda et al., 1998; Dastjerdi et al.,
1999; van der Poel et al., 2000). Molecular analysis of these enteric cali-
civiruses, now termed the Jena and Newbury agents, shows that they are
genetically more closely associated with human noroviruses than with other
known caliciviruses and they are now assigned to Norovirus genogroup III.
Although the discovery of these noroviruses prompted concerns that calves
and pigs may be a reservoir of infection for human noroviral disease, there
is no documented evidence of transmission to humans (Oliver et al., 2003).
Similarly, there are no reports of zoonotic transmission of sapoviruses.

5.0. ROTAVIRUS

5.1. Distribution and Transmission
Rotaviruses are the major cause of severe diarrhea and gastroenteritis in
infants and young children. It is estimated that rotaviruses cause more than
130 million cases of diarrhea in children under 5 years of age annually world-
wide (Glass and Kilgore, 1997). Rotaviral infection is a particularly serious
problem in developing countries where up to 600,000 deaths occur annually
among children. In the United States, rotaviruses are estimated to cause
about 4 million infections per year resulting in almost 70,000 hospitalizations
and more than 100 deaths annually (Kapikian et al., 2001; Sattar et al., 2001).
Although the disease occurs in all age groups, it is generally considered to
be a mild infection in adults, hence the true extent of adult infections is not
known.

Rotaviruses are transmitted by the fecal-oral route and cause disease in
both humans and animals, especially domestic animals, with subsequent
serious economic loss. Although the animal and human strains are usually
distinct, some human strains are closely related to animal strains, and cross-
species infections do occur (Sattar et al., 2001). Infection is not generally rec-
ognized as food-borne, but outbreaks associated with food and water have
been reported in a number of countries (Sattar et al., 2001).

5.2. Taxonomy and Morphology
Rotaviruses are classified in the genus Rotavirus in the family Reoviridae, a
large family composed of nine genera. Electron micrographs of rotaviruses
show a characteristic wheel-like appearance, hence the name rotavirus,
derived from the Latin meaning “wheel” (Fig. 2.1b). These viruses are dis-
tinct in that they have a complex segmented genome that undergoes reas-
sortment during replication. There are five species of Rotavirus, designated
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Rotavirus A (simian rotavirus) through Rotavirus E (porcine rotavirus).Two
possible species, Rotavirus F (avian) and Rotavirus G (avian) are also listed
but they differ in their ability to reassort the genome segments. Most human
infections are caused by Rotavirus A, B, and C, but all rotaviral species can
infect a range of vertebrates, including primates, ruminants, rodents and birds
(van Regenmortel et al., 2000; Sattar et al., 2001).

Rotaviruses are 60- to 80-nm, nonenveloped, linear segmented double-
stranded RNA viruses with icosahedral capsid symmetry (Table 2.1). The 16-
to 27-kb, genome is enclosed by a triple-layered capsid composed of a double
protein shell and an inner core. Eleven segments of DNA code for six struc-
tural and five nonstructural proteins.Two of the structural proteins,VP7 (gly-
coprotein) and VP4 (protease or P protein), comprise the outer shell of the
capsid and are important in virus infectivity. These two proteins are used to
define the rotavirus serotype; there are 14 VP7 serotypes and 11 VP4
serotypes within the Rotavirus A species. The VP6 protein located on the
inner capsid layer is designated the group-specific antigen and is the major
target of rotavirus diagnostic assays. This protein is believed to play a role in
the development of protective immunity. Genomic reassortment of the
rotaviral RNA segments may occur during replication, particularly when
there is coinfection with more than one strain. In the replication phase, the
immature virus particles acquire a transient lipid envelope as they develop
in the endoplasmic reticulum of the host cell.

5.3. Growth and Biological Properties
Although many rotaviruses can be grown in cell cultures, they have proved
difficult to cultivate in vitro, and growth is restricted to a few cell lines derived
mainly from monkey kidneys. Addition of trypsin to the culture medium is
required to enhance viral growth in cell cultures. Rotaviruses do not show
the same tolerance to extreme conditions as other enteric viruses, although
they are stable in the environment and can be stored for several months at
4°C or even 20°C. They are resistant to drying and may survive on fomites
and surfaces. Heating at 50°C for 30min reduces their infectivity by 99%, and
infectivity is rapidly lost at pH <3.0 and >10.0. Repeated cycles of freeze-
thaw can also destroy infectivity. The viruses are resistant to solvents such as
ether and chloroform and to non-ionic detergents such as deoxycholate.
Chelating agents such as EDTA disrupt the outer shell and inactivate
rotaviruses. Treatment with disinfectants such as chlorine, phenol, formalin,
and 95% ethanol is also effective against rotavirus (Kapikian et al., 2001).
Normal cooking temperatures are usually sufficient to inactivate rotaviruses.
The viruses are found in water and sewage, are resistant to chlorine levels
present in drinking water, and are persistent in the environment. Human
rotavirus can survive for several weeks in river water at 4°C and 20°C.

5.4. Infection and Disease
The incubation period for rotavirus infection is 1 to 2 days. The characteris-
tic symptoms of vomiting and watery diarrhea develop quickly and persist
for 3 to 8 days, frequently accompanied by fever and abdominal pain. Dehy-
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dration is a key factor that contributes to the high infant death rate from
rotavirus disease, especially in developing countries where rehydration
therapy is often not readily available. Virus is shed in feces for 5 to 7 days.
The main transmission route is fecal-oral. Because rotaviruses most often
infect young children, the major route of transmission is believed to be
person-to-person through care-givers and the general adult population.
Rotaviruses can also infect adults and have also been occasionally associated
with food and water borne outbreaks. In particular, Rotavirus B strains have
caused large epidemics in human adults in China. Group C rotavirus causes
sporadic outbreaks in children (Glass and Kilgore, 1997; Sattar et al., 2001).
Rotavirus disease is more common during the winter months in countries
with a temperate climate. In tropical regions, outbreaks can occur both in the
cooler and drier months and throughout the year especially where trans-
mission is related to contaminated water supplies and where no sewage
treatment systems exist (Cook et al., 1990; Ansari et al., 1991).

Some immunity develops after infection although it does not give com-
plete protection from future infections. However, repeat infections are often
less severe than the original infection. An oral rotavirus vaccine was devel-
oped in the late 1980s, but distribution was delayed after lengthy investiga-
tions into possible complications associated with the vaccine.This vaccine has
recently been approved for commercial global distribution.

5.5. Food-borne Disease
The virus is stable in the environment, hence infection can occur through con-
sumption of contaminated water or food and contact with contaminated 
surfaces. Eleven food-borne outbreaks consisting of 460 cases of rotaviral 
gastroenteritis were reported in New York between 1985 and 1990. Seven out-
breaks were associated with food-service premises, and the implicated foods
included salad, cold foods, shepherd’s pie, and water or ice (Sattar et al., 2001).
In a recent study in the Netherlands, lack of food handling hygiene was iden-
tified as one of the main risk factors for rotavirus infection (de Wit et al., 2003).

Large-scale outbreaks of rotaviral gastroenteritis have been reported in
Japanese primary schools with more than 3,000 cases recorded for one out-
break (Hara et al., 1978; Matsumoto et al., 1989). School lunches prepared
at a central facility were suspected as the vehicle of infection, but no rotavirus
was isolated from food or water. In Costa Rica, market lettuce was found to
be contaminated with rotavirus and HAV at a time when there was a high
incidence of rotaviral diarrhea in the community (Hernandez et al., 1997).
Waterborne rotaviral outbreaks have been reported in many countries,
including China, Germany, Israel, Sweden, Russia, and the United States
(Ansari et al., 1991; Sattar et al., 2001). Large numbers of rotaviral particles
are excreted in feces after infection, and calves infected with rotavirus are
known to shed 1010 particles per gram of feces. Contamination of water sup-
plies by animals could therefore be a source of waterborne disease. Links
have been reported between human and animal rotaviral disease, and it is
possible that zoonotic transmission of rotavirus may also occur.
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6.0. ASTROVIRUS

6.1. Distribution and Transmission
Astroviruses are distributed worldwide and have been isolated from birds,
cats, dogs, pigs, sheep, cows, and man. The main feature of astrovirus infec-
tion in both humans and animals is a self-limiting gastroenteritis. The astro-
viruses are a common cause of human gastroenteritis, with most cases of
infection detected in young children under 1 year of age (Bresee and Glass,
1999; Appleton, 2001). A surveillance study in the United Kingdom reported
that astroviruses were the most common viral cause of infectious gastroin-
testinal disease (Roderick et al., 1995). Although astroviruses cause a mild
infection in adults, they have been associated with gastroenteritis in immuno-
compromised adults. Transmission is through the fecal-oral route via food,
water, and person-to-person contact. Asymptomatic excretion occurs in
5–20% of neonates and young children and is a significant source of infec-
tion, especially in nurseries, childcare centers, and hospitals (Caul, 1996;
Bresee and Glass, 1999; Appleton, 2001).

6.2. Taxonomy and Morphology
The astroviruses were first recognized in 1975 (Madeley and Cosgrove, 1975)
and were named according to their star-like appearance under the electron
microscope. They belong to the family Astroviridae, and human astrovirus is
the single type species in the genus Mamastrovirus. Astroviruses are 28- to
30-nm, spherical, nonenveloped, positive-sense, single-stranded RNA viruses
with a genome of about 6.8–8kb and a buoyant density of 1.32g/ml in potas-
sium tartrate–glycerol gradient (Table 2.1). Because only 10% of astroviruses
exhibit the typical 5- or 6-pointed star-like morphology by direct EM, the
efficiency of detection was restricted until the introduction of molecular
detection methods and improved culture techniques. At least eight human
serotypes, two bovine serotypes, and one serotype of each of feline, ovine,
and porcine astrovirus are recognized. The human strains are all antigeni-
cally distinct from the bovine and ovine strains. A second genus, Avastro-
virus, contains the type species turkey astrovirus, of which there are two
serotypes. This virus infects birds, including turkeys and ducks (van 
Regenmortel et al., 2000).

6.3. Growth and Biological Properties
Astroviruses have been isolated in cell cultures but are fastidious viruses to
grow in vitro. Although human, bovine, feline, and porcine astroviruses have
been isolated in primary embryonic kidney cell lines such as human embry-
onic kidney cells (HEK), only human and porcine astroviruses have been
adapted to grow in established cell lines, and trypsin is required in the growth
medium to boost infectivity. Although CaCo-2 continuous cell line has
proved to be useful for the propagation of astroviruses (Willcocks et al.,
1990), virus detection is carried out mainly by EM of stool specimens, molec-
ular assays, or by combined culture-PCR methods. Astroviruses are resistant
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to extreme environmental conditions. Their heat tolerance allows them to
survive 50°C for 1hr. At 60°C, the virus titer falls by 3 log10 and 6 log10 after
5 and 15min, respectively. The virus is also stable at pH 3.0 and is resistant
to chemicals, including chloroform, lipid solvents, and alcohols and to non-
ionic, anionic, and zwitterionic detergents (Appleton, 2001).

6.4. Infection and Disease
Clinically, astroviruses cause symptoms similar to those of caliciviruses after
an incubation period of 3–4 days. Symptoms include diarrhea, fever, nausea,
and general malaise with occasional vomiting. Normally, diarrhea persists for
only 2–3 days but can be prolonged for up to 14 days with virus excretion in
feces. Outbreaks commonly occur in institutional settings, especially pediatric
wards. In temperate climates, a seasonal peak in winter and spring occurs,
but infections may occur throughout the year.

6.5. Food-borne Disease
Epidemiological evidence of transmission by foods is limited, but infections
via contaminated shellfish and water have been reported (Oishi et al., 1994;
Appleton, 2001). In 1991, a large outbreak of acute gastroenteritis occurred
in Japan involving thousands of children and adults from 14 different schools
(Oishi et al., 1994). The outbreak was traced to food prepared by a common
supplier for school lunches. Astrovirus type 6 was identified by immune elec-
tron microscopy and confirmed by molecular and culture methods. There are
several Japanese reports of astrovirus genomes identified in shellfish, and
there is evidence that astroviruses appear to contribute to food borne out-
breaks of gastroenteritis mainly through the consumption of contaminated
oysters (Kitahashi et al., 1999).

7.0. ADENOVIRUS

7.1. Distribution and Transmission
The adenoviruses are widespread in nature infecting birds and mammals
including man. They commonly cause respiratory disease but may also be
involved in other illnesses such as gastroenteritis and conjunctivitis. In par-
ticular, the enteric adenoviruses cause gastroenteritis and are the second
most important cause, after rotaviruses, of acute gastroenteritis in children
under 4 years of age (Allard et al., 1990, Bresee and Glass, 1999). Aden-
oviruses can be transmitted from person-to-person by direct contact or via
fecal-oral, respiratory or environmental routes.

7.2. Taxonomy and Morphology
Adenoviruses belong to the Adenoviridae family and are classified into two
genera: the Mastadenovirus, which infects mammals, and the Aviadenovirus,
which infects birds. More than 100 members of the Adenoviridae have been
isolated from humans and animals, including birds and amphibians. Aden-
oviruses are 80- to 110-nm, nonenveloped, linear double-stranded DNA
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viruses with icosahedral symmetry and a genome of 28–45kb (Table 2.1; Fig.
2.1c). The buoyant density in cesium chloride is 1.32–1.35g/ml. Six species of
human adenoviruses (HAdV-A to HAdV-F) have been identified according
to DNA homology (van Regenmortel et al., 2000). Between 50% and 90%
DNA homology exists within these species, but only 5–20% homology exists
between the species. To date, 51 human adenovirus serotypes have been rec-
ognized, including serotypes 40 and 41, the enteric adenoviruses, which com-
prise the HAdV-F species.

7.3. Growth and Biological Properties
Serotypes 40 and 41 of enteric adenoviruses are difficult to grow in cell 
cultures, whereas most of the nonfecal types are culturable. Adenoviruses 
are slow-growing compared with a majority of enteroviruses and can be
quickly overgrown in some cell lines. The A549 and 293 cell lines have 
been successfully used for the isolation of adenoviruses from food and 
environmental samples. Adenoviruses are resistant to various chemical 
and physical agents including lipid solvents and to adverse pH conditions
(Enriquez et al., 1995; Thurston-Enriquez et al., 2003a, 2003b). They can 
withstand freeze-thawing several times without a significant decrease in titer
but are inactivated after heating at 56°C for more than 10min. The aden-
oviruses are capable of prolonged survival in the environment and are 
considered to be more stable than enteroviruses in many environmental 
situations.

7.4. Infection and Disease
Most human adenovirus infections in normally healthy individuals are 
mild or subclinical but can be associated with respiratory, ocular, and 
gastrointestinal disease. In most cases of clinical infection, the symptoms are
relatively mild. Of the many types of adenoviruses, only HAdV serotypes 40
and 41 are generally associated with fecal-oral spread and cause gastroen-
teritis, although all serotypes are shed enterically in feces. HAdV types 40
and 41 can be detected in large numbers in the feces of young children with
acute gastroenteritis. In immunocompromised individuals, infection with
types 40 and 41 may cause chronic diarrhea.Although rare, some deaths have
been reported in immunocompromised children (Bresee and Glass, 1999).
Adenoviruses can cause persistent asymptomatic infections and may become
established in tonsils, adenoids, and intestines of infected hosts. It is not
known whether they are capable of reactivation causing overt disease.

The virus is shed in large numbers in feces and respiratory secretions,
often for months or years after infection. The main transmission routes 
are the fecal-oral route for the enteric adenoviruses and aerosols 
or direct contact for the nonenteric serotypes. Waterborne transmission 
of adenovirus has been associated with conjunctivitis in children. Enteric 
adenovirus infections are common all year round, whereas outbreaks of 
adenovirus-associated respiratory disease normally occur from late winter to
early summer.
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7.5. Food-borne Disease
Adenoviruses have been identified in a variety of environmental samples,
including wastewater, sludge, shellfish, and in marine, surface and drinking
waters. No food-borne or waterborne outbreaks associated with the enteric
adenoviruses have been reported, but, as these viruses are common in the
environment, it is possible that disease has occurred but the source of 
infection has not been recognized. There is no documented evidence 
for food-borne transmission or disease resulting from consumption of 
adenovirus-contaminated shellfish.

8.0. ENTEROVIRUSES

8.1. Distribution and Transmission
Enteroviruses include polioviruses, coxsackie A and B viruses, and
echoviruses, many of which are culturable. They are transmitted by the fecal-
oral route and are excreted in feces but do not generally cause gastroenteri-
tis. Polioviruses were the first viruses to be shown to be food-borne, but
because of the mass immunization campaigns, virulent wild-type strains are
now rarely seen. Outbreaks of food-borne illness associated with coxsack-
ieviruses and echoviruses have been reported (Cliver, 1997; Sattar and Tetro,
2001).

8.2. Taxonomy and Morphology
The enteroviruses are 28- to 30-nm, nonenveloped, positive-sense, single-
stranded RNA viruses with icosahedral symmetry and a genome of 7.2–
8.4kb (Table 2.1). They are classified in the large Picornaviridae family, and
seven species have been designated within the Enterovirus genus, namely
bovine enterovirus, human enterovirus A, human enterovirus B, human
enterovirus C, human enterovirus D, poliovirus, porcine enterovirus A, and
porcine enterovirus B. Within these different species, numerous serotypes
have been reported. The enteroviruses belong to the human enterovirus A
(Enterovirus 71) and human enterovirus D (Enterovirus 68 and 70) species.
Coxsackie A viruses belong to human enterovirus A, human enterovirus B,
and human enterovirus C species. All of the coxsackie B viruses and
echoviruses are members of the human enterovirus B species. The Poliovirus
species is composed of three distinct serotypes.There are five unassigned ten-
tative species and 22 serotypes within the genus Enterovirus, including two
coxsackie A viruses (types CV-A4 and CV-A60) (van Regenmortel et al.,
2000).

8.3. Growth and Biological Properties
Many of the enteroviruses are culturable, including all serotypes of
poliovirus, echoviruses, and coxsackie B viruses. The enteroviruses are resist-
ant to environmental stressors including heat, adverse pH, and chemicals.
Because they are easily cultured in vitro and are stable in the environment,
live attenuated vaccine strains of poliovirus have been used as indicator
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viruses for the presence of other virulent enteric viruses in food and water.
They have also been used extensively in environmental and food virology
research for methods development and to gather information on virus recov-
ery, persistence, and behavior in these settings.

8.4. Infection and Disease
Enteroviruses cause a range of diseases, including viral meningitis and
poliomyelitis. They are mainly spread by either the fecal-oral route or direct
contact with respiratory secretions of an infected person. The virus is spread
through the fecal-oral route mainly among small children who are not yet
toilet trained, by adults changing the diapers of an infected infant,
and through consumption of fecally contaminated food or water. The
enteroviruses multiply mainly in the gastrointestinal tract but can also 
multiply in other tissues such as nerve and muscle, as does the poliovirus.
The incubation period is usually between 3 and 7 days with virus transmis-
sion to others occurring from 3 to 10 days after symptoms develop. Enterovi-
ral infection is most common in summer and early autumn, and many
infections are asymptomatic. Only a few people (approximately 0.001%)
develop aseptic or viral meningitis, and no long-term complications normally
follow the mild illnesses or aseptic meningitis. On rare occasions, a person
may develop myocarditis or encephalitis.

8.5. Food-borne Disease
The first recorded outbreak associated with food-borne viruses was an out-
break of poliomyelitis linked to consumption of raw milk in 1914 (Jubb,
1915). A further 10 outbreaks associated with raw milk consumption were
reported in the United States and United Kingdom over the following 35
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Table 2.2 Classification of Enteroviruses

Family Picornaviridae; Genus Enterovirus

Species
Bovine enterovirus, BEV (2 serotypes)
Human enterovirus A, HEV-A (10 serotypes)
Human enterovirus (1 serotype)
Coxsackie A virus (9 serotypes)
Human enterovirus B, HEV-B (36 serotypes)
Coxsackie A virus (1 serotype)
Coxsackie B virus (6 serotypes)
Echovirus (28 serotypes)
Human enterovirus (1 serotype)
Human enterovirus C, HEV-C (11 serotypes)
Coxsackie A virus (11 serotypes)
Human enterovirus D, HEV-D (2 serotypes)
Human enterovirus (2 serotypes)
Poliovirus, PV (3 serotypes)
Porcine enterovirus, PEV-A (1 serotype)
Porcine enterovirus B, PEV-B (2 serotypes)



years (Sattar and Tetro, 2001). The widespread introduction of pasteurized
milk in the 1950s decreased transmission by this route. There have been 
very few recorded food-borne outbreaks associated with enterovirus infec-
tion despite the regular occurrence of enteroviruses in the environment.
Enteroviruses, including echoviruses and coxsackie A and B viruses, have
been isolated from sewage, raw and digested sludge, marine and fresh 
waters, and shellfish. In two reported food-borne outbreaks associated with
echoviruses in the United States, the source of the virus was not identified
(Cliver, 1997). No outbreaks associated with the consumption of shellfish
have been reported.

9.0. OTHER VIRUSES WITH POTENTIAL FOR 
FOOD-BORNE TRANSMISSION

Other viruses transmitted by the fecal-oral route and found in feces of
humans and animals include the parvoviruses, coronaviruses, toroviruses,
picobirnaviruses, and the tick-borne encephalitis virus (Table 2.1).The ability
of many of these viruses to cause gastroenteritis in humans and or animals
is still unproven, and there is little evidence to link them with food-borne
disease (Glass, 1995; Cliver, 1997; Bresee and Glass, 1999).

9.1. Parvovirus
Parvoviruses have been proposed as causal agents of human gastroenteritis.
Their role in viral gastroenteritis of some animal species has been well doc-
umented. Parvoviruses are single-stranded DNA viruses and are among the
smallest known viruses at 18–26nm in diameter. They have a smooth surface
with no discernable features and were included with “small round viruses”
before definitive classification of these viruses was completed. Three possi-
ble serotypes known as the Parramatta agent, the cockle agent, and the
Wollan/Ditchling group have been identified by IEM. There is limited evi-
dence of parvovirus association with food-borne disease, but it has been
linked with consumption of contaminated shellfish (Appleton and Pereira,
1977; Appleton, 2001). The “cockle agent” parvovirus was implicated in a
large U.K. outbreak related to consumption of contaminated cockles 
(Appleton, 2001). More than 800 confirmed cases of gastroenteritis occurred,
and parvovirus was identified in all stools examined from this large 
gastroenteritis outbreak.

9.2. Coronavirus
Coronaviruses are large (80–220nm) pleomorphic, enveloped, positive-
strand RNA viruses belonging to the Coronaviridae family. They generally
cause respiratory infections but can also cause gastroenteritis in animals and
are excreted in feces. Their role in human gastroenteritis is unclear, although
“coronavirus-like particles” can be identified in human feces (Glass, 1995).
There are no reports of food-borne outbreaks, but the 2003 SARS (severe
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acute respiratory syndrome) outbreak in Hong Kong was linked to sewage
or sewage-contaminated water.

9.3. Torovirus
Toroviruses are 100- to 150-nm, enveloped, positive-sense, single-stranded
RNA viruses belonging to the genus Torovirus in the Coronaviridae family.
They were first discovered in 1979 and were named Breda viruses (Woode
et al., 1982; Glass, 1995). When observed by EM, they have a distinctive pleo-
morphic appearance with club-shaped projections extending from the capsid.
Toroviruses are known to cause gastroenteritis in animals, especially dairy
cattle, in which they cause a marked decrease in milk production. Although
they have been isolated from feces of children and adults with diarrhea
(Koopmans et al., 1991), their exact role in human gastroenteritis and food-
borne disease is still unknown.

9.4. Picobirnavirus
The picobirnaviruses are small, 35-nm, positive-sense, single-stranded RNA
viruses with a bisegmented genome and are classified in the family Bir-
naviridae (Glass, 1995). These viruses are known to cause gastroenteritis in
a range of domestic animals. They have also been detected in humans with
and without diarrhea but have only been associated with gastroenteritis in
immunocompromised HIV patients. Little is known about these viruses,
although they have been identified in humans from several countries, includ-
ing Australia, Brazil, England, and the United States. Their role as true
human pathogens is unproven, and there is no documented evidence of food-
borne transmission.

9.5. Tick-borne Encephalitis Virus
Tick-borne encephalitis viruses (TBE) may also be food-borne (Cliver,
1997). Tick-borne encephalitis is a zoonotic arbovirus infection endemic to
Eastern and Central Europe and Russia. However, the distribution of these
viruses can extend to Northern Europe, China, Japan, and Korea. The TBE
viruses and the other closely related arboviruses causing yellow fever,
Japanese encephalitis, and dengue are all members of the Flaviviridae. Three
subtypes of TBE virus cause tick-borne encephalitis: the Eastern European
subtype, the Western European subtype, and the Siberian subtype. Most cases
occur in spring and summer after bites of different species of Ixodes tick.
Food-borne transmission is less common but can occur after consumption of
unpasteurized dairy products from infected cattle and goats. The disease is
serious and can result in long-term neurological sequelae or death. Increased
tourism to the endemic areas has extended the risk of travellers acquiring
TBE. Vaccines are now available in some countries.

9.6. Other Food-borne Routes of Virus Transmission
Transmission of viral disease can occur through human breastfeeding.
Human breast milk is a transmission route for some blood-borne viruses.
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There are reports of human immunodeficiency virus (HIV), human lym-
photrophic virus-1 (HTLV-1), and cytomegalovirus (CMV) being transmit-
ted to infants in milk from infected mothers during breastfeeding (Sattar and
Tetro, 2001). This can present serious problems in less developed countries
with a high incidence of HIV and few alternative options available to
infected mothers.

10.0. SUMMARY AND CONCLUSIONS

Food-borne disease is increasing worldwide and has become a major public
health problem. The majority of food-borne viral disease is caused by
noroviruses and HAV. Food-borne transmission of other enteric viruses is
less common. HEV is the only virus that appears to be a likely candidate for
direct zoonotic transmission from animals to man, and to date there is little
evidence to support its transmission by this route.

The overall contribution of viruses to global food-borne disease burden
is unknown because accurate data on the prevalence of food-borne viral
disease are not available for all countries. National epidemiological surveil-
lance systems vary from country to country, and a large proportion of viral
infections are not notifiable and therefore not reported. However, from epi-
demiological data that have been collected in Europe, the United States, and
other countries, it is apparent that viruses play a significant role and that the
economic burden of food-borne viral gastrointestinal disease can be sub-
stantial in terms of staff illness, time away from employment, and disruption
to services.

Over the past 15 years, the introduction of molecular methods for detec-
tion and identification of enteric viruses, many of which are not culturable
or are difficult to grow in culture, has greatly increased our understanding of
their role in food-borne disease. The development of molecular techniques,
such as PCR and real-time quantitative PCR, is rapidly increasing the knowl-
edge base by facilitating studies on the behavior and persistence of these
viruses in food matrices. However, it is important to recognize the limitations
of these techniques. PCR-based methods currently detect both infectious and
noninfectious viruses and are not able to determine viral infectivity, which 
is the key factor when assessing human health risks from food-borne
pathogens. It is important that data generated solely from molecular-based
assays is judiciously interpreted when studying these viruses. Use of cell
culture combined with PCR methods (culture-PCR) can overcome some of
these problems for those viruses that are difficult to grow. Unfortunately, the
infectivity status of the main food-borne viral pathogen, norovirus, still
cannot be determined by in vitro methods. This has limited our knowledge
of the natural history and biological properties of this pathogen and has also
slowed progress in the development of effective control and intervention
strategies.
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CHAPTER 3

Molecular Virology of Enteric Viruses
(with Emphasis on Caliciviruses)

Javier Buesa and Jesús Rodríguez-Díaz

1.0. CALICIVIRUSES

Human caliciviruses are members of the family Caliciviridae and are respon-
sible for a majority of the outbreaks of acute nonbacterial gastroenteritis. In
fact, they now are considered a common cause of sporadic cases of diarrhea
in the community (Glass et al., 2000b; Koopmans et al., 2002; Lopman et al.,
2002; Hutson et al., 2004). These viruses were implicated in as many as 95%
of the reported viral gastroenteritis outbreaks examined over a 4.5-year
period in the United States (Fankhauser et al., 2002), and similar high inci-
dence rates have been found in other studies (Maguire et al., 1999; Glass et
al., 2000b; Koopmans et al., 2000; Lopman et al., 2003). Common features of
the Caliciviridae include the presence of a single major structural protein
from which the capsid is constructed and 32 cup-shaped depressions on the
surface of the virion arranged in an icosahedral symmetry. The name of the
family was derived from the Latin word calix, which means cup or goblet,
and refers to the surface hollows (Madeley, 1979). Another major feature of
Caliciviridae is the absence of a methylated cap at the 5′ end of the viral
RNA. Instead, a small protein (VPg) of ∼10 × 103 to 12 × 103 kDa is cova-
lently linked to the viral RNA and is considered essential for the infectivity
of the RNA (Black et al., 1978; Ando et al., 2000).

Norwalk virus was the first human enteric calicivirus to be discovered,
this after a gastrointestinal outbreak affecting both children and adults in an
elementary school in Norwalk, Ohio (Kapikian et al., 1972). Over the next
several years, other agents of epidemic viral gastroenteritis were described
including Hawaii virus, Montgomery County agent, Snow Mountain virus,
Southampton virus, Toronto virus, and so forth. An interim scheme to clas-
sify these viruses on a morphological and physicochemical basis was pro-
posed by Caul and Appleton (1982). Some of these viruses were antigenically
related to Norwalk virus by IEM (immune electron microscopy) and cross-
challenge studies, whereas others, like the Sapporo virus (Chiba et al., 1979),
were found to be antigenically distinct (Nakata et al., 1996).

Human caliciviruses have been classified into two distinct genera namely,
Norovirus (previously called “Norwalk-like viruses” (NLVs) or “small round
structured viruses”) and Sapovirus (formerly “Sapporo-like viruses,” or
SLVs) (Green et al., 2000b; Mayo, 2002). The noroviruses and sapoviruses
form distinct phylogenetic clades within Caliciviridae (Berke et al., 1997),
and certain features of their viral genome organization distinguish them from
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each other and from other genera of the family (Fig. 3.1). These viruses also
differ in their epidemiology and host range. For example, noroviruses infect
all age groups and are usually responsible for outbreaks of acute gastroen-
teritis frequently associated with contaminated food or water. Sapoviruses,
on the other hand, are associated with sporadic cases of acute gastroenteri-
tis and mainly infect infants and young children (Green et al., 2001), although
outbreaks in adults have also been described (Noel et al., 1997).

Enteric caliciviruses of animals, associated with gastroenteritis in pigs,
calves, chickens, mink, dogs, and cats, have also been described (Guo et al.,
1999b; Liu et al., 1999a; van der Poel et al., 2000; Guo and Saif, 2003). The
Caliciviridae has two additional genera, Lagovirus and Vesivirus, each of
which includes caliciviruses that infect animals such as the rabbit hemor-
rhagic disease virus (RHDV) and the vesicular exanthema of swine virus
(VESV), respectively. The proposed nomenclature for calicivirus strains is
host species from which the virus was isolated/virus genus/virus name/strain
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Figure. 3.1 Genome organization of the four different genera of Caliciviridae. The
genome of Norovirus and Vesivirus has three open reading frames (ORFs) that
encode the nonstructural proteins, the major capsid protein (VP1), and a minor
structural basic protein (VP2). The genera Sapovirus and Lagovirus encode the
capsid protein contiguous with the large nonstructural polyprotein (ORF1). An
additional small overlapping ORF in a +1 frameshift has been described in certain
strains of sapoviruses. A subgenomic RNA that covers the entire 3′ end of the
genome, from the capsid gene to the 3′ end, has been detected in calicivirus-
infected cells.



designation/year of isolation/country of origin. The type strain for Norovirus
and Vesivirus are Norwalk virus (Hu/NV/Norwalk/8fIIa/1968/US) and VESV
(Sw/VV/VESV/A48/1948/US), respectively (Atmar and Estes, 2001).

On examination by negative contrast electron microscopy (EM), cali-
civiruses show characteristic cup-shaped structures on their surfaces. These
cuplike depressions are more prominent in sapoviruses, leading to the char-
acteristic six-pointed “star of David” appearance, especially when viewed
along the major two-, three-, and fivefold axes of symmetry. The noroviruses
have a polyadenylated, positive-sense, single-stranded RNA genome with
three major open reading frames (ORFs) (Jiang et al., 1993b; Lambden et
al., 1993). The virions have a buoyant density of 1.33 to 1.41g/cm3 in cesium
chloride (CsCl2) (Caul and Appleton, 1982; Madore et al., 1986) and usually
lack the distinctive calicivirus cuplike morphology when viewed by EM. The
sapoviruses have a polyadenylated, positive-sense, single-stranded RNA
genome with two (or three) major ORFs (Liu et al., 1995), have a buoyant
density of 1.37 to 1.38g/cm3 in CsCl (Terashima et al., 1983), and often possess
distinctive calicivirus cup-like morphology (Madeley, 1979).

The molecular era of norovirus research started with the successful
cloning of the genomes of Norwalk and Southampton viruses obtained from
stool samples (Jiang et al., 1990; Lambden et al., 1993). Despite numerous
attempts, human calicivirus infections have not been induced in experimen-
tal animals nor have these viruses been propagated successfully in cultured
cells, thus hampering many aspects of their research (Duizer et al., 2004).
Unlike human caliciviruses, some animal caliciviruses, including primate cali-
civirus (Smith et al., 1983), feline calicivirus (FCV) (Love and Sabine, 1975),
and San Miguel sea lion virus (SMSV) (Smith et al., 1973), have been suc-
cessfully propagated in cell cultures. These viruses have provided a direct
approach for the study of virus infections, genome transcription, viral protein
translation, and virus replication (Green et al., 2002). In addition, informa-
tion gained by the study of caliciviruses that grow efficiently in cell cultures,
such as FCV and VESV, or that have an animal model and a limited cell
culture system (such as RHDV), has been important in the identification of
features that are likely to be shared among members of the Caliciviridae
(Marin et al., 2000; Morales et al., 2004).

1.1. Structure, Composition, and Molecular Biology
The Norwalk virus capsid is composed of a single major structural protein,
known as VP1, and a few copies of a second small basic structural protein
named VP2 (Prasad et al., 1999; Glass et al., 2000a; Green et al., 2001).
Cloning and expression of norovirus proteins VP1 and VP2 in insect cells
using the baculovirus expression system resulted in the self-assembly of the
viral capsid and the production of recombinant virus-like particles (rVLPs)
that were antigenically and structurally similar to the native virions (Jiang et
al., 1992; Green et al., 1997; Hale et al., 1999; Kobayashi et al., 2000).

The three-dimensional structure of Norwalk rVLPs was first determined
by cryo-electron microscopy and computer-image processing to a resolution
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of 22Å. This analysis showed that the particles (38nm in diameter by this
technique) have a distinct architecture and exhibit T = 3 icosahedral sym-
metry (Fig. 3.2). The capsid contains 180 copies of the capsid protein assem-
bled into 90 dimers with an arch-like structure. The arches are arranged in
such a way that there are large hollows at the icosahedral five- and threefold
positions, and these hollows are seen as cuplike structures on the viral surface
(Prasad et al., 1994, 1996a, 1999). To form a T = 3 icosahedral structure, the
capsid protein has to adapt to three quasi-equivalent positions, and the sub-
units located at these positions are conventionally referred to as A, B, and
C. The only high-resolution (3.4Å) structure is that of the Norwalk virus
capsid determined by x-ray crystallography (Prasad et al., 1999).

Each subunit or monomeric capsid protein folds into an N-terminal
region facing the inside of the capsid, a shell (S) domain that forms the 
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Figure. 3.2 The structure of Norwalk virus-like particles (NV VLPs) has been
solved by cryo-electron microscopic reconstruction to 22 Å (top, surface
representation; bottom, cross section) and by x-ray crystallography to 3.4 Å. The
NV VLPs have 90 dimers of capsid protein (left, ribbon diagram) assembled in T =
3 icosahedral symmetry. Each monomeric capsid protein (right, ribbon diagram) is
divided into an N-terminal arm region (green) facing the interior of the VLP, a
shell domain (S domain, yellow) that forms the continuous surface of the VLP, and
a protruding domain (P domain) that emanates from the S domain surface. The P
domain is further divided into subdomains, P1 and P2 (red and blue, respectively)
with the P2 subdomain at the most distal surface of the VLPs. (Reproduced with
permission from Prasad et al., 1999, and Bertolotti-Ciarlet et al., 2002; see color
insert.)



continuous surface of the VLP, and a protruding (P) domain that forms the
protrusions (Fig. 3.2). A flexible hinge of eight amino acids links the S and P
domains. The P domain is located at the exterior of the capsid and is likely
to contain determinants of genotype specificity. The NH2-terminal (N) arm,
located within the S domain, consists of residues 10 to 49 and faces the inte-
rior of the capsid. The part of the S domain that forms a β-barrel consists of
amino acids 50 to 225. The entire S domain (amino acids 1 to 225) corre-
sponds to the N-terminal region of the capsid protein that is relatively con-
served among noroviruses in sequence comparisons.

Amino acid residues 226 to 530 form the P domain, which corresponds
to the C-terminal half of the capsid protein and forms the arch-like struc-
tures extending from the shell. The S domain is required for the assembly of
the capsid and participates in multiple intermolecular interactions of dimers,
trimers, and pentamers, whereas the P domain is mainly involved in dimeric
interactions (Prasad et al., 1999). The P domain is considered to have sub-
domains, P1 formed by amino acids 226 to 278 and 406 to 530, and P2 encom-
passing amino acids 279 to 405.The P2 subdomain is the most variable region
of the capsid protein among noroviruses (Hardy et al., 1996) and is believed
to play an important role in immune recognition and receptor interaction.
The isolated P domain forms dimers and binds to histo-blood group antigen
receptors, not requiring the formation of VLPs (Tan et al., 2004). In addition,
a binding pocket in the P domain is responsible for viral receptor binding,
and formation of this pocket involves only intramolecular interactions (Tan
et al., 2003). Prasad et al. (1999) have demonstrated that, although the S
domain has a canonical eight-stranded β-barrel structure, the P2 subdomain
in the P domain has a fold similar to that observed in domain 2 of the elon-
gation factor Tu (EF-Tu), a structure never before seen in a viral capsid
protein. Moreover, the fold of the P1 subdomain is unlike any other polypep-
tide observed so far (Bertolotti-Ciarlet et al., 2003).

A comparison of the capsid proteins from various caliciviruses reveals
significant variations both in their sequences and in their sizes. In general,
the capsid proteins of human caliciviruses are smaller than those of animal
caliciviruses (Chen et al., 2004). The Norwalk virus recombinant capsid
protein can also self-assemble into smaller VLPs (23nm) with suspected 
T = 1 symmetry that is thought to be composed of 60 copies of the capsid
protein (White et al., 1997).

It has been postulated that the N-terminal region of the capsid protein
or the genomic RNA acts as a switching region that controls variations in the
conformation of the coat protein of T = 3 viruses (Rossmann and Johnson,
1989). Norovirus particles are different from other T = 3 viruses because
recombinant capsid protein readily forms rVLPs without RNA (Prasad et
al., 1999). It has been suggested that the determinants for the T = 3 capsid
assembly for Norwalk virus may lie outside of the N-terminus and that the
interaction between subunits B and C is not mandatory for the formation of
the capsid (Bertolotti-Ciarlet et al., 2002).

Caliciviruses have a linear, single-stranded, positive-sense RNA genome
of 7.5–7.7kb (Green et al., 2001) (see Fig. 3.1).The RNA genome of Norwalk
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virus, the prototype strain for the genus Norovirus, is 7,654 nucleotides in
length and is polyadenylated at the 3′ end (Jiang et al., 1993b). The lack of a
cap structure typical of eukaryotic mRNA and the absence of an internal
ribosomal entry site suggest that the VPg protein may play a role in the 
initiation of protein synthesis on calicivirus RNA through unique protein-
protein interactions with the cellular translation machinery (Daughenbaugh
et al., 2003). Removal of VPg from calicivirus RNA by proteinase K diges-
tion results in loss of infectivity and dramatically reduces translation of FCV
RNA in vitro (Herbert et al., 1997). The genome of calicivirus is organized
into two or three major ORFs. The nonstructural proteins encoded in the
calicivirus ORF1 were predicted on the basis of their sequence similarities
with picornavirus nonstructural proteins (Neill, 1990). Amino acid sequence
motifs in common with the poliovirus 2C NTPase, 3C protease, and 3D RNA-
dependent RNA polymerase (RdRp) were readily identified and provided
templates for further characterization of the calicivirus nonstructural 
proteins. Proteolytic mapping and enzymatic studies of in vitro–translated
polyprotein or recombinant protein expression have confirmed the presence
of an NTPase (p41), a 3C-like protease (3CLpro), an RdRp, and the location
in the polyprotein of the genome-linked protein VPg (Liu et al., 1996;
Dunham et al., 1998; Pfister and Wimmer, 2001). The proposed six nonstruc-
tural proteins encoded in the norovirus ORF1 defined so far proceed N to C
terminus, p48-NTPase-p22-VPg-3CLpro-RdRp (Ettayebi and Hardy, 2003). It
has been recently reported that the 3C-like proteinase (3CLpro) inhibits host
cell translation by cleavage of poly(A)-binding protein (PABP), a key protein
involved in the translation of polyadenylated mRNAs (Kuyumcu-Martinez
et al., 2004).

In the genera Norovirus and Vesivirus, the capsid structural protein 
VP1 is encoded in a separate ORF (ORF2), whereas viruses in the genera
Sapovirus and Lagovirus encode the capsid protein contiguous with the large
nonstructural polyprotein (ORF1) (see Fig. 3.1). Viruses in the latter two
genera have two major ORFs (ORF1 and ORF2). In the genus Sapovirus,
the ORF1/2 junction consists of a one- or four-nucleotide overlap between
the stop codon of ORF1 and the first AUG codon of ORF2. A third ORF
has been described in certain strains that overlaps the capsid protein gene in
a +1 frameshift, which is not found in the Norovirus genome (Liu et al., 1995;
Guo et al., 1999b; Clarke and Lambden, 2000). The presence of a conserved
translation initiation motif GCAAUGG at the 5′ end of this overlapping
ORF suggests that a biologically active protein may be encoded in this ORF
(Schuffenecker et al., 2001). Viruses in the genera Norovirus and Vesivirus
have three major ORFs (ORF1, ORF2, and ORF3). In noroviruses, the first
and third ORFs are in the same reading frame and Norwalk virus ORF3
encodes a 212-amino-acid minor structural protein of the virion (Glass et al.,
2000a). All calicivirus genomes begin with a 5′-end terminal GU. This 5′ end
sequence is repeated internally in the genome and most likely corresponds
to the beginning of a subgenomic-sized RNA transcript (2.2–2.4kb) that is
coterminal with the 3′ end of the genome and that has been observed in FCV-
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and RHDV-infected cells as well as packaged into virions (Herbert et al.,
1996). A comparison of the 5′-end sequences of representative viruses within
each of the four genera and the corresponding repeated internal sequences
suggests that this is a characteristic feature of caliciviruses. The synthesis of
a subgenomic RNA in calicivirus-infected cells is a major difference between
the replication strategy of caliciviruses and picornaviruses, although several
of the replicative enzymes share distant homology (Green et al., 2001). It is
not clear whether caliciviruses have a picornavirus-like internal ribosomal
entry site (IRES) for the initiation of translation but is considered unlikely
because translation of the FCV capsid precursor protein begins at the first
AUG of the subgenomic RNA (Sosnovtsev and Green, 2003).

1.2. Molecular Diversity of Caliciviruses
Early studies demostrating the great variability of noroviruses soon led to
the belief that it was important to distinguish between strains to better under-
stand their epidemiology. Because no antigenic analysis of norovirus strains
was available due to the lack of immune reagents, genome characterization
by sequence analysis was used to provide an interim system of genotyping
(Koopmans et al., 2003). As the genotypes ideally would correlate with
serotypes, the sequence of the major structural protein gene was used as the
basis for phylogenetic analyses (Ando et al., 2000; Koopmans et al., 2001). To
determine which areas of the genome should be analyzed, sequenced regions
in the RNA-dependent RNA polymerase, the capsid gene, and part of the 3′
ORF were compiled and analyzed (Green et al., 2000a; Vinje et al., 2000). By
a similar approach,Ando et al. (2000) proposed a numerical system for geno-
types based on phylogenetic grouping according to genetic relatedness in the
major capsid protein.

Noroviruses were classified into two genetic groups, GI and GII, on the
basis of sequence homologies across highly conserved regions of the genome,
such as the RNA-dependent RNA polymerase and the capsid gene, although
subdivision into five genetic groups or genogroups has been proposed
recently (Karst et al., 2003) (Table 3.1). Molecular characterization of bovine
enteric caliciviruses suggests that they be included into a proposed GIII
group, which so far contains only viruses found in cattle (Ando et al., 2000;
Oliver et al., 2003; Smiley et al., 2003).The porcine noroviruses cluster within
GII (Sugieda and Nakajima, 2002). Phylogenetic analysis places at least two
human noroviruses within a proposed genogroup IV: strains Alphatron
(GenBank accession no.AF195847) and Ft. Lauderdale (GenBank accession
no. AF414426) (Fankhauser et al., 2002).

The recently described murine norovirus has been included into a pro-
posed GV group, the members of which are closer to GII than those of GI
by sequence alignment (Karst et al., 2003). In the major capsid protein VP1,
human norovirus strains within the same genogroup share at least 60%
amino acid sequence identity, whereas most GI strains share less than 50%
amino acid identity with GII strains (Green et al., 2001; Koopmans et al.,
2003). Within genogroups, noroviruses can be further divided into at least 22
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genetic clusters of genotypes based on genetic homology in the complete
ORF2 sequence (Koopmans et al., 2000; Green et al., 2001;Vinje et al., 2004).
Within these broad groupings there are many different genetic variants of
noroviruses circulating in the community (Jiang et al., 1996; Green et al.,
2000a; Buesa et al., 2002; Lopman et al., 2003, 2004). Picornavirus serotypes
generally have >85% amino acid identity across the VP1 gene, which is in
the range of the cutoff for calicivirus genotypes (>80% amino acid identity)
(Oberste et al., 1999).

Serologically, the norovirus genotypes have been classified into different
antigenic groups on the basis of solid-phase immuneelectron microscopy
(SPIEM) studies (Vinje et al., 2000) or by enzyme immunoassays using type-
specific antibodies generated against recombinant capsid proteins (Atmar
and Estes, 2001). The molecular diagnosis of noroviruses relies mainly on 
a relatively small sequence in the RNA polymerase region (Ando et al.,
1995; Vinje and Koopmans, 1996; Jiang et al., 1999b) or the 3′ end of ORF1
(Fankhauser et al., 2002). Although robust for generic norovirus detection,
RT-PCR (reverse transcription–polymerase chain reaction) assays targeting
small regions of the genome that do not code for structural viral proteins will
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Table 3.1 Current genogroups and genotypes of noroviruses [adapted from 
Green et al. (2001) and Koopmans et al. (2003)]

GenBank
accession
number

Genogroup Genotype Prototype strain (capsid gene) Other strains

I 1 Norwalk/1968/UK M87661 KY/89/JP
2 Southampton/1991/UK L07418 White Rose, Crawley
3 Desert Shield/395/1990/SA U04469 Birmingham 291
4 Chiba 407/1987/JP D38547 Thistle Hall; Valetta,

Malta
5 Musgrove/1989/UK AJ277614 Butlins
6 Hesse 3/1997/GE AF093797 Sindlesham, Mikkeli,

Lord Harris
7 Winchester/1994/UK AJ277609 Lwymontley

II 1 Hawaii/1971/US U07611 Wortley, Girlington
2 Melksham/1994/UK X81879 Snow Mountain
3 Toronto 24/1991/CA U02030 Mexico, Auckland,

Rotterdam
4 Bristol/1993/UK X76716 Lordsdale,

Camberwell,
Grimsby

5 Hillingdon/1990/UK AJ277607 White river
6 Seacroft/1990/UK AJ277620
7 Leeds/1990/UK AJ277608 Gwynedd, Venlo,

Creche
8 Amsterdam/1998/NL AF195848

III Jena AJ011099 Bovine strains

IV 1 Alphatron/1998/NL AF195847 Ft. Lauderdale

V MNV-1 AY228235 Murine norovirus 1



neither reflect the epitopes of the viruses important for attachment to the
host cell nor correlate with their antigenic properties. Therefore, neither
RNA polymerase nor 3′ end of ORF1 is suitable for genotyping, although,
in combination with capsid typing, they may become important for identify-
ing norovirus recombinants (Vinje et al., 2000; Vinje et al., 2004).

The Sapovirus capsid gene is fused to and is in frame with the polypro-
tein gene (Lambden et al., 1994; Numata et al., 1997). All Sapovirus strains
except a human strain, London/92, and a porcine strain, PEC Cowden,
contain an additional ORF predicted in +1 frame, overlapping the N termi-
nus of the capsid gene (Guo et al., 1999b; Jiang et al., 1999a; Clarke and
Lambden, 2001). By analogy with noroviruses, the sapoviruses were previ-
ously divided into four genotypes, belonging to two genogroups (Liu et al.,
1995; Noel et al., 1997; Clarke and Lambden, 2000). More recently, human
sapoviruses have been classified into four or five genogroups (Schuffenecker
et al., 2001; Farkas et al., 2004) (Table 3.2). In addition, the porcine enteric
calicivirus (PEC) strain Cowden has been shown to be related to the
Sapovirus genus and to belong to a differentiated cluster (Guo et al., 1999b).
Based on capsid sequences, it has recently been proposed to classify the 
currently known sapoviruses into nine genetic clusters within five geno-
groups, including one genogroup represented by the PEC strain Cowden
(Farkas et al., 2004).

The occurrence of recombination among human caliciviruses in nature
was suspected when it was found that the capsid nucleotide sequences of
Snow Mountain virus and Melksham virus were almost identical (94%) but
their RNA polymerase sequences were significantly different (79%). When
Melksham virus was compared with Mexico virus and the Japanese strain
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Table 3.2 Current genogroups and genotypes of sapoviruses [adapted from
Schuffenecker et al. (2001) and Farkas et al. (2004)]

GenBank
accession number

Genogroup/cluster Prototype strain (capsid gene) Other strains

GI/1 Sapporo/82 U65427 Houston/86,
Plymouth/92,
Manchester/93,
Lyon30388/98

GI/2 Parkville/94 U73124 Houston/90
GI/3 Stockholm/97 AF194182 Mexico14917/00
GII/1 London/92 U95645 Lyon/598/97
GII/2 Mexico340/90 AF435812
GII/3 Cruise ship/00 AY289804
GIII PEC/Cowden AF182760
GIV Houston7-1181/90 AF435814
GV Argentina39 AY289803



Oth-25, no significant difference was found in sequence identities of the
capsid and RNA polymerase regions and hence Snow Mountain virus was
considered a recombinant virus (Hardy et al., 1997). Caliciviruses contain
subgenomic RNA that covers the entire 3′ end of the genome from the capsid
gene to the 3′ end (Fig. 3.1). It has been hypothesized that the subgenomic
RNA could act as an independent unit participating in the recombination
events. It remains unknown how subgenomic RNA is involved in virus repli-
cation, but it is clear that both genomic and subgenomic RNAs share highly
conserved 5′ end sequences and that both RNAs are assembled into virions.
It is possible that interaction between genomic and subgenomic RNAs occurs
by the same mechanism as that of genomic-genomic interaction, thereby sig-
nificantly increasing the chance of recombination events (Jiang et al., 1999a).
If RNA recombination is a common phenomenon among caliciviruses,
a high diversity might be expected in Caliciviridae, which would facilitate the
emergence of new variants and make genotyping more difficult. In addition,
recombination may permit caliciviruses to escape host immunity, analogous
to antigenic shifts in influenza viruses, but by a different molecular mecha-
nism. It has also been reported that accumulation of mutations in the pro-
truding P2 domain of the capsid protein may result in predicted structural
changes, including disappearance of helix structure of the protein, and thus
a possible emergence of new phenotypes (Nilsson et al., 2003).

1.3. Virus Replication
Studies on the replication strategy of human caliciviruses have been hindered
by the lack of an efficient cell culture system. Nevertheless, expression of
recombinant proteins from cDNA clones has allowed the generation of 
proteolytic processing maps for the nonstructural proteins of several cali-
civiruses, like Southampton virus (a norovirus) and RHDV (a lagovirus) (Liu
et al., 1996;Wirblich et al., 1996).Analysis of individual recombinant proteins
from these noncultivable caliciviruses allowed the identification of NTPase
and 3C-like cysteine protease activities for RHDV and noroviruses (Liu
et al., 1999b) and a 3D-like RNA-dependent RNA polymerase for RHDV
(López-Vazquez et al., 1998). Studies on the replication mechanisms of cul-
tivable caliciviruses, such as feline calicivirus (FCV), have contributed to 
a better understanding of the basic features of calicivirus replication 
(Sosnovtsev and Green, 2003). FCV replicates by producing two major types
of polyadenylated RNAs: a positive-sense genomic RNA of approximately
7.7kb and a subgenomic RNA of 2.4kb (Herbert et al., 1996). The genomic
RNA serves as a template for the synthesis of nonstructural protein encoded
by ORF1, and the subgenomic RNA serves as a template for the translation
of structural proteins (Carter, 1990).

1.4. Virus-Cell Interactions
Human and animal enteric caliciviruses are assumed to replicate in the upper
intestinal tract, causing cytolytic infection in the villous enterocytes but 
not in the crypt enterocytes of the proximal small intestine. Biopsies of the
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jejunum taken from experimentally infected volunteers who developed 
gastrointestinal disease after oral administration of Norwalk, Montgomery
County, or Hawaii viruses showed histopathologic lesions, consisting of blunt-
ing of the villi, crypt cell hyperplasia, infiltration with mononuclear cells, and
cytoplasmic vacuolization (Blacklow et al., 1972; Dolin et al., 1975). Experi-
ments with recombinant Norwalk VLPs and human gastrointestinal biopsies
showed binding of the rVLPs to epithelial cells of the pyloric region of the
stomach and to enterocytes on duodenal villi. Attachment of these rVLPs
occurred only to cells as well as to saliva from histo-blood group antigen-
secreting individuals (Marionneau et al., 2002). It was previously known that
RHDV attaches to H type 2 histo-blood group oligosaccharide present on
rabbit epithelial cells (Ruvöen-Clouet et al., 2000). Significant attachment
and entry of Norwalk rVLPs to differentiated Caco-2 cells has also been 
demonstrated (White et al., 1996). Differentiated Caco-2 cells resemble
mature enterocytes, express the H antigen, and were derived from a group
O individual (Amano and Oshima, 1999).

To date, the Cowden strain of porcine enteric calicivirus (PEC) is the 
only cultivable enteric calicivirus (Flynn and Saif, 1988). However, in order
to replicate, it requires the incorporation of an intestinal content prepara-
tion (ICP) from uninfected gnotobiotic pigs as a medium supplement.
Different porcine intestinal enzymes such as trypsin, pancreatin, alkaline
phosphatase, enterokinase, elastase, protease, and lipase were tested as
medium supplements, but none of them alone promoted the growth of PEC
in cell cultures (Parwani et al., 1991). It was speculated that some enzymes
or factors in porcine ICP could activate the viral receptor, promote signal-
ing of host cells, or may cleave viral capsid for successful uncoating (Guo and
Saif, 2003).

Although noroviruses are highly infectious (it has been estimated that
less than 10 virions may be enough to infect an adult), studies with volun-
teers have shown that some subjects remain uninfected despite having been
challenged with high infectious doses (Matsui and Greenberg, 2000). These
individuals may remain disease-free because of innate resistance or because
of preexisting immunity to the virus (Lindesmith et al., 2003). An increased
risk of Norwalk virus infection has been associated with blood group O;
Norwalk VLPs bind to gastroduodenal cells from individuals who are secre-
tors (Se+) but not to those from nonsecretors (Se−) (Hutson et al., 2002;
Marionneau et al., 2002). The gene responsible for the secretor phenotype,
FUT2, encodes an α(1,2) fucosyltransferase that produces the carbohydrate
H type 1 found on the surface of epithelial cells and in mucosal secretions
(Lindesmith et al., 2003). The form of H type 1 secreted depends on 
additional glycosyltransferases, including the Lewis, A and B enzymes
present in epithelial and red blood cells (Marionneau et al., 2001).The recent
discovery that noroviruses attach to cells in the gut only if the individuals
express specific, genetically determined carbohydrates is a breakthrough in
understanding norovirus-host interactions and susceptibility to norovirus
disease (Lindesmith et al., 2003; Hutson et al., 2004).
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Recent studies also suggest that some animal caliviviruses may cross the
species barrier and potentially infect humans. The hypothetical existence of
animal reservoirs and the possibility of interspecies transmission have been
suggested by phylogenetic links of bovine and porcine viruses within the
genera Norovirus and Sapovirus, respectively (Clarke and Lambden, 1997;
Dastjerdi et al., 1999; Liu et al., 1999a; van Der Poel et al., 2000). However,
information concerning the frequency of interspecies transmission among
caliciviruses is limited.

It has recently been demonstrated that gnotobiotic pigs inoculated by the
intravenous route with wild-type PEC Cowden developed diarrhea and also
presented histological lesions in the duodenum and jejunum similar to those
observed in gnotobiotic pigs inoculated orally with wild-type PEC (Guo et
al., 2001). Moreover, PEC RNA and low titers of virus antigen were detected
in sera from pigs inoculated with wild-type PEC both orally and intra-
venously (Guo and Saif, 2003). Thus, viremia may occur after natural PEC
infection, and acute sera may contain infectious virus. It has been hypothe-
sized that human calicivirus infections might also induce viremia, interacting
with erythrocytes in the blood (Guo and Saif, 2003). If this is true, how the
enteric caliciviruses reach the bloodstream from the gut and vice versa
remains unexplained.

2.0. ROTAVIRUSES

Rotaviruses are the leading etiologic agents of viral gastroenteritis in infants
and young children worldwide and in the young of a large variety of animal
species (Kapikian, 2001). Rotavirus infections in humans continue to occur
throughout their lives, but the resulting disease is mild and often asympto-
matic (Bishop, 1996). In addition to sporadic cases of acute gastroenteritis,
outbreaks of rotavirus diarrhea in school-aged children and adults have
increasingly been reported (Griffin et al., 2002; Mikami et al., 2004).

Rotaviruses are responsible for an estimated 500,000 deaths each year in
developing countries (Parashar et al., 2003). There is an urgent need to
develop an effective vaccine and to implement therapeutic strategies to
prevent and treat these infections. A better understanding of the molecular
mechanisms of rotavirus replication and interaction with the host cell and 
of antigenic variability of these viruses are fundamental to achieving these
goals.

Rotaviruses are classified into at least five groups (A to E), and there are
possibly two more groups (F and G) based on the reactivities of the VP6
middle layer protein (Estes, 2001). Group A rotaviruses are most commonly
associated with human infections (Kapikian, 2001).Within group A, four sub-
groups (I, II, I + II, and non-I/non-II) are recognized based on the reactivity
of VP6 with two monoclonal antibodies. The two outer capsid proteins, VP7
and VP4, form the basis of the current dual classification system of group A
rotaviruses into G and P types (Estes, 2001).At least 14 different G-serotypes
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and 20 P-types have been identified among human and animal rotaviruses,
depending on VP7 and VP4, respectively. G serotypes correlate fully with G
genotypes as determined by sequence analysis of the VP7 gene. However, to
date only 12 of the 20 P genotypes have been correlated with P serotypes
(Estes, 2001). Because VP4 and VP7 are coded for by different RNA seg-
ments (segment 4 and segments 7–9, respectively), various combinations of
G- and P-types can be observed both in humans and in animals. Viruses 
carrying G1P[8], G2[P4], G3[P8], and G4[P8] represent more than 90% of
human rotavirus strains cocirculating in most countries, although other G 
and P combinations are being isolated in increasing numbers (Cunliffe et al.,
1999; Buesa, 2000; Iturriza-Gomara et al., 2000; Adah et al., 2001; Armah et
al., 2003; Zhou et al., 2003).

Group B rotaviruses are common animal pathogens infecting pigs, cows,
sheep, and rats but have also been found to infect humans (Sanekata et al.,
2003). Group C rotaviruses are commonly found in animals including pigs
and dogs and can cause outbreaks in humans (Castello et al., 2000).

2.1. Structure of the Virion
Rotavirus particles are of icosahedral symmetry, have three concentric layers
of protein, and measure ∼1,000Å in diameter including the spikes (Estes,
2001). The core layer is formed by a protein known as VP2 (which surrounds
the entire viral genome) and proteins VP1 and VP3, which are transcription
enzymes and are attached as a heterodimeric complex to the inside surface
of VP2 at the fivefold symmetry positions (Prasad et al., 1996b) (Fig. 3.3).
VP1, the RNA-dependent RNA polymerase, interacts with VP3, guanyly-
transferase, and methylase (Liu et al., 1992). This innermost layer is com-
posed of 120 copies of VP2, a RNA-binding protein (Labbé et al., 1991).
The addition of VP6 to the VP2 layer produces double-layered particles
(DLP). VP6 forms 260 trimers interrupted by 132 aqueous channels of three
different kinds in relation to the capsid’s symmetry. The outer capsid of the
triple-layered particles (TLP) is composed of two proteins, VP7 and VP4.

The smooth surface of the virus is made up of 260 trimers of VP7, and 60
spikes emerging from the viral surface consist of dimers of VP4 (Prasad et
al., 1988; Yeager et al., 1990). Rotavirus DLP and TLP contain 132 porous
channels that allow the exchange of compounds to the inside of the particle.
There are 12 type I channels, each located at the icosahedral fivefold vertices
of the TLP and DLP. Each of the type I channels is surrounded by five type
II channels, and finally 60 type III channels are placed at the hexavalent posi-
tions immediately neighboring the icosahedral threefold axis (Prasad et al.,
1988; Yeager et al., 1990).

During cell entry, the TLP loses the VP7 and VP4 proteins, and the result-
ing DLP becomes transcriptionally active inside the cytoplasm (Estes, 2001).
VP4 is a nonglycosylated protein of 776 amino acids and has essential 
functions in the virus cell cycle, including receptor binding, cell penetration,
hemagglutinin activity, and permeabilization of cellular membranes (Fiore
et al., 1991; Burke and Desselberger, 1996; Gilbert and Greenberg, 1998;
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Denisova et al., 1999; Zárate et al., 2000b). VP4 is post-transcriptionally
cleaved into the larger VP5* and the smaller VP8* subunits, and cleavage of
VP4 enhances viral infectivity by several-fold. It has been shown that trypsin
cleavage confers icosahedral ordering on the VP4 spikes, which is essential
for the virus to enter the cell (Crawford et al., 2001). Moreover, biochemical
studies of recombinant VP4 indicate that proteolysis of monomeric VP4
yields dimeric VP5* (Dormitzer et al., 2001).

VP7 is a calcium-binding glycoprotein of 326 amino acids, with nine vari-
able regions contributing to type-specificity (Nishikawa et al., 1989; Hoshino
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Figure. 3.3 Architectural features of rotavirus. (A) PAGE gel showing 11 dsRNA
segments composing the rotavirus genome. The gene segments are numbered on
the left and the proteins they encode are indicated on the right. (B) Cryo-EM
reconstruction of the rotavirus triple-layered particle. The spike proteins VP4 are
colored in orange and the outermost VP7 layer in yellow. (C) A cutaway view of
the rotavirus TLP showing the inner VP6 (blue) and VP2 (green) layers and the
transcriptional enzymes (shown in red) anchored to the VP2 layer at the fivefold
axes. (D) Schematic depiction of genome organization in rotavirus. The genome
segments are represented as inverted conical spirals surrounding the transcription
enzymes (shown as red balls) inside the VP2 layer in green. (E and F) Model from
cryo-EM reconstruction of transcribing DLPs. The endogenous transcription results
in the simultaneous release of the transcribed mRNA from channels located at the
fivefold vertex of the icosahedral DLP. (Reproduced with permission from Jayaram
et al., 2004; see color insert.)



et al., 1994). In addition,VP7 interacts with integrins αxβ2 and α4β1 (Coulson
et al., 1997; Hewish et al., 2000) and induces polyclonal intestinal B-cell acti-
vation during rotavirus infection (Blutt et al., 2004).

When the DLP is located intracellularly, it becomes transcriptionally
competent, and new mRNA transcripts are translocated from the particle
through type I channels at the fivefold axes (Lawton et al., 1997). Prasad et
al. (1988) were the first to propose that these channels in the VP6 layer could
be used by mRNA to exit. Cryo-EM studies have confirmed that DLPs main-
tain their structural integrity during the process of transcription. In a pseudo-
atomic model of the T = 13 VP6 layer (Mathieu et al., 2001), a β-hairpin motif
of VP6 with a highly conserved sequence that protrudes into the mRNA exit
channel may play a functional role in the translocation of the nascent tran-
scripts (Lawton et al., 2000). A detailed mutational analysis of the VP6 layer
has helped to elucidate the determinants of VP6 required for its assembly on
VP2 and how VP6 may affect endogenous transcription (Charpilienne et al.,
2002).

2.2. The Genome
The genome of rotavirus (simian rotavirus strain SA11) consists of 11 seg-
ments of double-stranded RNA (dsRNA) with conserved 5′ and 3′ ends,
ranging from 667bp (segment 11) to 3,302bp (segment 1) in size, totaling
6,120kDa. Six structural proteins (VP1, VP2, VP3, VP4, VP6, VP7) and six
nonstructural proteins (NSP1 to NSP6) are encoded.The coding assignments,
functions, and many properties of the proteins encoded by each of the 11
genome segments are now well established (Table 3.3). Protein assignments
have been determined by in vitro translation using mRNA or denatured
dsRNA and by analyses of reassortant viruses (Estes and Cohen, 1989; Estes,
2001). Cryo-EM analysis of rotavirus has provided first visualization of the
structural organization of the viral genome (Prasad et al., 1996b).The dsRNA
forms a dodecahedral structure in which the RNA double helices, interact-
ing closely with the VP2 inner layer, are packed around the transcription
complexes located at the icosahedral vertices (Fig. 3.3D). VP2 has RNA
binding properties and may be responsible for the icosahedral ordering and
for the closely interacting portions of the RNA. A study by Pesavento et al.
(2001) demonstrated reversible condensation and expansion of the rotavirus
genome within the capsid interior under various chemical conditions. This
condensation is concentric with respect to the particle center, and a dark
mass of density is consistently seen in the center of each of the particles. At
high pH in the presence of ammonium ions, the genome condenses to a
radius of 180Å from the original radius of 220Å, and when brought back to
physiological pH the genome expands to its original radius (Pesavento et al.,
2001). This study suggests that VP2, through its RNA-binding properties,
plays an important role in maintaining appropriate spacing between the
RNA strands in the native expanded state. A plausible and elegant model
for the structural organization of the genome that emerges from these studies
is that each dsRNA segment is spooled around a transcription enzyme
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complex at the fivefold axes, inside the innermost capsid layer (Prasad et al.,
1996b; Pesavento et al., 2001, 2003).

2.3. Mechanisms of Evolution and Strain Diversity
Rotaviruses, like many other RNA viruses, display a great degree of diver-
sity. As well as showing different G and P types and a variety of combina-
tions, there is also intratypic variation. Three mechanisms, singly or in
combination, are important for the evolution and diversity of rotaviruses,
although it is yet unclear what their relative contributions are to the burden
of the disease.

2.3.1. Antigenic Drift
The rate of mutation within rotavirus genes is relatively high because RNA
replication is error-prone. The mutation rate has been calculated to be 
<5 × 10−5 per nucleotide per replication, which implies that on average a
rotavirus genome differs from its parental genome by at least one mutation
(Blackhall et al., 1996). Point mutations can accumulate and give rise to
intratypic variation as identified by the existence of lineages within the VP7
and VP4 genes of particular G and P types. Point mutations can lead to 
antigenic changes, which may result in the emergence of escape mutants
(Palombo et al., 1993; Cunliffe et al., 1997; Maunula and von Bonsdorf, 1998;
Iturriza-Gómara et al., 2002).

2.3.2. Antigenic Shift
Shuffling of gene segments through reassortment can occur during dual
infection of one cell. Reassortment can therefore contribute to the diversity
of rotaviruses, and there is increasing evidence that reassortment takes place
in vivo (Ramig, 2000). There is evidence that reassortment, through alter-
ation in protein-protein interactions, possibly leads to changes in conforma-
tional epitopes and may contribute to the evolution of antigenic types (Chen
et al., 1992; Lazdins et al., 1995). Interspecies transmission and subsequent
reassortment have enormous potential to increase the diversity of cocircu-
lating rotaviruses. In addition, human rotavirus genes encoding proteins to
which the human population is immunologically naïve may allow a rapid
spread of the reassortant strain (Iturriza-Gomara et al., 2000).

2.3.3. Gene Rearrangement
The concatemerization or truncation of genome segments and their ORFs
has the potential to contribute to the evolution of rotaviruses through the
production of new proteins with altered functions (Desselberger, 1996).

2.4. Genome Replication
The RNA polymerase activity of DLPs catalyzes synthesis of 11 mRNAs of
rotaviruses, which range in size from ∼0.7 to 3.3kb. With the exception of
gene 11, they are monocistronic (Estes, 2001). The nascent transcripts are
extruded through channels present at the fivefold axes of the DLPs (Lawton
et al., 1997). The 5′- and 3′-untranslated regions (UTRs) are 9 to 49 and 
17 to 182 nucleotides in length, respectively. The viral mRNAs serve as 
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templates for the synthesis of minus-strand RNA to form dsRNA molecules
(Chen et al., 1994). The synthesis of viral dsRNA and the assembly of cores
and DLPs occur in viroplasms in the cytoplasm (Estes, 2001).There are three
species of RNA-containing replication intermediates (RIs) in the infected
cells: pre-core RIs, which contain the structural proteins VP1 and VP3; core-
RIs, with VP1, VP2, and VP3; and double-layered RIs, which contain VP1,
VP2, VP3, and VP6. The 11 genomic segments are produced and packaged
in equimolar amounts in rotavirus-infected cells, demonstrating that RNA
packaging and replication are coordinated processes (Patton and Gallegos,
1990). The absence of naked dsRNA in infected cells suggests that packag-
ing takes place before replication (Patton et al., 2003).

The only primary sequences that are conserved among the rotavirus
mRNAs are located within the UTRs. Because all 11mRNAs are replicated
by the same VP1-VP2-VP3 polymerase complex, the viral mRNAs almost
certainly must share common cis-acting signals recognized by the polymerase
(Patton et al., 2003). The most remarkable feature of the 3′ ends of rotavirus
mRNAs and of other members of the Reoviridae is the absence of a poly(A)
tail. Instead, all rotavirus genes and mRNAs end with the same short
sequence UGACC, which is conserved among all the segments in group A
rotaviruses. Site-specific mutagenesis has revealed that it is the 3′-CC of the
3′ consensus sequence that is most critical for minus-strand synthesis (Chen
et al., 2001).

In addition, it has been demostrated that the promoter for minus-strand
synthesis is formed by base-pairing in cis of complementary sequences prox-
imal to the 5′- and 3′-ends of the viral mRNAs (Chen and Patton, 1998). The
3′-consensus sequence also contains a cis-acting signal that acts as a transla-
tion enhancer, whose activity is mediated by NSP3 that specifically recog-
nizes the last four to five nucleotides of the 3′-consensus sequence (Poncet
et al., 1994). NSP3 also interacts with the initiation factor eIF4GI and facil-
itates the circularization of viral mRNAs in polysomes, thus increasing the
efficiency of viral gene expression (Piron et al., 1998).

The development of a cell-free system that supports the synthesis of
dsRNA from exogenous mRNA represents an important milestone in the
study of rotavirus replication, providing a mechanism by which the elements
in viral mRNAs that promote minus-strand synthesis can be analyzed. This
system is based in virion-derived cores that have been disrupted or “opened”
by incubation in hypotonic buffer (Chen et al., 1994).Although several inves-
tigators have tried to develop a reverse genetics system for rotaviruses, this
goal has not been achieved so far (Patton et al., 2003). Our understanding of
even the most basic mechanisms that occur during rotavirus replication
would be greatly enhanced by the development of the reverse genetics
approach.

2.5. Cell Infection
Rotaviruses have a specific tropism in vivo infecting primarily the mature
enterocytes of the villi of the small intestine. Recent reports suggest that
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extraintestinal spread of the virus takes place during infection, indicating a
wider tropism than previously considered (Blutt et al., 2003; Mossel and
Ramig, 2003). Rotaviruses can bind to a wide variety of cell lines, although
only a subset of them (including cells of renal and intestinal origin, and trans-
formed cell lines from breast, stomach, lung, and bone) is efficiently infected
(Ciarlet et al., 2002a; López and Arias, 2004). Most studies on rotavirus repli-
cation have been carried out using the simian kidney epithelial MA104 cells,
which are routinely used to produce progeny virus. However, new investiga-
tions into the pathophysiological mechanisms of rotavirus infection are now
being performed using in vitro polarized cells such as the human intestinal
HT-29 and Caco-2 cells (Servin, 2003).

Rotaviruses enter the cell by a complex multistep process in which dif-
ferent domains of the viral surface interact with different cell surface mole-
cules that act as receptors for the attachment of the viruses (Guerrero et al.,
2000; Ciarlet and Estes, 2001; López and Arias, 2004). Some animal rotavirus
strains interact with sialic acid (SA) residues to attach to the cell surface, and
the infectivity of these strains is diminished by the treatment of cells with
neuraminidase (NA). By contrast, many animal strains and some human
strains are NA-resistant (Ciarlet and Estes, 1999).The interaction of rotavirus
with SA has been shown to depend on the VP4 genotype of the virus and
not the species of origin (Ciarlet et al., 2002b). Ganglioside GM3 has been
suggested to act as the SA-containing receptor for the porcine rotavirus
strain OSU (Rolsma et al., 1998), and ganglioside GM1 (NA-resistant) has
been identified as the receptor for the NA-resistant human rotavirus strains
KUN and MO (Guo et al., 1999a). The VP8* domain of VP4 is involved in
interactions with SA, whereas VP5* is implicated in interactions with inte-
grins. The interaction of rotavirus with integrin α2β1 has been shown to be
mediated by the DGE integrin-recognition motif, located at amino acids 308
to 310 of VP4, within VP5* (Zárate et al., 2000a). VP4 also contains the
tripeptide IDA at amino acids 538 to 540, which is ligand motif for integrin
α4β1 (Coulson et al., 1997). However, the functionality of this site has not
been demonstrated. Integrin αvβ3 is also involved in the cell entry of several
rotavirus strains at a postattachment step (Graham et al., 2003). Besides, cell-
surface heat shock cognate protein hsc70 has also been implicated as a
postattachment receptor for both NA-sensitive and NA-resistant rotavirus
strains (Guerrero et al., 2002). Studies with polarized epithelial cell lines
show that the viral entry of SA-dependent strains is restricted to the apical
membrane, whereas SA-independent strains enter either apically or baso-
laterally (Ciarlet et al., 2001).

It has been suggested that lipid rafts might play an important role in the
cell entry of rotavirus (Isa et al., 2004), probably serving as platforms to allow
an efficient interaction of cell receptors with the viral particle (Manes et al.,
2003; López and Arias, 2004). Rotavirus infection in polarized, fully differ-
entiated Caco-2 cells is followed by a defect in brush-border hydrolase
expression (Jourdan et al., 1998). Sucrase-isomaltase activity and apical
expression are specifically decreased by rotavirus infection without any

60 J. Buesa  and  J. Rodr íguez-Díaz



apparent cell destruction (Jourdan et al., 1998). In addition, viral infection
induces an increase in intracellular calcium concentration, damages the
microvillar cytoskeleton, and promotes structural and functional injuries at
the tight junctions in cell-cell junctional complexes of cultured Caco-2 cells
without damaging the integrity of the monolayers (Brunet et al., 2000; Obert
et al., 2000).

2.6. The NSP4 Enterotoxin
The rotavirus nonstructural glycoprotein NSP4 was shown to function as 
an intracellular receptor that mediates the acquisition of a transient 
membrane envelope as subviral particles bud into the endoplasmic reticu-
lum (ER). It has been demonstrated that NSP4 binds intracellularly newly
made DLPs, interacting with VP6. This receptor role of NSP4 is confirmed
by the observation that DLPs bind to ER membranes containing only NSP4
(Taylor et al., 1993; Estes, 2001). Many structural motifs or protein regions
have been implicated in the NSP4 biological function. Amino acids 17 to 20
from the C-terminus extreme are necessary and sufficient for inner capsid
particle binding (O’Brien et al., 2000) and the region involved in the reten-
tion of the NSP4 protein into the endoplasmic reticulum has been mapped
between the amino acids 85 and 123 in the cytoplasmatic region of the
protein (Mirazimi et al., 2003). Residues at positions 48 to 91, a region that
includes a potential cationic amphipatic helix, have been shown to be
involved in membrane destabilization (Tian et al., 1996; Browne et al., 2000).
Purified NSP4 or a peptide corresponding to NSP4 residues 114–135 induce
diarrhea in young mice after an increase in intracellular calcium levels,
suggesting a role for NSP4 in rotavirus pathogenesis (Tian et al., 1994;
Ball et al., 1996; Horie et al., 1999). In vitro studies have shown that after
rotavirus replication in cells, a functional 7-kDa peptide of NSP4 (amino
acids 112–175) is released into the medium from virus-infected cells by a non-
classic, Golgi-independent cellular secretory pathway (Zhang et al., 2000).
This endogenously produced peptide binds to an as yet unidentified apical
membrane receptor to mobilize intracellular calcium through phospholipase
C signaling.

NSP4, or its active NSP4114–135 peptide, induces age-dependent diarrhea
and age-dependent chloride permeability changes in mice lacking the cystic
fibrosis transductance regulator (CFTR) that exhibit no functional cAMP-
dependent secretory pathway (Morris et al., 1999). These observations 
indicate that NSP4 is a novel secretory agonist, because the classical 
secretagogues carbachol and the diterpene forskolin that induce chloride
changes by activating cyclic adenosine monophosphate, instead of by mobi-
lizing [Ca2+]i as a secondary mediator, fail to cause disease in CFTR knock-
out mice (Morris et al., 1999). NSP4 or its active peptide may induce diarrhea
in neonatal mice through the activation of an age- and Ca2+-dependent
plasma membrane anion permeability distinct from CFTR. The molecular
identity of the responsible channel remains to be determined (Morris and
Estes, 2001).
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It has been suggested that NSP4 may directly inhibit the functioning of
the cellular Na+-dependent glucose transporter SGLT-1 (Halaihel et al.,
2000). In addition, extracellular and/or intracellular NSP4 may contribute to
diarrheal pathogenesis by altering the dynamics of intracellular actin distri-
bution and intercellular contacts (Ciarlet and Estes, 2001). NSP4 can affect
the cytoskeleton in polarized epithelial cells, but how these pleiotropic prop-
erties of NSP4 influence the function of NSP4 in morphogenesis or patho-
genesis remains unclear (Tafazoli et al., 2001). The significance of immune
response to NSP4 in protection against rotavirus infection in humans is still
unknown, although it has been shown that NSP4 elicits both humoral and
cell-mediated immune responses (Johansen et al., 1999; Ray et al., 2003).

3.0. ASTROVIRUSES

Human astroviruses are nonenveloped viruses with a positive-sense, single-
stranded, polyadenylated RNA genome about 6,800 nucleotides in length
(Matsui, 1997). Astroviruses are members of the Astroviridae family and
were originally described in 1975 in association with outbreaks of gastro-
enteritis in newborns (Appleton and Higgins, 1975). Astroviruses produce
infections mainly in young children, although illness rates increase again in
the elderly (Lewis et al., 1989). However, they also cause disease in adults
and immunocompromised patients (Cubitt et al., 1999; Coppo et al., 2000;
Liste et al., 2000). Persistent gastroenteritis in children with no background
disease has also been reported, mainly in association with serotype 3 strains
(Caballero et al., 2003). Astrovirus infections occur worldwide, and their 
incidence ranges from 2% to 9% in both developing and developed countries
(Gaggero et al., 1998; Bon et al., 1999; Mustafa et al., 2000; Guix et al., 2002).
Astroviruses are transmitted by the fecal-oral route; outbreaks have been
associated with consumption of sewage-polluted shellfish and ingestion of
water from contaminated sources (Pintó et al., 1996; Pintó et al., 2001). The
virus is frequently shed in stools in significant numbers at the onset of 
the illness, which is in contrast with low numbers of calicivirus produced in the
stools of infected patients. Unlike caliviruses, astroviruses replicate in vitro
in cell lines, and hence detailed studies on their replication are available
(Matsui, 1997; Willcocks et al., 1999; Matsui and Greenberg, 2001). Human
astroviruses were originally isolated in HEK cells and were subsequently
adapted to grow in LLCMK2 cells in trypsin-containing media, although
without demonstrable cytopathic effect (CPE). The colonic carcinoma cell
line Caco-2, in contrast with LLCMK2 cells, is directly susceptible to fecally
derived astrovirus and displays CPE as early as 2 days postinfection 
(Willcocks et al., 1990; Pinto et al., 1994).

The average diameter of astrovirus particles is approximately 28nm
(Madeley, 1979), although it may vary depending on the source of the virus
and the method of preparation for EM (Woode et al., 1984). More detailed
ultrastructural analysis of human astrovirus serotype 2 grown in LLCMK2
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cells in the presence of trypsin revealed particles with icosahedral symmetry
and an array of spikes emanating from the surface (Risco et al., 1995). These
particles had an external diameter of 41nm (including spikes). They did not
display the star-like surface characteristically found on fecally shed virus.
However, the star-like morphology was inducible after alkaline treatment
(pH 10). Intact virions generally band at densities of 1.35 to 1.37g/ml in 
CsCl gradients (Caul and Appleton, 1982), although banding at densities of
1.39–1.40 has also been reported (Konno et al., 1982; Midthun et al., 1993).
The astroviruses band at a density of 1.32g/ml in potassium tartrate–glycerol
gradient, which preserves better than CsCl the structural integrity of the virus
(Ashley and Caul, 1982).

The RNA genomes of several cell culture–adapted human astrovirus
strains have been cloned and sequenced (Jiang et al., 1993a; Lewis et al., 1994;
Willcocks et al., 1994; Geigenmuller et al., 1997), providing new perspectives
for studying the molecular biology of astroviruses. The organization of 
the genome includes three long open reading frames (ORFs), designated
ORF1a, ORF1b, and ORF2. ORF1a (∼2700nt) is located at the 5′ end of the
genome and contains transmembrane helices, a 3C-like serine protease motif,
a putative protease-dependent cleavage site, and a nuclear localization signal
(Jiang et al., 1993a; Willcocks et al., 1994). ORF1b (∼1550nt) contains a
RNA-dependent RNA polymerase motif, whereas ORF2 encodes the struc-
tural proteins (Matsui and Greenberg, 2001). The nonstructural proteins of
the virus are translated from the genomic viral RNA as two polyproteins
(Jiang et al., 1993a). One of them contains only ORF1a and the other
includes ORF1a/1b and is translated via −1 ribosomal frameshifting event
between ORF1a and ORF1b (Jiang et al., 1993a). Both proteins are proteo-
litically processed, generating a variety of polypeptides, although it is unclear
whether the viral protease is responsible for all the cleavages (Geigenmuller
et al., 2002a, 2002b; Kiang and Matsui, 2002).

A subgenomic RNA (approximately 2,400 nucleotides) that contains
ORF2 is found in abundance in the cytoplasm of astrovirus-infected cultured
cells (Monroe et al., 1991). The subgenomic RNA is translated as a 87-kDa
capsid precursor protein that is believed to give rise to three to five smaller
mature capsid proteins in a process that involves trypsin and a putative cel-
lular protease (Monroe et al., 1991; Bass and Qiu, 2000; Mendez et al., 2002).
The 87-kDa capsid protein is rapidly converted intracellularly to a 79-kDa
form, which is found in smaller amounts in the cell supernatants. Bass and
Qiu (2000) identified a trypsin cleavage site in a highly conserved region of
the ORF2 product. Trypsin-free particles were minimally infectious in cul-
tured Caco-2 cells but became highly infectious after trypsin treatment but
not chymotrypsin treatment. This trypsin-enhanced infectivity correlated
with conversion of the 79-kDa capsid protein to three smaller peptides of
approximately 26, 29, and 34kDa. However, the apparent molecular weight
reported for the smaller mature proteins has depended on the astrovirus
serotype and whether the virus studied was derived from infected cultured
cells or from stools (Matsui and Greenberg, 2001).
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Recently, astrovirus virus-like particles (VLPs) have been generated by
cloning the cDNA corresponding to ORF2 from a human astrovirus serotype
2 into vaccinia virus (Dalton et al., 2003). Protein composition of these 
purified VLPs revealed no substantial difference from that of authentic 
astrovirus virions when analyzed by Western blotting. Trypsin cleavage 
seems to be necessary to process the capsid polyprotein into mature 
structural proteins.

Human astroviruses are classified into eight serotypes (HAstV-1 to
HAstV-8) according to the antigenic reactivity of the capsid proteins (Lee
and Kurtz, 1982, 1994; Taylor et al., 2001). Molecular analysis of a region at
the 5′ end of ORF2 can be used to confirm antigenic typing or to character-
ize strains with ambiguous serotyping results (Noel et al., 1995; Belliot et al.,
1997; Monroe et al., 2001). HAstV-1 is the most prevalent of the human
astroviruses that cause actue gastroenteritis, whereas HAstV-6 and HAstV-
7 have rarely been isolated (Lee and Kurtz, 1994; Noel and Cubitt, 1994;
Gaggero et al., 1998; Unicomb et al., 1998).

4.0. ENTEROVIRUSES

4.1. Polioviruses
Enteroviruses replicate in the gastrointestinal tract, but the resulting infec-
tion is frequently asymptomatic. Symptoms, when they occur, range from
paralysis to fever. Enteroviruses, named after the site of replication, rarely
cause gastroenteritis. In addition, in many cases the enterovirus isolated
might merely have been a passenger virus unrelated to the disease (Melnick,
1996).

The capsids of enteroviruses (family Picornaviridae) are composed of
four structural proteins (VP1–VP4) arranged in 60 repeating protomeric
units with icosahedral symmetry. Among the family members, the capsid 
proteins are arranged similarly, but the surface architecture varies. These dif-
ferences account for not only the different serotypes but also the different
modes of interaction with cell receptors. The basic building block of the
picornavirus capsid is the protomer, which contains one copy of each struc-
tural protein. The capsid is formed by VP1 to VP3, and VP4 lies on its inner
surface. VP1, VP2, and VP3 have no sequence homology, yet all three pro-
teins have the same topology: they form an eight-stranded antiparallel “β-
barrel” core structure (Racaniello, 2001). The external loops that connect the
beta strands are responsible for differences in the antigenic diversity of
enteroviruses. Neutralization sites are more densely clustered on VP1. The
structures of many human picornaviruses have been resolved, indicating that
they share a number of conserved structural motifs. For example, the capsids
of polioviruses, rhinoviruses, and coxsackieviruses have a groove, or canyon,
surrounding each fivefold axis of symmetry. In contrast, cardioviruses and
aphthoviruses do not have canyons (Racaniello, 2001). Immediately beneath
the canyon floor of each protomer is a hydrophobic pocket occupied by a
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lipid moiety. These molecules, termed pocket factors, have been shown to 
stabilize the capsid, and their removal from the pocket is a necessary pre-
requisite to uncoating. On the basis of the electron densities and uncoating
studies, the pocket factors are thought to be short-chain fatty acids (Smyth
et al., 2003).

The enterovirus positive-sense RNA genome is approximately 7.4kb long
and serves as a template for both viral protein translation and virus replica-
tion (Racaniello, 2001). The 5′ end is covalently linked to a VPg protein (for
genome-linked virus protein). The genome is organized into a long (∼740
nucleotides) nontranslated region (5′NTR), which contains the internal ribo-
some entry site (IRES) and precedes a single ORF. The ORF is subdivided
into three regions, P1 to P3. The P1 region codes for structural proteins,
whereas P2 and P3 regions encode for nonstructural proteins essential for
virus replication (2A–C, 3A–D). Translation of the ORF gives rise to a single
large polyprotein that is post-translationally modified by virus encoded 
proteases. Immediately downstream of the protein-coding region is the 3′
nontranslated region (3′-NTR), which plays a role in viral RNA replication,
followed by a terminal poly(A) tail (Racaniello, 2001).

The three serotypes of human poliovirus are considered a species within
the genus Enterovirus. A redefinition of the criteria for species demarcation
within the genus Enterovirus has recently been issued by the International
Committee on Taxonomy of Viruses (ICTV). Based on these molecular 
and biochemical characteristics, Enteroviruses are now classified as human
enteroviruses A through D, bovine enterovirus, and porcine enterovirus A
and B (King et al., 2000).

Poliovirus infections, once responsible for high morbility and mortality
throughout the world, are now under control, and their eradication is a pri-
ority for the World Health Organization (WHO). In the past 15 years, since
the Global Polio Eradication Initiative was launched by WHO, the number
of cases has fallen from an estimated 350,000 cases in 1988 to 1,919 in 2002.
In the same time period, the number of polio-infected countries has been
reduced from 125 to 7. There is a historic opportunity to forever stop the
transmission of poliovirus. If the world seizes this opportunity and acts imme-
diately, no child will ever again know the effects of this devastating disease
(Dowdle et al., 2001).

4.2. Kobuviruses
Aichi virus, a cytopathic small round virus, was isolated for the first time in
1989 from fecal samples of patients involved in an oyster-associated gas-
troenteritis outbreak (Yamashita et al., 1991). Since then, several Aichi virus
strains have been isolated in BS-C-1 cells from patients with gastroenteritis
(Yamashita et al., 1995). The virus is commonly found in outbreaks of gas-
troenteritis in Japan and is often associated with the consumption of oysters
(Yamashita et al., 1995). Genetic analysis of Aichi virus revealed that it
belongs to the Picornaviridae family but that it is different from any other
genus such as the Entero-, Rhino-, Cardio-, Aphtho-, Hepato-, Tescho-, or
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Parechovirus (Yamashita et al., 1998). It has been recently proposed by the
ICTV that this virus be assigned to a new genus named Kobuvirus (King et
al., 1999). Kobu means “knob” in Japanese; the reference based on the char-
acteristic morphoplogy of the virion.

Aichi virus has been cultivated in BS-C-1 and Vero cells, producing CPE
characterized by detachment of cells. It does not replicate in other human
cell lines such as HeLa, RD, or HEL cells. By EM, the virion shows a rough
surface and measures around 30nm in diameter. Three capsid proteins of 42,
30, and 22kDa have been described (Yamashita et al., 1998). Aichi virus 
possesses a genome of single-stranded RNA of 8,280 nucleotides, excluding
a poly(A) tract. It contains a large ORF with 7,299 nucleotides that encodes
a polyprotein precursor of 2,432 amino acids, which is preceded by 744
nucleotides and followed by 237 nucleotides and a poly(A). The precise 
secondary structure of the 5′ nontranslated region (5′-NTR) has not been
defined, although an internal ribosomal entry site (IRES) similar to that of
other members of the Picornaviridae family has been reported (Sasaki et al.,
2001). The complete nucleotide sequence of Aichi virus (GenBank accession
no. AB010145) has been determined (Yamashita et al., 1998).

The organization of the deduced amino acid sequence of the polyprotein
encoded by the Aichi virus genome is analogous to that of the other picor-
naviruses. Preceded by a leader (L) protein, there is the P1 region, which 
corresponds to the structural proteins (VP0, VP3, and VP1, with molecular
weights of 42, 30, and 22kDa, respectively) followed by the P2 and P3 regions,
which contain sequences encoding the nonstructural proteins (2A–C, 3A–D).
It has been reported that the 2A protein of Aichi virus contains conserved
motifs that are characteristic of the H-rev107 family of cellular proteins
involved in the control of cellular proliferation (Hughes and Stanway, 2000).
Amino acid sequences of the 2C, 3C, and 3D regions are well aligned with
the corresponding sequences of other picornaviruses. The 3B protein corre-
sponds to the VPg protein. The 3C protein is the protease and contains 
conserved motifs characteristic of all picornaviruses (Yamashita and Sakae,
2003). The relationship of kobuviruses to other picornaviruses has been ana-
lyzed based on the 3D amino acid sequence (which corresponds to the RNA
polymerase) and the polyprotein sequence (Hughes, 2004). Recently, bovine
kobuvirus has been isolated and characterized (accession no. AB084788)
(Yamashita et al., 2003). The genus Kobuvirus, including bovine kobuvirus
and Aichi virus, cluster near the genera Teschovirus, Cardiovirus, Erbovirus,
and Aphthovirus (Hughes, 2004).

5.0. HEPATITIS A VIRUS

Hepatitis A virus (HAV), the prototype of the genus Hepatovirus in the
family Picornaviridae (Minor, 1991), is a hepatotropic virus that represents
a significant problem for human health (Hollinger and Emerson, 2001). HAV
infection is mainly propagated via the fecal-oral route, and although trans-
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mission remains primarily from person to person, waterborne and food-
borne outbreaks of the disease have been reported (De Serres et al., 1999;
Hutin et al., 1999; Fiore, 2004). HAV was originally classified as enterovirus
type 72 because its biophysical characteristics are similar to those of
enteroviruses. However, later studies demonstrated that HAV nucleotide and
amino acid sequences are different from those of other picornaviruses, as are
the predicted sizes of several HAV proteins (Cohen et al., 1987b). This virus
is difficult to cultivate in cell cultures and usually replicates very slowly
without producing CPE. It is resistant to temperatures and drugs that 
inactivate other picornaviruses and is stable at pH 1. There is only a single
serotype of human HAV with one immunodominant neutralization site
(Lemon and Binn, 1983). However, a significant degree of nucleic acid vari-
ability has been observed among different isolates from different regions of
the world (Robertson et al., 1992; Costa-Mattioli et al., 2001). The molecular
basis of this genetic variability may be the high error rate of the viral RNA-
dependent RNA polymerase and the absence of proofreading mechanisms
(Sánchez et al., 2003).

The virion is composed of a genome of linear, single-stranded RNA of
messenger sense polarity, approximately 7.5kb in length, and a capsid 
containing multiple copies of three or four proteins named VP1, VP2, VP3,
and a putative VP4, encoded in the P1 region of the genome (Coulepis et al.,
1982; Racaniello, 2001). The presence of a fourth protein VP4 has been
described repeatedly, but the reported molecular weight (7–14kDa) does not
correspond to that predicted from nucleic acid sequence data (1.5 or 2.3kDa)
(Weitz and Siegl, 1998). The P2 and P3 regions encode for nonstructural pro-
teins associated with replication.

HAV has a buoyant density of 1.32 to 1.34g/cm3 in CsCl and sediments
with 156S during sucrose gradient centrifugation (Coulepis et al., 1982).
Infectious viral particles with higher (1.44g/cm3) as well as lower (1.27g/cm3)
buoyant densities have also been reported (Lemon et al., 1985). Phylogenetic
analysis based on a 168-base segment encompassing the VP1/2A junction
region of the HAV genome has established the classification of human and
simian isolates into seven different genotypes (I–VII), with genotypes I, II,
III, and VII including human isolates (Robertson et al., 1992). About 80% of
the human isolates belong to genotype I, which has been subdivided into two
subgenotypes, IA and IB (Fujiwara et al., 2003).

5.1. The Genome
Detailed analysis of the HAV genome has been accomplished with cloned
or RT-PCR–amplified cDNA. Cultured cells can be infected with RNA tran-
scribed from cloned HAV cDNA (Cohen et al., 1987a). HAV contains a
genome that differs from that of Caliciviridae in that the genes encoding the
nonstructural proteins are located at the 3′ portion of the genome, whereas
those encoding the structural proteins are located at the 5′ end (Weitz and
Siegl, 1998). The HAV genome is divided into a 5′ nontranslated region of
735 nucleotides, a long open reading frame of 6,681 nucleotides encoding 
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a polyprotein of 2,227 amino acids, and a 3′ nontranslated region 63
nucleotides in length.

The 5′-NTR contains a cis-acting internal ribosome entry site (IRES) that
directs initiation of cap-independent translation directed to a particular
AUG triplet several hundreds of nucleotides downstream (Glass et al., 1993;
Brown et al., 1994;Ali et al., 2001; Borman et al., 2001; Kang and Funkhouser,
2002). It has been demonstrated that the IRES is located between
nucleotides 151 and 734, and that it is able to direct internal initiation of
translation in a cap-independent manner (Brown et al., 1994). However, a
cap-dependent message effectively competes with the IRES of HAV (Glass
et al., 1993). Translational efficiency of this IRES may be dependent on the
availability of intact cellular proteins such as the p220 subunit of the eukary-
otic initiation factor eIF-4F and requires association between the cap-binding
translation initiation factor (eIF4E) and eIF4G (Ali et al., 2001; Borman 
et al., 2001). The 5′-NTR is the most highly conserved region in the HAV
genome among all strains sequenced to date, with a 95% nucleotide identity.
By contrast, the 3′-NTR region shows the highest (up to 20%) degree of vari-
ability. The presence of a 23-nucleotide-long cis-acting element has been
described that specifically interacts with proteins involved in the establish-
ment and maintenance of the persistent type of infection characteristic for
replication of most HAV isolates in cell cultures. Several unidentified cyto-
plasmic and ribosomal proteins of infected cells bind to the 3′ end of HAV
RNA, indicating an intimate and dynamic interaction between host proteins
and viral RNA (Kusov et al., 1996). The poly(A) tail is also involved in for-
mation of RNA/protein complexes.

In analogy with other picornaviruses, the coding region can be subdivided
into P1, P2, and P3 regions, which specify proteins 1A–D, 2A–C, and 3A–D,
respectively. The polyprotein is further processed to the four structural and
seven nonstructural proteins by proteinases encoded in and around the 3C
region (Probst et al., 1998). Proteins 1A–D correspond to structural proteins
VP1–VP4. As in other picornaviruses, the 5′ end of HAV genome is cova-
lently linked to VPg protein, which is specified by 3B, instead of the classical
m7G cap structure (Weitz et al., 1986).The 2C gene carries a guanidine resist-
ance marker and is assumed to play a role in viral RNA replication (Cohen
et al., 1987b). The region 3D is considered the RNA-dependent RNA poly-
merase. This region shows the highest degree of homology (29%) with the
corresponding sequence in the poliovirus type 1 protein (Cohen et al.,
1987b). A region of 18 amino acids considered to be essential for an active
polymerase is present in the 3D region. This sequence contains a conserved
motif of two asparatate residues flanked by hydrophobic amino acids that
might function as a GTP-binding domain (Kamer and Argos, 1984). Repli-
cation efficiency seems to be controled by amino acid substitutions in the 2B
and 2C regions (Yokosuka, 2000).

5.2. Proteins
The genomes of all picornaviruses encode a single polyprotein, which is co-
and post-translationally cleaved by virus-encoded proteinase(s). In contrast
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with well-characterized proteolytic events in the polyprotein of Enterovirus
and Rhinovirus, this processing has been difficult to characterize in Hepa-
tovirus. It has been shown that the primary cleavage of HAV polyprotein
occurs at the 2A/2B junction, which has been mapped by the N-terminal
sequencing of 2B. This primary cleavage of the polyprotein is mediated by
3Cpro proteinase, which is the only proteinase known to be encoded by the
virus (Martin et al., 1995; Gosert et al., 1996). The P1-2A capsid protein 
precursor is probably released from the nonstructural protein precursor 
(P3-2BC) as soon as 3Cpro is synthesized, as the full-length polyprotein has
not been observed in these studies. A P1-2A precursor produced in a cell-
free translation system has been shown to be cleaved in vitro by recom-
binant 3Cpro to generate VP0 (VP4–VP2), VP3, and VP1-2A (Malcolm et al.,
1992). This VP1-2A polypeptide is unique to hepatoviruses; it associates 
with VP0 and VP3 to form pentamers, intermediates in the morphogenesis
of HAV particles (Borovec and Andersen, 1993). The mature capsid 
protein VP1 is subsequently derived from the VP1-2A precursor later in the
morphogenesis process. It has been hypothesized that the maturation of 
VP1 is dependent on 3Cpro processing of the VP1-2A precursor (Probst 
et al., 1998). However, using recombinant vaccinia viruses expressing rele-
vant HAV substrates, it has also been shown that 3Cpro is incapable of direct-
ing the cleavage of VP1 from the VP1-2A precursor, indicating that
maturation of VP1 could not depend on processing by 3Cpro proteinase
(Martin et al., 1999).

5.3. Virus Replication
Hepatitis A virus typically has a protracted and noncytolytic replication cycle
in cell cultures and fails to shut down host cell metabolism (Lemon and
Robertson, 1993). Even after successful adaptation to grow in cell cultures,
replication of HAV is a slow process that terminates in a state of persistent
infection (de Chastonay and Siegl, 1987). Cytopathic HAV strains have been
recovered only from persistently infected cell cultures. Maximal levels of
viral RNA synthesis can be detected at 24h after infection, and exponential
production of progeny virus continues for up to 4 days postinfection. Lysis
of infected cells may become apparent within 3 to 9 days postinfection, and
yield of progeny virus rarely exceeds 107 TCID50/ml (Siegl et al., 1984).

6.0. HEPATITIS E VIRUS

Hepatitis E virus (HEV), the prototype of the proposed Hepevirus, is a
nonenveloped RNA virus, previously classified as a calicivirus but provi-
sionally considered as a separate group of HEV-like viruses (Berke and
Matson, 2000). Sequence comparison and phylogenetic analysis suggest that
these viruses are more closely related to the Togaviridae (Koonin et al.,
1992).

Hepatitis E virus is a major cause of epidemics and sporadic cases of 
acute hepatitis in Southeast and Central Asia, the Middle East, and many
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areas of Africa and Mexico (Purcell and Emerson, 2001). Sporadic cases have
also been identified in Europe, Japan, and the United States (Schlauder et
al., 1998, 1999; Takahashi et al., 2001). Transmission of HEV infection during
outbreaks primarily occurs through contaminated water. Provision of clean
drinking water is considered the best preventive strategy. The illness is self-
limited and no chronic HEV infection has been described, although high
mortality rate has been observed in pregnant women, with death rate as high
as 25% (Balayan, 1997). HEV has been isolated from humans and swine
(Meng et al., 1997, 1998a; Hsieh et al., 1999; Garkavenko et al., 2001). Anti-
bodies to the HEV capsid protein have been detected in many animal
species, including rats and non-human primates (Kabrane-Lazizi et al., 1999a;
Arankalle et al., 2001).

To date, four genotypes have been identified (Tam et al., 1991); a geno-
type 3 strain of HEV isolated from swine has been passed experimentally to
monkeys, and a genotype 3 strain isolated from humans has been passed to
swine (Meng et al., 1998b). Intriguingly, attempts to infect swine with other
HEV human isolates have failed (Meng et al., 1998a). The question of
whether HEV infection is a zoonosis is still being discussed (Meng, 2000).
The viral genome is approximately 7.2kb in length and has three partially
overlapping ORFs: ORF1 encodes nonstructural proteins (1,693 amino
acids), ORF2 encodes the capsid protein (660 amino acids), and ORF3
encodes a very small protein (123 amino acids) that has been shown to bind
in vitro to a number of proteins involved in cellular signal transduction
(Korkaya et al., 2001). The virus has not been propagated efficiently in cell
cultures. Recently, various regions of the viral genome have been cloned and
expressed in vitro. The ORF1 gene encodes the largest protein, which con-
tains motifs characteristic of a methyl-transferase, a papain-like protease, a
helicase, and an RNA-dependent RNA polymerase (Koonin et al., 1992). It
has been demonstrated that the HEV genome contains a m7G cap at its 5′
end (Kabrane-Lazizi et al., 1999b; Zhang et al., 2001). There is still contro-
versy over whether the 5′ cap is critical for HEV replication. Although it has
been shown that the cap is required for infectivity of recombinant genomes
in vivo, uncapped viral genomes can replicate in transfected HepG2 cells
(Panda et al., 2000; Emerson et al., 2001).

The full-length ORF2 gene encodes a 72-kDa capsid protein consisting
of 660 amino acids. ORF2 is the major, if not the only protein in the virion,
but its real size in infectious virions is not known. When synthesized in insect
cells, the initial 72-kDa protein is processed to smaller proteins of approxi-
mately 63, 56, and 53kDa (Robinson et al., 1998). It has been demostrated
that antibodies against ORF2 antibodies can neutralize HEV (Mast et al.,
1998; Meng et al., 2001). Persons with preexisting anti-ORF2 did not develop
hepatitis E after exposure to HEV in an outbreak in Pakistan (Bryan et al.,
1994). Similarly, anti-ORF2–positive monkeys did not develop hepatitis after
challenge with infectious HEV (Tsarev et al., 1994; Arankalle et al., 1999).
A number of antigenic determinants have been identified within ORF2
(Khudyakov et al., 1999; Li et al., 2000; Riddell et al., 2000). However, it
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appears that only antibodies directed against the C-terminus of ORF2 are
neutralizing (Mast et al., 1998). The ORF2-encoded 56-kDa protein, trun-
cated at its N- and C-termini, served as a highly reactive antigen in detect-
ing anti-HEV antibodies (Zhang et al., 1997).

The ORF3 protein contains only 123 amino acids, and its biological role
has yet to be elucidated. Recombinant ORF3 protein expressed in eukary-
otic cells is an immunogenic phosphoprotein that accumulates in the cyto-
plasm and associates with the cytoskeleton (Zafrullah et al., 1997). This
association is dependent on amino acids 1 to 32 of ORF3, which comprise a
hydrophobic domain. In addition, ORF3 contains two conserved proline-
rich domains. By the yeast two-hybrid assay, it has been demonstrated that
the second of these proline-rich domains binds to certain Src homology 3
domains present in a subset of cellular proteins. It has been hypothesized
that ORF3 may be a viral regulatory protein involved in cellular signal trans-
duction (Korkaya et al., 2001). Also, recombinant ORF3 protein has been
shown to interact in yeast two-hybrid assays and by co-immunoprecipitation
assays with the nonglycosylated form of the major capsid protein, ORF2
protein (Tyagi et al., 2002). These observations lead to the hypothesis that
ORF3 has a well-regulated role in HEV structural assembly (Emerson and
Purcell, 2003). One HEV vaccine candidate, a baculovirus-expressed protein
spanning 112–607 amino acids of ORF2, was demonstrated to be safe and
immunogenic in volunteers and is currently being evaluated in clinical trials
in Nepal (Emerson and Purcell, 2003).

7.0. ENTERIC ADENOVIRUSES

Adenoviruses are nonenveloped, icosahedral viruses measuring 70 to 90nm
in diameter. They have a buoyant density in cesium chloride of 1.33 to 
1.34g/cm3. The capsid is composed of 252 capsomeres, of which 240 are
hexons and 12 are pentons. Inside the capsid is a single molecule of linear,
double-stranded DNA (Shenk, 2001). Two genera are recognized within the
Adenoviridae family: Mastadenovirus includes viruses that infect mammals,
and Aviadenovirus contains viruses that infect birds (Benkö et al., 2000).
Adenoviruses are species-specific and generally replicate only in cells
derived from their native host. Human adenoviruses are associated with a
variety of infectious diseases affecting the respiratory, urinary, and the gas-
trointestinal tracts and the eyes (Horwitz, 2001). To date, 51 serotypes of
human adenoviruses have been recognized, which are classified into six sub-
groups, A to F, based on immunological properties, oncogenicity in rodents,
DNA homologies, and morphological properties (Benkö et al., 2000).

Enteric adenoviruses were originally identified in stool samples of infants
with acute gastroenteritis (Flewett et al., 1973) and have been consistently
associated with gastroenteritis in children through epidemiological and clin-
ical studies (Uhnoo et al., 1983; Uhnoo et al., 1984). They are responsible for
5% to 20% cases of acute diarrhea in children (Uhnoo et al., 1984; Kotloff
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et al., 1989; Uhnoo et al., 1990; Bon et al., 1999) and are found in clinical
samples throughout the year with little seasonal variation (de Jong et al.,
1983).

The enteric serotypes 40 and 41 have been designated as subgroup F 
adenoviruses.They share the adenovirus group antigen and are distinguished
from each other and from other nonenteric serotypes by serology and DNA
restriction patterns (Wadell, 1984). These two serotypes are shed in large
numbers from the gut of infected patients and were originally described as
being noncultivable or “fastidious” adenoviruses, because they could not be
cultivated in cell cultures that generally supported the propagation of other
adenovirus types. Later, however, it was discovered that enteric adenoviruses
could be propagated in Graham 293 cells, a cell line of human embrionic
kidney (HEK) cells transformed with adenovirus 5 early (E) region 1
(Graham et al., 1977; Takiff et al., 1981), although at lower levels than other
serotypes. This suggests that E1 functions are poorly expressed in cells
infected with adenovirus types 40 and 41, and therefore it was postulated that
the inability of these serotypes to grow in cell lines normally supportive for
other adenovirus types was due to the relative inability of the adenovirus 41
E1A gene to transactivate other adenovirus 41 genes (Takiff et al., 1984; van
Loon et al., 1985a). The Graham 293 cell retains the E1A and E1B regions
of the adenovirus genome covalently linked to the host DNA. The mecha-
nism of facilitation of the growth of the EAd40 in 293 cells seems to be a
function of the E1B-55kd protein (Mautner et al., 1989). Efficient replica-
tion of adenovirus types 40 and 41 has also been achieved in other cell lines,
including Hep-2 cells, Chang conjuntiva cells, CaCo-2 cells (Perron-Henry et
al., 1988; Pintó et al., 1994), and PLC/PRF/5 cells (a primary liver carcinoma
cell line) (Grabow et al., 1992).

The genome of adenovirus 40 has been sequenced (Davidson et al., 1993)
(GenBank accession no. L19443) and described in detail (Mautner et al.,
1995).The main difference between adenovirus 40 and the other human ade-
novirus serotypes is the presence of two distinct fiber genes, a single VA gene
involved in late translation and a highly divergent E3 region. The growth
restriction of adenovirus 41 in cell cultures seems to be less severe than that
of serotype 40 because a number of cell lines have been found to support the
propagation of serotype 41 but not of serotype 40 (de Jong et al., 1983; Uhnoo
et al., 1983; van Loon et al., 1985b). The blockade in adenovirus 41 replica-
tion occurs within the early phase of the infectious cycle (Tiemessen et al.,
1996). In a study on the ability of adenovirus 40 E1A encoded products (pro-
teins 249R and 221R) for trans-activation (van Loon et al., 1987; Ishino 
et al., 1988), it was found that the adenovirus 40 E1A promoter does indeed
contain transcription factor binding sites sufficient for trans-activation by the
adenovirus 5 E1A 289R protein. It is possible that adenovirus 40 has evolved
to use components of the RNA processing machinery that are unique to ente-
rocytes (Stevenson and Mautner, 2003). Hence, a better understanding of the
replication and pathogenicity of adenovirus 40 will require the development
of intestinal cell cultures.
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8.0. OTHER ENTERIC VIRUSES

Although rotaviruses, caliciviruses, astroviruses, and enteric adenoviruses are
the most prominent viral pathogens of acute gastroenteritis, other candidates
such as coronaviruses, toroviruses, and picobirnaviruses are also considered
to have capability to cause diarrhea in humans.

8.1. Coronaviruses
Coronavirus is a genus of the Coronaviridae family in the order Nidovirales
(Enjuanes et al., 2000).The first reports of coronavirus-like particles in stools
of patients with diarrhea were documented by Caul and Clarke (1975), who
reported cultivation of these viral particles in human embryo intestinal organ
culture and human embryo kidney monolayers (Caul and Clarke, 1975).
Since then, the existence of human enteric coronavirus (HEC) has been con-
troversial (Mathan et al., 1975; Caul and Egglestone, 1977). Some investiga-
tors have considered these particles as viruses and as potential pathogens in
human diarrhea, necrotizing enterocolitis, and malabsorption. Other authors
cite their variable size, their presence in stools of normal subjects, and their
failure to be cultivated in vitro as evidence that they might represent cell
debris or even portions of other microorganisms (Macnaughton and Davies,
1981). However, isolation and propagation of enteric coronaviruses have
been reported (Resta et al., 1985; Luby et al., 1999). The enveloped particles
are 120–160nm in diameter and possess a genome of linear, positive-sense,
single-stranded RNA of approximately 30kb in size. The genome is sur-
rounded by the nucleocapsid protein (N) with helical symmetry, which is con-
tained in an envelope, in which the spike (S), envelope (E), hemagglutinin
esterase (HE), and membrane (M) proteins are embedded. Proteins are
expressed from RNA molecules that are in most cases subgenomic, and all
mRNAs carry a leader sequence derived from the 5′ end of the genome (Lai
and Holmes, 2001).

8.2. Toroviruses
Toroviruses (family Coronaviridae, order Nidovirales) are enveloped,
positive-sense RNA viruses that have been implicated in enteric disease in
cattle and possibly in humans. Despite their potential veterinary and clinical
relevance, little is known about the epidemiology and molecular genetics of
toroviruses (Koopmans and Horzinek, 1994; Smits et al., 2003).

Toroviruses have not been propagated incell cultures, with the sole excep-
tion so far of the equine Berne virus. Early seroepidemiological surveys based
on Berne virus cross-neutralization assays and enzyme-linked immunosor-
bent assay (ELISA) indicated that toroviruses occur in a wide variety of
ungulate hosts (cattle, sheep, goats, and swine) (Koopmans and Horzinek,
1994). Breda virus was detected in the stools of diarrheic calves but could
not be isolated in cell cultures (Woode et al., 1982). Thereafter, two anti-
genically distinct serotypes of Breda virus have been identified, referred to
as bovine toroviruses 1 and 2 (BoTV-1 and BoTV-2) (Woode et al., 1985).
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Morphologically similar pleomorphic particles characterized by a well-
defined fringe around the outer edges have also been found in human stools
(Beards et al., 1984; Duckmanton et al., 1997). These viruses have a unique
morphology with a helical nucleocapsid in a torus-shaped configuration
within an envelope carrying large spikes. In samples from children and adults
with diarrhea, torovirus-like particles cross-reactive with Berne virus–specific
and Breda virus–specific antisera were detected by immunoelectron
microscopy (Beards et al., 1984; Beards et al., 1986; Duckmanton et al., 1997),
and torovirus antigens were detected by ELISA (Koopmans et al., 1997).
Recently, the nucleotide sequence of the Berne virus genomic RNA has been
completed (Smits et al., 2003).

With a genome length of 28kb, toroviruses are among the largest RNA
viruses, rivaled in size only by the coronaviruses. The 5′-most two-thirds of
the genome is taken up by two huge overlapping open reading frames, 1a and
1b, encoding polyproteins from which various subunits of the viral replicase/
transcriptase are derived (Snijder et al., 1990a). Downstream of ORF1b,
there are four cistrons of 5kb, 0.7kb, 1.2kb, and 0.5kb (as ordered from 5′
to 3′). These encode the structural proteins, the spike (S), membrane (M),
hemagglutinin-esterase (HE), and nucleocapsid (N) proteins, respectively
(Snijder and Horzinek, 1993). The structural proteins are translated from a
3′-coterminal nested set of subgenomic mRNAs, produced by discontinuous
and nondiscontinuous RNA synthesis (Snijder et al., 1990b; van Vliet et al.,
2002). Four genotypes, displaying 30% to 40% sequence divergence, have
been recently distinguished, exemplified by bovine torovirus (BToV) Breda,
porcine torovirus (PToV), equine torovirus Berne, and the putative human
torovirus (Smits et al., 2003). It remains unclear, however, whether the
toroviruses are host specific and how the torovirus genotypes are geograph-
ically distributed.

8.3. Picobirnaviruses
Picobirnavirus is the tentative name for a new virus genus in the family 
Birnaviridae (Leong et al., 2000). Picobirnaviruses were first observed in 1988
in fecal samples of humans and rats (Pereira et al., 1988a, 1988b). The viruses
have subsequently been found in many mammals and birds (Rosen, 2003)
and have been frequently detected in cases of human gastroenteritis associ-
ated with human immunodeficiency virus infections (HIV) (Grohmann et al.,
1993; Gonzalez et al., 1998; Liste et al., 2000). Association of picobirnavirus
with nonbacterial gastroenteritis outbreaks has also been reported recently
(Banyai et al., 2003).

Morphological, physicochemical, and genomic characteristics suggest that
picobirnaviruses belong to a distinct group of viruses. The small size of the
virion and the nature of the viral genome prompted the name picobir-
naviruses, referring to pico (small) and birna (two RNA segments). The
virion is 25–41nm in diameter, nonenveloped, and has a buoyant density of
1.38 to 1.42g/cm3 (Pereira et al., 1988b; Ludert et al., 1995). However, virions
with a diameter of around 35nm have been found most often (Ludert et al.,
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1991; Gallimore et al., 1995).The genome consists of two segments of double-
stranded RNA with lengths estimated around 2.3–2.6Kpb and 1.5–1.9Kpb,
respectively (Gallimore et al., 1995; Chandra, 1997). These viruses are non-
cultivable. They are detected by EM and polyacrylamide gel electrophoresis
(PAGE) (Ludert and Liprandi, 1993; Gallimore et al., 1995; Cascio et al.,
1996). Picobirnavirus genomic fragments migrate in PAGE within the migra-
tion range of the genomic segments of group A rotaviruses (Pereira et al.,
1988a; Ludert et al., 1991; Rosen et al., 2000). This fact led to the discovery
of these viruses when fecal samples containing both rotaviruses and pico-
birnaviruses were subjected to PAGE (Pereira et al., 1988a, 1988b). Cur-
rently, RT-PCR is used to detect human picobirnaviruses in fecal samples
(Rosen et al., 2000).

Limited information is available on the genetic sequence of picobir-
naviruses.To date, genomic segment 1 of a rabbit and a human picobirnavirus
and segment 2 of two human picobirnaviruses have been cloned (Green 
et al., 1999; Rosen et al., 2000). Human picobirnavirus sequences have been
determined mostly for the smaller genomic segment that encodes the RNA-
dependent RNA polymerase (Rosen et al., 2000). The genomic segment 1
has been postulated to encode for the capsid protein (Green et al., 1999;
Rosen et al., 2000). Based on the sequence data of the RNA polymerase,
there are two major genogroups within human picobirnaviruses, for which
prototype strains are 1-CHN-97 and 4-GA-91 (Rosen et al., 2000).

9.0. SUMMARY

Food-borne and waterborne viruses mainly cause gastroenteritis (cali-
civiruses, rotaviruses, astroviruses, and enteric adenoviruses), hepatitis 
(hepatitis A virus, hepatitis E virus), and other diseases (enteroviruses).
Other enteric viruses like kobuviruses, coronaviruses, toroviruses, and picor-
naviruses also cause diarrhea, although the causative role for some of these
viruses in humans is still controversial.

Human caliciviruses have been recognized as the leading cause of acute
gastroenteritis outbreaks and sporadic cases in children and adults world-
wide. Enteric caliciviruses belonging to the Norovirus and Sapovirus genera
remain refractory to cell culture propagation. This limitation has hampered
our ability to investigate their biology, pathogenesis, and host immunity,
although molecular approaches are providing new insights into these areas.
The morphology, composition, and structure of several enteric viruses have
been elucidated in recent years. Cryo-electron microscopy and x-ray crystal-
lography have been crucial for this purpose. Biochemical and structural
studies of virus-like particles produced by recombinant baculoviruses are
contributing to better understand the structure-function relationships of 
the capsid proteins. Viral genome organization is being clarified for all these
viruses, as well as their replication and gene expression strategies. Most of
the proteins encoded by the viral genomes have been characterized and their
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functions identified. Sequence analysis of viral genes is currently being
applied in molecular epidemiological studies. However, many questions still
remain to be answered.The development of efficient reverse genetics systems
would be extremely useful in the analysis of the mechanisms of viral repli-
cation and of gene expression of the different enteric viruses.

Biochemical characterization of viral interactions with cells and analysis
of the functional properties of the viral proteins are providing a better under-
standing of the pathogenesis of enteric viruses. Rotavirus NSP4 is the first
viral enterotoxin to be characterized. Several cell membrane molecules 
have been identified recently as being receptors for different enteric viruses
(i.e., integrins and hsc70 for rotaviruses, ABH histo-blood group carbohy-
drates for noroviruses). Studies on human susceptibility to norovirus infec-
tions have characterized some resistant nonsecretor (Se-) individuals in 
the population, which is a breakthrough in our knowledge of norovirus-host
interactions. Similarly, molecular analyses of orally transmitted viruses
causing hepatitis are clarifying the phylogenetic relationships between 
these viruses and other viral genera, as well as their pathophysiological 
mechanisms.
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CHAPTER 4

Methods of Virus Detection in Foods
Sagar M. Goyal

1.0. INTRODUCTION

Viral contamination of food and water represents a significant threat to
human health. Many different types of foods are implicated in food-borne
outbreaks but shellfish (oysters, clams, mussels), cold foods, and fresh
produce (fruits and vegetables) are considered to be the most important
vehicles. In recent years, viral food-borne outbreaks have been traced to rasp-
berries (Ponka et al., 1999), strawberries (Gaulin et al., 1999), well water
(Beller et al., 1997), sandwiches (Daniels et al., 2000), and oysters (Kohn 
et al., 1995). The source of viral contamination of shellfish is fecal contami-
nation of water in which they reside whereas produce may be contaminated
through the use of contaminated irrigation or wash water, infected food 
handlers involved in the preparation and processing of food, and contact of
produce with contaminated surfaces.

The cases of produce-associated outbreaks are on the rise because the
consumption of such foods has increased due to health reasons and because
produce may often be imported from areas lacking in strict hygienic meas-
ures. In addition, produce is usually eaten uncooked thereby eliminating 
the added safety factor provided by cooking. Produce-associated outbreaks
attributed to a single food source have occurred in several countries simul-
taneously (Koopmans et al., 2003). In addition, food is also subject to 
intentional contamination with highly infectious pathogens including cate-
gory A and B pathogens such as Bacillus anthracis, Yersinia pestis, Fran-
cisella tularensis, Brucella spp., smallpox virus, filoviruses, arenaviruses, and
alphaviruses.

Food-borne outbreaks are believed to cause an estimated 76 million ill-
nesses, 5,000 deaths, and 325,000 hospitalizations annually in the United
States (Mead et al., 1999). In many outbreaks the causative agent cannot be
confirmed but they are suspected to be caused by viruses. It is generally
believed that the number of viral food-borne outbreaks far exceeds the
number currently being reported. One reason for the failure to confirm a
viral etiology is the lack of sensitive and reliable methods for the detection
of viruses in the implicated food. Svensson (2000) estimated that at least half
of the viral food-borne disease outbreaks are not recognized because of inad-
equate sampling and detection methods.

Many viruses are associated with food-borne illnesses including
norovirus (NV), hepatitis A virus (HAV), hepatitis E virus (HEV), and
rotavirus (RV). Most of these viruses originate from the human gastroin-
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testinal tract. Of these, caliciviruses (NVs) are the most important nonbac-
terial cause of food and waterborne disease outbreaks causing diarrhea,
nausea and vomiting. Persons of all ages are affected and reinfections can
occur because prior infection results only in a short term immune response.
The problem of viral food-borne outbreaks has been neglected until recently
probably because the diseases caused by such viruses are less severe and
seldom fatal except in very young and elderly, pregnant women, and
immunocompromised hosts (Gerba et al., 1996). However, viral food-borne
outbreaks do cause high morbidity and suffering and hence should be inves-
tigated thoroughly.

Microbial monitoring is a useful tool in risk assessment of various food
products. Simple, rapid, and sensitive methods for the detection of viruses in
food and water can be used to help establish the cause and source of out-
breaks (Jaykus, 1997) and to understand the epidemiologic features of the
outbreak (Bresee et al., 2002). Existing methods to detect viruses in patients
and in victims of food-borne outbreaks are relatively robust because infected
individuals shed large number of viruses which can be easily detected by the
current methods such as enzyme immunoassay (Fleissner et al., 1989), RT-
PCR (reverse transcription-polymerase chain reaction; Anderson et al.,
2001), and solid phase immune electron microscopy (SPIEM) using conva-
lescent serum (Cunney et al., 2000; Girish et al., 2002). In addition, serocon-
version (greater than fourfold antibody rise from acute to convalescent phase
serum), as measured by enzyme immunoassay, can also be used for indirect
evidence of viral infection (Gordon et al., 1990). Unfortunately, foods are
rarely tested for viral contamination because simple and rapid methods for
the detection of viruses in foods (except for shellfish) are not available
(Leggitt and Jaykus, 2000; Koopmans et al., 2002).

The lack of sensitive surveillance systems to detect food contamination
and the lack of available laboratory methods to concentrate and detect
viruses in food has limited the ability of public health officials to identify or
investigate outbreaks associated with widely distributed commodities or food
products. One reason for the lack of these methods is that the number of
viruses present in food is too small to be detected by methods used in clini-
cal virology, although this low level viral contamination can still cause infec-
tion in a susceptible host. In addition, the direct detection and identification
of viruses in food is difficult because of a large variety and complexity of
foods, heterogeneous distribution of contaminating viruses in the food
milieu, and the presence of substances in food that may inhibit or interfere
with virus detection methods.

Another problem is that two of the most important food-borne viruses
either do not grow in cell cultures (norovirus) or their primary isolation in
cell cultures is very inefficient (hepatitis A virus). It is difficult to develop
methods using these viruses thus necessitating the use of surrogates of these
viruses for experimental studies. Although no validated model is available
for these viruses, many investigators have utilized feline calicivirus (FCV) as
a surrogate of NV (Slomka and Appleton, 1998; Gulati et al., 2001; Taku 
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et al., 2002; Duizer et al., 2004a, 2004b) because FCV is easily propagated
and titrated in CRFK (Crandell-Reese feline kidney) cells.

The need to develop simple, rapid, and accurate methods for the con-
centration of viruses from large amounts of food cannot be overemphasized.
An ideal method would produce a final sample that does not interfere with
conventional or molecular virology techniques used for virus detection. In
addition, the method should be able to concentrate viruses from many dif-
ferent types of foods so that it can be used in situations where the integrity
and safety of food is in question and to help develop laboratory-based sur-
veillance for the early and rapid detection of large, common-source out-
breaks. These methods will also be helpful in the event of an actual or
suspected act of agro-terrorism thereby maintaining the confidence of the
public in public health authorities.

Considerable progress has been made in the development of sensitive
methods for the detection of viruses in shellfish. The method consists basi-
cally of two steps. The first step is ‘sample processing’ in which viruses (or
their nucleic acids) are removed and/or concentrated from shellfish tissues.
The second ‘detection’ step uses either conventional virus isolation in cell
culture or molecular techniques for the detection of viruses or their nucleic
acids, respectively. Broadly speaking, there are two types of ‘sample pro-
cessing’ methods that have been used for virus detection in shellfish; the
whole virus concentration-detection method and nucleic acid extraction-
detection method.

The nucleic acid extraction-detection method is relatively new. In this
procedure total RNA (not whole virus) is extracted from oyster meat fol-
lowed by RT-PCR (Coelho et al., 2003a). The direct RNA isolation protocol
is simple because no fastidious concentration steps are involved as in the
whole virus concentration-detection method. The disadvantage of this pro-
cedure is that no opportunity exists for the detection of infectious/viable
virus particles. Legeay et al. (2000) described a simple procedure in which
viral RNA was isolated directly from the shellfish extract by a guanidium
thiocyanate-silica extraction method. Viral RNA was detected by RT-PCR
followed by confirmation of the amplicons by hybridization with DIG-
labeled specific probes. Using this procedure, as little as 20 PFU (plaque
forming units) of HAV per g of shellfish tissues could be detected.

Goswami et al. (2002) described a method by which HAV RNA was
detected in spiked samples of shellfish and cilantro. Total RNA was first iso-
lated followed by isolation of poly(A)-containing RNA because HAV
genomic RNA contains a poly(A) tail. The isolated RNA was amplified by
RT-PCR and then re-amplified with internal primers to improve the quality
and the quantity of amplified DNA.With this procedure, 0.15 TCID50 of HAV
could be detected in 0.62g of tissue. In addition, this procedure was used to
successfully detect naturally occurring HAV in clams involved in an outbreak
of gastroenteritis.

In the whole virus procedure, on the other hand, the virus is extracted
(eluted) from shellfish tissues in an alkaline buffer solution (Sobsey et al.,
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1975; Sobsey et al., 1978; Seidel et al., 1983; Bouchriti and Goyal, 1992, 1993).
This step is based on the fact that viruses can be adsorbed to, or eluted from,
tissues and other solids by regulating the pH and ionic conditions of the sus-
pending medium thus effectively separating viruses from solids. The viruses
can then be concentrated from these extracts (eluates) by a concentration
step involving acid precipitation, polyethylene glycol precipitation, or organic
flocculation (Katzenelson et al., 1976; Bouchriti and Goyal, 1992; Atmar et
al., 1995). During concentration, the volume of the extract (eluate) is reduced
resulting in a small final sample that can be conveniently assayed for viruses
by conventional or molecular methods. The most commonly used molecular
diagnostic method is RT-PCR since a large majority of viruses in food happen
to be RNA viruses. Ideally the final sample should not contain cytotoxic
agents or PCR inhibitors when tested by cell culture inoculation or RT-PCR,
respectively. A few methods that have been used for the detection of viruses
in non-shellfish foods are a modification of methods used for shellfish. It is
important, therefore, to review methods that have been developed for virus
detection in shellfish.

2.0. METHODS FOR THE DETECTION OF VIRUSES 
IN SHELLFISH

Viruses are usually found at low levels in shellfish and cannot be detected by
direct examination of shellfish extracts for viruses. Several methods have
been developed over the last 30 years for the concentration of small amounts
of viruses from large amounts of shellfish tissues. Some of these methods
have been further modified to increase the efficiency of virus recovery and
to reduce cytotoxic agents and PCR inhibitors in shellfish extracts. The first
step involved in these procedures is extraction of virions by homogenization
of shellfish tissues in a buffer solution followed by low speed centrifugation
to remove solids. The eluted viruses can then be concentrated from eluates
by e.g., acid precipitation, polyelectrolyte flocculation, adsorption-elution-
ultrafiltration, elution-adsorption-precipitation, or elution-precipitation
methods (Katzenelson et al., 1976; Bouchriti and Goyal, 1992; Atmar et al.,
1995).

In a classical study, Sobsey et al. (1975) manipulated the pH and ionic
conditions of shellfish homogenate to adsorb viruses to, or elute from, shell-
fish meat (adsorption-elution-precipitation method). The shellfish tissues
were homogenized in 7 volumes of distilled water followed by the adjust-
ment of pH and salinity to 5.0 and ≤1,500mg NaCl/L, respectively. Under the
conditions of acidic pH and low conductivity, the viruses adsorbed to oyster
solids, which were collected by centrifugation. The viruses were then eluted
from these solids by resuspending them in 0.05M glycine buffer (pH 7.5, con-
ductivity of ≥8,000ppm NaCl). After centrifugation, the virus-containing
supernatant was adjusted to pH 4.5, the precipitate collected by centrifuga-
tion, and then resuspended in a small volume of buffer. Using this method,
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poliovirus from 100g of oyster tissue was concentrated in a final volume of
15ml with a recovery efficiency of 48%.

Over the years, many different modifications of the Sobsey method have
been reported (Gerba and Goyal, 1978; Bouchriti and Goyal, 1993; Muniain-
Mujika et al., 2000, 2003). In the elution-precipitation method, the initial
adsorption step is eliminated (Richards et al., 1982). In some cases, an organic
compound (such as beef extract powder) is incorporated during acid precipi-
tation to provide a matrix to which viruses can be adsorbed (Vaughn et al.,
1979). In yet another modification (elution-adsorption-elution), Goyal et al.
(1979) eluted viruses from oyster tissues by homogenizing them in 0.05M
glycine buffer (pH 9.0). The virus containing supernatant was adjusted to pH
5.5 and conductivity of ≤1,500ppm NaCl.After centrifugation,the supernatant
was discarded and viruses were re-eluted from oyster solids by re-suspending
them in glycine saline (pH 11.5). The overall virus recovery averaged 60%.

The choice of extraction and concentration methods depends on effi-
ciency of virus recovery, ease and rapidity of the method, small final volume,
and absence of interfering substances in the final sample. In their quest to
increase virus recovery and eliminate PCR inhibitors, Dix and Jaykus (1998)
used a protein-precipitating agent Pro-Cipitate for the concentration of NV
from hard-shelled clams (Mercenaria mercenaria) in an adsorption-elution-
precipitation scheme. Using this procedure along with RT-PCR and 
oligoprobe hybridization, they were able to detect as low as 450 RT-PCR
amplifiable units of NV.

Traore et al. (1998) compared four methods of extraction and three
methods of concentration. Mussel tissues in 60 gram amounts were spiked
with astrovirus, HAV, or poliovirus and then extracted with borate buffer,
glycine solution, saline beef, or saline beef-Freon. The viruses were then con-
centrated by precipitation with polyethylene glycol 6000 (PEG 6000) or PEG
8000 or by organic flocculation. Extraction with glycine solution and borate
buffer resulted in significantly more RT-PCR-positive samples than the saline
beef extraction method. Of the 20 different combinations of extraction and
concentration methods tested, the borate buffer-organic flocculation, borate
buffer-PEG 6000, and glycine solution-PEG 6000 were found to be the most
efficient.

A modified procedure described by Mullendore et al. (2001) consisted of
acid adsorption at pH 4.8, first elution with 0.05M glycine, second elution
with 0.5M threonine, PEG-precipitation twice, chloroform-extraction twice,
RNA-extraction, and a single round of RT-PCR. Using this procedure, HAV
was detected at a seeding density of ≥1 plaque forming unit (PFU)/g of
oyster. Kingsley and Richards (2001) developed a rapid extraction method
for the detection of HAV and NV from shellfish using a pH 9.5 glycine buffer,
PEG precipitation, Tri-reagent treatment, and purification of viral poly(A)
RNA by using magnetic poly(dT) beads. When coupled with RT-PCR-based
detection, this method could detect as low as 0.015 PFU of HAV and 22.4
RT-PCR units of NV in hard-shelled clams and oysters. Homogenization in
glycine/NaCl buffer (pH 9.5) followed by PEG 8000 precipitation and DNA
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extraction by proteinase K and phenol/chloroform treatment was used 
successfully by Karamoko et al. (2005) to detect adenoviruses in mussels
(Mytilus sp.) harvested from Moroccan waters.

As is clear from the above discussion, methods for the detection of viruses
in shellfish have been in use for a long time. Several studies have compared
different methods and have documented the advantages and disadvantages
of each. For example, Sunen et al. (2004) compared two processing proce-
dures for the detection of HAV in clams. The first method involved acid
adsorption, elution, PEG precipitation, chloroform extraction, and PEG pre-
cipitation while the second method was based on virus elution with glycine
buffer (pH 10), chloroform extraction, and concentration by ultracentrifu-
gation. Final clam concentrates were processed by RNA extraction or
immunomagnetic capture of viruses (IMC) followed by RT-nested PCR.
Although both methods of sample processing were effective in detecting
HAV, the first method was more effective in removal of PCR inhibitors
whereas the second method was simpler and faster.

3.0. DETECTION OF VIRUSES BY CONVENTIONAL
VIRUS ISOLATION

Classical methods for detecting viral contamination of foods by inoculation
of cell cultures are costly and time consuming. In addition, food extracts may
be cytotoxic to the indicator cells and viruses commonly found in food either
do not grow in cell cultures or grow very poorly. For example, Duizer et al.
(2004b) made concerted efforts to grow NV in 27 different cell culture
systems. Insulin, DMSO, and butyric acid were used as cell culture supple-
ments to induce differentiation. In some cases, the cells and the NV-
containing stool samples were treated with bioactive digestive additives.
Even after five blind passages, no reproducible viral growth was observed.
Similarly, Malik et al. (2005) evaluated 19 different cell types from 11 dif-
ferent animal species for the propagation of NV but were unsuccessful in
propagating the virus.

Because of the above difficulties, molecular methods such as PCR and
RT-PCR are commonly used for the detection of such viruses (Greiser-Wilke
and Fries, 1994). However, these methods detect both infectious and non-
infectious viruses and hence a sample positive by these techniques may or
may not contain live infectious virus (Olsvik et al., 1994; Richards, 1999).
Other limitations of these techniques include lack of sensitivity and speci-
ficity, high assay costs, and a level of technical expertise not available in most
food-testing laboratories (Richards, 1999). To overcome this problem,
integrated cell culture/strand-specific RT-PCR and integrated cell culture
(ICC)/RT-PCR assays are available, that detect negative-strand RNA
replicative intermediate, thus distinguishing infectious from non-infectious
virus (Jiang et al., 2004). In these procedures, limited virus propagation
occurs in cell cultures, which increases the amount of target material and
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hence the sensitivity of the immunological or molecular method (Chironna
et al., 2002; Bosch et al., 2004).

4.0. DETECTION OF VIRUSES BY MOLECULAR
DIAGNOSTIC TECHNIQUES

The application of molecular techniques to diagnose and investigate disease
outbreaks during recent years has led to a growing appreciation of the impor-
tance of these techniques (Koopmans et al., 2004). Such methods can also be
used for molecular tracing of virus strains (Koopmans et al., 2002). However,
the advantage of the conventional virus isolation procedure is that a live,
infectious virus is detected whereas molecular procedures detect nucleic acid
from both infectious and non-infectious virus particles. To determine food
safety, it is important to know if the virus is capable of causing infection or
not. In addition, direct isolation and purification of intact (whole) virions
from foods prior to the application of nucleic acid amplification methods may
remove PCR inhibitors. Many modifications of molecular procedures have
been described as summarized below. More detailed description is provided
in chapter 5.

4.1. PCR
Schwab et al. (2001) developed an RT-PCR-oligoprobe amplification and
detection method using rTth polymerase, a heat-stable enzyme that functions
as both a reverse transcriptase and DNA polymerase, in a single-tube, single-
buffer, elevated temperature reaction.An internal standard NV RNA control
was added to each RT-PCR to identify sample inhibition, and thermolabile
uracil N-glycosylase was incorporated into the reaction to prevent PCR
product carryover contamination. The amplicons were detected by ELISA
using virus-specific biotinylated oligoprobes. Low levels of NV were detected
in stools and bivalve mollusks following bioaccumulation. In addition, this
method successfully detected NV in oysters implicated in an outbreak of NV
gastroenteritis.

Many different variations of RT-PCR reaction have been described. For
example, semi-nested or nested PCR has been used to increase the sensitiv-
ity of virus detection (Abad et al., 1997). Di Pinto et al. (2003) described an
RT-PCR for the detection of HAV in shellfish (Mytilus galloprovincialis).The
virus particles were first concentrated by polyethylene glycol followed by RT-
PCR detection in a single step using primers specific for the VP3-VP1 region
of the genome. The specificity of the PCR products was determined by hem-
inested PCR. Using this procedure, 0.6 PFU/25g of shellfish homogenate
could be detected.

Rigotto et al. (2005) compared conventional-PCR, nested-PCR (nPCR),
and integrated cell culture PCR (ICC/PCR) to detect adenovirus in oysters
seeded with known amounts of adenovirus serotype 5 (Ad5) and found that
the nPCR was more sensitive (limit of detection: 1.2 PFU/g of tissue) than
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conventional-PCR and ICC-PCR. Jothikumar et al. (2005) developed two
broadly reactive one-step TaqMan RT-PCR assays for the detection of
genogroup I (GI) and II (GII) of NV in fecal and shellfish samples. The sen-
sitivity of these assays was found to be similar to that of an nPCR.

Loisy et al. (2005) developed a real-time RT-PCR based on one-step
detection using single primer sets and probes for NV genogroups I and II.
Using this method, they were able to detect 70 and 7 RT-PCR units of
genogroup I and II norovirus strains, respectively, in artificially contaminated
oysters. Burkhardt et al. (2002) compared a single, compartmentalized tube-
within-a-tube (TWT) device for nPCR with conventional protocol of nPCR.
The TWT device decreased the calicivirus assay detection limit 10-fold over
that of conventional nPCR.

4.2. mPCR
Multiplex RT-PCR (mRT-PCR) can be used for the detection of several
viruses in a single reaction tube (Rosenfield and Jaykus, 1999; Coelho et al.,
2003b; Beuret, 2004). Rosenfield and Jaykus (1999) described an mRT-PCR
for the simultaneous detection of human poliovirus type 1 (PV1), HAV and
NV using three different sets of primers to produce three size-specific ampli-
cons. Detection limits of ≤1 infectious unit (PV1 and HAV) or RT-PCR-
amplifiable unit (NV) were achieved. Formiga-Cruz et al. (2005) developed
a nested mRT-PCR for the detection of adenovirus, enterovirus and HAV in
urban sewage and shellfish, which was able to detect all three viruses simul-
taneously when the concentration of each virus was equal to or lower than
1,000 copies per PCR reaction.

4.3. NASBA
Nucleic acid sequence-based amplification (NASBA) uses three enzymes
(reverse transcriptase, RNaseH, and RNA polymerase) and is designed to
detect single stranded RNA. The product of NASBA is also ssRNA which
can be detected by gel electrophoresis followed by ethidium bromide stain-
ing. Jean et al. (2002) developed NASBA for HAV targeting the capsid
protein gene VP2. The assay was able to detect 106 PFU of HAV artificially
inoculated onto the surfaces of lettuce and blueberries. However, the method
suffers from the low amount of food that can be processed and tested.
In a later study, Jean et al. (2004) developed a multiplex format of NASBA
method to simultaneously detect HAV and NV (genogroups I and II). The
amplicons were detected and confirmed by agarose gel electrophoresis, elec-
trochemiluminescence, and Northern hybridization. Using this method, they
were able to detect all three viruses inoculated into two ready-to-eat foods
(deli sliced turkey and lettuce) at 100 to 102 RT-PCR-detectable units in both
food commodities.

4.4. PCR Inhibitors and Their Removal
Although PCR and RT-PCR assays provide rapid virus detection, their use
in food samples may be hampered by the presence of PCR inhibitors. These
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inhibitors are either present in the sample or are introduced during the con-
centration procedure (Atmar 1993; Abbaszadegan, 1993; Le Guyader et al.,
1994). Naturally occurring substances such as clay, humic acid, and mussel
tissues can act as PCR inhibitors (Lewis et al., 2000). In shellfish extracts,
glycogen and acidic polysaccharides have been found to inhibit PCR
(Schwab et al., 1998). The presence of endogenous inhibitors in sample con-
centrates can be detected by spiking a control reaction with a known ampli-
fiable target and its respective primers.

Some of these problems can be resolved by using a processing method
that effectively concentrates low number of viruses from large amounts of
sample and in doing so gets rid of PCR inhibitors also. Often, re-extraction
of the nucleic acid or ethanol precipitation and/or centrifugal ultrafiltration
is sufficient to remove PCR inhibitors. Other methods that have been tried
include PEG precipitation (Lewis and Metcalf, 1988; Shieh et al., 1999, 2000),
freon extraction, ultrafiltration, silica gel adsorption-elution (Shieh et al.,
2000), aluminum hydroxide precipitation (Farrah et al., 1978), hydroextrac-
tion (Farrah et al., 1977), membrane adsorption-elution (Goyal and Gerba,
1983), Sephadex columns, protein-precipitating agent (Jaykus et al., 1996),
and beef extract flocculation (Gerba and Goyal, 1982; Traore et al., 1998).
Kingsley et al. (2002) used digestive tissues of clams instead of the whole
clam. In this method, they extracted virus by glycine extraction, PEG treat-
ment, Tri-reagent treatment, and purification of poly(A) RNA with magnetic
beads coupled to poly(dT) oligonucleotides. Le Guyader et al. (1994) sus-
pended the final pellet of the concentrated sample in distilled water instead
of phosphate buffered saline, thus effectively eliminating PCR inhibitors.

5.0. METHODS FOR VIRUS DETECTION ON
ENVIRONMENTAL SURFACES

Food contact surfaces on which raw foods are processed often become con-
taminated with pathogens, which can subsequently be transferred to other
foods prepared on those surfaces. Outbreaks of NV have often originated in
food service establishments. Methods that can detect viral contamination on
food contact surfaces should be helpful in efforts to control food-borne
disease outbreaks. Taku et al. (2002) described a simple method for elution
and detection of NV from stainless steel surfaces using feline calicivirus
(FCV) as a model. Stainless steel surfaces were artificially contaminated with
known amounts of FCV, followed by its elution in a buffer solution. Three
methods of virus elution were compared. In the first method, moistened
cotton swabs or pieces of positively charged filter (1MDS) were used to elute
the contaminating virus. The second method consisted of flooding the con-
taminated surface with eluting buffer, allowing it to stay in contact for 
15min, followed by aspiration of the buffer (aspiration method). The third
method, the scraping-aspiration method, was similar to the aspiration
method, except that the surfaces were scraped with a cell scraper before
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buffer aspiration. Maximum virus recovery (32% to 71%) was obtained with
the scraping-aspiration method using 0.05M glycine buffer at pH 6.5. Two
methods (organic flocculation and filter adsorption elution) were compared
to reduce the volume of the eluate recovered from larger surfaces. The
organic flocculation method gave an average overall recovery of 55% com-
pared to the filter-adsorption-elution method, which yielded an average
recovery of only 8%. The newly developed method was validated for the
detection of NV by artificial contamination of 929-cm2 stainless steel sheets
with NV-positive stool samples followed by RT-PCR for the detection of the
recovered virus.

6.0. METHODS FOR VIRUS DETECTION 
IN NON-SHELLFISH FOODS

As stated earlier, one problem with food contamination is that viruses would
be present in food in very small amounts even in the event of a deliberate
contamination because of the large quantities of food involved. Although
minimal contamination of food items may go undetected by direct detection
methods, they remain hazardous to human health because of the low infec-
tious dose of viruses. It is important, therefore, that any proposed method for
virus detection in food should be capable of detecting small numbers of
pathogens in large amounts/volumes of food. To do so, it is necessary to sep-
arate and concentrate viruses from food matrices followed by their detection
by conventional and/or molecular methods (Sair et al., 2002). It is also impor-
tant that the final concentrate should not be cytotoxic to cell cultures used
in infectivity assays and be free of PCR inhibitors that may be co-extracted
or co-concentrated from food. Alternately, the final sample can be treated in
some manner to remove PCR inhibitors or the nucleic acid extraction
method can be modified specifically to remove these inhibitors.

The development of robust, simple and sensitive methods to recover
pathogens from produce (and other foods) will facilitate prevalence studies
that are useful in risk assessment and for developing food safety guidelines.
They can also be used to detect pathogens in “suspect” foods, will permit the
identification of contaminated food, and improve our understanding of the
modes of food contamination and pathogen transmission thereby assisting
state and federal agricultural and health agencies to design methods for the
prevention and control of pathogen contamination of foods.

Methods for the detection of viruses in non-shellfish foods are in their
infancy. Daniels et al. (2000) used RT-PCR and sequence analysis for the first
time to confirm the presence of viral nucleic acid in deli ham. The sequence
of RT-PCR product was similar to that found in a stool specimen from an
infant whose mother had prepared implicated sandwiches. Leggitt and Jaykus
(2000) developed a method to extract and detect PV, HAV, and NV from
lettuce and hamburger using an elution-concentration approach followed by
detection with RT-PCR. Samples of lettuce or hamburger were artificially
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inoculated with one of the three viruses and then processed by the sequen-
tial steps of homogenization, filtration, Freon extraction (hamburger), and
PEG precipitation. To further reduce sample volume and to remove PCR
inhibitors, a secondary PEG precipitation was added. Using this method, 50
g samples were reduced to a final volume of 3 to 5ml with recovery efficiency
of 10% to 70% for PV and 2% to 4% for HAV. Total RNA from the final
sample was extracted in a small volume (30 to 40 microl) and subjected to
RT-PCR amplification of viral RNA sequences. Viral RNA was consistently
detected by RT-PCR at initial inoculum of ≥102 PFU/50g of food for PV and
≥103 PFU/50g for HAV.

Bidawid et al. (2000) used immunomagnetic beads-PCR (IM-PCR), pos-
itively-charged virosorb filters (F), or a combination of both methods (F-IM-
PCR) to capture, concentrate and rapidly detect HAV in experimentally
contaminated samples of lettuce and strawberries. Direct RT-PCR of the col-
lected HAV-bead complex showed a detection limit of 0.5 PFU of the virus
in 1-ml of wash solution from the produce. In the F-IM-PCR method, virus-
containing washes from produce were passed through positively-charged
virosorb filters and the captured virus was eluted with 10ml volumes of 1%
beef extract. Of the 62% filter-captured HAV, an average of 35% was eluted
by the 1% beef extract but PCR amplification of 2µl from this eluate failed
to produce a clear positive signal. However, considering the large volumes
used in F-IM-PCR, the sensitivity of detection could be much greater than
that of the IM-PCR.

Schwab et al. (2000) developed a method to recover NV and HAV from
food samples. The method involves washing of food samples with a guani-
dinium-phenol-based reagent, extraction with chloroform, and precipitation
in isopropanol. Recovered viral RNA is amplified with HAV- or NV-specific
primers in RT-PCR, using a viral RNA internal standard control to identify
potential sample inhibition. By this method, 10 to 100 PCR units of HAV
and NV seeded onto ham, turkey, and roast beef were detected. The method
was applied to food samples implicated in an NV-associated outbreak at a
university cafeteria. Sliced deli ham was positive for a genogroup II NV.
Sequence analysis of the PCR-amplified capsid region of the genome indi-
cated that the sequence was identical to that from virus detected in the stools
of ill students. D’Souza and Jaykus (2002) used zirconium hydroxide to con-
centrate PV, HAV, and NV from food. Recovery of PV1 ranged from 16%
to 59% with minimal loss to the supernatant. For both HAV and NV, RT-
PCR amplicons of appropriate sizes were detected and confirmed in the
pellet fraction with no visible amplicons from the supernatant.

Dubois et al. (2002) modified an elution-concentration method based on
PEG precipitation to detect PV, HAV, and NV in fresh and frozen berries
and fresh vegetables. The surface of produce was washed with a buffer con-
taining 100mM Tris-HCl, 50mM glycine, 50mM MgCl2, and 3% beef extract
(pH 9.5). PCR inhibitors and cytotoxic compounds were removed from viral
concentrates by chloroform-butanol extraction. Viruses from 100g of vegetal
products could be recovered in volumes of 3 to 5ml. The presence of virus
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was detected by RT-PCR and cell culture inoculation. Using the latter
method, 15% to 20% of PV and HAV were recovered from frozen raspberry
surfaces. By RT-PCR, the recovery was estimated to be 13% for NV, 17% for
HAV, and 45% to 100% for PV.

Sair et al. (2002) compared four methods of RNA extraction for opti-
mizing the detection of viruses in food. Hamburger and lettuce samples,
processed for virus concentration using a previously reported filtration-
extraction-precipitation procedure, were inoculated with HAV or NV.
Several RNA extraction methods (guanidinium isothiocyanate, microspin
column, QIAshredder Homogenizer, and TRIzol) and primer pairs were
compared for overall RNA yield (µg/ml), purity (A(260)/A(280)), and RT-
PCR limits of detection. The use of TRIzol with the QIAshredder 
homogenizer (TRIzol/Shred) yielded the best RT-PCR detection, and the
NVp110/NVp36 primer set was the most efficient for detecting NV from
seeded food samples. A one-step RT-PCR protocol using the TRIzol/Shred
extraction method and the NVp110/NVp36 or HAV3/HAV5 primer sets
demonstrated improved sensitivity over the routinely used two-step method.
Residual RT-PCR inhibitors were effectively removed as evidenced by the
ability to detect viral RNA in food concentrates without prior dilution.

Recently, Kobayashi et al. (2004) used magnetic beads coated with an
antibody to the baculovirus-expressed recombinant capsid proteins of the
Chiba virus (rCV) to facilitate the capture of NV from food items implicated
in an outbreak. Following immunomagnetic capture, NV bound to the beads
was detected by RT-PCR. Two of the nine food items were positive for
genogroup I NV, the nucleotide sequence of which was almost identical to
those of NV strains detected in stool samples of ill patients. The immuno-
capture RT-PCR method seems simple and easy to perform and may be
helpful in the detection of NV from outbreak-implicated foods.

Le Guyader et al. (2004) conducted a round-robin study to compare five
different methods for the detection of three different viruses (PV, NV, and
canine calicivirus as a surrogate of NV) in artificially contaminated lettuce.
All five methods consisted of virus elution followed by concentration, and
RNA extraction. The methods were compared for efficiency of virus recov-
ery and removal of PCR inhibitors from the final samples. The first method
(method A) consisted of virus elution in phosphate buffered saline (PBS)
and Vertrel (1,1,1,2,3,4,4,5,5,5-decafluoropentane) and virus concentration
by PEG precipitation. In the second method (method B), the viruses were
eluted with 3% beef extract solution (pH 9.5) followed by ultracentrifuga-
tion to concentrate viruses. The eluent in the third method (method C) was
0.05M glycine-NaCl buffer (pH 9.5) followed by chloroform-butanol (1:1,
vol/vol) extraction and PEG precipitation. The fourth method (method D)
consisted of PBS-Vertrel elution and ultracentrifugation. In the fifth method
(method E), viruses were eluted with glycine buffer (pH 8.5) and concen-
trated by ultrafiltration. Methods C and E were found to result in a concen-
trate that was free of PCR inhibitors and yielded good virus recoveries
(approximately 10 RT-PCR units of viruses per gram of lettuce).
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We have recently developed a unified method for the concentration of
feline calicivirus (FCV; a surrogate for human NV) from strawberries, lettuce,
green onions, and cabbage (Goyal et al., unpublished data). In this study,
produce was experimentally contaminated with known amounts of FCV fol-
lowed by its elution in 7 volumes of beef extract-0.05M glycine buffer (pH
8.5) by shaking the produce and eluent for 30min. The volume of the eluate
was reduced to 3–5ml by precipitation with polyethylene glycol. Average
virus recovery using this procedure was 70% and the final sample was not
inhibitory to PCR.We believe that this method can be modified to test larger
quantities of produce, other types of food, and other types of pathogens
including bacteria.

7.0. COMPARISON OF METHODS

The choice of extraction/processing method will depend on per cent virus
recovery and absence of cytotoxic agents and PCR inhibitors in the final con-
centrate (Arnal et al., 1999). It is important that a newly developed method
be subjected to inter- and intralaboratory standardization and validation
before recommending it for routine use (Romalde et al., 2002, 2004). In a
multicenter, collaborative study to evaluate a method for the detection of
NV in shellfish tissues, replicate samples of stomach and hepatopancreas of
oysters or hard-shell clams were seeded with NV and then shipped to several
laboratories, where viral nucleic acids were extracted followed by their detec-
tion by RT-PCR (Atmar et al., 1996). The sensitivity and specificity of the
assay were 87% and 100%, respectively, when results were determined by
ethidium bromide-staining of agarose gels followed by confirmation with
hybridization with a digoxigenin-labeled, virus-specific probe.

Arnal et al. (1999) compared seven methods for detecting HAV in stool
and shellfish samples. The protocols tested were either techniques for the
recovery and purification of total RNA (RNAzol, PEG-CETAB, GTC-silica
and Chelex) or techniques for isolating specifically HAV using a nucleotide
probe or a monoclonal antibody. For stool samples, RNAzol, PEG-CETAB,
and magnetic beads with antibody allowed efficient virus detection. For 
shellfish samples, three protocols (RNAzol, PEG-CETAB, and GTC-silica)
allowed RNA to be extracted in 90% of cases. The authors suggested that
the rapidity and low cost of RNAzol and GTC-silica made them the most
suitable methods for routine diagnostic testing.

Ribao et al. (2004) compared several nucleic acid extraction and RT-PCR
commercial kits for the detection of HAV from seeded mussel tissues and
found that Total Quick RNA Cells & Tissues version mini (Talent) for RNA
extraction and Superscript One-Step RT-PCR System (Life Technologies)
for the RT-PCR reaction were the best. Di Pinto et al. (2004) compared two
RT-PCR based techniques for the detection of HAV in shellfish. Both tech-
niques involved virus extraction in glycine buffer followed by concentration
of eluted virus by one or two PEG precipitation steps. RNA extraction was
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done by the use of oligo (dT) cellulose to select poly (A) RNA or by another
method in which total RNA is bound on silica membrane. The first approach
was found to be less time-consuming and less technically demanding than
the second method.

8.0. CONCLUSIONS

Methods for the detection of small amounts of viruses in large amounts of
shellfish meat are available and have been used for surveillance and epi-
demiological studies. Such methods for the detection of viruses in non-
shellfish food are not available because of the low number of viruses present
in large amounts of food and because of complex and varied food matrices.
To be successful, a virus detection method for foods needs to be simple, sen-
sitive, and robust; the final sample should not contain cytotoxic agents and/or
PCR inhibitors; and the method should be applicable to a large variety of
food items. Because of the complexity of food matrices, it may often be nec-
essary to use two different methods to maximize the validity of diagnosis
(Rabenau et al., 2003).
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CHAPTER 5

Molecular Methods of Virus Detection 
in Foods

Robert L. Atmar

1.0. INTRODUCTION

Food-borne transmission of virus infections has been recognized for more
than 5 decades (Svensson, 2000). The principal clinical syndromes associated
with food-borne viruses are hepatitis and gastroenteritis, but not all enteric
viruses (Table 5.1) have been linked to food-borne illness either epidemio-
logically or by direct pathogen detection. The primary means of identifying
viruses as causes of food-borne outbreaks has been through the recognition
of a common viral pathogen in consumers and the use of epidemiologic
methods to identify a particular food as the vector. More direct methods, such
as the detection of viruses in food, have largely been unsuccessful because
only small quantities of viruses are generally present in food, and these
viruses are either difficult to grow in cell cultures or are noncultivable.

In the past two decades, molecular assays have been developed for the
detection of a number of pathogens, including food-borne viruses. In the past
decade, the sensitivity of these assays has improved to the point that their
application to virus detection in foods can be considered. This chapter will
provide an overview of molecular assays that are available for pathogen
detection, examples of application of these methods for the detection of
viruses associated with food-borne illness, and the limitations of these assays.

2.0. NONAMPLIFICATION METHODS 
(PROBE HYBRIDIZATION)

Probe hybridization assays were the first molecular assays applied to the
detection of enteric viruses. In these assays, single-stranded RNA or DNA
probes that are complementary to a viral genomic sequence are linked to a
reporter (radioisotope, enzyme, chemiluminescent agent) and hybridized
with the target.The probes can range in size from 15 to 20 to several hundred
nucleotides. Detection of signal from the reporter after the hybridization
reaction indicates the presence of the target nucleic acid.

Several different hybridization formats can be used, including solid-phase
hybridization, liquid hybridization, and in situ hybridization. In solid-phase
hybridization, the target nucleic acid is fixed to a nylon or nitrocellulose
membrane and a solution containing the labeled probe is applied. After
hybridization, the unbound probe is washed away and the bound probe is
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detected by fluorescence, radioactivity, or color development. In liquid-phase
hybridization, both the target and probe are in solution at the time of
hybridization. Probe signal can then be detected by fluorescence or color
change. In situ hybridization is used to detect target nucleic acids within an
infected cell. The principal application of this method for the detection of
viruses in foods would be to couple the hybridization assay to a cell culture
system (Jiang et al., 1989). Because the method is more cumbersome than
antigen detection methods, it is rarely used for this purpose.

Probe hybridization assays have been described for the detection of a
number of enteric viral pathogens (Dimitrov et al., 1985; Jansen et al., 1985;
Takiff et al., 1985; Willcocks et al., 1991). However, their sensitivity is no
better than that of antigen detection methods (approximately 10,000
genomic copies) (Jiang et al., 1992). Thus, this is not a practical method for
the detection of enteric viruses in foods but can be incorporated into some
of the other molecular methods described below to confirm their specificity.

3.0. AMPLIFICATION METHODS

The era of molecular diagnostics began with the development of methods to
detect low numbers of pathogens in clinical and environmental samples. Since
the initial description of the polymerase chain reaction (PCR) assay (Saiki 
et al., 1985), a number of different strategies have been developed for use in
molecular assays (Table 5.2). These methods are based on amplification of 
the target nucleic acids, amplification of the signal generated after probe
hybridization, and amplification of a probe sequence (Nolte and Caliendo,
2003). One or more examples of each are described in the following sections.

3.1. Target Amplification
Several target amplification systems have been described, with PCR-based
assays being the best known and most commonly used. In each of these
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Table 5.1 Enteric Viruses and Their Association with Food-borne Illness

Food-borne 
Transmission

Virus Family Disease Demonstrated

Enteric adenovirus Adenoviridae Gastroenteritis No
Astrovirus Astroviridae Gastroenteritis Yes
Human caliciviruses Caliciviridae

Norovirus Gastroenteritis Yes
Sapovirus Gastroenteritis Yes

Hepatitis A virus Picornaviridae Hepatitis Yes
Hepatitis E virus Unclassified Hepatitis Yes
Rotavirus Reoviridae Gastroenteritis Yes



systems, enzymatic reactions are used to amplify a portion of the target
nucleic acid 1 million–fold or more to the point that the amplified products
can be easily detected and analyzed. One of the major pitfalls of these strate-
gies is that the products generated can serve as a contaminating template for
subsequent assays and lead to false-positive results. Strategies to prevent 
carryover contamination are addressed later in this chapter.

3.1.1. PCR
In its simplest form, the PCR uses a DNA polymerase to amplify a DNA
template. The core components of this chemical reaction are the DNA 
polymerase, equimolar concentrations of deoxyribonucleotide triphosphates
(dATP, dCTP, dGTP, dTTP), molar excess of two oligonucleotide primers,
and an appropriate buffer. The oligonucleotide primers are complementary
to sequences on opposite strands of the target template, and these primers
flank the region to be amplified.There are three basic steps that are repeated
through a variable number of cycles: (1) heat denaturation, (2) primer
annealing, and (3) primer extension. The initial step denatures double-
stranded DNA into single-stranded DNA using heat (92°C and 95°C). The
reaction mix is then rapidly cooled to 40–60°C when oligonucleotide primers
preferentially bind to the single-stranded DNA template because they are
present in a much higher concentration than the template. In the third step,
the DNA polymerase adds nucleotides to the 3′ end of the primer that are
complementary to the sequence of the template (Fig. 5.1). This step occurs
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Table 5.2 Common Nucleic Acid Amplification Methods Used for Pathogen
Detection and Application to Enteric Viruses

Assay
Assay Applied to

Potential for Described Detect Enteric
Amplification Carryover for Enteric Viruses in

Method Strategy Contamination Viruses Food

Polymerase chain Target Yes Yes Yes
reaction (PCR) amplification
Nucleic acid Target Yes Yes Yes
sequence-based amplification
amplification
(NASBA)
Strand Target Yes No No
displacement amplification
amplification
(SDA)
Branched DNA Signal No No No
(bDNA) amplification
amplifcation
Ligase chain Probe Yes No No
reaction (LCR) amplification



at a temperature (70–75°C) that is optimal for the enzymatic activity of the
DNA polymerase.

The three steps of heat denaturation, primer annealing, and primer exten-
sion are repeated in each cycle. If the reaction proceeds with absolute effi-
ciency, the amount of amplified DNA doubles after each cycle. Thus, the
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target DNA sequence can be amplified approximately 1 million (220)-fold
after 20 cycles. In practice, the efficiency of PCR amplification is less than
ideal especially with increases in the number of cycles.

The initial description of the PCR assay used a thermolabile DNA poly-
merase (Klenow fragment of Escherichia coli DNA polymerase), and hence
the enzyme had to be replaced after each heat denaturation step (Saiki 
et al., 1985).The identification of a thermostable DNA polymerase prevented
heat inactivation of the enzyme after each cycle and allowed the automation
of the amplification reaction using programmable thermal cyclers (Saiki 
et al., 1988). Since the initial description of Taq polymerase derived from
Thermus aquaticus, additional thermostable DNA polymerases have been
described. Some of the newer thermostable DNA polymerases have higher
fidelity (lower error rates) than the Taq polymerase (Cline et al., 1996).

3.1.2. RT-PCR
Reverse transcription–PCR (RT-PCR), also called RNA-PCR, is a modifica-
tion of the PCR reaction that allows amplification of an RNA template. In
the initial step, a complementary DNA (cDNA) is synthesized, which is then
amplified by PCR using the same steps as described above for a DNA 
template. The cDNA synthesis step also requires deoxyribonucleotide
triphosphates, an oligonucleotide primer, an appropriate buffer, and a DNA
polymerase with reverse transcriptase activity. The oligonucleotide primer
can be template-specific (as used in the PCR reaction), or it can be random
hexamers or oligo-dT (if the genomic region to be amplified is near a
polyadenylated site).A two-step RT-PCR assay is the one in which the cDNA
is synthesized in a separate reaction and all or a part of the reaction mix is
subsequently added to the PCR reaction mix. In a one-step RT-PCR assay,
all reagents necessary for both cDNA synthesis and PCR amplification are
added at the same time.

Most RT-PCR assays use a heat-labile reverse transcriptase, such as 
avian myelobastosis virus (AMV) reverse transcriptase or Moloney murine
leukemia virus (MMLV) reverse transcriptase, and the cDNA synthesis 
step is carried out at a lower temperature (<50°C). The development of a
thermostable DNA polymerase from Thermus thermophilus that has both
reverse transcriptase and DNA polymerase activities has allowed the use of
a single enzyme for RT-PCR assay (Myers and Gelfand, 1991). This enzyme
has been successfully incorporated into assays used to detect noroviruses in
shellfish, and the limits of virus detection are similar to assays using the Taq
polymerase (Schwab et al., 2001). However, subsequent studies have demon-
strated that this enzyme fails to adequately amplify viral genome with certain
primer pairs that can be used successfully with Taq polymerase.

3.1.3. Nested PCR
Nested PCR is the serial amplification of a target sequence using two dif-
ferent primer pairs (Haqqi et al., 1988).The initial amplification is performed
using an outer primer pair and 15–30 cycles of amplification. A second round
of amplification is then performed using primers that anneal to a region
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located (or nested) between the initial two primers. Hemi-nested PCR is a
variant of nested PCR in which one of the primers used in the second round
of amplification is the same as that used in the first round of amplification
and the second primer anneals to a region on the opposite strand that is
nested between the initial two primers. Nested and hemi-nested PCR have
been used to detect sequences that cannot be detected after a single round
of PCR, thus increasing the sensitivity of the assay.

Nested PCR also has the potential to increase the specificity of the assay
because both primer pairs must amplify the target sequence. However, the
major problem with this approach is the potential for carryover contamina-
tion. PCR products from the first round of amplification may contaminate
the laboratory or cross-contaminate other tubes during their transfer to a
second tube for the second round of amplification. The cross-contamination
causes false-positive results and thus can decrease the specificity of the assay.
Although carryover contamination is a potential problem for any PCR assay,
the methodologic controls (see Section 6.0) used to prevent this problem are
more likely to fail for nested assays. Nevertheless, strategies that do not
require reopening the tube after the first round of amplification have been
developed (Ratcliff et al., 2002). In the “hanging drop” method, reagents
(inner primer pair, additional DNA polymerase) for the nested PCR step are
placed in the cap of the tube and are added to the overall reaction mix by
centrifugation after the first round of PCR is complete.

3.1.4. Multiplex PCR
Multiplex PCR assays use two or more primer pairs to amplify different
target sequences in a single tube (Chamberlain et al., 1988). This strategy
allows the evaluation of a sample for more than one virus at a time and can
also identify the presence of multiple viruses in a single reaction. However,
the primers for different targets should have similar annealing temperatures
and lack complementarity so that each target can be efficiently amplified.
Even when such steps are taken, the multiplex PCR assays usually have
decreased sensitivity as compared with the standard PCR assays due to com-
petition for reagents. A high concentration of one target (virus) can prevent
the detection of other targets present in lower concentrations that would
have been detected if the high concentration target was absent. This can thus
lead to false-negative results for the lower concentration target.

3.1.5. Postamplification Analysis
After PCR amplification of a target nucleic acid, additional analyses must be
performed to interpret the results of the assay as outlined in Table 5.3. The
simplest method is to perform gel electrophoresis using all or a portion of 
the PCR reaction mix. Molecular weight markers are run concurrently and
the presence of a band of the expected amplicon product size (based on the
genomic location targeted by the primers) is intepreted as a positive result.
Although this approach is simple, the occurrence of nonspecific amplifica-
tion can lead to bands that are of the expected size but are not virus-specific
(Atmar et al., 1996). This approach is applied most commonly with nested
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PCR assays, but caution must be used because this amplification strategy can
result in nonspecific amplification. One of the following approaches may
provide additional reassurance as to the specificity of the assay.

Restriction analysis combines gel electrophoresis with digestion of virus-
specific amplicons using a restriction endonuclease. With this strategy, ampli-
cons of the expected size must be generated, and the amplicons must have a
specific restriction site. Digestion of the virus-specific amplicons leads to the
generation of shorter fragments whose size can be predicted based on the
location of the restriction site. Generation of bands of the expected sizes after
restriction is interpreted as a positive result.

Hybridization (see Sec. 2.0) is the most common approach used to iden-
tify and confirm a positive PCR result. Many different hybridization formats
are used, including dot/slot blots, Southern blots, and liquid hybridization.
Southern blot hybridization has the advantage of providing information
about the product size in addition to reactivity with a virus-specific probe.
The disadvantage of Southern blot hybridization is the additional time and
effort required to perform the assay. This method usually adds a day to the
overall assay. In contrast, liquid hybridization assays can yield results within
1hr after the completion of the PCR step.

Hybridization assay formats have been developed that allow multiple
probes to be used. The reverse line blot arrays oligonucleotide probes on a
solid matrix (e.g., nylon membrane), and these probes are hybridized to dena-
tured amplicons. One of the primers used during the amplification process is
biotinylated and hybridization of the strand containing the biotinylated
primer to a virus-specific probe is detected using a streptavidin reporter, such
as a peroxidase enzyme that can react with an appropriate substrate. This
method has been used to not only identify virus-specific amplicons but 
also to further characterize norovirus strains using genotype-specific probes
(Vinjé and Koopmans, 2000). This technology can be taken further with the
use of DNA microarrays. Hundreds or thousands of probes are fixed to a
surface (such as a silica wafer or glass slide) and hybridization of labeled
products to specific probes is detected (Nolte and Caliendo, 2003). Micro-
arrays have been used in combination with RT-PCR for the detection and
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Table 5.3 Postamplification Analysis Strategies for Target
Amplification

1. Gel electrophoresis
2. Restriction
3. Hybridization

(a) Solid phase
Slot/dot blot
Southern blot
Microarrays

(b) Liquid phase
4. Sequencing



genotyping of group A rotaviruses (Chizhikov et al., 2003; Lovmar et al.,
2003). With a large enough number of probes, it should even be possible to
deduce the sequence of virus-specific amplicons based on the hybridization
patterns. However, improvements in the current technology are needed to
decrease the complexity and costs of microarrays so that their potential can
be fully realized (Nolte and Caliendo, 2003).

The development and increased availability of automated sequencers
have led to the use of direct sequencing of amplicons as a measure of speci-
ficity. The sequence data can provide information not only confirming the
specificity of the amplification but also for genotyping or classifying virus
strains (Robertson et al., 1991). The information can be combined with 
epidemiologic data for use in surveillance and outbreak investigations
(Koopmans et al., 2003). A greater quantity of amplicons is needed to gen-
erate sequence data, making this method less sensitive than the hybridiza-
tion techniques described above.

3.1.6. Real-Time PCR
Automated instruments have been developed to allow the specific detection
of amplified nucleic acids in a closed system. Real-time PCR can improve
the efficiency of the analytic process while decreasing the risk of carryover
contamination by eliminating the need for post-PCR manipulation of ampli-
cons in confirmatory tests of specificity. Disadvantages include the capital
expense of the equipment (thermal cycler and amplicon detection equip-
ment), limited ability to perform multiplex assays, and the inability to
monitor the amplicon size (Mackay et al., 2002).

There are two principal approaches for the detection of amplified prod-
ucts: use of DNA-binding fluorophores (fluorescing dyes) and use of specific
oligoprobes. The fluorophores intercalate with double-stranded DNA and
fluoresce after exposure to a specific wavelength of light. SYBR Green is the
most commonly used fluorophore, but ethidium bromide and YO-PRO-1 are
also used. A melting curve analysis is used to distinguish virus-specific ampli-
cons from nonspecific primer-dimers with the former having higher dissoci-
ation temperatures. The utility of fluorophores for amplicon detection is
limited by the inability of this approach to identify amplicons that result from
nonspecific amplification in the initial PCR steps, especially when the target
is present in low concentrations (as might be expected in contaminated
foods) (Mackay et al., 2002).

Fluorescently labeled oligoprobes are the principal means for specific
amplicon detection in real-time PCR assays (Fig. 5.2).The two most common
methods use oligoprobes that are dual-labeled with a reporter fluorophore
and a quencher fluorophore. As the name implies, the quencher fluorophore
will quench the signal from the reporter fluorophore when the two are in
close proximity and are exposed to a certain wavelength of light (also called
fluorescence resonance energy transfer, or FRET). 5′ nuclease oligoprobes
have the reporter fluorophore on the 5′ end of the oligoprobe and the
quencher fluorophore on the 3′ end, and their melting temperature is gen-
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erally ∼10°C higher than those of the primers used for amplification. If virus-
specific amplicons are generated, the oligoprobe will hybridize to its target
sequence and the 5′-3′ exonuclease activity of the Taq polymerase will release
the reporter fluorophore by hydrolysis. Fluorescence from the freed reporter
fluorophore can then be detected and as the reaction proceeds, the amount
of fluorescence increases proportional to the amount of target amplicons
generated. Hairpin oligoprobes, or molecular beacons, are the other com-
monly used dual-labeled probe. The probes are designed to form a hairpin
structure so that the reporter and quencher fluorophores are juxtaposed 
in the absence of a specific DNA target. When a target sequence with a 
complementary sequence is present, the probe can hybridize and assume a
linear conformation. Fluorescent signal can then be detected after the spatial
separation of the quencher from the reporter fluorophore (Mackay et al.,
2002).
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Figure 5.2 Schematic of fluorescent probe detection of PCR products in real-time
PCR assays. (A) 5′ nuclease oligoprobes. A probe with a fluorescent reporter (R)
and quencher (Q) hybridizes with the target amplicons strand. The quencher
suppresses the signal generated by the reporter. The strand-specific primer is
extended during the PCR reaction by the polymerase, and the exonuclease activity
of the polymerase separates the reporter from the quencher, allowing increased
fluorescent signal to be generated. (B) Hairpin oligoprobes or molecular beacons.
The fluorescent reporter (R) and quencher (Q) are juxtaposed by hybridization of
the 5′ and 3′ ends of the probe, allowing the quencher to suppress the signal of the
reporter. Hybridization of the probe to the target physically separates the reporter
and quencher, allowing an increase in the reporter’s fluorescent signal.



3.1.7. Application to Food-borne Viruses
PCR assays have been developed for food-borne viruses listed in Table 5.1.
The utility of these assays has varied based on the availability of other diag-
nostic tests. PCR assays for each of these viruses are described in the fol-
lowing paragraphs.

The adenovirus hexon gene is the most common target of PCR assays for
these viruses, although other viral genes have also served as targets (Allard
et al., 1992; Xu et al., 2000). Enteric adenoviruses (group F) can be further
differentiated from nonenteric adenoviruses through the use of group-
specific primers, postamplification restriction analysis, and hybridization
analyses (Rousell et al., 1993; Allard et al., 1994; Soares et al., 2004). To date,
no real-time PCR assays for enteric adenoviruses have been developed
although such assays are described for nonenteric adenoviruses (Gu et al.,
2002). The sensitivity of these assays is similar to that of antigen detection
assays so that the general use of PCR for the detection of adenoviruses in
clinical and environmental samples is limited.

RT-PCR assays are the most sensitive means of detecting astroviruses.
Nonstructural genes (putative protease region [ORF1a] and RNA-
dependent, RNA polymerase region [ORF1b]) and the 3′ noncoding region
are the most common regions of the viral genome targeted for amplification,
although the capsid gene (ORF2) has also been targeted, especially when
further characterization of strains within a serotype is desired (Jonassen 
et al., 1995; Noel et al., 1995; Belliot et al., 1997). Passage in cell cultures for
up to 48hr can expand the quantity of virus in a sample prior to amplifica-
tion (integrated cell culture/RT-PCR), and this approach may improve sen-
sitivity of detection as compared with that of RT-PCR alone (Mustafa et al.,
1998).Although real-time RT-PCR assays for astrovirus have been described,
additional studies are needed to evaluate the performance characteristics of
these assays (Grimm et al., 2004; Le Cann et al., 2004).

RT-PCR assays are now the primary means of diagnosis of human cali-
civirus infections, supplanting the prior use of electron microscopy (Atmar
and Estes, 2001). The RNA-dependent RNA polymerase and the capsid
genes are the primary targets for amplification, although primers that amplify
other regions of the genome have also been described (Matsui et al., 1991).
Despite the evaluation of many different primer sets, no single detection
assay is able to detect all strains because of the genetic diversity of these
viruses (Atmar and Estes, 2001; Vinjé et al., 2003). Most laboratories will
select one or a few primer sets (e.g., different pairs for genogroup I and II
noroviruses and for sapoviruses) for use in initial screening of samples. If no
virus is detected with the selected primers but the index of suspicion for the
presence of caliciviruses remains high, the use of additional primer pairs can
lead to successful virus detection (Le Guyader et al., 2004). Nested RT-PCR
is also used in some laboratories (Schreier et al., 2000). Real-time RT-PCR
assays that use probe detection or SYBR Green for amplification detection
are also available for noroviruses, although the general utility of these assays
remains to be determined (Kageyama et al., 2003; Pang et al., 2004a). The
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genetic diversity of noroviruses is likely to adversely affect the utility of real-
time RT-PCR assays for virus quantitation because base mismatches between
the primers and target sequence will decrease the efficiency of amplification.
The number of strains detected may also be limited as seen with standard
RT-PCR assays.

Hepatitis A virus was one of the first enteric viruses for which an RT-
PCR assay was developed (Jansen et al., 1990). Many human strains can be
amplified using a single primer set, although nested PCR assays have been
used to increase assay sensitivity (Robertson et al., 1991; Hutin et al., 1999).
Genes of the structural proteins (VP1-2A junction; VP3-VP1 junction) are
most commonly targeted for amplification, although the 5′ noncoding region
of the viral genome is also used (Pina et al., 2001). Real-time RT-PCR assays
are available as is an integrated cell culture system, but the utility of these
assays is still under investigation (Abd El Galil et al., 2002; Jiang et al., 2004).
Because hepatitis A virus (HAV) is difficult to cultivate and grows very
slowly in cell cultures, RT-PCR assays now are considered to be the best
means of direct HAV detection.

Initial studies on hepatitis E virus (HEV) suggested little genetic hetero-
geneity among these strains, but only a limited number of strains had been
analyzed. Use of degenerate primers and progressive decrease in the anneal-
ing temperature during PCR amplification (touchdown PCR) have allowed
the amplification of additional strains of HEV and have demonstrated more
genetic diversity among these viruses than previously realized (Schlauder 
et al., 2000; Schlauder and Mushahwar, 2001). More recently, an RT-PCR
assay was designed to amplify all known strains, but thus far it has been 
validated with only a limited number of strains (Grimm and Fout, 2002). A
real-time RT-PCR assay has also been described using SYBR Green detec-
tion of amplified products, but it has only been evaluated using a single HEV
strain (Orrù et al., 2004). Additional studies are needed to determine the
utility of these assays for the detection of HEV.

Rotaviruses are double-stranded RNA viruses, and the performance of
RT-PCR assays is complicated by difficulties in denaturing the genome for
the cDNA synthesis step. Dimethyl sulfoxide (DMSO) is often used in the
reverse transcription step to help denature the double-stranded RNA. This
approach has been used in assays developed for the detection of human
rotavirus groups A, B, and C (Gouvea et al., 1990, 1991). These assays have
not proved to be much more sensitive than the ELISA tests, although the
performance characteristics of PCR can be improved when used in a nested
or semi-nested format and when strain-specific oligonucleotides are used for
cDNA synthesis (Gouvea et al., 1990; Buesa et al., 1996; Iturriza-Gomara 
et al., 1999). RT-PCR assays also are used to genotype strains, and the results
correlate very well with serotyping assay results (Gouvea et al. 1990; Gentsch
et al., 1992). Most of the RT-PCR assays developed and described in the
1990s target the structural genes VP4, VP6, and VP7 and amplify large seg-
ments of the genes. More recently, a real-time assay that amplifies an 87-base-
pair segment of the nonstructural protein-3 (NSP-3) gene was described,
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which achieves a diagnostic sensitivity comparable to that seen with nested
PCR assays without the risk of cross-contamination inherent in nested assays
(Pang et al., 2004b). Additional studies with this assay are needed to deter-
mine how many different strains can be recognized, as only a limited number
of G-types (G1, G2, and G4) have been evaluated and detected.

3.2. Transcription-Based Amplification
Transcription-based amplification systems represent another approach to
detecting viruses by amplifying a portion of the genome and then detecting
the amplified products. Two variations of transcription-based amplification
systems have been described: nucleic acid sequence-based amplification
(NASBA) and transcription-mediated amplification (TMA). NASBA is the
principal method that has been developed thus far for the detection of
enteric viruses, so this method will be described below while noting the
methodologic differences between NASBA and TMA.

3.2.1. NASBA
NASBA is performed at a single temperature (isothermal) and uses two
virus-specific primers, avian myeloblastosis virus (AMV) reverse transcrip-
tase, RNase H, and T7 RNA polymerase in the reaction tube. The NASBA
reaction leads to the generation of single-stranded RNA transcripts that are
then detected by probe hybridization. In the initial step (Fig. 5.3), one of the
virus-specific oligonucleotides that also contains a T7 promoter sequence 
at its 5′ end binds to the RNA target and primes the synthesis of a cDNA 
by the AMV reverse transcriptase. RNase H digests the RNA in the
cDNA:RNA hybrid, and the second virus-specific oligonucleotide binds to
the cDNA and primes the synthesis of a second strand of DNA using the
DNA-dependent DNA polymerase activity of the reverse transcriptase. The
T7 RNA polymerase recognizes the double-stranded DNA promoter region
and generates RNA transcripts that can then feed back into a continuous
cycle of cDNA synthesis, RNase H digestion, second-strand synthesis, and
RNA transcript production. Up to a billion-fold amplification of the target
RNA can be attained within twohr (Nolte and Caliendo, 2003).

3.2.2. TMA
The principal difference between NASBA and TMA is that TMA uses a
reverse transcriptase with endogenous RNase H activity, whereas in NASBA
the AMV reverse transcriptase lacks RNase H activity and this enzyme must
be added separately.

3.2.3. Application of NASBA to Food-borne Viruses
The use of NASBA assays for the detection of enteric viruses is less well
studied than the RT-PCR assays. NASBA assays have only been described
for hepatitis A virus, noroviruses, astroviruses, and rotaviruses (Jean et al.,
2001, 2002; Greene 2003; Tai et al., 2003; Moore et al., 2004). However, the
sensitivity of these assays is as good or better than comparable RT-PCR
assays (Jean et al., 2001; Greene et al., 2003; Tai et al., 2003). NASBA assays
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Figure 5.3 Schematic of NASBA reaction. Primer 1 anneals to the target RNA,
and cDNA is made by reverse transcriptase. RNase H degrades the RNA strand,
and primer 2 anneals to the cDNA and is extended by the polymerase activity of
the reverse transcriptase. The T7 promoter is recognized by the T7 polymerase,
which then generates numerous RNA transcripts. Primer 2 anneals to the RNA
transcript, and cDNA is synthesized by the reverse transcriptase. RNase H
degrades the RNA strand. Primer 1 anneals to the cDNA target, a second strand 
of DNA is synthesized, and T7 polymerase generates more RNA transcripts.



can also be multiplexed or coupled to RT-PCR assays to enhance virus detec-
tion (Jean et al., 2002, 2003, 2004). No TMA assays for enteric viruses have
been described, and the overall utility of this approach remains to be deter-
mined. The simplicity, rapidity, and sensitivity of NASBA assays compared
with RT-PCR assays suggest that further development of this approach
should be pursued.

3.3. Other Signal Amplification Methods
Strand displacement amplification (SDA) and loop-mediated isothermal
amplification (LAMP) are two additional target amplification methods that
are available for viral diagnostics (Walker et al., 1992; Notomi et al., 2000).
Both methods are based on amplification of DNA using a DNA-dependent
DNA polymerase and at least four virus-specific primers.Thus, a cDNA must
first be made from RNA targets.Although neither of these methods has been
applied to enteric viruses or to detection of pathogens in foods, they are able
to detect low numbers of nucleic acid targets as is possible with RT-PCR and
NASBA (Parida et al., 2004).

3.4. Signal Amplification
Although target amplification systems are able to detect low copy numbers
of a virus, issues related to carryover contamination leading to false-positive
results have plagued these assays. A strategy to circumvent this problem has
been the development of signal amplification systems in which neither the
target nor the probe is amplified. Instead, the amount of signal generated is
directly proportional to the amount of target nucleic acid. Several reporter
molecules are present for each copy of target nucleic acid. This approach has
the additional advantage of not being dependent on enzymatic reactions and
thus is not subject to enzyme inhibitors that may be present in a sample
(Nolte and Caliendo, 2003).

The principal method of signal amplification that is in use is the branched
DNA (bDNA) assay, although to date no assays have been developed for
any of the food-borne viruses. Oligonucleotide probes anchored to a solid
substrate capture the target nucleic acid (RNA or DNA) (Urdea et al., 1991).
Additional target-specific probes also bind the target. The second set of
target-specific probes also binds to preamplifier molecules that will bind 
to bDNA amplifiers. Each bDNA amplifier then hybridizes to conjugate-
labeled probes. With this approach, the signal is amplified several 
hundred-fold compared with a simple hybridization assay. The ease of assay
performance, simple sample preparation method, and quantitative results
obtained suggest that the development of this approach for the detection of
food-borne viruses is warranted.

3.5. Probe Amplification
Probe amplification is a third strategy for the detection of a target nucleic
acid. The only sequences contained in amplification products are those that
were present in the original probe. The ligase chain reaction (LCR) is the
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most well developed of the probe amplification methods. In LCR, two target-
specific oligonucleotide probes hybridize to adjacent sequences forming a
nick. A thermostable DNA ligase closes the nick, joining the 3′ end of one
oligonucleotide to the 5′ end of the other nucleotide.Two additional oligonu-
cleotides that recognize the complementary strand of the original target as
well as the ligated product generated in the initial ligation reaction are also
added to the reaction and can be ligated together in subsequent cycles. Thus,
logarithmic amplification can occur with each cycle of denaturation, anneal-
ing, and ligation (Wu and Wallace, 1989). The oligonucleotides are labeled
with haptens so that one hapten will be captured on a solid substrate and the
other will react with an antibody conjugate. Signal generated by the conju-
gate will be present only if the two oligonucleotides are ligated (Nolte and
Caliendo, 2003). Because ligation products can serve as template, this probe
amplification method is subject to carryover contamination similar to that
seen with target amplification methods. No probe amplification methods
have been developed for any of the food-borne viruses.

4.0. SPECIMEN PREPARATION

The goal of specimen preparation is to concentrate and purify viral nucleic
acids from the sample being analyzed so that even small amounts of virus
can be detected. Because many of the molecular assays described above
require the use of functional enzymes (e.g., Taq polymerase, reverse tran-
scriptase), substances that inhibit enzymatic activity can lead to false-
negative results. Thus, a major objective of the specimen preparation process
is the removal of PCR inhibitory substances. The steps used in sample prepa-
ration generally consist of one or more of the following (Table 5.4): (1)
elution of the virus from food; (2) extraction with an organic solvent; (3) con-
centration of the virus; and (4) extraction of viral nucleic acids. Each of these
steps is discussed below.

4.1. Elution
One of the first steps in many sample processing protocols is to separate the
virus from the food matrix using an elution procedure. In foods that have
been contaminated superficially, virus can be eluted by simply rinsing the
food with a saline solution or glycine buffer (Schwab et al., 2000; Jean et al.,
2004; Le Guyader et al., 2004b). In most other circumstances, the food is
homogenized prior to the elution procedure. Virus may then be eluted
directly from the food matrix using either a direct elution procedure or an
adsorption-elution method.

A variety of buffers and solutions have been used successfully in direct
elution protocols, including solutions of glycine and sodium chloride, borate
and beef extract, saline and beef extract, and beef extract alone (Lees et al.,
1994;Traore et al., 1998; Leggitt and Jaykus, 2000; Sair et al., 2002; Le Guyader
et al., 2004b). Only a few studies have reported direct comparisons of dif-

Molecular  Methods  of  Virus  Detect ion  in  Foods 135



ferent eluting buffers but, in these reports, glycine-based buffers have gen-
erally performed better than the other solutions tested (Traore et al., 1998;
Le Guyader et al., 2004b).

Adsorption-elution also is used for virus extraction from foods. With this
method, the pH and solution conductivity are lowered to adsorb the virus to
solids in the homogenate followed by elution of virus using a glycine/sodium
chloride buffer (pH 7.5). Adsorption-elution has primarily been applied to
shellfish but has also been used successfully to detect enteric viruses in blue-
berries (Jaykus et al., 1996; Shieh et al., 1999; Calder et al., 2003).

4.2. Organic Solvent Extraction
Extraction with an organic solvent can be used to remove organic com-
pounds that are insoluble or poorly soluble in water (e.g., lipids). An organic
solvent can be particularly useful if homogenization of the food is part of the
sample processing procedure. Trichlorotrifluoroethane (freon) has been the
most common organic solvent used, but with the increased concern about
environment effects of fluorocarbons, alternative solvents have been studied
(Atmar et al., 1993, 1995; Le Guyader et al., 2004). Of these, chloroform:
butanol (1 :1, vol : vol) has performed well as an alternative (Le Guyader 
et al., 1996, 2000, 2004b; Dubois et al., 2002).

4.3. Virus Concentration
A variety of strategies have been used to concentrate viruses. In most
instances, an elution step is used prior to the concentration step.An antibody
capture assay using virus-specific antibodies attached to a fixed substrate was
the first virus concentration procedure that allowed successful detection by
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Table 5.4 Major Steps in Concentration and Extraction
of Viral Nucleic Acids

1. Elution
Beef extract ± saline or borate
Borate
Glycine/NaCl buffer (high pH)
Saline or phosphate-buffered saline

2. Organic solvent extraction
Choroform: butanol
Freon

3. Concentration
Antibody capture
Ligand capture
Organic flocculation
Polyethylene glycol (PEG) precipitation
Ultracentrifugation

4. Nucleic acid extraction
Guanidinium isothiocyanate (GITC)
Phenol : chloroform



RT-PCR of HAV in shellfish implicated in an outbreak (Jansen et al., 1990).
Since that time, additional antibody capture assays have been described using
immune serum globulin and hyperimmune serum (Schwab et al., 1996;
Gilpatrick et al., 2000; Kobayashi et al., 2004). Antibody is attached to a solid
substrate such as paramagnetic beads, and after virus capture, repeated wash
steps are used to remove substances that inhibit virus detection by molecu-
lar methods. A similar approach has been described using carbohydrate
ligands for norovirus capture (Harrington et al., 2004). The potential utility
of this approach is limited by the availability of broadly reactive antibodies
to target viruses. For example, there is only one serotype of HAV, and anti-
body capture assays have worked well for this virus (Cromeans et al., 1997).
This approach may not work with other enteric viruses that have multiple
serotypes or antigenic types. The genetically and antigenically diverse
noroviruses are an example: hyperimmune serum generated against recom-
binant viral protein only recognizes strains closely related to the one from
which the recombinant protein was derived (Atmar and Estes, 2001).
Although broadly cross-reactive monoclonal antibodies to noroviruses have
been used to develop antigen ELISAs (Hale et al., 2000), the utility of these
antibodies in antibody capture assays remains unproved.

Organic flocculation and polyethylene glycol (PEG) precipitation were
originally used to concentrate viruses from shellfish for analysis in infectiv-
ity assays (Williams and Fout, 1992). In organic flocculation, virus is precip-
itated in the presence of beef extract by lowering the pH of the solution (to
3.0–4.5), and the pellet obtained after centrifugation is suspended in a small
volume of sodium phosphate buffer (pH 9–9.5). No adjustments in pH are
needed for the PEG precipitation. PEG-6000 was able to concentrate a
variety of viruses (Lewis and Metcalf, 1988) and performed better than PEG-
8000 in a direct comparison (Traore et al., 1998).

Ultracentrifugation is commonly used in research laboratories to con-
centrate viruses. The method has been used successfully to concentrate
viruses extracted from shellfish prior to extraction of viral nucleic acids (Pina
et al., 1998; Muniain-Mukija et al., 2000). The utility of the method is limited
by the expense of an ultracentrifuge and the time required to pellet the virus
(time of centrifugation increases as the g-force generated by centrifuge
decreases). For these reasons, relatively few laboratories have used this
approach for virus concentration from food samples.

4.4. Nucleic Acid Extraction
There are two main approaches that have been used to extract viral nucleic
acids from concentrated samples :phenol : chloroform extraction and guani-
dinium isothiocyanate extraction. Enzymatic digestion (e.g., proteinase K)
may be used as an initial step prior to phenol : choroform digestion. Several
additional steps have been used to further clean-up the sample, including the
use of organic solvents, suspended silica, affinity purification, and certain pro-
prietary compounds (Jaykus, 2003). One of the more robust methods that can
be adapted for nucleic acid extraction from a variety of substrates was orig-

Molecular  Methods  of  Virus  Detect ion  in  Foods 137



inally described by Boom et al. (1990). The method uses chaotropic agent
guanidinium thiocyanate to extract nucleic acids while inactivating nucleases.
The nucleic acids are adsorbed onto a solid silica substrate following which
impurities and inhibitors can be washed away before the nucleic acids are
eluted and used for analysis.

When immunocapture methods are used for virus purification and con-
centration, the viral RNA can be released by heat denaturation into a small
volume of buffer (Gilpatrick et al., 2000). Heat release is a rapid and simple
method to use, but the nucleic acid must be analyzed the same day or it may
be lost due to degradation by residual nucleases.

5.0. QUALITY CONTROL

Quality-control measures must be incorporated in any molecular diagnostic
method. For example, the ability of PCR to detect as few as 10 copies of
target sequence can lead to problems with cross-contamination between
experiments or even within the same experiment and lead to false-positive
results. On the other hand, failure to remove inhibitory substances during
nucleic acid purification steps or the inefficient recovery of virus from a
sample can lead to false-negative results. Steps (Table 5.5) to prevent or
detect these problems should be routinely incorporated into any molecular
detection procedure.
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Table 5.5 Quality-Control Measures for Molecular
Detection Assays

1. Prevention of cross-contamination
(a) Engineering controls

Separation of specimen intake, processing, set-up,
and analysis areas

Use of dedicated equipment
Use of plugged pipette tips
Use of gloves, dedicated lab coats
Unidirectional workflow
Use of closed systems

(b) Experimental procedures
Uracil-N-glycolase
Photochemical inactivation: isopsoralen

2. Use of positive and negative controls
(a) Extraction controls

Known negative sample
Seeded positive sample

(b) Experimental control
Reagent control
Positive control

3. Inhibitor detection
(a) Internal standard
(b) Housekeeping genes



5.1. Prevention of Cross-Contamination
Cross-contamination of samples is one of the major problems encountered
with the application of target amplification systems, especially with PCR
assays. Millions to billions of copies of DNA amplicons per microliter are
generated in each reaction. Thus, each nanoliter of reaction mix contains
thousands to millions of copies of amplicons. Unrecognized microscopic con-
tamination of equipment, clothes, and the environment can occur with daily
laboratory activities and lead to false-positive results. Thus, it is important to
take steps to prevent this problem and to identify the event if it occurs. The
most experience in dealing with cross-contamination has been with PCR-
based assays as described below.

A number of engineering controls should be used to prevent cross-
contamination (Kwok and Higuchi, 1989). Ideally, the laboratory should have
separate areas (rooms) for the following activities: specimen intake (cata-
loging and storage of samples to be analyzed), specimen processing (virus
concentration and nucleic acid extraction), assay set-up, and postassay ana-
lytic assays.Workflow for an individual also should proceed in only one direc-
tion. Thus, a technician should not perform post-PCR analyses and then
process new samples or set up new assays on the same day, unless she or he
showers and changes clothes. Because aerosols can be generated during
pipeting procedures, laboratories that perform large numbers of assays may
incorporate measures to control airflow, with postanalysis areas being nega-
tive pressure in relation to other parts of the laboratory and preassay areas
being positive pressure.

The work area should be cleaned with sodium hypochlorite solution to
remove nucleic acids at the beginning and end of each work day and at 
any other time when there is concern that contamination of the work space
may have occurred. Dedicated laboratory coats should be worn in only 
one area, gloves should be worn and changed frequently, and laboratory
equipment should be dedicated to a single work area. The use of plugged
pipette tips or positive displacement pipetors can help prevent contamina-
tion of equipment. Contamination of the work area with amplicons can also
be prevented through the use of closed assay systems (e.g., as with real-time
PCR assays). The sample to be analyzed is added to an analysis device that
is then sealed and not opened again. Thus, there is no opportunity for the
nucleic acids generated in the amplification reaction to contaminate the 
laboratory.

Additional control measures can be used to inactivate nucleic acids that
may escape the engineering controls described above. Uracil-N-glycosylase
(UNG) is a DNA enzyme that removes uracil residues from DNA molecules
(Pang et al., 1992). If dUTP is used in place of dTTP in the reaction mix, the
generated amplicons will contain uracil in place of thymidine.Treatment with
UNG will degrade contaminating amplified DNA amplicons that contain
uracil residues but not the thymidine-containing DNA (e.g., from native
DNA). Because UNG has no activity against RNA molecules, it would not
be effective in NASBA assay systems. UNG is added to the sample at the

Molecular  Methods  of  Virus  Detect ion  in  Foods 139



beginning of the reaction and is then heat inactivated during the initial heat
denaturation. Potential problems that may be encountered when using UNG
include the following: decreased amplification efficiency due to less efficient
incorporation of uracil into DNA, need to re-optimize amplification reaction
conditions when replacing dTTP with dUTP, inability to have primer anneal-
ing temperatures below 55°C (due to residual enzymatic activity that could
degrade newly formed amplicons), and inefficient degradation of short
amplicons (Espy et al., 1993; Nolte and Caliendo, 2003).

Another approach that can be used to control DNA carryover contami-
nation in PCR assays is the addition of isopsoralen to the reaction mix. After
amplification, and before opening the reaction vessel, the sample is exposed
to long-wave ultraviolet light, which cross-links isopsoralen to the DNA and
renders it resistant to further amplification.Although this approach is simple,
it is inefficient at inactivating short (<100bp) amplicons. In addition, cross-
linking may interfere with hybridization and isopsoralen may inhibit ampli-
fication (Nolte and Caliendo, 2003).

5.2. Use of Positive and Negative Controls
Several controls should be incorporated into each assay. Negative controls
should include an extraction control and a reagent control. The use of an
extraction control (a known negative sample) can allow the identification of
cross-contamination during the virus concentration and nucleic acid extrac-
tion processes. A negative reagent control allows the identification of con-
tamination of one or more of the reagents used to perform the assay. Some
investigators choose to use more than one extraction or reagent control in
an assay. Although this approach is more likely to detect the low-frequency
environmental contamination events (e.g., contamination of a reaction tube
with an aerosol containing amplicons), it increases the costs of performing
the assay.

Positive controls should also be incorporated into each assay. An extrac-
tion positive control can demonstrate the efficiency of a concentration/
extraction procedure.The other positive control (purified nucleic acids added
to the reaction mix) will demonstrate that all of the necessary reagents are
added to the reaction mix and that all enzymes are functional. Care must be
taken not to allow the positive control to cross-contaminate other samples.
It is prudent to use the smallest amount of positive control necessary to con-
sistently obtain a positive result.

5.3. Inhibitor Detection
Even after extensive sample processing, inhibitors of reverse transcription or
of PCR may remain. A variety of biologic and chemical substances that are
present in foods or are used during sample processing have been found to
act as inhibitors, including polysaccharides, heme, phenol, and cations. These
inhibitors can affect the results obtained with both qualitative and quantita-
tive assays (Abu Al-Soud and Radstrom, 1998). Thus, it is important to min-
imize the presence of inhibitors that may lead to a false negative.
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Several approaches are used to detect inhibitors in a sample. A house-
keeping gene that is copurified with the target nucleic acid is often used as
a second target to demonstrate that amplification can occur. However, this
approach has not been used for foods because of the problem of identifying
an appropriate housekeeping gene. More commonly, a standard control is
added to the sample. The control may be nucleic acids that are amplified and
detected by the virus-specific primers and are amplified in the same reaction
vessel or they may be added to a separate reaction vessel and be amplified
by a different set of primers. A disadvantage of adding the internal standard
directly to the reaction mix is that amplification of the standard may com-
petitively inhibit amplification of target viral nucleic acids. On the other
hand, the use of different primers to amplify a standard added to a separate
reaction vessel may fail to detect inhibition if the virus amplification assay is
more easily inhibited than the assay for the standard. Assay-specific internal
standards have been described for noroviruses, hepatitis A virus, and
rotavirus (Atmar et al., 1995; Le Guyader, 2000; Parshionikar et al., 2004).

6.0. RESULT INTERPRETATION

Several factors must be considered in evaluating the results of molecular
assays described above. First, all control samples must be examined. If neg-
ative control samples (extraction controls, reagent controls) are positive, then
any other positive samples in the assay are suspect due to the possibility that
cross-contamination has occurred. If a positive control sample turns out to
be negative, it may mean inefficient processing (positive extraction control),
inhibited enzymatic activity (internal standard control), or failure to add 
(or inadequate activity of) one of the reagents (e.g., enzymes, oligonucleotide
primers, buffers).

Even if all controls work properly, it should be recognized that additional
factors may affect the interpretation of the results.The sensitivity of the assay
may be insufficient to detect virus that is present in the sample at a level
below the limit of detection. A positive result indicates that the viral nucleic
acid is present but it does not address the viability of the virus; nucleic acids
can be detected using molecular assays even after the virus is no longer viable
(Nuanualsuwan and Cliver, 2002). This observation has raised concern about
the utility of molecular methods in the assessment of food safety (Richards,
1999). The importance of contamination of food with nonviable viral nucleic
acids needs to be determined.

7.0. APPLICATION TO FOODS

Much of the work and early success in the development and application of
molecular methods to foodstuffs have involved shellfish. Methods used to
partially purify and concentrate cultivable enteric viruses were developed in
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the 1970s and 1980s (Lewis and Metcalf, 1988). These methods were modi-
fied to allow detection of these and noncultivable viruses using hybridization
and RT-PCR assays (Zhou et al., 1991; Atmar et al, 1993, 1995; Lees et al.,
1994, 1995).As RT-PCR methods were developed, they were applied to shell-
fish samples implicated in outbreaks of HAV (Jansen et al., 1990) and
norovirus (Le Guyader et al., 1996; Sugieda et al., 1996; Shieh et al., 1999;
Prato et al., 2004). In some cases, sequence information obtained from
infected persons was used to select primers to be used for assaying the shell-
fish (Le Guyader et al., 1996; Prato et al., 2004). These assays have also been
used to identify virus contamination in shellfish in different geographic areas
and during different seasons (Le Guyader et al., 2000; Formiga-Cruz et al.,
2002) and to assess the level and duration of contamination in shellfish impli-
cated in an outbreak (Le Guyader et al., 2003).

Methods to detect viruses in other types of foods have also been devel-
oped. These include melons, lettuce, berries, hamburger meat, and sliced deli
meats (Gouvea et al., 1994; Bidawid et al., 2000; Leggitt and Jaykus, 2000;
Schwab et al., 2000; Jean et al., 2004; Le Guyader et al., 2004b). A limited
number of studies have successfully applied these methods to detect viruses
in foods associated with outbreaks of human disease. Schwab et al. (2000)
detected a norovirus strain on contaminated ham associated with a cafete-
ria-associated outbreak, Le Guyader et al. (2004a) identified a norovirus
strain in contaminated raspberries implicated in an outbreak, and Calder 
et al. (2003) identified hepatitis A virus in blueberries associated with a 
hepatitis A outbreak. These studies demonstrate that the tools to evaluate
foods implicated epidemiologically during outbreak investigations are
increasingly available. Additional investigation is needed before these
methods can be applied for the screening of foods for contamination with
food-borne viruses.

8.0. SUMMARY

Molecular assays are now available for the detection of the enteric viruses
most commonly associated with the transmission of food-borne illness. Some
of these assays, such as RT-PCR and NASBA, are able to detect very small
quantities of virus genome and are suitable tools for the identification of
viruses in foods. The application of these assays to foods has been facilitated
by the development of methods for the concentration and purification of
viral nucleic acids, but inhibitory substances may persist in processed samples
and can lead to false-negative results. Thus, it is important to use positive 
and negative controls in every analysis to allow appropriate interpretation
of assay results. There are now several reports of the successful identifica-
tion of the same virus identified as the cause of a food-borne outbreak in the
food implicated by the epidemiologic investigation. Additional studies are
needed to determine the role molecular assays will have in food-safety 
programs.
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CHAPTER 6

Survival and Transport of Enteric Viruses
in the Environment

Albert Bosch, Rosa M. Pintó, and F. Xavier Abad

1.0. VIRUSES IN THE ENVIRONMENT

1.1. Viruses and Environmental Virology
Environmental virology may be defined as the study of viruses that can be
transmitted through various environments (water, sewage, soil, air, or sur-
faces) or food and persist enough in these vehicles to represent a health
threat. A wide variety of different viruses, representing most of the families
of animal viruses, can be present in human and animal fecal wastes and urine.
Especially important are a variety of nonenveloped human and animal
enteric pathogenic viruses that can enter the environment through the dis-
charge of waste materials from infected individuals; contaminate food 
products and drinking and recreational waters; and be transmitted back to
susceptible individuals to continue the cycle of infection (Table 6.1). It is esti-
mated that billions of cases of gastrointestinal illness occur annually world-
wide (Parashar et al., 1998; Oh et al., 2003). A good deal of these diarrheal
cases are to some extent the result of fecal contamination of the environ-
ment (Cabelli et al., 1982; Koopman et al., 1982; Fattal and Shuval, 1989;
Moore et al., 1994) while outbreaks of hepatitis A and E are associated 
with water, shellfish, and crops (Melnick, 1957; Reid and Robinson, 1987;
Halliday et al., 1991; Bosch et al., 1991, 2001).

The significance to human health of many of the non-human animal
viruses present in environmental samples is less well understood and remains
uncertain or unknown for many of them. It is remarkable, however, that
zoonotic viruses infecting humans continue to be discovered or appear to
reemerge as important human pathogens. One example of an emerging
disease is severe acute respiratory syndrome, or SARS, reported in Novem-
ber 2002 (Ksiazek et al., 2003). The primary mode of transmission of the
SARS coronavirus appears to be direct mucous membrane contact with
infectious respiratory droplets and/or through exposure to fomites. Several
coronaviruses are known to spread by the fecal-oral route, but there is no
current evidence that this mode of transmission plays a key role in the trans-
mission of SARS, although there is a considerable shedding of the virus in
stools (Tsang, 2003).

As a scientific discipline, environmental virology was born after a large
hepatitis outbreak occurred in New Delhi between December 1955 and
January 1956. The origin of the outbreak, which was attributed to hepatitis
A at the time but now confirmed to be hepatitis E, was the contamination
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by sewage, from 1 to 6 weeks prior to the epidemic, of the Jumna River, the
source of water for the treatment plant. Alum and chlorine treatment pre-
vented bacterial infections, but 30,000 cases of hepatitis occurred among the
population. As a consequence of this outbreak, studies in water and envi-
ronmental virology began with efforts to detect poliovirus in water around
50 years ago. Since that time, other enteric viruses responsible for gastroen-
teritis and hepatitis have replaced enteroviruses as the main target for detec-
tion in the environment, although the near eradication of poliomyelitis from
the globe calls for exhaustive studies on the occurrence of wild-type and 
vaccinal-type polioviruses in environmental samples.

1.2. Waterborne Transmission of Enteric Viruses
Figure 6.1 illustrates the possible routes of waterborne transmission of
enteric viruses. Viruses can be transmitted by a variety of routes, including
direct and indirect contact, vector transmission, and vehicle transmission.
Viruses are shed in extremely high numbers in the feces of infected individ-
uals; patients suffering from diarrhea or hepatitis may excrete from 105 to
1011 virus particles per gram of stool (Farthing, 1989). Furthermore, a single
episode of vomit of a patient with norovirus gastroenteritis may contain
around 107 particles (Cheesbrough et al., 1997). Ingestion of sewage-
contaminated water or food is the main route of infection with human 
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Table 6.1 Human Enteric Viruses with Potential Environmental Transmission

Genus Popular Name Disease Caused

Enterovirus Polio Paralysis, meningitis, fever
Coxsackie A, B Herpangina, meningitis, fever,

respiratory disease, hand-foot-and-
mouth disease, myocarditis, heart 
anomalies, rash, pleurodynia, diabetes?

Echo Meningitis, fever, respiratory disease,
rash, gastroenteritis

Hepatovirus Hepatitis A Hepatitis
Reovirus Human reovirus Unknown
Rotavirus Human rotavirus Gastroenteritis
Mastadenovirus Human adenovirus Gastroenteritis, respiratory disease,

conjunctivitis
Norovirus Norwalk-like virus Gastroenteritis
Sapovirus Sapporo-like virus Gastroenteritis
Hepervirus Hepatitis E Hepatitis
Mamastrovirus Human astrovirus Gastroenteritis
Parvovirus Human parvovirus Gastroenteritis
Coronavirus Human coronavirus Gastroenteritis, respiratory disease
Torovirus Human torovirus Gastroenteritis



enteric viruses, although the role of inanimate surfaces serving as vehicles
for virus infection must not be underestimated. Viruses with a viremic 
phase, such as the hepatitis viruses, may also be parenterally transmitted,
although these days it is considered to be a much less frequent mode of 
transmission.

A poorly understood aspect in the epidemiology of several enteric viruses
is the role of animal viruses in human disease. Nucleotide sequence analysis
of some human enteric viruses has indicated a high degree of sequence sim-
ilarity with animal strains. Notably, hepatitis E virus–related sequences have
been detected in pigs (Meng et al., 1997; van der Poel et al., 2001; Banks 
et al., 2004) and birds (Huang et al., 2002). The threat of zoonotic infections
may be either through direct transmission, suspected for hepatitis E virus
(HEV; Reyes, 1993) and caliciviruses (Humphrey et al., 1984), or through
incidental coinfection of a host with animal and human viruses, resulting in
the mixing of genes and generation of novel variants (recombination/reas-
sortment; Unicomb et al., 1999). Recombination has been demonstrated as
a mechanism for rapid expansion of diversity for noroviruses and rotaviruses,
but it is likely to be a common feature of the RNA viruses involved (Jiang
et al., 1999; Unicomb et al., 1999). Viruses related to the human rotaviruses,
astroviruses, noroviruses, sapoviruses, and HEV circulate in several animal
species, providing a huge reservoir for virus diversity (Shirai et al., 1985;
Meng et al., 1997; van der Poel et al., 2001; Huang et al., 2002).

In the water environment, the fate of microbial enteric pathogens may
take several potential routes (Fig. 6.2). Mankind is exposed to waterborne
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Figure 6.1 Routes of enteric virus transmission. Thick and thin arrows depict the
main and minor routes of virus transmission, respectively.



enteric virus infections through shellfish grown in contaminated waters, con-
taminated drinking water, food crops grown in land irrigated with wastewater
and/or fertilized with sewage, and, to a lesser extent, sewage-polluted recre-
ational waters (Tables 6.2 and 6.3).

Studies have documented the presence of enteric viruses in raw and
treated drinking water (Keswick et al., 1984), and they are also frequently
isolated from freshwater environments (Table 6.4). However, epidemiologi-
cal proof of human infection caused by these viruses as a result of water con-
sumption is scarce. Water-system deficiencies that caused or contributed to
these outbreaks may be categorized under five major headings: (a) use of
contaminated, untreated surface water; (b) use of contaminated, untreated
groundwater; (c) inadequate or interrupted treatment; (d) distribution net-
work problems; and (e) miscellaneous.

Pathogenic viruses are routinely introduced into the environment
through the discharge of treated and untreated wastes, as current treatment
practices are unable to provide virus-free wastewater effluents. Virus con-
centrations of 5,000 to 100,000pfu/L are commonly reported in raw sewage
(Rao and Melnick, 1986) and may be greatly reduced during treatment;
however an average of 50 to 100pfu/L are normally found in effluents from
wastewater treatment plants (Rao and Melnick, 1986).
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Figure 6.2 Waterborne transmission of enteric virus infections. Dashed lines depict
unconfirmed transmission.



Table 6.2 Examples of Waterborne Viral Disease Outbreaks

Type of Water
Implicated Virus Disease Reference

Drinking water Polio Poliomyelitis Mosley, 1967; Lippy and 
Waltrip, 1984

Echo Meningitis Cliver, 1984; Amvrosieva et al.,
2001

Rotavirus Gastroenteritis Murphy et al., 1983; Hopkins 
et al., 1984; Hung et al., 1984;
Craun et al., 2002; Villena 
et al., 2003

Norovirus Gastroenteritis Kaplan et al., 1982; Blacklow 
and Cukor, 1982; Kukkula 
et al., 1999; Craun et al., 2002

Adenovirus Gastroenteritis Murphy et al., 1983
Hepatitis A Hepatitis Craun, 1988; Bosch et al., 1991
Hepatitis E Hepatitis Khuroo, 1980; Ramalingaswami 

and Purcell, 1988
Parvovirus Gastroenteritis Lippy and Waltrip, 1984

Recreational Rotavirus Gastroenteritis Fattal and Shuval, 1989
seawater Adenovirus Foy et al., 1968; D’Angelo 

et al., 1979
Hepatitis A Hepatitis Birch and Gust, 1989

Recreational Coxsackie Cabelli, 1983
freshwater Enterovirus Gastroenteritis Lenaway et al., 1989

Rotavirus Gastroenteritis Andersson and Stenström, 1987
Norovirus Gastroenteritis Koopman et al., 1982
Hepatitis A Hepatitis Bryan et al., 1974

Table 6.3 Examples of Large Outbreaks (Over 100 Cases) Linked to Shellfish
Consumption

No. of Responsible
Year Country Shellfish Cases Virus Reference

1976–1977 Great Clams 800 SRSV Appleton and
Britain Pereira, 1977

1978 Australia Oysters 2,000 NoV Murphy et al.,
1979

1978 Australia Oysters 150 NoV Linco and
Grohmann, 1980

1980–1981 Great Cockles 424 NoV O’Mahony et al.,
Britain 1983

1982 USA Oysters 472 NoV Richards, 1985
1983 Great Oysters 181 SRSV Gill et al., 1983

Britain
1983 Malaysia Cockles 322 HAV Goh et al., 1984
1986 USA Clams 813 NoV Morse et al.,

Oysters 204 1986
1988 China Clams 292, 301 HAV Halliday et al.,

1991
1999 Spain Clams 183 HAV Bosch et al., 2001

SRSV, small round structured viruses; NV, Norovirus; HAV, hepatitis A virus.



Sewage sludge, a by-product of wastewater treatment, is a complex
mixture of solids of biological and mineral origin that is removed from waste-
water in sewage treatment plants. The sewage may undergo primary treat-
ment (physical sedimentation or settling); secondary treatment (primary
sedimentation plus high-rate biological processes, such as trickling filter/
activated sludge); secondary treatment plus disinfection (chlorination,
peracetic acid, UV or ozone); tertiary treatment (advanced wastewater 
treatment, including primary sedimentation, secondary treatment plus, for
example, coagulation–sand filtration, UV, microfiltration); tertiary treatment
plus disinfection; and lagooning (low-rate biological treatment). In any case,
the type of treatment will determine the concentration of pathogens in a
wastewater effluent and the relative risk of its disposal.

An overview of the fate of enteric viruses in coastal environments is
depicted in Figure 6.3. Domestic sewage (in the form of raw sewage, treated
effluent or sewage sludge) may be disposed of directly in the marine envi-
ronment by coastal outfalls or by dumping from barges. In any case, viruses
readily adsorb onto the abundant suspended solids present in the sewage and
are discharged solid-associated into the marine environment (Fig. 6.3A).
Whereas viruses associated with small-size (<3µm) particulate material tend
to float in the water column (Table 6.5), viruses adsorbed onto large/medium
(>6µm) particles readily settle down in the bottom sediment (Table 6.6).
Viruses accumulate in the loose fluffy top layer of the compact bottom sed-
iment (Fig. 6.3B) and are thereby protected from inactivation by natural or
artificial processes (Rao et al., 1986; Sobsey et al., 1988). Sediments in coastal
seawaters act as reservoirs from which viruses may be subsequently resus-
pended by several natural or artificial phenomena. Shellfish (Fig. 6.3C), being
filter feeders, tend to concentrate viruses and bacteria in their edible tissues,
and concentrations of these microorganisms in shellfish may be much higher
than in the surrounding water. Shellfish grown in and harvested from waters
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Table 6.4 Examples of Human Enteric Virus Isolations from Freshwater

River Virus Type MPNCU/Liter Reference

Loire (France) Enteroviruses and Le Bris et al., 1983
Adenoviruses 1.39

Ripoll (Spain) Enteroviruses 15.5 Bosch et al., 1986
Besos (Spain) Enteroviruses 16.2 Bosch et al., 1986
Tiber (Italy) Hepatitis A virus +a Divizia et al., 1989a
Undetermined rivers Enteroviruses 0.5 to 56 Walter et al., 1989
(Germany)
Saint-Lawrence Culturable enteric Payment et al., 2000
(Canada) virusesb 0.1 to 29

MPNCU, most probable number of cytopathic units of virus.
a Molecular detection of viral RNA.
b Unidentified virus grown in MA104 cells and reacting with human immunoglobulin.



receiving urban contaminants (Fig. 6.3D) have been implicated in outbreaks
of viral diseases, notably viral hepatitis and gastroenteritis (Halliday et al.,
1991; Le Guyader et al., 1996; Christensen et al., 1998; Bosch et al., 2001;
Kingsley et al., 2002). Many of these outbreaks were related to water or shell-
fish meeting legal standards based on bacteriological criteria. This evidence
supports the recommendation of monitoring shellfish and their overlying
waters for viral contamination including the adoption of guidelines includ-
ing virus standards.

The possibility nowadays to detect the presence of human enteric viruses
in different types of water samples and foodstuff, in particular shellfish
samples, should be a valuable tool in the prevention of waterborne and 
food-borne diseases. Unfortunately, in most outbreaks, virus detection is not
attempted until after the outbreak and hence no prophylactic measures can
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Figure 6.3 Fate of enteric viruses in coastal marine environments. (A) A heavily
polluted river with abundant particulate material discharges into the sea. (B)
Undisrupted marine sediment with the fluffy top layer where viruses accumulate.
(C) Coquina clams and other bivalves readily adsorb pathogenic viruses within
their edible tissues. (D) Shellfish grown in areas receiving urban sewage
contamination is responsible for outbreaks of gastroenteritis and infectious
hepatitis.
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Table 6.5 Examples of Human Enteric Virus Isolations from Seawater

Site Virus Type Virus Numbers/Liter Reference

Italy Enteroviruses 0.4 to 16 TCID50 De Flora et al., 1975
USA (Texas) Enteroviruses 0.01 to 0.44 pfu Goyal et al., 1979
USA (New Poliovirus 0 to 2.1 pfu Vaughn et al., 1979
York) Echovirus
France Enteroviruses 0.05 to 6.5 MPNCU Hugues et al., 1980

Adenoviruses
Spain Enteroviruses 0.12 to 1.72 MPNCU Finance et al., 1982
USA (Florida) Enteroviruses 0.05 to 0.14 pfu Schaiberger et al., 1982
Israel Enteroviruses 1 to 6 pfu Fattal et al., 1983
USA (Texas) Enteroviruses 0.06 to 0.026 pfu Rao et al., 1984
Spain Poliovirus 0.12 to 0.15 MPNCU Lucena et al., 1985

Echovirus
USA (Texas) Rotaviruses 0.007 to 2.6 pfu Rao et al., 1986

TCID50, tissue culture infectious dose50; MPNCU, Most probable number of cyto-
pathic units; pfu, plaque forming units.

Table 6.6 Examples of Human Enteric Virus Isolations from Marine Sediments

Virus
Site Virus Type Numbers/Kilogram Reference

Italy Enteroviruses 0.4 to 40 TCID50 De Flora et al., 1975
Reovirus

USA (Florida) Enteroviruses 0 to 112 pfu Schaiberger et al., 1982
USA (Texas) Enterovirus 39 to 398 pfu Rao et al., 1984
USA (Texas) Rotavirus 800 to 3800 pfu Rao et al., 1986
Spain Enterovirus 5 to 73 pfu Bosch et al., 1988a
Spain Enterovirus 130 to 200 pfu Jofre et al., 1989

Rotavirus 57 to 140 FF
Spain Rotavirus 0 to 560 FF Bosch and Pintó, 1992

Hepatitis A +RNA
virus

France Enterovirus +RNA Le Guyader et al., 1994
Rotavirus +RNA
Hepatitis A +RNA
virus

TCID50, tissue culture infectious dose50; pfu, plaque forming units; FF, fluorescent foci;
RNA, detected by molecular hybridization.



be undertaken to decrease the severity of the outbreak. Methods for the
detection of viruses in food are discussed elsewhere in this book.

The basic steps in virological analysis of water are sampling, concentra-
tion, decontamination/removal of inhibitors, and specific virus detection.
Sample concentration is a particularly critical step because the viruses may
be present in such low numbers that concentration of the water samples is
indispensable to reduce the volume to be assayed to a few milliliters or even
microliters. In relatively nonpolluted waters, the virus levels are likely to be
so low that optimally hundreds, or even thousands, of liters should be
sampled to increase the probability of virus detection.

A good concentration method should fulfill several criteria: it should be
technically simple, fast, provide high virus recoveries, be adequate for a wide
range of enteric viruses, provide a small volume of concentrate, and be inex-
pensive. Table 6.7 shows a broad selection of currently available and widely
employed procedures; some of them require large equipment. Details on
virus concentration procedures have been published elsewhere (American
Public Health Association, 1998; Environmental Protection Agency, 1984).
All available concentration methodologies have important limitations, and
their virus concentration efficiency depends, in part, on the quality of the
sampled water. Basically, all available procedures have been evaluated using
samples spiked with known viruses. It is known that the recovery efficiency
recorded with experimentally contaminated water dramatically decrease
when the method is applied in actual field trials. Additionally, none of the
existing concentration procedures has been tested with all of the medically
important virus groups; normally, a few specific enteric viruses have been
employed to conduct the evaluation trials. However, several virus concen-
tration methods have been used successfully to recover naturally occurring
enteric viruses in water (Finance et al., 1982; Gerba and Goyal, 1982; Goyal
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Table 6.7 Procedures for the Concentration of Viruses from Water Samples

Principle References

Adsorption-elution methods
Negatively charged filters Farrah et al., 1976
Positively charged filters Sobsey and Jones, 1979; Gilgen et al., 1997
Glass powder Gajardo et al., 1991; Sarrette et al., 1977;

Schwartzbrod and Lucena, 1978
Glass fiber Vilaginès et al., 1997

Precipitation methods
Organic flocculation Katzenelson et al., 1976
Ammonium sulfate precipitation Bosch et al., 1988b; Shields and Farrah, 1986
Polyethylene glycol hydroextraction Farrah et al., 1978; Lewis and Metcalf, 1988

Ultracentrifugation Mehnert et al., 1997; Steinman, 1981
Lyophilization Gajardo et al., 1995; Pintó et al., 2001
Ultrafiltration Divizia et al., 1989b



and Gerba, 1983; Environmental Protection Agency, 1984; Rao et al., 1986;
Lewis and Metcalf, 1988; Henshilwood et al., 1998).

Most of the procedures for concentrating and extracting viruses make use
of the properties of the viral proteinaceous macromolecules. Certain protein
structures confer on viruses in an aquatic environment the properties of a
hydrophilic colloid of an amphoteric nature whose electric charge varies
according to the pH and the ionic force of the environment. Viruses can
therefore be adsorbed onto and then detach themselves from different sub-
strates that are positively or negatively charged depending on their pH.
Methods based on the adsorption of viruses from the sampled water onto a
suitable solid surface from which they may subsequently be eluted into a
much smaller volume are preferred for use with large-volume samples.

Different types of filters have been evaluated for the recuperation of
aquatic viruses, in the form of flat membranes or cartridges. Cartridge-type
filters have the advantage to allow filtration of large volumes of moderately
turbid water within a relatively short time. Their chemical composition, and
porosity vary enormously. A whole range of “negatively” or “positively”
charged filters now exist. Their efficiency depends on the type of water being
tested and the presence of interfering substances such as detergents, sus-
pended solid matter, or organic matter, which can affect the adsorption of
viruses on these filters (Sobsey and Glass, 1984; Sobsey and Hickey, 1985,
Gilgen et al., 1997).

The disadvantage of the negatively charged membranes or cartridges
(Farrah et al., 1976) is that the water sample must be pretreated prior to con-
centration. This includes acidification of water and addition of salts to the
water sample to facilitate virus adsorption because electronegative filters do
not adsorb viruses well under ambient water conditions (Rao and Melnick,
1986). The necessity of this pretreatment step limits the on-location use of
this method to a certain extent, although automatic injection systems do exist
for treating several hundred liters of water. Virus concentration with elec-
tropositive filters may be performed on location at ambient conditions and
without any prior amendment of the sample, which make this procedure most
suited for in-field studies, provided that the sample pH is lower than 8.5
(Sobsey and Jones, 1979). Glass powder (Sarrette et al., 1977; Schwartzbrod
and Lucena, 1978; Gajardo et al., 1991) or glass fiber (Vilaginès et al., 1997)
have also been satisfactorily used in different laboratories as adsorbent mate-
rials for virus concentration.

Viruses in eluate volumes too large to be conveniently and economically
assayed directly for viruses, such as those obtained from processing large
volumes of water through cartridge or large disk filters, can be reconcen-
trated by several methods. Obviously, the recovery of small quantities of
viruses from natural waters is dependent not only on the efficacy of primary
concentration from the original large volume but also on the reconcentra-
tion of the primary eluate to a smaller volume.

Methods such as aluminum hydroxide adsorption-precipitation (Ameri-
can Public Health Association, 1998), polyethylene glycol hydroextraction
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(Farrah et al., 1978; Lewis and Metcalf, 1988), organic flocculation (Katzenel-
son et al., 1976), and ammonium sulfate precipitation (Shields and Farrah,
1986; Bosch et al., 1988b) that are impractical for processing large fluid
volumes are suitable for second-step concentration procedures. Alterna-
tively, viruses can be sedimented depending on their molecular weight using
ultracentrifugation (Steinman, 1981; Mehnert et al., 1997). Freeze-drying of
samples (Gajardo et al., 1995; Pintó et al., 2001) and rehydration in a smaller
volume provides a procedure for both virus concentration and removal of
PCR inhibitors. Ultrafiltration (Divizia et al., 1989b) can utilize size exclu-
sion rather than adsorption and (or) elution to concentrate viruses can
provide consistent recoveries of different viruses under widely varying water
conditions.

Because an evaluation of the presence of viruses in sediment provides an
additional insight into long-term water-quality conditions, several methods
for the detection of viruses have been developed. These methods consist of
virus elution from the solid materials followed by concentration of the eluted
viruses. Viruses are usually eluted from the sediments by using alkaline
buffers (Gerba et al., 1977; Bosch et al., 1988a; Jofre et al., 1989) or chaotropic
agents (Wait and Sobsey, 1983; Lewis and Metcalf, 1988; Jofre et al.,1989).
Procedures such as organic flocculation (Wait and Sobsey, 1983), ammonium
sulfate precipitation (Jofre et al., 1989), polyethylene precipitation (Lewis
and Metcalf, 1988), or ultrafiltration (Gerba et al., 1977) are commonly
employed to concentrate viruses from the eluate.

1.3. Viruses in Soil
Diseases associated with soil have been categorized according to the origin
of the etiological agent as follows (Weissman et al., 1976; Santamaría and
Toranzos, 2003): (a) soil-associated diseases that are caused by opportunistic
or emerging pathogens belonging to the normal soil microbiota; (b) soil-
related diseases that result in intoxication from the ingestion of food con-
taminated with entero- or neurotoxins; (c) soil-based diseases caused by
pathogens indigenous to soil; and (d) soil-borne diseases caused by enteric
pathogens that get into soil by means of human or animal excreta. In this
latter category are included viruses transmitted through the fecal-oral route.

The transport of viruses through soil to groundwater and then to the 
community has been a topic of great concern. Many epidemics of infectious
diseases have been attributed to the consumption of contaminated ground-
water, casting soil as a vector and source of important human disease agents.
There is a concern about a possible increase in soil-borne diseases in human
population, given the land disposal practices of sewage and sewage sludge.
In developing countries, untreated domestic wastewater is used in agricul-
tural irrigation, presenting a high risk to farm workers and to consumers of
food products irrigated with wastewater (Strauss, 1994). In spite of the clear
public health implications of the occurrence and survival of viruses in the soil
compartment, studies on the fate of viruses in soil are scarce due to the com-
plexity of the methodologies for virus extraction from soil.
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The most relevant factors controlling virus transport through soil are soil
type, water saturation state, pH, conductivity of the percolating water, and
soluble organic matter (Table 6.8). The type of soil has a great influence on
the level of viral transport. Fine-textured soils tend to absorb viruses more
readily than coarsely textured soils. As a general rule, sandy soils are rela-
tively poor adsorbents of enteric viruses, whereas soils with clay content of
30% to 100% are excellent adsorbents (Sobsey et al., 1980). In consequence,
viral adsorption increases with increasing clay mineral content (Gerba et al.,
1981). The high adsorptive properties of a clay soil will prevent virus trans-
port to another matrix, such as groundwater, whereas coarse soil will not.

Microbial movement in soils is also greatly dependent on the water sat-
uration state. When the soil is saturated, all pores are filled with water, which
allows faster virus transport through the soil because virus contact with the
soil has been diminished. When the flow is unsaturated, the viruses are in
closer contact with the soil, thus promoting virus adsorption to the soil 
(Santamaría and Toranzos, 2003).

Goyal and Gerba (1979) considered soil pH as the single most important
factor influencing viral adsorption, although the combined effect of organic
matter and clay content, and cation-exchange capacity, could surpass the sole
soil pH effect. At ambient conditions, viruses are usually negatively charged,
thus being attracted to and entrapped by positively charged material in soil
(Sobsey et al., 1980). In neutral and alkaline soil situations, viruses will not
bind to any particulate matter and will be allowed to move freely in soil.
There are, however, many exceptions to these general rules.

Virus absorption to soil is also affected by cation concentration. Cations
favor virus adsorption to soil by reducing their repulsive forces. Sewage
wastes provide an environment that enhances virus retention to soil, while
this retention would be low in distilled water. As a matter of fact, distilled
water may actually lead to the elution of viruses from soils, favoring virus

162 A. Bosch  et  al .

Table 6.8 Factors Influencing Virus Transport in Soil

Factor Effects

Flow rate Rate of movement increases with increased flow rate of 
water.

Hydraulic condition Rate of movement is greater in saturated than unsaturated 
soil flow.

Soil texture Fine-grained soils retain more viruses than coarse-grained 
soils.

Soil solution Greater ionic strength means greater adsorption of viruses.
pH Higher pH leads to greater adhesion to soil.
Virus type Adsorption varies according to the strain and type of virus.
Humic substances Organic matter may retard virus adhesion to soil.
Cations Adsorption increases in the presence of cations.



mobilization and transport through soil. On the other hand, soluble organic
matter will compete with the virus for soil adsorption sites. Likewise, humic
and fulvic acids will also compete with the virus and will reduce the level of
adsorption of viruses to the soil (Sobsey and Hickey, 1985).

2.0. VIRUS PERSISTENCE IN THE ENVIRONMENT

Persistence is the term of choice to describe the capacity of a given virus to
retain its infectivity in a given scenario. However, some authors unfamiliar
with environmental virology claim that this term is confusing because it also
describes the ability of certain viruses to produce infections in which, con-
trary to what applies in acute infections, a degree of equilibrium is estab-
lished between the virus and the host (i.e., a cell or a whole animal). Other
authors avoid the use of the term survival to describe the natural persistence
of virus infectivity, based on the ambiguity of the “live” condition of viruses.
Keeping in mind that a virus will be able to maintain its infectious status pro-
vided that all the virion components remain unaltered, the term stability may
also be properly employed in this context.

One critical question in environmental virology is whether or not viruses
can persist long enough, and in high enough concentrations in the envi-
ronment, to cause disease in individuals who are in contact with polluted
recreational water, soil, or fomites, or who consume contaminated water or
seafood. Because viruses outside their hosts are inert particles, their chances
of transmission from host to host are greatly dependent on the degree of
their robustness, which allows them to remain infectious during the various
conditions they may encounter in the environment.

Numerous physical, chemical, and biological factors influence virus per-
sistence in the environment (Table 6.9). Some of the primary factors affect-
ing the survival of viruses in liquid environmental matrices or media are
temperature, ionic strength, chemical constituents, microbial antagonism, the
sorption status of the virus, and the type of virus. Considerable differences
have been observed in the survival of viruses in different types of environ-
mental samples. Different behaviors and inactivation rates have been
observed not only among viruses of different families and genera, but also
among viruses of the same family, genus, and even among similar types or
strains of virus (Block, 1983).

Among the chemical constituents of liquid or semisolid (feces, human
night soil, biosolids, animal manures, etc.) environmental matrices, the
amount and type of organic matter and specific antiviral chemicals (such as
ammonia at elevated pH levels) play a role in virus stability. Of the physical
factors influencing virus persistence in liquid media, temperature, sunlight,
and virus association with solids are among the most important. Soil mois-
ture, temperature, sunlight, and other soil characteristics may influence the
persistence of viruses in soil. On inanimate surfaces, the most important
factors that affect virus stability are the type of virus and surface, relative
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humidity, moisture content, temperature, composition of the suspending
medium, light exposure, and presence of antiviral chemical or biological
agents. Most of these factors are also relevant for the ability of viruses to
persist in aerosolized droplets, together with the moisture content and the
size of the aerosol particles, and the air quality.

Some enteric virus infections follow a seasonal pattern, whereas others
fail to do so. In regions with temperate climates, infections due to entero-
viruses generally reach a peak in summer and early fall (Moore, 1982). On
the contrary, rotavirus, norovirus, and astrovirus infections occur mainly
during the cooler months (McNulty, 1978; Mounts et al., 2000; Guix et al.,
2002), although seasonal and nonseasonal distributions of rotavirus in
sewage have been described (Hejkal et al., 1984; Bosch et al., 1988c). On the
other hand, cases of hepatitis A do not show a clear seasonal pattern (Lemon,
1985), whereas enteric adenovirus infections are reported to peak in mid-
summer (Wadell et al., 1989). These data suggest that temperature, and prob-
ably relative humidity, may be meaningful in the seasonal distribution of
outbreaks of certain human enteric viruses (Enright, 1954), due to the influ-
ence of these factors on virus persistence.

Understanding environmental virus stability, and elucidating the factors
that affect it, may shed some light on the potential public health risk associ-
ated with these environmental pollutants and at the same time provide tools
to interrupt the chain of fecal-oral virus transmission. In this chapter, only
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Table 6.9 Factors Affecting Virus Persistence in the Environment

Factor Effect

Physical
Heat Inactivation is directly proportional to temperature
Light Light, especially its UV component, is germicidal
Desiccation or drying Usually increased inactivation at lower relative 

humidity
Aggregation/Adsorption Protection from inactivation
Pressure High pressure induces inactivation

Chemical
pH Worst stability at extreme pH values
Salinity Increased salt concentrations are virucidal
Ammonia Virucidal
Inorganic ions Some (e.g., Pt, Pd, Rh) are virucidal
Organic matter Dissolved, colloidal, and solid organic matter protect 

from inactivation
Enzymes Proteases and nucleases contribute to inactivation

Biological
Microbial activity Contributes to inactivation
Protozoal predation Contributes to removal/death
Biofilms Adsorption to biofilms protects from inactivation,

while microbial activity in biofilms may be virucidal
Type of virus Stability varies according to the strain and type of virus



studies involving the persistence of enteric viruses in the absence of any
deliberately applied inactivation process are reviewed. Neither work on 
virus disinfection nor studies conducted with potential indicators, such as
bacteriophages, are considered because they will be discussed in other 
chapters.

2.1. Methods to Study Environmental Virus Persistence
Most studies to determine the potential of viruses to persist in environmen-
tal settings have been performed by artificially adding a known amount of
infectious virus to a given sample, determining the reduction in the infectious
titer after subjecting the spiked sample to designated conditions, and apply-
ing statistical procedures to determine the significance of virus decay. Obvi-
ously, this implies the use of virus strains that may be propagated in cell
cultures and enumerated through quantal infectivity assays (e.g., plaque
assays), thus greatly restricting the range of viruses that are able to be
included in these studies.

Molecular detection approaches such as PCR or RT-PCR are normally
employed for fastidious virus analysis. However, they are unable to differ-
entiate between infectious and noninfectious particles (Kopecka et al., 1993;
American Public Health Association, 1998) and are, therefore, unsuitable for
virus persistence studies, even when quantitative real-time procedures are
employed. Although reports on the presence of norovirus sequences in
bottled mineral water raised a lot of concern (Beuret et al., 2000, 2002), many
authors have shown the lack of correlation between virus persistence and
molecular detection of virus genomes. It now seems obvious that infectious
particles are degraded more rapidly than virus genomes.

Most enteric viruses of public health concern consist of RNA genomes.
In studies employing RT-PCR, it has been shown that poliovirus genomic
RNA is not stable in nonsterilized water (Tsai et al., 1995). Although free
DNA is fairly stable, it is unlikely that a free single-stranded RNA genome
of noroviruses, astrovirus, poliovirus, or hepatitis A virus would remain stable
without its protein coat in the environment.This presumption is less clear for
the double-stranded RNA genome of rotaviruses. Nevertheless, it has been
shown that altered nucleocapsids of noninfectious virions may still encapsi-
date a RT-PCR detectable single-stranded RNA (Gassilloud et al., 2003).

Amplification of a piece of the virus genome is not indicative of the pres-
ence of the infectious agent. It can be assumed that even when different
target sequences from unrelated parts of the genome are detected by molec-
ular amplification, there is still no indication of the presence of unaltered
capsid with functional surface residues involved in receptor recognition and
cell attachment.

From a strictly theoretical point of view, the use of an antigen-capture
PCR assay, involving virus binding with a conformationally dependent mon-
oclonal antibody and amplification of different unrelated genomic targets,
could provide a fair estimation on the stability of a nonculturable virus.
However, this approach requires a lot of experimentation before it can be
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considered adequate to be applied in virus persistence studies. In the mean-
time, infectious surrogates are usually employed to generate data on uncul-
turable virus survival; for example, feline calicivirus has been used to mimic
norovirus behavior (Thurston-Enriquez et al., 2003a, 2003b). Another prom-
ising approach to increase the likelihood of detecting intact and potentially
infectious viruses in cell cultures is to pretreat the virions with proteolytic
enzymes and nucleases prior to nucleic acid extraction, amplification, and
detection, thereby eliminating the detection of free nucleic acids or nucleic
acids associated with damaged, inactivated virions (Nuanualsuwan and
Cliver, 2002).

Some health significant enteric viruses, such as rotavirus, astrovirus, and
enteric adenovirus, replicate poorly in cell cultures; yet their persistence may
be evaluated by integrated cell culture RT-PCR assays (Pintó et al., 1995;
Reynolds et al., 1996; Abad et al., 1997; Reynolds et al., 2001). For this
purpose, cells supporting the propagation of a wide variety of enteric viruses,
such as CaCo-2 (colonic carcinoma) or PLC/PRF/5 cells (human liver
hepatoma), are used for an in vivo amplification step prior to molecular
amplification (Grabow et al., 1993; Pintó et al., 1994). It should be recognized,
however, that most of the studies on virus persistence in the environment
were performed under laboratory conditions and that data obtained from
these studies may not truly represent their behavior under actual field 
conditions.

2.2. Virus Persistence in Environmental Waters
The survival of viruses in environmental waters has been extensively
reviewed (Bitton, 1980; Kapucinski and Mitchell, 1980; Block, 1983; Bosch,
1995).As previously mentioned, the most relevant factors affecting virus sur-
vival in the water environment are temperature (Akin et al., 1971; Raphael
et al., 1985; Bosch et al., 1993), virus association with solids (Gerba and
Schaiberger, 1975; La Belle et al., 1980; Rao et al., 1984; Sobsey et al., 1988),
exposure to UV (Bitton et al., 1979; Bitton, 1980), and the presence of micro-
bial flora (Gunderson et al., 1968; Fujioka et al., 1980; Toranzo et al., 1983;
Ward et al., 1986; Gironés et al., 1989, 1990).

The effect of temperature on viral persistence in water may be due 
to several mechanisms including protein denaturation, RNA damage, and
influence on microbial or enzymatic activity (Dimmock, 1967; Melnick and
Gerba, 1980; Deng and Cliver, 1995). Early studies pointed to damage to
virion proteins as the primary target for viral inactivation at high tempera-
tures, although damage to both protein and RNA occurs at all temperatures
(Dimmock, 1967). Even though all viruses persist better at lower tempera-
tures than at higher temperatures, some viral strains, such as hepatitis A virus
and parvovirus, do exhibit higher thermal resistance than other viruses.

As mentioned earlier in this chapter, virus adsorption to particulate mate-
rial increases the persistence of enteric viruses in the water environment
(Gerba and Schaiberger, 1975; La Belle et al., 1980; Rao et al., 1984; Sobsey
et al., 1988), although differences have been observed among study locations
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(La Belle et al., 1980). The increased virus survival in the presence of sedi-
ment has important implications in the marine environment, because fecal
contamination of coastal areas results in contamination of shellfish harvest-
ing areas, accumulation of solid-associated viruses in sediments with 
sediments acting as virus reservoirs, and finally accumulation of viruses in
shellfish.Additionally, virus uptake by molluskan bivalves is enhanced by the
presence of particulate material (Landry et al., 1983).

Although self-purification processes are reported to be more pronounced
in seawater than in river water (Matossian and Garabedian, 1967; Gironés et
al., 1989), the effect of salinity on virus stability is variable.Thus, many studies
have reported enhanced removal of virus infectivity in saline solution com-
pared with distilled water (Dimmock, 1967; Salo and Cliver, 1976), whereas
others report no significant effect of salinity on virus persistence (Lo et al.,
1976; Fujioka et al., 1980). In any case, the self-purification capacity of water
is finite.

Several observations demonstrate the potential involvement of native
aquatic microorganisms in the inactivation of viruses, particularly in marine
habitats. However, data on the successful isolation of microorganisms with
virucidal properties are scarce (Fujioka et al., 1980; Girones et al., 1990;
Bosch et al., 1993). Additionally, the ability of bacteria to inactivate viruses
is usually lost while subculturing the microorganisms in the laboratory 
(Gunderson et al. 1968; Katzenelson 1978), although in a few studies, such
bacteria could be subcultured for more than 1 year without losing their
antiviral activity (Girones et al., 1990; Bosch et al., 1993). In some studies,
the virucidal agents in the tested waters could not be separated from the
microorganisms (Shuval et al., 1971; Denis et al., 1977; Fujioka et al., 1980;
Ward et al., 1986; Gironés et al., 1990), whereas in others the virucidal activ-
ity could be separated from the bacteria (Matossian and Garabedian, 1967;
O’Brien and Newman 1977; Toranzo et al., 1983; Bosch et al., 1993). The
antiviral activity seems to be based on proteolytic bacterial enzymes that
inactivate virus particles in water by cleavage of viral proteins, thus expos-
ing the viral RNA to nuclease digestion (Toranzo et al., 1983; Gironés et al.,
1990, Bosch et al., 1993).

It seems reasonable to assume that environmental factors and the com-
positional makeup of a given type of water may be substantially different
from one geographical location to another, which implies that different data
of virus persistence are produced when the same viral strain is suspended in
water sampled from different sites (Bosch et al., 1993). Furthermore, it is
highly likely that natural waters, particularly in the marine environment,
contain a variety of potential antiviral factors, and that the antiviral action
observed is generally the expression of the most dominant factor(s) present
in any given water source.

2.3. Virus Persistence in Soil
As has been mentioned earlier, soil pollution with human wastes may greatly
contribute to groundwater contamination. Because of the increasing empha-
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sis placed on land application as a means of organic waste disposal, it appears
relevant to evaluate the persistence of human pathogens in soil.

Viruses in moisture-saturated soils may remain infectious for long periods
of time, even at ambient temperatures of 20°C, in which the soil would be
microbially active. If soil moisture drops under 10%, dramatic losses in virus
infectivity are observed regardless of soil temperature or the medium in
which viruses are applied (Yeager and O’Brien, 1979). For example, enteric
viruses survive for 15–25 days in an air-dried soil as compared with 60–90
days in soils with 10% moisture content. One of the pathways for virus
removal from warm soils is through evaporation, which would account for
the loss of viral pathogens from dry soils. The rate of evaporation is directly
related to temperature and relative humidity. Under constant moisture of
10% or greater, the main factors controlling the inactivation of viruses
appear to be not only soil temperature but also soil texture. The survival of
viruses is enhanced by a combination of low soil temperature and sufficient
moisture (Bitton, 1980).As temperature increases, the virus inactivation rates
also increase significantly (Yeager and O’Brien, 1979; Straub et al., 1992). At
4°C and with constant moisture, viruses are able to persist for 180 days,
whereas at 37°C no viruses persist after 12 days.

Certain soil characteristics also influence virus survival. For example,
virus persistence has been reported to decrease as a function of increasing
soil pH and resin-extractable phosphorus (Hurst et al., 1980). Increase in
exchangeable aluminum, on the other hand, increased virus survival. The rel-
ative levels of clay and humic acids may also enhance virus survival (Bitton
and Gerba, 1984). Viruses survive better in an adsorbed state than in sus-
pension. Virus adsorption to clay materials through electrostatic interactions
is speculated to protect viral genome against nucleases or other antagonistic
factors in soil (Bitton and Gerba, 1984).Additionally, clay contributes to virus
survival by retaining minimum amounts of water, even in dry soils.This water
provides the moisture required for virion stability. On the other hand, poorly
absorbent sandy soils can increase their viral retention in the presence of
divalent cations (Mg2+, Ca2+) but not monovalent (Na+) or trivalent (Fe3+)
cations (Lefler and Kott, 1974).

Clay loam soils generally afford more protection to viruses than sandy
soils. However, in rapidly drying soils, virus persistence may decrease more
deeply in clay soils than in sandy soils, due to the water-holding capacity of
soil. Clay soils can hold more water than sandy soils, but when water is evap-
orating from both soils, the clay soils, because of their mineral content, will
retain the remaining water more tightly than sandy soils at the same mois-
ture content, making them less apt for biological activity (Straub et al., 1992).

The presence of indigenous microorganisms is deleterious to virus 
survival, although this effect is not observed at low temperature; at 1°C
poliovirus remains stable through 70 days (Hurst et al., 1980). Indigenous 
soil aerobic microorganisms significantly reduce virus persistence, while
indigenous anaerobes do not (Hurst, 1987). In a study involving a variety of
soils and poliovirus, echovirus and HAV suspended in groundwater, second-
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ary sewage effluent or primary sewage treatment effluent, HAV was usually
more persistent than poliovirus and echovirus; the 99% reduction times for
HAV were normally greater than 12 weeks (Sobsey et al., 1989). This indi-
cates that HAV is an extremely stable agent, capable of persisting for more
than 3 months in soil, and hence it poses a health threat.

The ultraviolet component of sunlight is destructive to viruses (Bitton,
1980). The UV has been shown to inactivate viruses at the surface of the soil
but as the viruses move deeper in the soil column, it plays a minor role in
inactivating viruses. Disposable diapers may contribute to soil contamination
with human pathogens. A field survey of virus inactivation in diapers buried
in landfills for at least 2 years showed complete inactivation (Huber et al.,
1994). In laboratory conditions, HAV and poliovirus experimentally seeded
in disposable diapers showed 2.5 and 4 log10 reduction, respectively, after 80
days at 25°C, in aerobic conditions (Gray et al., 1993).

Quantitative interpretations (Carrington et al., 1998a, 1998b) of existing
data on poliovirus and cytopathic enterovirus decay rates in sludge-amended
soil (Tierney et al., 1977; Hurst et al., 1978) indicated that, at the prevailing
summer temperatures (19–34°C), the decimal reduction rates were between
2.7 and 3.7 days, whereas at the winter temperatures (13–26°C), it was 24
days. Carrington et al. (1998a) analyzed data reported by Straub et al. (1993)
and found that decimal reduction time for poliovirus at winter temperature
of 15°C and moisture levels of 15–25% was 92 days as compared with 1.2
days at summer temperatures of 27–33°C at moisture levels of 3–40%.

Most studies on virus persistence in soil have been performed in North
American soil types and autochthonous climatic conditions. It has been
pointed out that in other parts of the world, where mean soil temperature
seldom exceeds 15°C at 10cm depth in summer and about 5°C in winter, viral
decay rates would be slow or with decimal reduction times from 24 days to
more than 100 days (Carrington et al., 1998b; Rzezutka and Cook, 2004).
However, the same authors suggest that cultivation of soil after sludge appli-
cation would encourage virus decay by enhancing evaporation.

2.4. Virus Persistence on Fomites
Outbreaks of acute gastroenteritis and hepatitis are a matter of concern in
institutions such as daycare centers, hospitals, nurseries, schools, and military
quarters. Many of these outbreaks have been suspected to be caused by
vehicular transmission of agents through contaminated environmental sur-
faces (Ryder et al., 1977; Halvorsrud and Orstavick, 1980; Rocchi et al., 1981;
Sattar et al., 1986; Butz et al., 1993; Green et al., 1998). As has been men-
tioned earlier, stools from patients with diarrhea or hepatitis contain a very
high number of the causative virus, and a single vomiting episode of an indi-
vidual suffering from norovirus gastroenteritis may expel 3 × 107 virus par-
ticles, all of which are able to contaminate fomites (Cheesbrough et al., 1997;
Green et al., 1998, 1994).

It has been demonstrated that human enteric viruses are able to survive
on several types of materials commonly found in institutions and domestic
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environments long enough to represent a source for secondary transmission
of disease (Hendley et al., 1973; Sattar et al., 1986, 1987; Ansari et al., 1988;
Mbithi et al., 1991; Abad et al., 1994, 2001). The stability of health-significant
human enteric viruses has been investigated on various nonporous (alu-
minum, china, glazed tile, plastic, latex, stainless steel, and polystyrene) and
porous (cloth, different types of papers and cotton cloth) surfaces (Sattar 
et al., 1986; Abad et al., 1994, 2001). As a general conclusion, when dried on
environmental fomites, hepatitis A virus and rotavirus are more resistant to
inactivation than enteric adenovirus, astrovirus, and poliovirus.

The higher stability of HAV in comparison with poliovirus, both of which
belong to the Picornaviridae family, is due to the inherently more stable
molecular structure of HAV capsid, concordant with the special codon usage
described for this virus (Sánchez et al., 2003). In fact, it appears undeniable
that poliovirus, which has been extensively employed as a model to elucidate
enteric virus behavior in many scenarios, may fail to provide an adequate
indication of the persistence of other human enteric viruses, such as HAV,
astrovirus, or rotavirus, dried on fomites (Sobsey et al., 1988; Mbithi et al.,
1991; Abad et al., 1994, 2001).

The resistance to desiccation appears to be of major significance in deter-
mining the ability of a virus strain to survive on fomites. A pronounced loss
in virus titer at this stage dramatically reduces the chances of subsequent
virus persistence. On the contrary, viruses involved in outbreaks probably
transmitted through fecally contaminated environmental surfaces (i.e., HAV,
rotavirus, or astrovirus) show little decay at the desiccation step. On the 
contrary, HAV and HRV, which have been involved in outbreaks probably
transmitted through fecally contaminated environmental surfaces, show little
decay at the desiccation step (Mahl and Sadler, 1975; Keswick et al., 1983;
Sattar et al., 1986; Sobsey et al., 1988; Abad et al., 1994, 2001).

In spite of the experimental data on virus persistence on environmental
surfaces, it is generally very difficult to determine whether, and to what extent,
fomites play a role in the spread of infectious agents. Keswick et al. (1983) have
suggested that the prevalence of asymptomatic infections in daycare facilities
may make contaminated surfaces in these environments a reservoir of infec-
tion for previously uninfected inmate children and their family contacts.

As mentioned previously, there is a considerable shedding of the SARS
coronavirus in stools, where it remains stable at room temperature for several
days (Tsang, 2003). Although epidemiological evidence suggests that the
major mode of transmission for SARS coronavirus is by close personal
contact with an infected individual, contact with environmental surfaces 
contaminated with respiratory secretions or other body fluids may also play
a role in transmission (Tsang, 2003). In addition, SARS coronavirus has been
detected in a variety of environmental surfaces, such as the toilet and floor
in the aparment of an infected individual and the walls and rooftop of a build-
ing with multiple cases (Tsang, 2003).

Hands are frequently in contact with environmental surfaces, and the
potential for transfer of virus between surfaces and hands has been studied
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(Hendley et al., 1973; Ansari et al., 1988; Mbithi et al., 1992). It was ascer-
tained in these studies that rotavirus and hepatitis A virus could retain 
infectivity for several hours on skin and could be transferred in an infectious
state from fingertips to other surfaces and vice versa. Enteric virus transfer
between hands was apparently influenced by moisture. Moisture would
mediate suspension of virus particles and facilitate their movement between
touching surfaces; drying would reduce this effect. Laboratory studies have
shown that viruses persist better in the environment at high relative humid-
ity and at low temperatures (Moe and Shirley, 1982; Sattar et al., 1988; Sobsey
et al., 1988; Abad et al., 1994). However, data on the effect of relative humid-
ity on enteric virus survival is contradictory. These reported differences, par-
ticularly affecting rotavirus persistence, are difficult to explain but may be
due to differences in the methodologies between these studies.

Temperature substantially affects the survival of feline calicivirus, an
infectious surrogate for human norovirus, which is able to persist for long
periods of time dried onto glass coverslips with log reductions of 4.75 after
2 months and 3 weeks, at 4°C and room temperature, respectively (Doultree
et al., 1999). The authors suggested that the effect of temperature on feline
calicivirus stability may reflect the greater prevalence of norovirus infections
in cooler seasons (Lopman et al., 2003).

Because the fecal-oral route is the common means of enteric virus trans-
mission, it seems reasonable to evaluate the effect of fecal material on the
persistence of virus on fecally contaminated fomites. Again, data on the pro-
tective effect of feces on viruses are contradictory; fecal matter appears to
affect the survival of enteric viruses in opposite ways, depending on the type
of surface and the virus strain (Keswick et al., 1983; Sobsey et al., 1988; Abad
et al., 1994).

2.5. Virus Persistence in Aerosols
Aerosols are an important means of virus transmission in humans. Various
authors have reported the isolation of enteric viruses from aerosols produced
by sludge-treatment plants (Fannin et al., 1985; Fattal et al., 1987; Pfirrmann
and Bossche, 1994; Alvarez et al., 1995). The presence of microorganisms in
aerosols generated from wastewater-treatment processes or in treated waste-
water for agricultural irrigation is a potential danger to human health (Teltsch
et al., 1980; Alvarez et al., 1995). In hospitals, aerosolization of vomit was
reported to be of major importance in the transmission of norovirus infec-
tion during outbreaks, while cleaning vomit or feces from patients did not 
significantly increase the risk of developing gastroenteritis (Chadwick and
McCann, 1994). Members of the Caliciviridae family have been reported to
be fairly stable in aerosols (Donaldson and Ferris, 1976). The most important
factors affecting the stability of viruses in the aerosol state are temperature,
pH, relative humidity, moisture content, size of the aerosol particle, compo-
sition of the suspending medium, sunlight exposure, air quality, and virus type.

The basis of virus inactivation in aerosols is poorly understood, although
mechanisms for bacteriophage inactivation in aerosols have been proposed
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(Trouwborst et al., 1974). At high relative humidity, surface alteration of the
virion has been reported, whereas at low relative humidity virus inactivation
appears to be mediated by the removal of structural water molecules.
Relative humidity seems to confer a protective effect on aerosolized 
nonenveloped virus particles. Thus, poliovirus was more stable in aerosol at
22°C at high relative humidity than at low relative humidity (Hemes et al.,
1960; Harper, 1961). Picornavirus infectious RNA may be detected at all
humidity levels, suggesting that virus inactivation is caused by virion capsid
damage (Akers and Hatch, 1968).

High relative humidity and low temperature enhance the persistence 
of bovine rotavirus in aerosols (Moe and Harper, 1983; Ijaz et al., 1985),
although simian rotavirus SA11 survival in aerosols seems to be the best at
intermediate relative humidity levels (Sattar et al., 1984). In any case, human,
simian, and calf rotavirus strains may be detected in aerosols after as long as
10 days (Moe and Harper, 1983; Sattar et al., 1984; Ijaz et al., 1985), although
discrepancies, probably due to methodological differences, are found among
these studies. Aerosolized adenovirus particles also show increased persist-
ence at high relative humidity and low temperature (Miller and Artenstein,
1967; Elazhary and Derbyshire, 1979).

Contrarily to nonenveloped viruses, viruses with an outer lipid envelope
seem to be more stable at lower relative humidity (Hemmes et al., 1960).
After 6 days at 20°C and 50% relative humidity, infectious human coron-
avirus particles could be recovered in aerosols (Ijaz et al., 1985). Virus infec-
tivity in aerosols is also affected by solutes in the suspending media used for
aerosolization. Addition of salts and proteins in the suspending media pro-
vides a protective effect against dehydration and thermal inactivation of
aerosolized picornaviruses (McGeady et al., 1979; Reagan et al., 1981) and
may also influence the rehydration rate during sample rehumidification prior
to the infectivity assay (Benbough, 1969).

2.6. Virus Persistence in Food
Outbreaks of viral infection attributed to the consumption of contaminated
soft fruit, salad vegetables, and other foods are increasingly reported (Mead
et al., 1999; Lopman et al., 2003). A recent example is an outbreak of hepa-
titis A virus in western Pennsylvania in late 2003, which affected more than
600 people and resulted in three fatalities (MMWR, 2003). The incident
involved green onions imported from Mexico and added to the restaurant’s
homemade salsa. Those green onions were stored in a single container for
up to 5 days in the ice used for shipping them. Some of the uncooked green
onions were used in the restaurant’s mild salsa that was prepared in large
batches and stored for up to 3 days. If the shipment ice was contaminated,
prolonged exposure combined with the relatively long storage of salsa may
account for why so many patrons became infected. Green onions, which are
multilayered and can retain soil particles that could harbor fecal contami-
nants, were probably contaminated during harvesting and packing. Alterna-
tively, HAV-contaminated water used for irrigation, processing, and storage
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may have been the source of contamination. The high environmental per-
sistence of HAV makes any of these scenarios possible.

Data on the potential of enteric viruses to persist between the prepara-
tion of food and its consumption are required to ascertain the risk of virus
transmission through food. This information is also important for the devel-
opment of treatments applied to food in order to inactivate contaminant
viruses. Disinfection practices for food are reviewed in another chapter.

Examples of studies on virus persistence in food are depicted in Table
6.10. Studies have shown that viruses remain infectious for several days or
weeks on vegetable crops irrigated with contaminated sewage effluent or
sludge (Tierney et al., 1977; Ward and Irving, 1987). Several enteroviruses
have been reported to survive during commercial and household storage for
periods of up to 5 weeks on vegetables irrigated with contaminated effluent
(Larkin et al., 1976; Ward and Irving, 1987).

The factors that affect virus survival in the environment, especially on
fomites, are also relevant for the fate of viruses in food products. Among
them, temperature has a great influence on virus stability in food as in any
other suspending matrix; the higher the temperature, the more pronounced
the virus decay. Natural or added constituents of food may influence the 
rate of virus inactivation by temperature (Cliver and Riemann, 1999). For
instance, salt used in pickling sausage batter has been shown to protect
viruses from thermal inactivation (Grausgruber, 1963), whereas acidity often
enhances the virucidal effect of temperature (Cliver et al., 1970; Salo and
Cliver, 1976). Additionally, viruses appear to resist thermal inactivation
during cooking when fat levels are high (Filippi and Banwart, 1974).
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Table 6.10 Examples of Virus Persistence in Food

Storage Log10 Titer
Food Virus Temperature Time Reduction Reference

Lettuce HAV 4°C 7 days 2.03 Croci et al., 2002
Carrot HAV 4°C 7 days ≥2.44
Lettuce HAV RT 6 days ≤1.00 Bidawid et al., 2001

4°C 6 days ≤0.50
RT 12 days 4.00
4°C 12 days ≤0.50

Cabbage Polio 8–17°C 5 days 6.15 Ward et al., 1982
13–22°C 2 days 5.55

Grassa Polio 4–16°C 40 hr 2.40 Badawy et al., 1990
Rotavirus 4–16°C 40 hr ≥4.87
Polio 22–41°C 40 hr ≥4.39
Rotavirus 22–41°C 40 hr 2.99

Creme HAV 21°C 7 days 2.05 Sobsey et al., 1988
sandwich

RT, room temperature.
a Bermuda hybrid grass and rye grass.



Furthermore, some ingredients may have a direct virucidal effect, as has been
elucidated for free, unsaturated fatty acids with enveloped viruses (Kohn 
et al., 1980). Naturally occurring substances in fruit juices have been reported
to bear a reversible inactivating effect on enteroviruses, attributed to plant
polyphenols such as tannins (Konowalchuk and Speirs, 1976, 1978; Cliver and
Kostenbader, 1979).

Although the presence of fecal material and high relative humidity
strongly enhances virus persistence (Konowalchuk and Speirs, 1975), the
effect of modified atmosphere packaging does not appear to be significant
on virus persistence (Bidawid et al., 2001).As is the case with fomites, a rapid
and marked decline in virus titer on crops/vegetables is attributed to
drying/desiccation (Larkin et al., 1976; Tierney et al., 1977; Ward and Irving,
1987) combined with the action of sunlight and temperature (Kott and
Fishelson, 1974). Direct sunlight irradiation (particularly its UV component)
by itself is able to induce a pronounced reduction in virus numbers in food
(Badawy et al., 1990).

3.0. CONCLUSIONS

Further work is required to develop robust and reliable quantitative methods
to recover and detect health significant viruses in environmental and food
samples. These procedures should also be adequate for newly recognized
emerging pathogens of concern, as well as for non-human viruses capable of
zoonotically infecting humans and having greater potential to cause human
infection and illness. Simple standardized diagnostic procedures for selected
pathogens are needed to establish specific virological guidelines in selected
food products, notably shellfish or food imports from regions with endemic
infections.

Molecular characterization of agents responsible for waterborne and
food-borne outbreaks will provide relevant information on the prevalence
of infections among the population, which may be important in the 
development and/or efficacy of vaccines. The long pursued objective of the
eradication of poliomyelitis will require comprehensive surveys on the occur-
rence of wild-type and vaccinal-type poliovirus in environmental samples
that may represent potential reservoirs and vehicles of transmission.

Another important issue in environmental studies is microbial source
tracking, which is imperative for the maintenance of microbiological quality
and safety of water systems used for drinking, recreation, and in seafood har-
vesting, because contamination of these systems can represent high risks to
human health and significant economic losses due to closure of beaches and
shellfish harvesting areas. As mentioned earlier and discussed elsewhere in
this book, bacteriophages and other microorganisms of fecal flora have been
proposed as models of virus behavior. However, from the strictly structural
point of view, there is no better surrogate of an actual virus pathogen to track
their behavior in the environment than a noninfectious virus-like particle
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(VLP) of the same virus. Recombinant VLPs of health-significant viruses as
norovirus and rotavirus have been employed to investigate the influence of
electrostatic interactions in the filtration of norovirus in quartz sand and
rotavirus behavior under disinfection conditions, respectively (Redman et al.,
1997; Caballero et al., 2004). As model systems, recombinant tracers are per-
fectly adequate for field studies of microbial tracking, as they may be pro-
duced in extremely high numbers (several milligram amounts). Additionally,
their noninfectious nature, due to the lack of a nucleic acid, makes them 
suitable for use in scenarios where the use of actual pathogenic viruses is 
not prudent; for example, drinking-water treatment plants, shellfish growing
waters, or selected food products.
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CHAPTER 7

Bacterial Indicators of Viruses
Samuel R. Farrah

1.0. INTRODUCTION

Viruses that are transmitted by the fecal-oral route can cause disease in
humans after the consumption of contaminated food or water. The diseases
caused by many of these viruses are usually mild and self-limiting such as
gastroenteritis caused by noroviruses (Nishida et al., 2003; Parshionikar 
et al., 2003). However, some viruses, such as hepatitis A virus, may cause more
serious diseases that require hospitalization or that may be fatal (Halliday 
et al., 1991; Tang et al., 1991; Niu et al., 1992; Hutin et al., 1999). Prevention
of contamination of food and water by pathogenic microorganisms is one
method by which their transmission can be reduced/eliminated. However,
water and wastewater treatment procedures do not always eliminate infec-
tious viruses. In addition, food handlers who have mild or asymptomatic
infection may be responsible for contaminating food at several stages during
production and processing.

Detection of infectious viruses directly in food or water before they are
released to consumers would be another way to prevent the transmission of
these viruses. This is usually not done, mainly because methods are not avail-
able that can detect infectious units in foods with a certain degree of accu-
racy. Some viruses do not grow easily in cell cultures and may require
inoculation of humans or other animals for detecting them as infectious
viruses. Molecular methods such as RT-PCR (reverse transcription–
polymerase chain reaction) are increasingly being used to detect these
viruses (Le Guyader et al., 1993; Dore et al., 2000). However, only a limited
number of laboratories are equipped to routinely conduct such tests. Also,
the detection of viral genome in foods may or may not indicate the presence
of infectious viruses. In fact, viral genomes have been reported to survive
much longer in mineral water than infectious viruses (Gassilloud et al., 2003).
One way to avoid this problem is to use integrated cell culture-PCR to 
determine if the genomes detected using molecular methods are infectious
(Blackmer et al., 2000). Because of the above problems associated with the
detection of pathogenic viruses in food and water, attempts have been made
to find a suitable indicator that, when present, would indicate that viral 
contamination of food or water has occurred.
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2.0. DESIRABLE CHARACTERISTICS OF INDICATORS

Because enteric viruses are usually transmitted by the fecal-oral route, com-
ponents of feces have been used to detect the presence of fecal pollution in
food and water. It was hoped that simple tests for components of sewage or
feces could be used to indicate the presence of pathogenic microorganisms
including viruses. Both chemical and microbiological indicators have been
developed. Chemicals that may indicate the presence of fecal pollution
include coprostanol (Dutka et al., 1974). However, tests for chemicals are of
limited value because they require specialized equipment and are limited in
their sensitivity. Because microbiological tests can detect one or a few living
microorganisms, they are generally more sensitive than the chemical tests.
Also, tests for bacteria usually require minimal equipment and are not too
complicated to perform. Therefore, bacteria have been used as indicators of
viruses in most studies.

For use as viral indicators, bacteria should possess certain characteristics
as discussed by Berg and Metcalf (1978). The most important requirements
are that the presence of bacteria should correlate well with the presence 
of enteric viruses in a given environment; viruses should not be found when
the indicator is absent or is present in low numbers; the viruses should 
be frequently found when the number of indicator bacteria is high; and the
indicators should not be pathogenic themselves, thus simplifying the proce-
dures for their culture and identification and reducing the hazards to labo-
ratory workers from accidental contamination. Indicator bacteria should
survive in a given environment for approximately as long as viruses because
if they are inactivated more rapidly than viruses, they may not be detected
when viruses are still present. Conversely, if they survive much longer 
than viruses, they may indicate a threat long after the viruses have been 
inactivated. In summary, if the survival of bacteria in an environment 
differs greatly from the survival of viruses, their usefulness as indicators is
diminished.

The procedures for detecting the indicators should be relatively simple.
The need for special equipment and complex procedures would reduce the
number of laboratories that are capable of doing the analyses. The avail-
ability of well-equipped laboratories in many different locations will reduce
the time between sample collection and analysis. Also, simple and inexpen-
sive procedures that do not rely on special operator skills are easier to stan-
dardize, and the results of standardized procedures are easier to compare
from laboratory to laboratory.

3.0. BACTERIA USED AS INDICATORS FOR VIRUSES

It was recognized early in the study of microbiology that certain bacteria,
such as Escherichia coli, were present in the intestines and feces of humans
and other animals (Escherich, 1885). Initially, tests designed to detect E. coli
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were based on its ability to ferment glucose. These tests were later modified
to detect the fermentation of lactose. However, these tests were not specific
for E. coli alone and detected a range of microorganisms. These micro-
organisms were collectively termed coliform bacteria.The latter group includes
Aerobacter aerogenes, Klebsiella pneumoniae, Enterobacter spp., and Serra-
tia spp. (Duncan and Razzell, 1972; Newton et al., 1977; Stiles and Ng, 1981),
and all of these bacteria may not be associated with fecal pollution. Later,
different media and incubation at higher temperatures were used to make
the tests more specific for microorganisms associated with feces. The micro-
organisms detected in these tests were termed fecal coliforms or thermotol-
erant coliforms (Eijkman, 1904). Although E. coli is a significant component
of the fecal coliform population, other thermotolerant bacteria, such as Kleb-
siella pneumoniae, may also be detected by the fecal coliform test (Bagley
and Seidler, 1977; Hussong at al., 1981).

More recent modifications of the test used to detect E. coli and related
microorganisms include the use of media that contain compounds that
produce a colored or fluorescent compound when they are hydrolyzed by
bacterial enzymes (Manafi et al., 1991). As efforts were being made to make
these tests more specific for detecting E. coli, it was discovered that E. coli
can also be found in pristine areas in tropical climates (Hazen and Toranzos,
1990). The ability of E. coli to exist and possibly grow in some tropical envi-
ronments that are not fecally polluted should be considered when using it as
an indicator organism in these environs (Hazen and Toranzos, 1990). Some
of the developments in the use of E. coli and related bacteria as indicators
of fecal pollution are given in Table 7.1.

Because the correlation between the detection of microorganisms using
the above-mentioned tests and viruses has not been satisfactory in many
cases, other microorganisms have been considered as indicators for viral pol-
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Table 7.1 Chronology of Events Leading to the Use of Escherichia coli and
Related Bacteria as Indicators of Fecal Pollution

Event Reference

Identification of E. coli as an inhabitant of the Escherich (1885)
intestinal tracts of warm-blooded animals
The use of lactose fermentation at elevated temperatures Eijkman (1904)
(44.5–55.5°C) to test for fecal (thermotolerant) coliforms
The development and use of membrane filter (MF) Clark et al. (1951);
procedures to detect coliforms and E. coli Toranzos and McFeters 

(1997)
The finding of E. coli in pristine areas not influenced Hazen and Toranzos 
by known fecal contamination (1990)
The use of chromogenic and fluorogenic compounds Manafi et al. (1991)
to detect coliforms and E. coli



lution (Table 7.2). These microorganisms include fecal streptococci, anaero-
bic bacteria present in human intestines (Bacteroides), and spore-forming
bacteria of the genus Clostridium. Besides E. coli and related bacteria, the
enterococci are probably the most commonly used indicator bacteria.
Bacteroides spp. are present in high numbers in the human intestine, and
these bacteria have been detected in sewage and natural waters (Allsop and
Stickler, 1984). However, because their numbers decline more rapidly in
water that those of E. coli or S. faecalis, they have not found use as an 
indicator. Previously, several enteric streptococci were classified in the genus
Streptococcus. They have now been reclassified as members of the genus
Enterococcus. The two species most frequently found in humans are Entero-
coccus faecalis and E. faecium. The enterococci are distinguished by their
ability to grow in 6.5% NaCl and at high temperature (45°C). Enterococci
have been found to be more reliable than coliforms in determining health
risks in marine waters (Cabelli et al., 1982).

Clostridium perfringens has also been used as an indicator of pollution
(Fujioka and Shizumura, 1985). One problem is that this organism produces
spores that may survive for long periods in natural environments. Therefore,
it may indicate the presence of pollution that occurred long before the 
sampling.
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Table 7.2 Bacteria That Have Been Considered for Use as Indicators of Fecal
Pollution

Bacteria Comments

Coliforms A group of microorganisms that can ferment lactose; testing 
for this group may also detect bacteria that are not of fecal 
origin.

Fecal This group of microorganisms is more specific for Escherichia 
(thermotolerant) coli than the coliform group; however, non–fecal coliforms 
coliforms may sometimes give positive results.
Fecal streptococci, Some bacteria formerly classified as Streptococcus spp. have 
enterococci been reclassified as Enterococcus spp. (i.e., Enterococcus

faecalis); some studies indicate that these bacteria may be 
better indicators for viral contamination of marine waters 
than E. coli and other related bacteria.

Bacteroides spp. They are found in large numbers in the intestinal tracts of 
humans and other animals; because they are anaerobic 
bacteria, they do not survive long in aerobic environments.
Both E. coli and S. faecalis were found to survive longer that 
Bacteroides spp. in water (Fiksdal et al., 1985)

Clostridium This organism is found in human intestines and sewage and 
perfringens can be used to monitor water sources for fecal contamination;

because the spores may survive for long periods, it may 
indicate historical pollution.



4.0. METHODS FOR DETECTING 
INDICATOR BACTERIA

Total and fecal coliforms can be enumerated in standardized tests that use a
series of tubes with specific bacteriological media inoculated with serial 10-
fold dilutions of the initial sample (Toranzos and McFeters, 1997; Clesceri 
et al., 1998). The advantage of these tests is that they can be used with both
liquid and solid samples. Their main disadvantage is that the most probable
number (MPN) of microorganisms calculated using these tests has a rela-
tively high degree of uncertainty. More accurate determination of the actual
number of bacteria in liquid samples can be obtained using membrane fil-
tration (MF) procedures. Larger volumes of water can be tested with this test
than the MPN or tube tests, and the results obtained reflect more accurately
the numbers of bacteria present in a sample (Clark et al., 1951).

Fluorogenic and chromogenic substrates have been incorporated into
tests for coliform bacteria and E. coli, making the tests easier to perform
(Manafi et al., 1991). The enzyme responsible for hydrolysis of lactose, ∃-d-
galactosidase (∃-GAL), can also hydrolyze chromogenic substrates such as
o-nitrophenyl-∃-d-galactopyranoside. The hydrolyzed product can easily be
detected by change in color. A positive test is thought to indicate the pres-
ence of coliform bacteria. An enzyme that is found in a majority of E. coli
isolates is ∃-d-glucuronidase (GUD).This enzyme can hydrolyze compounds
such as 4-methylumbelliferyl-∃-d-glucuronide (MUG). The hydrolysis of
MUG produces a product that fluoresces when irradiated with UV light at
a wavelength of 365nm. These materials are now included in media used for
the detection of coliforms and E. coli in water (Feng and Hartman, 1982;
Brenner et al., 1993). It should be realized, however, that not all E. coli strains
are able to hydrolyze MUG (Chang et al., 1989).

Indicator bacteria may be injured by a variety of physical and chemical
means including exposure to sublethal levels of disinfectants, UV light, high
or low temperatures, freezing, copper, and starvation (Speck et al., 1975;
Hackney et al., 1979; McFeters et al., 1982; Singh and McFeters, 1986; Kang
and Siragusa, 1999). The injured bacteria may not be able to grow on some
media used for detecting indicator bacteria and therefore escape detection.
However, many injured bacteria can be detected by using procedures
designed to give them an opportunity for repair (McFeters et al., 1982).

5.0. CORRELATION BETWEEN INDICATOR BACTERIA
AND PATHOGENS IN WATER AND FOOD

Indicator bacteria have been found to be useful in determining the possible
presence of pathogens in many cases. Hood et al. (1983) studied the rela-
tionship between indicator bacteria (fecal coliforms and E. coli) and bacter-
ial pathogens (Salmonella spp.) in shellfish. Although Salmonella spp. were
detected in some samples, none was present when the fecal coliform level in
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oysters was less than the level recommended by the National Shellfish 
Sanitation Program (230 fecal coliforms per 100g). The authors found that
low levels of fecal coliforms was a good indication for the absence of 
Salmonella spp. However, the reverse was not true; high levels of fecal col-
iforms did not always indicate the presence of Salmonella spp. This is under-
standable because the indicator would likely be present in all cases of fecal
pollution, but the presence of the pathogen would be variable and related to
the level of infection within a given population. Natvig et al. (2002) compared
the survival of Salmonella enterica serovar typhimurium and E. coli in soil
contaminated with manure. The number of E. coli in the soil contaminated
with bovine manure was always higher than the level of S. enterica serovar
typhimurium. The authors concluded that E. coli was useful as an indicator
for S. enterica serovar typhimurium under these conditions.

E. coli and Salmonella spp. are similar in their physiological characteris-
tics and are likely to originate from the same source. Therefore, a correlation
between their numbers and survival in natural environments would be
expected.The lack of correlation between pathogens that are normally found
in estuarine waters (Vibrio spp.) and fecal indicators is not surprising. Thus,
Koh et al. (1994) found no correlation between Vibrio spp. and several indi-
cator organisms (E. coli, enterococci, and total and fecal coliforms) in water
from Apalachicola Bay.

Overall, a high correlation between indicator bacteria and viruses in
water and food (especially shellfish) has not been found, although the pres-
ence or absence of indicator bacteria has been related to the presence of
viruses in some cases. Sobsey et al. (1980) studied the levels of enteric viruses
in oysters taken from areas closed to shellfish harvesting and those approved
for this purpose. Enteric viruses were found in 12% of the oysters samples
taken from areas closed to shellfish harvesting but not in samples taken from
approved areas.Also, viruses were detected in samples that contained greater
than the recommended 230 fecal coliforms per 100g of oyster meat.

Kingsley et al. (2002) examined imported clams that had been implicated
in an outbreak of Norwalk-like gastroenteritis. These authors were able to
detect both hepatitis A and Norwalk-like virus genomes in samples of clams.
In addition, the clams contained high levels of fecal coliforms (93,000/100g
of clam meat). Because this level was approximately 300 times the recom-
mended level, the finding of virus genomes and the implication of the clams
in disease transmission is not surprising.

The level of indicator bacteria in water or food has not been found to be
correlated with the number of viruses in several studies. Gerba et al. (1979)
examined waters that were approved for recreational use and for shellfish
harvesting. The number of indicator bacteria (total and fecal coliforms) and
enteroviruses in both the sediment and in the overlaying water was deter-
mined over a 3-year period. Enteroviruses were detected in more than 40%
of samples from recreational water that met accepted standards for total and
fecal coliforms. Enteroviruses were also detected in 35% of the samples
taken from areas approved for harvesting shellfish. Goyal et al. (1979) deter-
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mined the level of indicator bacteria and human enteroviruses in oysters and
in the water overlaying the oyster harvesting areas. These authors isolated
viruses from waters that met the bacteriological standards current at the time
of the study. They did not find a statistical relationship between the number
of viruses and indicator bacteria (total and fecal coliforms) in the oysters.

Ellender et al. (1980) examined oysters and water overlaying the oyster
beds for fecal coliforms and enteroviruses. These authors selected two dif-
ferent Mississippi reef areas for the study, one of which was closed and the
other open for shellfish harvesting. Viruses were isolated from oysters taken
from both open and closed areas. However, 146 viruses were isolated from
oysters taken from the closed area and only 12 viruses were isolated from
oysters from the approved area. The number of fecal coliforms in water was
not correlated with the number of viruses in oysters.

In a similar study, Wait et al. (1983) examined hard shell clams from beds
that were open or closed for shellfish harvesting. Although the levels of total
and fecal coliforms were higher in water from the closed area, enteric viruses
were isolated from oysters taken from both sites. No statistically significant
difference was found between the occurrence of viruses in clams from the
open and closed sites despite a clear difference in the levels of indicator bac-
teria in the water from the two sites.

Molecular methods were used by Le Guyader et al. (1993, 1994) to study
viruses in shellfish. Genomic probes were used to detect hepatitis A and
enteroviruses in cockles and mussels (Le Guyader et al., 1993). No statisti-
cally significant difference was found between the presence of viral genomes
and fecal coliform counts. Using RT-PCR, Le Guyader et al. (1994) detected
enterovirus, rotavirus, and hepatitis A genomes in 22%, 20%, and 14% of
cockles, respectively.Again, no relationship was found between viral and bac-
terial contamination.

Dore et al. (2000) examined oysters from four sites for the presence of
E. coli and Norwalk-like virus (NLV). All of the samples met the standard
of <230 E. coli per gram of shellfish meat. NLV was detected in samples from
only the most polluted site, as determined by the number of E. coli in oysters
taken directly from the site and in market-ready oysters that had been taken
from the site and treated by depuration. The level of E. coli could be used
to predict the absence of NLV at the three least polluted sites but not at the
most polluted site. Skraber et al. (2004) compared coliforms and coliphages
for their ability to predict viral contamination of the Mosells River. They did
not detect infectious enteroviruses but did detect the genomes of enterovirus
and norovirus, the presence of which was correlated with the levels of bac-
teriophages but not those of fecal coliforms.

It is clear from these and other studies (Table 7.3) that the level of indi-
cator bacteria may predict the presence of human enteric viruses in some but
not all cases. Viruses are more likely to be found at environmental sites and
in shellfish meat that are highly contaminated with indicator bacteria,
although they may also be found in the presence of low levels of indicator
bacteria that meet the accepted standards.
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6.0. DIFFERENTIAL SURVIVAL OF BACTERIA 
AND VIRUSES

Because of large differences in their size and composition, it is not surpris-
ing to note that the length of viral and bacterial survival is different under
different environmental conditions. Wastewater solids that were undergoing
aerobic treatment were treated with certain physical and chemical methods
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Table 7.3 Correlation Between the Presence of Indicator Bacteria and Viruses in
Water and Shellfish

Bacterial
Indicator Virus Results Reference

Total Enteroviruses Viruses were isolated from Goyal et al.
coliforms, (as infectious estuarine water and oysters even (1979)
fecal viruses) though the water met acceptable
coliforms standards for indicator bacteria.
Total Enteroviruses Viruses were detected in 35% of Gerba et al.
coliforms, (as infectious estuarine water samples that met (1979)
fecal viruses) accepted standards for shellfish
coliforms harvesting.
Total Enteric viruses Enteric viruses were found in Sobsey et al.
coliforms, (as infectious 12% of oysters taken from (1980)
fecal viruses) closed areas but were not found 
coliforms in oysters taken from open areas.
Fecal Enteroviruses The level of fecal coliform Ellender 
coliforms (as infectious bacteria in water did not reflect et al. (1980)

viruses) the level of viruses in water.
Total Enteric viruses Enteric viruses were isolated Wait et al.
coliforms, (as infectious from clams taken from both (1983)
fecal viruses) closed and open areas.
coliforms
Fecal Enteroviruses, No relationship between virus e Guyader 
coliforms hepatitis A, and and indicator bacteria in et al. (1993,

rotaviruses (as shellfish. 1994)
detected by 
RT-PCR)

Fecal Enterovirus, Viral contamination of river Baggi et al.
coliforms, rotaviruses, and water was correlated with (2001)
fecal hepatitis A (as bacteriophages but not with 
streptococci detected by indicator bacteria.

RT-PCR)
Fecal Enteroviruses Infectious enteroviruses were Skraber et al.
coliforms (as infectious not detected in river water; (2004)

viruses and by coliform concentrations were 
RT-PCR); not related to the presence of 
noroviruses (as viral genomes.
detected by 
RT-PCR)



that reduced the activity of protozoan predators. This caused a decrease in
the adsorption of bacteria to wastewater solids leading to a reduction in their
rates of inactivation (Farrah et al., 1985). In contrast, the same treatments
did little to change the inactivation rates of several viruses or to change the
ability of these viruses to adsorb to wastewater solids. It was concluded that
viruses and bacteria were inactivated by different mechanisms during aerobic
treatment of wastewater solids.

Baggi et al. (2001) examined the levels of bacteria and viruses during
wastewater treatment and after the discharge of the effluent to the river. The
wastewater treatment plants reduced the levels of fecal coliforms and fecal
streptococci in raw sewage by an average of 2.3 log10. In contrast, the levels
of three bacteriophages were reduced by only 0.7 log10. This is likely one
reason that contamination of the river with viruses (enteroviruses, rota-
viruses, and hepatitis A) was correlated with bacteriophages but not with
fecal indicator bacteria.

The observed lack of correlation between indicator bacteria and enteric
viruses in shellfish may at least partly be explained by two factors: (1) selec-
tive accumulation and (2) differential survival within shellfish. Burkhardt and
Calci (2000) studied the accumulation of indicator bacteria and a bacterio-
phage (F+) by oysters over a 1-year period. The most significant finding 
of this study was the marked change in accumulation of bacteriophages
between November and January. Over this period, the bioaccumulation of
bacteriophages increased by a factor of 99-fold. In contrast, accumulation of
E. coli, fecal coliforms, and Clostridium perfringens did not change appre-
ciably. This selective accumulation may account for seasonal differences in
viral diseases associated with the consumption of oysters and for the lack of
correlation between bacterial indicators and viruses in oysters.

Often, shellfish are not sold to consumers immediately after harvest but
are exposed to clean estuarine water treated with UV light. After such treat-
ment, the levels of indicator bacteria in oyster meat may be reduced.
However, several studies have demonstrated that depuration is better at
reducing the levels of E. coli and other indicator bacteria but not of viruses.
Power and Collins (1989) compared the reductions in E. coli, poliovirus, and
bacteriophages during depuration by mussels. They found that E. coli was
eliminated from the mussels at a rate faster rate than that of poliovirus or
bacteriophage. This led them to conclude that E. coli was an inappropriate
indicator for demonstrating virus elimination during depuration.

A significant difference in the elimination of indicator bacteria (E. coli,
fecal streptococci, and Clostridium spores) and bacteriophages by mussels
during depuration was also observed by Mesquita et al. (1991). Elimination
rates (T90) for the indicator bacteria were in the range of 50hr while for
phages it was 500hr. In another study, T90 values for E. coli and bacterio-
phages during depuration of oysters were 6.5 and greater than 40hr, respec-
tively (Dore and Lees, 1995). Schwab et al. (1998) found that depuration of
oysters and clams reduced the level of E. coli by 95% but reduced the titer
of Norwalk virus by only 7%.
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Formiga-Cruz et al. (2002, 2003) examined indicator bacteria, bacterio-
phages, and human viruses in shellfish in several European countries. They
found that human viruses were related to all bacterial indicators and bacte-
riophages in heavily contaminated waters and that the current depuration
treatments were effective in reducing E. coli in shellfish but had little effect
on viruses. In another study, oysters that had undergone prolonged depura-
tion (>72hr), which was sufficient to greatly reduce the levels of coliforms,
were implicated in an outbreak of gastrointestinal illness (Heller et al.,
1986). Differences in the removal of viruses and bacteria by treatment plants,
differences in their accumulation by shellfish, and differences in their 
elimination during depuration likely contribute to the frequently observed
lack of correlation between bacterial indicators and viruses in water and
shellfish.

7.0. SOURCE TRACKING

Because E. coli and other indicator bacteria are found in the intestines of
warm-blooded animals, their presence in a sample may or may not be related
to the presence of human pathogens. The lack of correlation between bacte-
rial indicators and human viruses may in part be related to the fact that bac-
terial indicators in a sample may be of nonhuman origin. Identifying the
source of microbial pollution is also important for controlling pollution of an
area. Therefore, methods have been developed to determine the source of
bacterial indicators (Table 7.4).

The fecal coliform/fecal streptococci ratio was based on the observation
that human feces contained relatively more fecal coliforms than animals and
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Table 7.4 Methods to Determine the Source of Bacterial Indicators

Procedure Comments Reference

Fecal coliform/ Relies on standard bacteriological tests; Geldreich and 
fecal the ratio may change with time because Kenner (1969)
streptococcus of differences in survival rates of bacteria.
ratio
Pulsed-field gel Can detect small genetic differences; Johnson et al.
electrophoresis highly useful for epidemiologic studies (1995); Parveen 
(PFGE) but may be too sensitive for source- et al. (2001)

tracking studies.
Multiple Relatively rapid and does not require Hagedorn et al.
antibiotic special equipment; requires a database (1999); Kruperman 
resistance and results may be valid only for limited (1983); Wiggins 
(MAR) geographical areas. et al. (1999)
Ribotyping A labor-intensive method that can yield Parveen et al.

reproducible results; can be used to (1999); Carson 
determine the source of indicator bacteria. et al. (2001)



animals had relatively more fecal streptococci. A fecal coliform/fecal strep-
tococcus ratio of >4.0 was considered characteristic of human pollution and
a ration of <0.7 was thought to indicate animal pollution (Geldrich and
Kenner, 1969). The test for multiple antibiotic resistance (MAR) relies on
the fact that humans and animals are exposed to different types of anti-
biotics and that their intestinal bacteria show different patterns of resistance
to antibiotics (Kruperman, 1983; Hagedorn et al. 1999; Wiggins et al., 1999).
The use of this method requires a database to be produced for a specific area,
and antibiotic-resistance patterns may change rapidly because of exchange
of plasmids between bacteria.

Pulsed-field gel electrophoresis (PFGE) can produce specific genomic
patterns of different microorganisms. Although this technique has been used
in epidemiological studies to identify the source of bacterial pathogens
(Johnson et al., 1995), it may be too sensitive for source tracking studies.
Parveen et al. (2001) suggested that PFGE detected small differences in
genomes, which may not be associated with specific indicator characteristics
such as host range. Ribotyping is a fingerprinting technique that identifies
conserved sequences of rRNA. Although this technique is labor intensive, it
has been used successfully in source-tracking studies (Carson et al., 2001).
Using this technique, Parveen et al. (1999) were able to correctly identify
97% and 67% of E. coli isolates from animals and humans, respectively.
Although Scott et al. (2003) could not identify the animal source of E. coli
isolates, they concluded that ribotyping could be used in differentiating
human and nonhuman isolates. Some of the methods used for microbial
source tracking have been reviewed by Scott et al. (2002).

It is possible that knowing the source of bacterial indicators may make
them better indicators for viruses. Current procedures detect indicators that
could be from many different sources (e.g., human and non-human). In con-
trast, most of the viruses are mainly human pathogens. By comparing indi-
cators of human origin with viruses of human origin, it may be possible to
obtain better correlations between viruses and indicator bacteria.

8.0. SUMMARY

The association between human enteric viruses and disease is well estab-
lished. However, determining the presence of all of the many types of viruses
that are pathogenic to humans in food and water is not practical at this time.
Because enteric bacteria are usual inhabitants of the human intestinal tract,
they have been used as indicators of fecal pollution and the possible pres-
ence of enteric viruses. Several different types of bacteria have been consid-
ered for use as indicators. Currently, most tests for indicator microorganisms
rely on the detection of lactose-fermenting bacteria (coliforms, fecal col-
iforms, E. coli). Food and water samples with relatively high levels of these
bacteria have frequently been found to contain bacterial and viral pathogens.
However, viral pathogens have also been found in food and water samples
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with no or acceptable levels of indicator bacteria. It may be necessary to sup-
plement tests for bacterial indicators with tests for other indicators, such as
bacteriophages (see Chapter 8). Also, it may be desirable to determine the
source of indicators, at least to the extent of determining if they are from
human or non-human sources. This may lead to a better correlation between
the presence of human indicator bacteria and human enteric viruses.
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CHAPTER 8

Bacteriophages as Fecal 
Indicator Organisms

Suresh D. Pillai

1.0. INTRODUCTION

Bacteriophages, also known as phages, are viruses that infect bacterial cells.
They were first described by Frederick Twort in 1915 and then in 1917 by
Felix d’Herelle. D’Herelle named them bacteriophages because of their
ability to lyse bacteria on the surface of agar plates; the word phage is derived
from the Greek for “eating” (Flint et al., 2000). A variety of bacteriophages
that infect different bacterial cells have been isolated. In fact, bacteriophages
exist for all known bacterial species (Joklik, 1988). Based on their structural
and genetic diversity, phages have been classified into different families as
shown in Table 8.1. The characteristics of some well-known bacteriophages
are shown in Table 8.2.

Bacteriophages are widely distributed in the environment and have been
found in groundwater (Pillai and Nwachuku, 2000; Borchardt et al., 2003),
river water (Hot et al., 2003; Skraber et al., 2004), irrigation waters (Ceballos
et al., 2003; Mena and Pillai, 2003), wastewaters (Ackermann and Nguyen,
1983; Ottoson and Stenstrom, 2003; Nelson et al., 2004), oceans (Paul et al.,
1997; Jiang et al., 2001; Jiang and Chu, 2004), and bioaerosols (Dowd et al.,
1997; Espinosa and Pillai, 2002). They have also been found in shellfish
(Humphrey and Martin, 1993; Croci et al., 2000) and on the surfaces of veg-
etables and herbs such as carrots and parsley (Endley et al., 2003a, 2003b).

This chapter focuses on the applicability of bacteriophages as indicators
of fecal pollution or contamination. Most of the available information on 
the use of bacteriophages as indicator organisms pertains to wastewater and
drinking water microbiology and hence most of the examples cited in this
chapter are from these disciplines. Only recently have reports started appear-
ing in the food microbiology literature pertaining to bacteriophages as indi-
cators of fecal contamination on foods (Hsu et al., 2002; Endley et al., 2003;
Munian-Mujika et al., 2003; Allwood et al., 2004).

2.0. INDICATOR ORGANISMS

Ashbolt et al. (2001) have suggested that there could be different classes of
indicator organisms depending on their ultimate application as process indi-
cators, as fecal indicators, or as index or model organisms. Process indicators
are organisms that are used to demonstrate the efficiency of a particular 
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man-made or natural process; fecal indicators are organisms that are used to
infer the possible presence of fecal contaminants in a milieu; and index or
model organisms are indicators for the presence of a particular pathogen.
Goyal (1983) recommended that indicator organisms chosen as fecal con-
tamination indicators or pathogen indicators should satisfy certain specific
criteria (Table 8.3). More recently, the IAWPRC Study Group on Health
Related Water Microbiology (1991) suggested that an ideal indicator organ-
ism should meet five specific criteria as listed in Table 8.4.

Over the past years, different organisms have been proposed as indica-
tors of fecal contamination including fecal coliforms, Escherichia coli, ente-
rococci, bacteriophages, and so forth (Berg et al., 1978; Kibbey et al., 1978;
Fiksdal et al., 1985; Jin et al., 2004). However, studies have repeatedly shown
that bacterial indicators are not true representatives of all possible fecal con-
taminants, especially of the enteric viruses (Berg et al., 1978; Gerba, 1987;
Wait and Sobsey, 2001; Duran et al., 2003) and that bacteriophages may 
be a better indicator of such pollution (Havelaar et al., 1986; Gerba, 1987;
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Table 8.3 Ideal Characteristics of a Pathogen Indicator Organisma

1. Should be present when pathogens are present and absent when pathogens are
absent.

2. The persistence and growth characteristics of the indicator should be similar to
the pathogens.

3. The indicator organism should not multiply in the environment.
4. The ratio between the indicator organism and the pathogen should be constant.
5. The indicator organism should be present in greater concentrations than the

pathogens in contaminated samples.
6. The indicator organism should be resistant or more resistant to adverse

environmental factors, disinfection, and other treatment processes as pathogens.
7. The indicator organism should be non-pathogenic and easy to quantify.
8. The tests for the indicator organism should be easy and applicable to all types

of samples.

a Modified from Goyal, 1983.

Table 8.4 Ideal Characteristics of a Fecal Contamination Indicator Organism

1. The indicator organism should occur consistently and abundantly in fecal
material, preferably exclusively in human wastes.

2. The indicator organism should not multiply in the environment or foods.
3. The indicator organism should have an ecology in the environment and foods

similar to that of pathogens.
4. The indicator organism should respond to environmental stresses similar have

resistance to environmental stress similar to the pathogens.
5. The laboratory analysis for the detection of the indicator organism should be

simple and relatively inexpensive.



Havelaar, 1993; Hsu et al., 2002; Cole et al., 2003; Endley et al., 2003a; Hot
et al., 2003).

The use of coliphages as indicators of fecal pollution is based on the
assumption that their presence in water samples denotes the presence of bac-
teria capable of supporting their replication. The advantages of coliphages as
indicators of enteric viruses (therefore fecal pollution) include their relative
similarities in size, transport, survival or persistence patterns, and densities
in sewage or septic samples. In addition, coliphages are found in relatively
high numbers in the environment, do not readily multiply in the environ-
ment, and can be assayed at a fraction of the cost of a typical pathogenic
enteric virus assay. Their relatively long persistence in the environment and
resistance to common disinfectants make them conservative indicators of
fecal contamination. The use of phages that infect Bacteroides fragilis has
also been considered as good fecal pollution indicator. Bacteroides fragilis is
an obligate anaerobe found in high concentrations in human feces, and the
presence of phages that infect these bacteria is considered to be indicative
of fecal pollution (ISO, 1999; Puig et al., 1999; Gantzer et al., 2002; Duran 
et al., 2003; Lucena et al., 2003).

3.0. COLIPHAGES

The use of coliphages as indicators of not only fecal contamination but also
of enteric bacteria and viruses was suggested almost 20 years ago by Gerba
(1987). Coliphages can be broadly categorized into somatic and male-specific
(or F+) coliphages. The former are phages that infect E. coli by attaching
directly to the cell wall, whereas the latter infect the E. coli host by attach-
ing to a specific bacterial appendage termed sex-pilus or F-pilus.After attach-
ment, the viral nucleic acid is injected into the host bacteria through these
appendages. Muniesa et al. (2003) reported that only a negligible number 
of naturally occurring bacteria can serve as potential hosts for somatic 
coliphages.

Coliphage numbers in humans, cows, and pigs range from approximately
101 to 107 pfu per gram of feces (Dhillon et al., 1976; Osawa et al., 1981;
Havelaar et al., 1986) and they are almost always present in raw sewage at
104 to 106 pfu/ml. Coliphages do not generally multiply in the environment
because of the need for a live host for multiplication. However, there is a
theoretical possibility that somatic coliphages can multiply in certain envi-
ronments where E. coli can also multiply (e.g., in raw sewage). This is con-
sidered to be a drawback for the use of coliphages as indicators (Muniesa 
et al., 2003). However, to date there have been no reports of coliphage 
multiplication in natural environments probably because the temperatures
required for efficient phage infection and replication (i.e., >30°C) are rare in
the open environment. In addition, optimum phage and bacterial densities
and bacterial physiological conditions needed for phage replication are
rarely found in the natural water environment (Muniesa and Joffre, 2004).
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3.1. Somatic Coliphages
Somatic coliphages have been found in sewage-contaminated tropical 
waters but not in pristine waters (Toranzos et al., 1988). They have also been
detected in storm-water runoff (Davies et al., 2003), graywater samples
(Ottoson and Stenstrom, 2003), and in bioaerosols around wastewater treat-
ment plants and animal-rearing operations (Espinosa and Pillai, 2002). Suan
et al. (1988) found somatic coliphages to be highly correlated with fecal col-
iforms in tropical waters in Asia but, in Chile, Castillo et al. (1988) found low
correlation between somatic coliphages and fecal coliforms and a weak cor-
relation between somatic coliphages and total coliforms. In fact, the 
coliphage-to-coliform ratio has been found to vary widely in sewage, secondary
effluent, and river water and is influenced by environmental temperature
(Bell, 1976). In one study, Carducci et al. (1999) did not find statistical 
relationship between the presence of coliphages and other organisms in
bioaerosols collected around a wastewater treatment facility. However, the
bioaerosol sampling employed in that study was not designed for effective
coliphage capture. Skraber et al. (2004) reported that somatic coliphages
were less sensitive to environmental stresses than the thermotolerant col-
iforms and thus were much more reliable indicators of fecal contamination.
Torella et al. (2003) have reported that somatic coliphages of Salmonella spp.
and E. coli were more resistant than fecal coliforms to freezing and cold 
temperatures (4°C).

The degradation of viral genomes of somatic coliphages has been found
to be much more similar to that of infectious viruses, suggesting that somatic
coliphages can be used as reliable indicators of fecal or pathogen contami-
nation even when molecular methods are used to detect them (Skraber 
et al., 2004). Of the 68 surface-water samples positive for somatic coliphages
(103–104 pfu/L) in France, only 2 were positive for enteroviruses by virus iso-
lation in cell cultures and 60 were positive for enteroviruses by molecular
methods (Hot et al., 2003).

In a survey of shellfish in Spain, Muniain-Mujika et al. (2003) reported
somatic coliphages in 90% of the shellfish samples (n = 60) collected over a
6-month period. Of the 36 shellfish (mussels) samples harvested from 3 sam-
pling sites in the Adriatic Sea, Croci et al. (2000) detected somatic coliphages
in 78% of the samples with concentrations ranging from 0.4MPN/g to 
110MPN/g. Significantly, none of the samples were positive for male-specific
coliphages, only 4 samples were positive for enteroviruses, and 13 samples
were positive for hepatitis A virus. Lucena et al. (1994) have reported that
somatic coliphages and Bacteroides phages appear to have the lowest decay
rates compared with others in shellfish growing areas around Spain. Hsu 
et al. (2002) detected somatic coliphages in 88% (n = 8) of market samples
of poultry as compared with male-specific coliphages that were detected in
63% of the samples. Ceballos et al. (2003) detected somatic coliphages (103

to 105 pfu/100ml) in a river that was being used as an irrigation water source
in Brazil.
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3.2. Male-Specific Coliphages
Male-specific (F+) coliphages are coliphages that infect E. coli via the 
bacterial sex-pilus, the genes for which are located on the F-plasmid. The 
F+ coliphages can be RNA-containing (FRNA phages) or DNA-containing
coliphages (FDNA phages). The specificity of male-specific coliphages to
infect only the E. coli cells that produce the F-pilus is critical because the F-
pilus is produced only at temperatures near 37°C or higher. Thus, the poten-
tial for male-specific coliphages to replicate in the environment, where
temperatures are rarely around 37°C, is negligible. However, the potential
for these coliphages to multiply in environments where the ambient tem-
peratures may reach 37°C during certain periods of the year needs to be
explored.

The FRNA phages are a relatively homogenous group of small, icosa-
hedral coliphages belonging to group E (Leviviridae). Because FRNA
phages are morphologically similar to many of the enteroviruses, have
similar persistence and transport characteristics in water, and are equally
resistant or more resistant to chlorination than enteroviruses, they have
attracted considerable attention as an indicator of enteric viral contamina-
tion (Shah and McCamish, 1972; Duran et al., 2003; Shin and Sobsey, 2003).
Although humans do not excrete large numbers of FRNA phages in their
feces, they are found in significantly large numbers in human sewage (Osawa
et al., 1981; Furuse et al., 1983; Havelaar et al., 1986), leading some to believe
that FRNA phages may multiply in raw sewage. The use of male-specific col-
iphages as fecal indicators circumvents the technical complexities and costs
involved in screening for enteric viral pathogens yet provides some assur-
ance about the absence of viral fecal contaminants (Havelaar, 1993a, 1993b;
Hsu et al., 1995; Allwood et al., 2003). Allwood et al. (2003) have recently
suggested that the presence of male-specific coliphages may be a strong indi-
cator for the presence of noroviruses in water samples. They based their 
conclusions on the survival patterns of E. coli, male-specific coliphages and
feline calicivirus in dechlorinated water stored for 28 days at 4°C, 25°C, and
37°C.

Male-specific coliphages have also been isolated from foods and food
production/processing facilities. Espinosa and Pillai (2002) reported on 
the detection of male-specific coliphages from bioaerosols within poultry
(broiler) houses; both FRNA and FDNA phages were detected in samples
collected within the buildings and on window ledges just outside the build-
ings. Hsu et al. (2002) detected FRNA phages in 5 of 8 (63%) “market-ready”
samples of poultry meat products. Further, they were able to monitor the
presence of male-specific coliphages and other indicator organisms through
the evisceration, washing, and chilling processes and showed that FRNA
phages were reduced by more than 1 log10 pfu. Endley et al. (2003) found
male-specific coliphages on cilantro and parsley in the absence of E. coli,
indicating that it may be useful to monitor male-specific coliphages in addi-
tion to E. coli when screening for fecal contamination of herbs. Of the 18
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retail samples each of cilantro and parsley, 9 cilantro samples (50%) and 7
parsley samples (39%) were positive for male-specific coliphages.

In another study, Endley et al. (2003a) demonstrated the value of 
male-specific coliphages as an additional fecal contamination indicator when
screening vegetables such as carrots. In this study, FDNA phages were
detected in 25% of the carrot samples as compared with E. coli and Salmo-
nella, which were present in only 8% and 4% of the samples, respectively.
One of the salient features of this study was the observation that the occur-
rence of the fecal indicator organisms was random and that the contaminated
sample may at times be positive for only one or two of the indicator 
organisms (Table 8.5).

Croci et al. (2000) observed that neither E. coli nor male-specific col-
iphages were reliable indicators for the presence of enteric viruses in mussels
from the Adriatic sea. They report that out of 36 mussel samples that were
analyzed, only 3 samples (8%) were positive for male-specific coliphages.
Though these 3 samples were also positive for HAV, only 1 of these 3 samples
was positive for enteroviruses. Muniain-Mujika et al. (2003) studied the com-
parative presence of pathogenic viruses and indicator organisms in shellfish.
Out of 60 shellfish samples that were collected in 3 “human impacted”
areas, 47% were positive for human adenoviruses, 19% were positive for
enteroviruses, and 24% for HAV. The FRNA phages were present in 17 out
of 60 (28%) shellfish samples. Enteroviruses, HAV, and human adenoviruses
were repeatedly detected in samples that were negative for E. coli. Though
only four of the FRNA positive samples (6.7%) were positive for HAV,
enteroviruses, and human adenoviruses, the data strongly suggest that E.
coli occurrence is not correlated with the occurrence of viral indicators or
pathogens.

Humphrey and Martin (1993) have reported that somatic coliphages
(rather than male-specific coliphages) have value as a fecal contamination
indicator of virus removal during relaying of Pacific oysters. Their conclu-
sions were based on the die-off of male-specific coliphages in oyster tissues.

Dore and Lees (1995) have reported on the persistence of male-specific
coliphages in the digestive glands of environmentally contaminated bivalve
molluscs even after depuration, indicating that these coliphages can proba-
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Table 8.5 Microbial Indicator Organisms and Pathogens on Carrots Obtained from
Different Locationsa

Number of Positive Samples

Organism Field Truck Packing Shed

Male-specific coliphages 1/25 (4%) 4/25 (16%) 14/25 (56%)
E. coli 0/25 (0%) 4/25 (16%) 2/25 (8%)
Salmonella 1/25 (4%) 2/25 (8%) 0/25 (0%)

a Modified from Endley et al., 2003a.



bly serve as a conservative indicator to verify that all traces of fecal con-
tamination have been removed by depuration.Allwood et al. (2004) reported
a stronger correlation between the survival of feline calicivirus and the
FRNA phage MS2 than between E. coli and any other viral pathogen on the
surfaces of leafy salad vegetables. These results also support the notion 
that FRNA phages can serve as a conservative indicator when evaluating
pathogen intervention strategies.

3.3. Bacteroides Phages
Bacteroides fragilis is an obligate anaerobic bacterium found in high con-
centrations in human feces, and hence the presence of phages that infect
these bacteria is considered to be indicative of human fecal contamination
(Chung and Sobsey, 1993; Grabow et al., 1995; Jofre et al., 1995; ISO, 1999;
Lucena et al., 2003). It should be realized, however, that the numbers of Bac-
teroides phages will vary depending on the host strain used and on the geo-
graphical region from where samples originated (Cornax et al., 1990; Araujo
et al., 1997; Puig et al., 1999). Using B. fragilis strain RYC20, Muniain-Mujika
et al. (2003) reported high correlation between Bacteroides phages and
human enteric viruses in shellfish. Lucena et al. (1994) report that the Bac-
teroides phages have one of the lowest decay rates among indicator organ-
isms in shellfish and that the fate of Bacteroides phages released into the
marine environment mimics that of human viruses more than any other indi-
cator organisms. Bacteroides phages are more resistant to conventional
drinking water treatment processes than even male-specific coliphages and
clostridia (Jofre et al., 1995) and they are also resistant to thermal treatment
processes that are commonly used in sewage and sludge treatment (Mocé-
Llivina et al., 2003), indicating that these phages may be the most conserva-
tive indicators.

4.0. DETECTION OF BACTERIOPHAGES

Due to the increased interest in using coliphages and Bacteroides phages as
contamination indicators, the methods to detect them have been constantly
improving. One of the key issues that confront bacteriophage detection in
food and water is the appropriate sample volume for analysis. Because
enteric viruses are normally recovered using very large sample volumes, the
current trend in bacteriophage analysis, at least in the research laboratories,
is to employ large sample volumes as well. For the recovery, detection, and
enumeration of phages, a variety of different methods have been reported
based on sample volume, sample processing method, and the host bacteria
used (Pillai and Nwachuku, 2002).

4.1. Membrane Filtration Method
Sobsey et al. (1990) have reported on a bacteriophage detection method
based on membrane filtration. In the original method, the host bacterium 
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Salmonella typhimurium WG49 was employed to detect F-specific col-
iphages. However, because the F+ plasmid has been found to be unstable
within the host bacterium, the authors acknowledged that there could be
interferences (false positive) from somatic coliphages. This led to the identi-
fication of E. coli ATCC 15597 as the host strain for detecting male-specific
coliphages. The protocol is based on adding MgCl2 to the water sample fol-
lowed by filtration of a defined volume (usually 1,000ml) of the sample
through a 0.45-µm pore-size filter.The phages attached to the filter are eluted
in a high pH buffer after which the eluate is neutralized and plated on the
appropriate host strain. The use of 0.03% tetrazolium dye aids in the detec-
tion and enumeration of the phage-induced plaques due to the contrast the
dye provides.

4.2. U.S. EPA Information Collection Rule (ICR) Method
The U.S. EPA published a standardized procedure for the enumeration of
somatic and male-specific coliphages for use in the Information Collection
Rule (USEPA, 1996). In this procedure, large volumes of water sample
(usually >1,000L) are passed through a positively charged 1MDS filter after
which the adsorbed phage particles are desorbed using a high-pH buffer.
There are obviously constraints related to the volume of the sample that can
be passed through the filter depending on the amount of suspended solids in
the sample. Lingering concerns about the stability of phages to high-pH con-
ditions employed in this protocol have forced researchers to explore alter-
nate sample processing strategies.

4.3. ISO Methods
The ISO (International Organization for Standardization) method for enu-
meration of F-specific RNA phages is the official standard for ISO, which
stipulates that the samples have to be collected, transported, and stored
according to specific guidelines. This method also recommends the use of S.
typhimurium WG49, E. coli K-12 Hfr, or E. coli HS (pFamp) as the host and
includes a preconcentration step for samples that may harbor low numbers
of bacteriophages. This protocol is designed for all types of water samples
and can be adapted for use with food samples provided careful thought is
given to sample processing and purification. The salient feature of the pro-
tocol is that the method suggests confirmatory steps when sampling new
sources, when there is an unexplained overabundance of F-specific phages,
or when there is an indication that somatic phages are being isolated (Pillai
and Nwachuku, 2002). The basic protocol consists of using semi-soft TYG
(tryptone yeast extract glucose) agar amended with a calcium-glucose solu-
tion to which 1ml of the undiluted or diluted sample is added, mixed, and
poured over a bottom-agar plate. The confirmatory tests involve the use of
RNase (40µg/ml) amended TYGA media. The ISO method can also be
adjusted for use with samples containing high bacterial background using
nalidixic acid–resistant E. coli strain CN-13 (ATCC 70078), also known as
WG5. For the detection of somatic coliphages in samples with low back-
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ground bacterial counts, the use of E. coli strain C (ATCC 13706) as the host
strain has been recommended. Another highlight of the ISO protocol is the
built-in confirmatory steps in phage detection when sampling new sources,
when there is an unexplained overabundance of F-specific coliphages, or
when there is an indication that somatic phages are being isolated. The con-
firmation steps include the use of RNAse for selectivity. The ISO method for
the enumeration of bacteriophages infecting B. fragilis uses B. fragilis RYC
2056 (ATCC 70078) as a host. The primary advantage of this host is that,
although the bacterium is an obligate anaerobe, it does not require anaero-
bic handling conditions. Only the incubation has to be carried out under
anaerobic conditions.

4.4. U.S. EPA Methods 1601 and 1602
The two U.S. EPA methods 1601 and 1602 are performance-based methods
designed and optimized for qualitative and quantitative detection of somatic
and male-specific bacteriophages. These protocols have been extensively
tested in round-robin laboratory and field tests and are being considered to
be included in the pending EPA Ground Water Rule. Method 1601 is a two-
step enrichment procedure for the qualitative detection of male-specific and
somatic coliphages (USEPA, 2000a) and has been used to detect coliphages
in carrots, cilantro, parsley, and bioaerosols (Endley et al., 2003a, 2003b;
Espinosa and Pillai, 2002). The method can be used with either 100-ml or
1,000-ml sample volumes. The use of large sample volumes, as mentioned
earlier, increases the probability of detecting low levels of fecally associated
phages. Somatic coliphages are detected using E. coli CN-13 (a nalidixic
acid–resistant mutant of E. coli ATCC 700609) as the host strain, while 
male-specific coliphages are detected using E. coli F-amp (an ampicillin-
streptomycin–resistant mutant of E. coli). The principle underlying this
method is the addition of host bacterium, MgCl2, and concentrated broth
medium into the sample followed by overnight incubation at 37°C. After this
incubation, aliquots of the “enriched” culture are spotted on plates contain-
ing pre-prepared lawns of host bacteria. The plates are then incubated
overnight and the resulting plaques are counted. It should be realized,
however, that plaque counts cannot be used for quantitative purposes
because they have originated from enriched samples.

The U.S. EPA Method 1602 is a quantitative detection protocol (USEPA,
2000b). This method also uses E. coli CN-13 and E. coli F-amp as hosts for
detecting somatic and male-specific coliphages, respectively. However, this
method is capable of handling only 100-ml sample volumes. The method
involves the addition of high titer host bacterium, double-strength agar
medium and MgCl2 to the 100-ml sample, after which the entire contents are
poured into 5 to 10 Petri dishes. After overnight incubation, the plaques 
are counted and tallied across different plates and the results reported as
pfu/100ml.

Recent improvements to these protocols include the use of confirmatory
steps for plaque visualization by “picking” plaques from the original isola-
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tion plates and respotting them on fresh spot plates (Sobsey et al., 2004). The
enrichment method has been found to be extremely valuable for detecting
low levels of phages in large sample volumes (Sobsey et al., 2004).

4.5. Colorimetric Method
Colorimetric, presence/absence methods for coliphage detection have also
been reported (Ijzerman et al., 1993). The method is based on the induction
of β-galactosidase by E. coli. As a result of coliphage infection/replication,
the bacterial cells are lysed, and β-galactosidase hydrolyses the yellow chro-
mogenic substrate that develops into a distinct red color in coliphage-
positive samples. Coliphage-negative samples will remain yellow.

5.0. BACTERIOPHAGES FOR TRACKING SOURCES 
OF CONTAMINATION

In addition to detecting the presence of fecal contamination, it is also
extremely important to identify the sources of fecal contamination. Only 
if sources are identified would it be possible to develop remediation
approaches to limit the exposure of the environment to fecal contaminants.
A number of studies over the recent past have attempted to come up with
tools to detect sources of fecal contamination. Indicators such as E. coli, ente-
rococci, and bacteriophages and molecular methods such as pulsed-field gel
electrophoresis (PFGE), ribotyping, and BOX-PCR have been proposed for
source-tracking purposes (Lu et al., 2004; Meays et al., 2004).The PFGE pro-
tocol involves a specialized electrophoretic separation of the total genome
after restriction digestion with specific enzyme(s). The BOX-PCR protocol
involves the selective amplification of BOX sequences within enterobacteria
using specialized PCR primers. Ribotyping involves the hybridization of 16S
and 23S rDNA sequences as a method of differentiating bacterial subtypes.

Male-specific RNA coliphages have some unique characteristics that
permit them to be used for tracking sources of fecal contamination. Phylo-
genetically, F-specific RNA coliphages fall into four subgroups (Furuse,
1987). Male-specific RNA coliphages are composed of serogroups I through
IV. Subgroups I and II are related and form the major group A while sub-
groups III and IV are very similar and form the major group B. Strains iso-
lated from human feces usually are in group II and III, whereas groups I and
IV are usually found in animal feces (Osawa et al., 1981; Furuse, 1987). Cole
et al. (2003) have recently reported on the distribution of different subgroups
and genotypes of RNA and DNA coliphages. Municipal wastewater samples
had high proportions of F+ DNA coliphages and group II and III F+ RNA
coliphages. Bovine wastewater samples, on the other hand, though contain-
ing a large proportion of F+ DNA coliphages, harbored a majority of group
I and IV F+ RNA coliphages. Swine wastewaters harbored equal proportions
of F+ DNA and RNA coliphages. Group I and III F+ RNA coliphages were
the most common types of RNA coliphages in swine wastewaters. The F+
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RNA coliphages (groups I and IV) were present in large numbers in water-
fowl feces. Though there was a statistically relevant association between
genotypes II and III with human excreta and genotypes I and IV with
animal/bird excreta, Schaper et al. (2002) have questioned whether they can
be used for absolute distinction between human and animal sources.This was
based on the detection of genotype II phages in poultry, cattle, and pig feces
and genotype III phages that were reported for the first time in their study.
Nevertheless, the understanding of the distribution of genotypes and
serotypes in waste streams has paved the way for using male-specific RNA
coliphages as indicators for detecting the source of fecal contamination,
although antisera for male-specific RNA coliphages are not readily available
and some isolates are difficult to serotype. Genotyping of male-specific col-
iphages with oligonucleotide probes has been found to be a feasible alter-
native to serotyping (Hsu et al., 1995; Brion et al., 2002). In addition to
male-specific coliphages, the use of Bacteroides phages has also been sug-
gested to detect fecal pollution from human sources. Grabow et al. (1995)
reported that out of Bacteroides fragilis phages were detected in 13% (n =
90) of human fecal samples but were absent in fecal samples from a variety
of animals. Thus, the detection of Bacteroides phages is indicative of fecal
pollution from human sources.

6.0. SUMMARY

The distribution and occurrence of bacteriophages in source water such as
rivers and aquifers have been extensively studied over the past years. There
are a number of published articles describing the survival characteristics 
of bacteriophages in natural and man-made or engineered environments.
However, our understanding of the occurrence of bacteriophages in foods is
rather limited. Other than a few recent publications, there is a serious lack
of understanding of the occurrence, distribution, and survival kinetics of
these organisms in foods of animal and plant origin. We are currently unsure
of the behavior of these coliphages and Bacteroides phages within foods
during food processing and the various pathogen intervention strategies that
foods are often subjected to. We are unsure for what types of foods these
indicator viruses are robust indicators of fecally associated viral contami-
nants. We need to determine the food categories and the food processing
systems in which coliphages can be used as fecal contamination or process
indicators. In addition, to understand the ecology of coliphages on foods we
need methods that can effectively recover coliphages from foods. These
methods should be easy and efficient to use so that phage levels can be used
for the estimation of microbial risk.

The technologies for coliphage detection are relatively mature, but pro-
cessing protocols to recover coliphages from foods are scant. Although a few
published protocols exist for recovering coliphages from certain herbs such
as cilantro and parsley, concerted efforts are needed to develop methods for
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recovering coliphages from various types of vegetables, fruits, salads, and
meat and meat products. Rapid methods to characterize the isolated col-
iphages in terms of their genotype need to be developed so that information
about the potential sources of pathogens can also be obtained in parallel.
Currently, the methods available for genotyping are restricted to research
laboratories. Recent technological advances in micro-array, micro-fluidics,
and biosensor technologies need to be exploited to develop user-friendly
methods for the specific and sensitive detection and characterization of indi-
cator viruses.
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CHAPTER 9

Shellfish-Associated Viral 
Disease Outbreaks

Gary P. Richards

1.0. INTRODUCTION

Enteric viruses include a broad array of pathogens that enter the host via the
fecal-oral route, often through the ingestion of sewage-contaminated food or
water. In young children, many illnesses can result from fomites shared
among playmates.The enteric viruses include the caliciviruses, which are clas-
sified as noroviruses and sapoviruses; picornaviruses, particularly hepatitis 
A virus, the Aichi virus, and poliovirus; hepatitis E virus; astroviruses;
rotaviruses; enteric adenoviruses; coronaviruses and toroviruses; and pico-
birnaviruses. The most frequently reported food-borne outbreaks are caused
by noroviruses, formerly called the agent of winter vomiting disease,
Norwalk-like viruses, and small round structured viruses (SRSVs). Hepatitis
A virus is also reported as a frequent cause of food-borne illness. Children
are infected in early childhood with group A rotaviruses, enteric aden-
oviruses, astroviruses, and caliciviruses and may develop partial immunity
against them (Glass et al., 2001). These so-called childhood viruses may be
transmitted easily from child-to-child through casual contact and through
fomites.

Enteric viruses have undoubtedly been infecting mankind since the dawn
of civilization; however, techniques to isolate and identify these viruses were
not developed until the past century. With the advent of sensitive molecular
methods, even nonpropagable viruses may now be detected. In spite of these
advances, reporting of enteric viral illnesses is poor or nonexistent in many
parts of the world today. Noroviruses are believed to constitute the most 
frequent cause of food-borne illness; however, only major outbreaks are
recorded and accurate, quantitative assessment of the number of individuals
affected is not available. The best data are available for poliovirus, which has
nearly been eradicated through global vaccination and tracking programs.
Accountability for hepatitis A and hepatitis E infections is fair in the devel-
oped nations, due to the potential seriousness of diseases caused by these
agents. However, the incidence of norovirus, sapovirus, rotavirus, astrovirus,
and other viral pathogens is not generally recorded, except in outbreaks
involving high numbers of individuals or those involving politically or
socially important individuals. This is because these viruses seldom cause
mortality even though they are the most prevalent causes of food-borne 
illnesses in the world today. When illnesses are noted, there is seldom 
epidemiological follow-up to confirm the cause of illness. Most of the 
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illnesses are likely from drinking sewage-contaminated water, followed by
the consumption of raw or undercooked foods that were tainted by con-
taminated water, the hands of food-handlers, or contaminated contact 
surfaces.

Among the most notable foods that may contain enteric viruses are mol-
luskan shellfish (oysters, clams, mussels, cockles), especially when they are
consumed raw or lightly cooked. The shellfish accumulate contaminants,
including enteric viruses, from the water and bioconcentrate them within
their edible tissues. Consequently, some large outbreaks of hepatitis A and
noroviruses have been reported after consumption of contaminated shellfish.
Efforts to document such outbreaks have provided some glimmer of the
causes and effects of shellfish-borne disease but do not convey the magni-
tude of the problem (Gerba and Goyal, 1978; Richards, 1985, 1987; Rippey,
1994). The Centers for Disease Control and Prevention have indicated that
noroviruses are the most common cause of acute gastroenteritis in the
United States, causing an estimated 23 million cases annually with 9.2 million
of those cases associated with foods (Mead et al., 1999). The vast majority of
illnesses go undiagnosed, and statistics are not maintained on those reported
because norovirus illness is not a notifiable disease in most countries includ-
ing the United States.

Although persons infected with norovirus develop acute vomiting and
diarrhea, symptoms are fleeting, lasting only a day or two. Consequently, the
patients do not seek medical attention because symptoms resolve rapidly and
spontaneously. They may spread the disease to family members through 
contamination of surfaces or by handling foods with inadequately sanitized
hands. Such individuals often miss work for 2 or 3 days, but when they return,
they may still carry the virus and be a source of infection to their work mates
(White et al., 1986, Iversen et al., 1987; Haruki et al., 1991; Graham et al.,
1994; Richards et al., 2004).

The scientific literature is dotted with occasional reports of outbreaks,
particularly for hepatitis A and the noroviruses. Epidemiological linkage of
an outbreak to a particular source is more difficult for some virus infections
due to differences in incubation times. For instance, hepatitis A has an
extended incubation period approaching 1 month, and sick individuals may
not be able to say with any degree of certainty where or what they ate a
month earlier. Larger outbreaks are more likely to reveal the source of infec-
tion, be it water, food, or a particular restaurant. Illnesses due to norovirus
and sapovirus are easier to track because of their short, 1- to 2-day incuba-
tion period. Rotavirus causes diarrhea in infants and young children and,
although it may be transmitted by foods, children develop immunity to
rotavirus at an early age. Rotavirus diarrhea may lead to dehydration and
vascular collapse, particularly when rehydration therapy is not available.
Although rotavirus is transmitted by the fecal-oral route, it is likely that most
illnesses are from direct contact of children with other children and fomites,
rather than through the food-borne route. Astrovirus is another pathogen
that has been difficult to track. Molecular diagnostic methods are now avail-
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able for astroviruses, which may allow some screening of foods for the virus,
especially in outbreak investigations.

2.0. CASE STUDIES

Because reporting of viral illnesses and their association with a particular
food are inadequate at best, this chapter will not attempt to tabulate and list
outbreaks by country or food source; rather, the focus will be to highlight
specific, shellfish-related outbreaks in countries around the globe and to 
indicate sources of contamination, when known. This section highlights 
outbreaks caused by known shellfish-borne viral pathogens.

2.1. Hepatitis A Virus:
The United States has experienced numerous outbreaks of shellfish-
associated hepatitis A. Major outbreaks date back to 1961 with 459 cases in
New Jersey and New York from clams, 372 cases in Pennsylvania, Con-
necticut, and Rhode Island in 1964 from clams, and 293 cases in Georgia,
Missouri, New Mexico, Oklahoma, and Texas in 1973 from the consumption
of oysters from Louisiana (Richards, 1985). Oysters associated with the 1973
outbreaks were consumed raw but were reportedly obtained from waters
that met the standards of the National Shellfish Sanitation Program (Portnoy
et al., 1975; Mackowiak et al., 1976). Flooding of polluted water from the 
Mississippi River into oyster growing waters occurred 2 months earlier 
and may have been responsible for the outbreaks (Portnoy et al., 1975;
Mackowiak et al., 1976). A multistate outbreak of hepatitis A was attributed
to the consumption of raw oysters from Florida (Desconclos et al., 1991).The
attack rate was calculated at 19 persons per 10,000 dozen oysters consumed
in restaurants.

The largest outbreak of hepatitis A occurred in and around Shanghai,
China, from January through March, 1988. More than 293,000 individuals
became ill after eating clams harvested from recently opened mud flats
outside of Shanghai (Xu et al., 1992) with 47 deaths reported (Cooksley,
2000). Most of the cases were reported to have been from direct consump-
tion of the clams, rather than from person-to-person transmission. Since 
the incubation period for hepatitis A is around 30 days, many people ate the
clams before any symptoms appeared. During this same period, factory
workers in Shanghai also developed hepatitis A after eating raw and cooked
clams (Wang et al., 1990; Halliday et al., 1991; Tang et al., 1991). Because 
thorough cooking is known to inactivate enteric viruses, it appears that the
clams were not fully cooked. Chinese clams imported into the United States
were recently found to contain hepatitis A virus using molecular biological
methods (Kingsley et al., 2002b). Although import regulations require that
clams from China be cooked for importation, these clams were only labeled
as cooked, but had the appearance of raw product.They were associated with
an outbreak of norovirus in New York State (see below). Clams imported
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into Japan from China also were associated with outbreaks of hepatitis A
(Furuta et al., 2003). Between 1976 and 1985, there were 109 cases of hepa-
titis A reported in Japan and 11% were believed to be from consuming raw
shellfish (Konno et al., 1983; Kiyosawa et al., 1987). Another study reported
225 cases of hepatitis A in Japan and raw oysters were the likely vehicle for
infection (Fujiyama et al., 1985).

In 1997, 467 cases of hepatitis A occurred in New South Wales, Australia,
from the consumption of oysters harvested from Wallis Lake (Conaty et al.,
2000). One person died from hepatitis and a class action suit was filed on
behalf of the victim and those who became ill. Before marketing, the gov-
ernment of New South Wales required that all shellfish be subjected to 
the commercial process of depuration, where shellfish are placed in tanks 
of clean seawater and are allowed to purge contaminants for 2–3 days.
Depuration has been shown to be effective in eliminating many bacterial
pathogens and spoilage organisms from molluscan shellfish but not enteric
viruses such as hepatitis A and noroviruses (Richards, 1988, 1991; Kingsley
and Richards, 2003). Long-term relaying (Richards, 1988) may be a better
alternative to the commercial depuration of viruses from shellfish.

Europe too has had its share of hepatitis A associated with contaminated
shellfish. Outbreaks of hepatitis A from oysters, cockles, and mussels have
been reported in England, Wales, and Ireland (O’Mahony et al., 1983;
Polakoff, 1990; Maguire et al., 1992). Shellfish-associated hepatitis A has also
been reported in Italy. One outbreak was from imported clams with sec-
ondary spread to a public school (Leoni et al., 1998). The total cost of one
outbreak of hepatitis A involving 5,889 cases in Italy was estimated at $24
million and costs to a sick individual were estimated at $662 (Lucioni et al.,
1998). Spain experienced hepatitis A outbreaks in 1999 with 184 cases from
clams meeting European Union standards (Sanchez et al., 2002). Clams
imported from Peru also led to 183 cases of hepatitis A in Valencia with hep-
atitis A virus detected in 75% of the shellfish samples tested (Bosch et al.,
2001). A survey of South American imports showed the presence of hepati-
tis A virus in 4 of 17 lots of molluscs (Romalde et al., 2001).

2.2. Noroviruses
Shellfish-borne outbreaks of norovirus have been widespread. A review of
the literature indicates 6,049 documented cases of shellfish-associated gas-
troenteritis in the United States between 1934 and 1984 (Richards, 1987).
Because no bacterial pathogens were associated with these illnesses and
symptomatology was consistent with norovirus illness, it seems likely that
noroviruses were the causative agents. One outbreak involved 472 cases of
gastroenteritis from the consumption of Louisiana oysters. This outbreak
resulted in 25% of Louisiana’s 250,000 acres of shellfish beds being closed,
an estimated loss to the industry of $5.5 million, and disruption of harvest-
ing for 500 licensed oystermen (Richards, 1985). Some outbreaks were small,
such as the one in Florida in 1980 involving only six individuals who ate raw
oysters (Gunn et al., 1982). In another case, oysters from a defined area in
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Louisiana were associated with outbreaks of norovirus illness in at least 
five states: Louisiana, Maryland, Mississippi, North Carolina, and Florida
(Centers for Disease Control, 1993).Although these oysters were distributed
throughout the United States, outbreaks were identified only in these five
states. Identification of the source of contaminated shellfish was facilitated
by tags (labels) on sacks of oysters indicating the location of harvest.

The worst year on record for norovirus outbreaks in the United States
was 1983 when New York experienced numerous outbreaks of norovirus
illness from raw and steamed clams (Centers for Disease Control, 1982; New
York State Department of Health, 1983) and from oysters (Morse et al.,
1986). At least 441 people suffered acute gastroenteritis and eight of these
individuals subsequently developed hepatitis A as well.Ten outbreaks during
the summer were attributed to the illegal harvesting of oysters by an unli-
censed digger in polluted waters that were closed to shellfishing along the
Massachusetts coast (Morse et al., 1986). Other contaminated shellfish were
obtained from Rhode Island waters. Another series of outbreaks in the
winter was from clams harvested in New York waters. Negative publicity and
the lack of confidence in the safety of local shellfish prompted shellfish
dealers to obtain clams that had been depurated in England. Unfortunately,
these clams led to more than 2,000 illnesses in 14 separate outbreaks in 
New York and New Jersey over a 3-month period (Richards, 1985). Clams
served at a picnic were responsible for more than 1,100 cases of norovirus
illness in one outbreak. The U.S. Food and Drug Administration investigated
the outbreaks and concluded that depuration was poorly monitored in plants
from which the shellfish were obtained (Food and Drug Administration,
1983).

An outbreak of norovirus illness occurred in 1983 in Rochester, New
York.A survey indicated that 84 (43%) of 196 people interviewed contracted
norovirus-like illness after eating “cooked” clams served at a clambake. The
clams were harvested off the coast of Massachusetts from waters known to
be contaminated by untreated municipal sewage (Truman et al., 1987). This
outbreak may have been avoided if the clams had been fully cooked or if the
shellfish had been obtained from waters meeting the standards of the
National Shellfish Sanitation Program. Other U.S. outbreaks of norovirus
have been associated with cooked oysters (Kirkland et al., 1996; McDonnell
et al., 1997). In an outbreak of norovirus illness that affected 129 individuals
in Florida in 1995, surveys indicated that sick individuals had eaten raw,
cooked, and thoroughly cooked oysters (McDonnell et al., 1997). Those who
reported eating only thoroughly cooked oysters made a subjective judgment
and the actual degree of cooking remains unknown. It is unlikely that thor-
oughly cooked oysters would cause illness unless they were recontaminated
after cooking, perhaps with dirty gloves used during shucking or with 
contaminated shucking knives. There was speculation that the source of
norovirus contamination was the overboard dumping of feces during a com-
munity-wide outbreak of gastroenteritis (McDonnell et al., 1997). This is not
the first instance when overboard disposal of feces or vomit led to contami-
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nated shellfish beds and outbreaks of illness. Kohn et al. (1995) conducted a
survey of crew members from oyster harvesting boats and learned that 85%
of the boats disposed of sewage overboard. Although this is against regula-
tions, monitoring for compliance is very difficult. Berg et al. (2000) also
reported the overboard disposal of sewage by oyster harvesters in Louisiana
as the likely source of contaminated oysters in two or more outbreaks. New
Zealand experienced a number of oyster-associated outbreaks of norovirus
illness, and overboard disposal of sewage from recreational boats was sug-
gested as a likely source of contamination (Simons et al., 2001).

Using molecular biological methods, our laboratory detected both noro-
and hepatitis A viruses in clams imported to the United States from China
(Kingsley et al., 2002b). These clams were implicated in an outbreak of
norovirus illness in New York State. Because the clams were labeled and
imported as cooked clams on the half shell, the restaurant served them at
their buffet without any heating. Subsequent studies revealed that the clams
were raw. No individuals were reported to have developed hepatitis A from
these clams. Sequence analysis revealed that both norovirus and hepatitis A
virus RNAs contained sequences characteristic of Asian strains of these
viruses (Kingsley et al., 2002b).

Other countries have battled with shellfish-associated norovirus out-
breaks.A widespread outbreak of norovirus illness infecting more than 2,000
people occurred in Australia in 1978 and was subsequently linked to oyster
consumption (Murphy et al., 1979; Grohmann et al., 1980).Another outbreak
in Australia affected 25 of 28 people who ate raw oysters at a hotel (Linco
and Grohmann, 1980). In response to these outbreaks, in 1981 the govern-
ment of New South Wales, Australia, implemented regulation requiring that
all shellfish be subjected to depuration (Ayres, 1991). A study was under-
taken to determine whether depurated oysters from two sites in Australia
would cause illness in human volunteers (Grohmann et al., 1981). Oysters
from one site produced norovirus illness in 52 people, but none from the
second site caused illness. Depuration requirements were recently aban-
doned in New South Wales, since it has become well recognized that enteric
viruses persist within shellfish tissues for periods much longer than the dura-
tion of commercial depuration. The extended relay of shellfish offers some
hope of reducing or eliminating enteric viruses. Oysters were the presump-
tive vehicle of norovirus transmission to residents of New South Wales and
Queensland in a 1996 outbreak involving 97 cases (Stafford et al., 1997).
Although New South Wales required depuration and Queensland did not,
these outbreaks demonstrate that depurated oysters can transmit enteric
viruses just like nondepurated shellfish.

In Japan, oysters and clams have both been associated with norovirus
illness. A study of 80 outbreaks of acute gastroenteritis from 1984 to 1987
revealed that 53 outbreaks were associated with the consumption of oysters
(Sekine et al., 1989). Clams imported from China caused 22 cases of
norovirus illness and four cases of hepatitis A in Japan (Furuta et al., 2003).
Both norovirus and hepatitis A virus were detected in these clams. Another
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study reported five outbreaks of norovirus illness from eating raw oysters
(Otsu, 1999).

Norovirus outbreaks in Europe have also been reported. Cockles were
linked to an early outbreak of norovirus illness (Appleton and Pereira, 1977).
Raw mussels and clams were the apparent vehicles of transmission for an
outbreak of norovirus illness in Italy and a dose-response relationship was
observed between the amount of shellfish consumed and illness (Mele et al.,
1989). Mussels in a cocktail were responsible for an outbreak at a national
convention in the United Kingdom and again a dose-response relationship
was noted (Gray and Evans, 1993). English oysters that had been depurated
and served at a birthday party caused nine cases of norovirus gastroenteritis
(Ang, 1998).

2.3. Hepatitis E Virus
Hepatitis E virus (HEV) is a nonenveloped, positive-strand RNA virus 
morphologically similar to caliciviruses. Hepatitis E infection occurs via the
fecal-oral route and is a major cause of epidemic as well as sporadic viral
hepatitis in endemic regions of Asia, the Indian subcontinent, Africa, and the
Americas (Velazquez et al., 1990; Arankalle et al., 1994; Clayson et al., 1997;
Balayan, 1997). Hepatitis E is less frequently detected in Europe and only a
handful of cases have been reported in the United States. In some develop-
ing countries, HEV may account for more than 50% of acute viral hepatitis
(Balayan, 1997; Clayson et al., 1997). Like hepatitis A virus, HEV normally
causes an acute, self-limiting disease with a low mortality rate; however,
during pregnancy a mortality rate between 15% and 25% has been reported
(Mast and Krawczynski, 1996). Epidemiological studies have shown that
HEV transmission occurs mostly by ingestion of contaminated water
(Arankalle et al., 1994; Bayalan, 1997), with few significant contributions of
person-to-person or food-borne transmission established to date. Shellfish
consumption was considered a risk factor for sporadic cases of hepatitis E in
Eastern Sicily (Capopardo et al., 1997), and undercooked cockles and
muscles were associated with hepatitis E in India (Tomar, 1998). Epidemio-
logical follow-up is difficult with this virus because of a 15- to 60-day incu-
bation period and the sporadic distribution of illnesses. To date, no large
outbreaks of shellfish-associated hepatitis E have been reported. Hepatitis E
virus should be considered a potential emerging pathogen in the United
States and other countries.

3.0. OUTBREAK PREVENTION

3.1. Monitoring and Regulations
The United States and the European Union have implemented criteria for
the harvesting and processing of molluscan shellfish. Under the guidelines 
of the National Shellfish Sanitation Program (NSSP) Model Ordinance
(Anon., 1999) and the NSSP Manual of Operations, shellfish harvesting in
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the United States has been historically based on water quality criteria
derived from sanitary surveys of shellfish growing water. The surveys are
based on the levels of total or fecal coliforms in water and are determined
during periodic water sampling and testing. Water testing has served the
country well since its implementation in 1925 (Frost, 1925). Sanitary surveys
were originally undertaken to reduce the incidence of typhoid fever among
shellfish consumers and a successful outcome was achieved. Today, shellfish
growing waters are classified as approved, conditionally approved, restricted,
conditionally restricted, or prohibited, depending on the level of coliform
contamination.

According to the Model Ordinance (Anon., 1999), shellfish obtained from
waters with a most probable number (MPN) of fecal coliforms <14/100ml
are classified as approved for shellfish harvesting and direct sale. Shellfish
waters are classified as restricted if the fecal coliform levels are under 
88/100ml, while shellfish are prohibited from harvest when the waters have
>88 fecal coliforms/100ml. Because water classification is an ongoing process
and the history of a site can be determined by an examination of past data,
some areas with intermittent contamination may be classified as condition-
ally approved and conditionally restricted. Such waters come under a man-
agement plan and shellfish are permitted to be harvested for direct sale or
for depuration or relaying when the criteria of the plan are met. Shellfish
from restricted areas can be harvested only if they are subjected to depura-
tion or relaying before they enter the marketplace. Shellfish from prohibited
areas may never be harvested or marketed.

In contrast, the EU follows Council Directive 91/492/EEC (Anon., 1991),
which regulates shellfish based on the levels of fecal coliforms or E. coli
in the shellfish meats, rather than in shellfish growing waters. Under this
system, shellfish meats are classified in any of four categories: A, B, C, or D,
as shown in Table 9.1. The numbers of fecal coliforms and E. coli are also
determined by MPN, but the results are reported per 100g of shellfish meat.
The differences between the U.S. and EU standards are, in large part, due to
the fact that there are many shellfish growing waters in the United States
that are perceived to be clean enough for direct harvest and sale of shellfish,
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Table 9.1 Council Directives for the Production and Marketing of Shellfish
According to European Union Standards Based on Fecal Coliform or E. coli
Levels in the Meatsa

Classification Fecal Coliform Limit E. coli Limit

A. Sell without processing <300 MPN/100 g <230 MPN/100 g
B. Depurate or relay <6,000 MPN/100 g <4,600 MPN/100 g
C. Prolonged relay <60,000 MPN/100 g N.A.
D. Prohibited >60,000 MPN/100 g N.A.

N.A., not applicable; MPN, most probable number.
a From Anon., 1991.



whereas, water quality is seldom adequate in Europe for direct shellfish
harvest and sale. Hence, most shellfish in the EU must be depurated or
relayed before they can be marketed whereas depuration is seldom required
in the United States. Regardless of which standard is used, the levels of fecal
coliforms are not a good indicator of the virological quality of shellfish,
because enteric viruses persist longer than coliforms within shellfish tissues
and they depurate poorly. Therefore, reliance on coliforms as a predictive
index for virus presence is ineffectual. Only when coliform levels are high do
the standards prevent the direct sale of potentially virus-laden shellfish.
Viruses tend to be more resilient than coliforms to the effects of sewage
treatment processes and environmental stressors; therefore, water contain-
ing low or negligible levels of coliforms, because of effective inactivation, may
contain high levels of enteric viruses.

Shellfish growing waters are often affected by the disposal of sewage from
commercial and recreational vessels (Kohn et al., 1995; McDonnell et al.,
1997; Simons et al., 2001), leading to sporadic contamination events that are
difficult to assess by either the U.S. or EU methods. Neither method is fool-
proof. When the incidence of hepatitis A was assessed after an outbreak in
Florida, it was established that the attack rate in seafood establishments was
1.9 per 1,000 dozen oysters eaten (Desenclos et al., 1991). Such low-level con-
tamination would likely miss detection using the EU meat standard, because
of the low numbers of samples tested, the likely randomness of the contam-
ination, and the lack of correlation between coliforms and enteric viruses
within the meats. The utility of the water standard is also limited by the lack
of correlation between coliforms and viruses, the generally lower numbers
of coliforms (and viruses) in the water compared with the meats, and the lack
of homogeneity of the water due to tides, winds, currents, and non-point-
source contamination events.

3.2. Enhanced Monitoring and Enforcement
Several areas are in need of better monitoring and enforcement if outbreaks
are to be reduced. Tighter enforcement of laws against dumping waste in
shellfish harvesting areas would reduce the incidence of enteric virus illness.
An area in need of enhanced monitoring is the illegal practice of harvesting
shellfish from closed areas, a practice called poaching or bootlegging. Some
outbreaks have been attributed to the sale and consumption of poached or
bootlegged shellfish (Morse et al., 1986; Desenclos et al., 1991). Typically, the
penalties for those who perpetrate such crimes have been relatively small.
According to U.S. and EU guidelines, all lots of shellfish must contain tags
(U.S.) or health marks (EU), which label the lot with information that allows
the shellfish to be tracked to their source.This is important in outbreak inves-
tigations as health authorities seek epidemiological evidence to curb the
spread of disease. Enhanced monitoring of tags and health marks would
serve as a deterrent against poachers.

Tighter enforcement of import laws is needed to restrict the importa-
tion of tainted shellfish. Shellfish exported from China, England, Ireland,
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Peru, and other countries have been apparent vehicles of enteric virus illness.
Exporting countries are required to subscribe to the standards in place for
the receiving country. Transactions are often sealed with a memorandum of
understanding (MOU) between the exporting and importing nations. Failure
to comply with the MOU should impart dire consequences upon the export-
ing country, including the withdrawal of the MOU in cases that show wanton
disregard for the requirements of the agreement. Harvesters, processors, and
shippers should meet criteria deemed necessary to ensure the safety of their
merchandise. Hazard analysis critical control point (HACCP) plans should
be in place to monitor factors that are important in ensuring shellfish 
safety.

3.3. Improved Sewage Treatment Plants
Another intervention to reduce virus levels in shellfish would be to improve
upon sewage treatment plants and septic systems, particularly in coastal
regions near rivers, lakes, and shellfish-growing areas. Adequate monitoring
and maintenance of treatment facilities are important to reduce viral loads
emitted into the environment. The United States routinely chlorinates 
effluent wastewater and this practice has some penetrating effects on partic-
ulate matter that contains potential pathogens. After treatment, the chlorine
may be inactivated by sodium thiosulfate treatment. In contrast, the EU
often uses ultraviolet irradiation to treat sewage effluent. The lack of pene-
trating ability, particularly in turbid water or in water containing particulate
matter, and the lack of any residual properties imparted by the UV, would
be expected to allow some viruses and bacteria to escape inactivation. The
technology is available to eliminate or substantially reduce enteric viruses
from sewage; however, few if any engineers design sewage treatment facili-
ties with virus reduction in mind. Treatment plant maintenance and opera-
tion should be tightly controlled so that the facility works at optimal
efficiency.

3.4. Analytical Techniques
Direct monitoring for viruses in water or shellfish should be encouraged
using molecular biological methods, namely reverse transcription–poly-
merase chain reaction (RT-PCR). New RT-PCR protocols continue to be
developed along with improved methods to extract the viruses from water
and shellfish. Such methods are limited in their practical application because
they fail to differentiate infectious from noninfectious viruses (Richards,
1999). Direct assays for infectious viruses would be desirable; however, wild-
type hepatitis A and E viruses, noroviruses, sapoviruses, and the astroviruses
defy cell culture propagation. Rotaviruses are difficult to assay. Because
poliovirus is easily propagated in cell cultures, it was proposed as an indica-
tor for the possible presence of other human enteric viruses when vaccine
strains were commonly in use (Richards, 1985). The near eradication of
poliovirus and the fear that vaccine strains might revert to wild-type strains
have prompted the elimination of vaccine distribution in all but a few select
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areas. New virus propagation assays are needed to adequately assess shell-
fish safety from a virological perspective.

3.5. Processing Strategies
Other intervention strategies to reduce or eliminate enteric virus contami-
nation in shellfish should be implemented on multiple fronts. Lessons from
previous outbreaks should be heeded. Perhaps the simplest intervention
available to consumers is cooking. In most outbreaks, raw or only lightly
cooked molluscs appear to be the primary vehicles of infection. Alternative
processing strategies, such as irradiation and high hydrostatic pressure pro-
cessing, have been proposed. The high levels of irradiation required to inac-
tivate enteric viruses from shellfish imparts undesirable flavor characteristics
to the meats. On the other hand, high hydrostatic pressure processing 
for 5 min was shown effective in inactivating 7 log10 of hepatitis A virus and 
feline calicivirus, a surrogate for the noroviruses (Kingsley et al., 2002a). High
pressure inactivates viruses by denaturation of capsid proteins (Kingsley 
et al., 2002a) and sanitizes the shellfish from bacterial pathogens and 
spoilage organisms as well. Treated oysters are reported to taste like the raw
product.

3.6. Disease Reporting and Epidemiological Follow-Up
Improved reporting and epidemiological follow-up are needed to understand
the magnitude of enteric virus illnesses and to reduce the size of outbreaks
once they occur. Such reporting has been effective in Italy where 35 partic-
ipating, local health units link incidence notification with serology and
follow-up questionnaires in their surveillance for hepatitis A (Mele et al.,
1986, 1997). In a survey of 10 EU countries, eight had national databases for
hepatitis A statistics (Lopman et al., 2002). Likewise, the Centers for Disease
Control and Prevention have maintained statistics on reported cases of hep-
atitis A in the United States. Although some countries maintain statistics on
the number of cases of hepatitis A reported, few determine the source of the
illness due to the high cost for epidemiological follow-up. Norovirus illnesses
are not notifiable diseases in most countries, meaning that there are no
formal systems to obtain accurate statistics on the number of illnesses.

3.7. Hygienic Practices
Most outbreaks of shellfish-associated viral illness appear to be from shell-
fish contaminated within their natural environment; however, some cases,
particularly those involving cooked shellfish, may actually be from product
contamination by shuckers, handlers, or fomites. The contamination of foods
by unsanitized hands of food handlers has led to numerous outbreaks of 
hepatitis A and noroviruses (Richards, 2001). Better enforcement of hand-
washing practices may prevent some potential outbreaks from becoming a
reality. Likewise, all sanitary standards generally applied in the food indus-
try should be enforced in the shellfish industry, especially on harvesting boats,
and in processing plants, transport facilities, and restaurants. Better educa-

Shellf i sh-Assoc iated  Viral  Disease  Outbreaks 233



tion and monitoring of food handlers are needed to ensure compliance with
food sanitation requirements.

4.0. SUMMARY

Numerous outbreaks of shellfish-borne enteric virus illness have been
reported worldwide. Most notable among the outbreaks are those involving
norovirus illness and hepatitis A. Lessons learned from outbreak investiga-
tions indicate that most outbreaks are preventable. Anthropogenic sources
of contamination will continue to invade shellfish growing waters, and shell-
fish, by their very nature, will continue to bioconcentrate these contaminants,
including enteric viruses. There is no quick fix for enteric virus contamina-
tion of shellfish; however, vigilance on behalf of the industry, regulatory agen-
cies, and the consumer could substantially reduce the incidence of illness.
Enhanced monitoring in all areas of shellfish production, harvesting,
distribution, and processing would help to reduce viral illnesses. Pollution
abatement and improved hygienic practices on behalf of the industry and
consumers are needed. New processing and analytical technologies, such as
high hydrostatic pressure processing and molecular biological assays, will
enhance shellfish safety and continue to provide new avenues to protect the
consumer and the industry. Better reporting and epidemiological follow-up
of outbreaks are keys to the development of interventions against the food-
borne transmission of viral infections.
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CHAPTER 10

Epidemiology of Viral 
Food-borne Outbreaks

Craig W. Hedberg

1.0. INTRODUCTION

In 1978, Greenberg et al. (1978) reported serologic evidence that Norwalk
or Norwalk-like virus was the likely cause of 8 of a series of 25 outbreaks of
acute gastroenteritis of unknown etiology for which acute and convalescent
sera had been collected. The outbreaks occurred over a period of 12 years in
a variety of settings including cruise ships, schools, nursing homes, and the
community. Four years later, Kaplan and colleagues demonstrated that
Norwalk virus outbreaks had characteristic clinical and epidemiologic fea-
tures, that a high proportion of outbreaks with these features were caused
by Norwalk-like viruses (now known as noroviruses), and that these
accounted for most outbreaks of acute nonbacterial gastroenteritis reported
in the United States (Kaplan et al., 1982a, 1982b).

During the ensuing two decades, a variety of diagnostic methods 
were developed and used, culminating in the widespread use of reverse 
transcription–polymerase chain reaction (RT-PCR) to detect viral RNA
(Atmar and Estes, 2001). Sequencing of PCR products has been extremely
valuable for classifying these viruses and establishing genetic relationships
between virus strains (Ando et al., 2000). However, although these impres-
sive developments in diagnostic methods have broadened our under-
standing of the epidemiology of noroviruses, their epidemiology has not 
fundamentally changed. The types of outbreaks currently making headlines
reflect the same patterns that were recognized early on. Whether more 
rigorous investigation and laboratory confirmation of outbreaks will lead to
better outbreak control and public health prevention measures remains to
be determined.

Although several groups of viruses may be transmitted through the fecal-
oral route, norovirus and hepatitis A virus (HAV) are recognized as the most
important human food-borne viruses due to the number of outbreaks and
people affected by noroviruses and the potential severity of illnesses caused
by HAV (Koopmans and Duizer, 2004). An excellent review of food-borne
HAV has recently been published (Fiore, 2004), and this chapter will focus
on noroviruses.
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2.0. OUTBREAK DETECTION, INVESTIGATION,
AND SURVEILLANCE

2.1. Outbreak Detection Methods
Outbreaks of gastrointestinal illness are detected by one of two primary
means. The first involves recognizing a pattern of illnesses among persons
with a common exposure, such as attending a banquet (Hedberg, 2001).
Detecting these outbreaks requires that a number of people who become ill
have some reason to discuss their illness with others in their group. This
allows the group, a priori, to attribute the illnesses to the common event and
frequently leads them to report the outbreak to public health officials. The
primary implications are that large outbreaks are more likely to be detected,
and there is also a bias toward detecting outbreaks involving socially cohe-
sive groups. There is a secondary bias toward detecting outbreaks associated
with commercial establishments, as many groups are reluctant to report out-
breaks in which it is likely that one or more members of the group is the
source.

The dependence of outbreak detection on the size of the outbreak and
social cohesion of the group is modified by the agent and its characteristic
incubation period. For example, contamination of food by chemical agents
or large amounts of staphylococcal enterotoxin may cause a high proportion
of exposed persons to become ill (high attack rate), and the illnesses may
begin while the event is ongoing. Under these circumstances, outbreak detec-
tion is unavoidable.

With noroviruses, illnesses typically begin 24–48hr after the exposure.
This reduces the likelihood of detecting outbreaks in restaurants, where most
other patrons are anonymous. Individuals, unaware of similar illnesses among
other patrons, may write off their experience as “the flu” or attribute it to a
more recently eaten meal.Thus, for “one-time” events, being part of a socially
cohesive group greatly increases the likelihood of detecting an outbreak of
norovirus. A further implication of the above is that being part of a group
with multiple or continuous exposures over a time period that exceeds the
incubation period for noroviruses also increases the likelihood of detecting
an outbreak. Two settings where this has been clearly demonstrated are
cruise ships and nursing homes (Centers for Disease Control and Preven-
tion, 2001).

The second means of detecting outbreaks involves identifying an 
unusual cluster of cases reported through pathogen-specific surveillance.
Because there is no routine clinical laboratory testing for noroviruses,
there is no pathogen-specific surveillance for them, such as is conducted 
for Salmonella enterica serotypes or Escherichia coli O157:H7. The only 
food-borne virus for which routine laboratory surveillance is conducted is
HAV.

Detection of outbreaks of HAV is greatly complicated by both the length
and variability of the incubation period. Not only does this require people
to individually remember food exposures 2–6 weeks before onset of their
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illness but also requires linking illnesses that could be separated by as much
as a month to a common exposure. Even though most persons diagnosed
with HAV are interviewed by public health investigators, most interviewers
do not attempt to collect detailed food histories. If several cases identify a
common restaurant, it may lead to further investigation. However, in many
cases the source remains unknown (Fiore, 2004).

2.2. Public Health Investigation of Outbreaks
Outbreaks associated with events and establishments require prompt and
thorough investigation to identify the agent, route of transmission, and
source of the outbreak (Hedberg, 2001). Identifying the agent is a complex
process that involves collecting information about the occurrence of various
symptoms, plotting the distribution of case onsets by time, and collecting
stool samples to test for the presence of the agent. Because vomiting, fever,
and diarrhea commonly occur with many food-borne diseases, diagnosing an
individual illness requires specific laboratory testing.The Centers for Disease
Control and Prevention (CDC) have incorporated this logic into their crite-
ria for confirming the etiology of an outbreak (Olsen et al., 2000). Thus, for
an outbreak to have a confirmed etiology, two or more cases have to be indi-
vidually confirmed by laboratory testing.

Taken on face value this seems a reasonable measure. However, the prac-
tical implication is that it reduces the effort to identify the agent into one of
obtaining stool samples and getting them tested. Unfortunately, in many out-
break investigations, laboratory testing may not be adequate to identify the
agent (Hedberg, 2001). In practical terms, this has discouraged investigations
of outbreaks with a suspected viral etiology (Bresee et al., 2002). Thus, many
outbreaks may be detected and reported to local public health officials but
never investigated because of the inability to confirm the agent by labora-
tory testing. This has created a negative feedback loop in which outbreaks
do not get investigated because no agent can be identified. Thus, the out-
breaks do not get tabulated in official summaries and do not appear to con-
tribute to the overall burden of illness. One measure of this impact was a
survey of public health personnel conducted in Tennessee (Jones and Gerber,
2001). As part of a training program on food-borne disease investigations,
public health workers were asked to identify the top three causes of food-
borne illness. Only 5% listed Norwalk-like viruses, even though they are 
estimated to cause two thirds of food-borne illnesses caused by known 
food-borne agents (Mead et al., 1999).

Careful evaluation of clinical and epidemiological characteristics of out-
breaks can allow rapid identification of agents in the absence of laboratory
testing and can help guide the public health laboratory to conduct appro-
priate tests to confirm the presence of noroviruses. Hall et al. (2001) demon-
strated that 340 of 712 (48%) outbreaks, for which no pathogen was isolated,
fit a Norwalk-like virus epidemiologic profile. During this time period, only
seven laboratory-confirmed outbreaks of Norwalk-like virus had been
reported.
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It is frequently claimed that the epidemiology of noroviruses is 
poorly understood because of a long-standing lack of diagnostic assays 
(Widdowson et al., 2004), which is certainly true from the standpoint of the
molecular epidemiology of virus transmission through populations. However,
the availability of a relatively specific epidemiologic profile (Table 10.1) more
than 20 years ago should have facilitated national surveillance for norovirus
outbreaks (Kaplan et al., 1982a; Hedberg and Osterholm, 1993). A model for
what such a system might have looked like could be the state of Minnesota,
where the use of epidemiologic criteria to define outbreaks of Norwalk-like
viruses was initiated in 1982. From 1981 to 1998, Norwalk-like viruses were
the most common cause of food-borne disease outbreaks, accounting for
41% of all food-borne outbreaks reported in Minnesota (Deneen et al.,
2000).

The other benefit of using epidemiologic profiles is that it helps train
public health investigators to rapidly and carefully collect and analyze
detailed information as a routine measure. As a consequence, epidemiolo-
gists are better able to assist laboratory staff and environmental health spe-
cialists in conducting their evaluations. Rapid epidemiologic investigation of
outbreaks requires the ability to interview large numbers of people quickly.
Conducting these interviews may be a rate-limiting step for many local public
health agencies with limited resources. To address this problem, the Min-
nesota Department of Health hires public health students to serve as its
primary workforce (known as “Team Diarrhea”) to conduct interviews.
Rapid epidemiologic investigation may also be facilitated by the use of the
Internet to send and receive questionnaires (Kuusi et al., 2004).
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Table 10.1 Epidemiologic Criteria for Rapid Classification of Norovirus Outbreaks

Source Criteria Application

Kaplan et al., 1. Stool cultures negative Criteria as written are appropriate 
1982a for bacterial pathogens for retrospective evaluation of 

2. Median incubation outbreaks.
period 24–48 hr For rapid prospective evaluation,

3. Median duration of the incubation period and 
illness 12–60 hr percent of patients with 

4. Vomiting in >50% of vomiting are the key 
patients determinants.

Hedberg and 1–3. Same as Kaplan’s For rapid prospective evaluation,
Osterholm, 4. Percent of patients with the incubation period and the 
1993 vomiting > percent of ratio of patients with vomiting 

patients with fever and fever are the key 
determinants. Because vomiting 
is less common among 
outbreaks involving adults, the 
ratio of vomiting to fever 
increases the sensitivity of the 
criteria.



2.3. Outbreak Surveillance Systems
In the United States, outbreak surveillance usually begins with the detection
and investigation of the outbreak at the local level (Olsen et al., 2000). Juris-
diction for investigating an outbreak may depend on the outbreak setting.
For example, an outbreak in a restaurant may be investigated by the local
environmental health agency that licenses and inspects the establishment. In
contrast, an outbreak in a nursing home may be referred to nursing home
regulators at the state health department for investigation. In most states, the
state health department is responsible for coordinating outbreak investiga-
tions across jurisdictions and for compiling and disseminating outbreak
reports. On a national level, CDC maintains surveillance only for outbreaks
of food-borne and waterborne illnesses (Widdowson et al., 2004). This divi-
sion of labor and information relating to surveillance of outbreaks in the
United States makes it very difficult to develop a comprehensive picture of
the public health impact of noroviruses.

In Europe, there is considerable variation in national surveillance systems
(Lopman et al., 2003a), and efforts have been made to assess and harmonize
surveillance methods (Koopmans et al., 2003). In most countries, outbreaks
of gastroenteritis are investigated without regard to outbreak size or possi-
ble mode of transmission. Thus, these countries provide the most useful sur-
veillance data on the overall impact of noroviruses. However, there is
considerable variation between countries in the use of clinical criteria and
laboratory confirmation for inclusion of outbreaks into surveillance data-
bases (Lopman et al., 2003a). Denmark and France primarily investigate out-
breaks that appear to be food-borne from the onset. These surveillance
systems are more comparable to those in the United States.

3.0. MOLECULAR EPIDEMIOLOGY

The cloning and characterization of the Norwalk virus genome led to the
development of RT-PCR, gene sequencing, molecular characterization of
noroviruses, and the molecular epidemiology of norovirus outbreaks (Jiang
et al., 1990; Ando et al., 1995; Vinje and Koopmans, 1996; Noel et al., 1999).
In particular, it has become clear that the noroviruses are genetically diverse
viruses, that multiple strains circulate simultaneously, and that individual
strains may predominate over a given time period (Hale et al., 2000; Green
et al., 2002; Fankhauser et al., 2002; Gallimore et al., 2004b; Lau et al., 2004;
Vipond et al., 2004). Furthermore, the emergence of new strains may occur
on a global basis accompanied by the increased occurrence of outbreaks in
a variety of settings (Noel et al., 1999; Lopman et al., 2004; Widdowson et al.,
2004).

It has long been recognized that norovirus outbreaks occur in the context
of more widespread illness in the community (Hedberg and Osterholm,
1993). It has also been demonstrated that outbreaks and sporadic cases may
be caused by the same virus strains in the community (Buesa et al., 2002;
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Gallimore et al., 2004a; Lau et al., 2004). However, the rapid dissemination
of new strains leaves open the question of primary mechanisms for their
rapid spread (Noel et al., 1999; Lopman et al., 2004; Widdowson et al., 2004).
Food-borne outbreaks involving transmission over wide geographic areas
have been documented (Ponka et al., 1999; Berg et al., 2000; Anderson et al.,
2001; Koopmans et al., 2003). However, extensive investigation of outbreaks
on multiple cruise ships caused by identical strains has failed to identify a
common source (Widdowson et al., 2004). Furthermore, people infected in
one outbreak setting have been identified as the source for outbreaks in
other areas (Fretz et al., 2003; Widdowson et al., 2004). Thus, it remains likely
that noroviruses, like HAV and rotaviruses, are primarily spread from
person-to-person, with outbreaks of food-borne disease serving to periodi-
cally amplify transmission (Parashar et al., 1998; Marshall et al., 2003; Fiore,
2004).

The molecular epidemiology of norovirus outbreaks also suggests that
norovirus genogroups may differ in pathogenicity or have genogroup-
specific characteristics that affect the dynamics of transmission in particular
settings. In both the United States and United Kingdom, GII/1,4 strains were
more common in nursing home outbreaks than in other settings (Fankhauser
et al., 2002; Gallimore et al., 2004a). Conversely, GI strains are more common
in other settings. For example, Gallimore et al. (2003) found that GI strains
accounted for 38% of cruise ship outbreaks but for <10% of outbreaks in
nursing homes or other institutional settings in the United Kingdom. These
epidemiologic patterns may be the result of a combination of host, virologic,
and environmental factors (Lopman et al., 2003b). Molecular characteriza-
tion of noroviruses implicated in outbreaks across all settings will be neces-
sary to address these questions.

4.0. MODES OF TRANSMISSION

Outbreaks of norovirus have been reported in virtually every type of insti-
tutional and food service setting and in conjunction with various types of
water systems (Centers for Disease Control and Prevention, 2001). Most out-
breaks appear to be a manifestation of fecal-oral route of exposure, with con-
taminated food or water serving as a vehicle. However, aerosol transmission
of viruses likely contributes to outbreaks in many institutional settings, and
environmental contamination has been implicated as well (Cheesebrough 
et al., 2000; Evans et al., 2002; Kuusi et al., 2002; Marks et al., 2003). The
dynamics of person-to-person spread are largely unknown but likely involve
combinations of the above.

4.1. Food-borne Disease Transmission
Food-borne transmission of noroviruses occurs because of human fecal con-
tamination of a raw or ready-to-eat food item. This can occur at any point
along the food chain; in production, during processing, or at the point of food
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service. Much of the early literature on food-borne disease transmission of
noroviruses focused on contaminated shellfish (Hedberg and Osterholm,
1993). These outbreaks occurred because oysters, in particular, were har-
vested from waters contaminated by human sewage and consumed raw.
Although they continue to have the potential to cause widespread trans-
mission of noroviruses (Berg et al., 2000; Simmons et al., 2001; Koopmans 
et al., 2003), their relative importance was almost certainly inflated by a bias
on the part of public health officials to investigate such outbreaks.

In Minnesota, Norwalk-like viruses accounted for 41% of confirmed
food-borne outbreaks reported from 1981 to 1998 (Deneen et al., 2000).
However, none of these outbreaks was attributed to shellfish. Fankhauser et
al. (2002) identified contaminated food as the cause of 57% of U.S. outbreaks
during 1997–2000 in which the source of transmission was investigated; none
was related to oysters.

Fresh fruits and vegetables are also susceptible to contamination in the
field, at harvest, and during processing. Such contamination has been respon-
sible for large outbreaks of HAV due to produce items ranging from blue-
berries (Calder et al., 2003) to green onions (Centers for Disease Control
and Prevention, 2003b). However, an international outbreak of norovirus
associated with frozen raspberries stands out as an exceptional occurrence
(Ponka et al., 1999). The lack of laboratory testing to identify specific
norovirus strains has limited the ability of investigators to link separate out-
breaks to a potential common source (Anderson et al., 2001; Koopmans 
et al., 2003).

Most food-borne transmission appears to occur as a result of conta-
mination of foods at the point of service. In Minnesota, 62% of confirmed
food-borne outbreaks of viral gastroenteritis were likely the result of 
contamination of foods by contact with bare hands (Deneen et al., 1999).
Although such contamination in most restaurant settings is due to food
workers, contamination of foods by patrons has also resulted in outbreaks
(Marshall et al., 2001).

Food-borne transmission is the most common mode of transmission 
for outbreaks that occur in restaurants and catered events (Fankhauser 
et al., 2002; Lopman et al., 2003b). Food-borne transmission also occurs 
in institutional settings such as schools, nursing homes, camps, and cruise
ships. However, multiple modes of transmission occur in most of these 
settings, and it is frequently difficult to distinguish the role of food-borne
disease transmission. It is hoped that the broader use of sensitive assays to
both confirm and subtype norovirus strains will result in better understand-
ing of the dynamics of transmission in these settings (Parashar and Monroe,
2001).

4.2. Waterborne Disease Transmission
Most waterborne disease outbreaks have resulted from fecal contamination
of private wells and untreated community or noncommunity water systems
(Hedberg and Osterholm, 1993; Centers for Disease Control and Prevention,
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2001). The route of transmission for most waterborne outbreaks has been
identified as a result of epidemiologic investigations and environmental
assessments of the facilities. However, isolation of norovirus from water has
been uncommon (Carique-Mas et al., 2003; Parshionikar et al., 2003). Water-
borne transmission has also occurred on cruise ships, either because of the
storage and use of untreated water or because of cross-connections in the
ship’s plumbing (Gallimore et al., 2003; Widdowson et al., 2004).

Outbreaks of viral gastroenteritis have been associated with swimming in
lakes and swimming pools, usually as a result of the presence of one or more
infected persons contaminating a crowded swimming area (Hedberg and
Osterholm, 1993). Exposure to a recreational water fountain was implicated
as the source of an outbreak in The Netherlands (Hoebe et al., 2004). The
same norovirus identified from cases was also identified in a water sample
from the fountain. Similarly, taking showers with contaminated water has
been implicated as an additional route of waterborne transmission in Italy
and Norway (Boccia et al., 2002; Nygard et al., 2004).

4.3. Airborne and Environmental Transmission
Most enteric viruses are transmitted by a fecal-oral route, which is reflected
in the epidemiologic pattern of outbreaks reported (Fankhauser et al., 2002;
Lopman et al., 2003b; Fiore, 2004). Because noroviruses are also expelled in
vomit, the aerosolization of vomitus may create opportunities for widespread
transmission and environmental contamination with noroviruses that would
not occur with HAV (Centers for Disease Control and Prevention, 2001;
Fiore, 2004). However, assessing the public health importance of airborne
and environmental transmission has been difficult, as such transmission
almost always occurs in settings such as cruise ships, nursing homes, and
schools where food-borne, waterborne, or person-to-person transmission
may also occur.

Evidence for environmental transmission of noroviruses is supported by
findings such as the occurrence of illness among hotel employees who did
not eat at the hotel during the course of an outbreak at the hotel (Love 
et al., 2002). Evidence for airborne transmission of noroviruses is supported
by findings such as an increased risk of illness among school children after a
vomiting event in their classroom (Marks et al., 2003). An increased risk of
illness associated with showering in waterborne outbreaks also suggests air-
borne transmission (Boccia et al., 2002; Nygard et al., 2004).

More definitive evidence for airborne and environmental transmission
was an outbreak that occurred in a concert hall after a concert-goer vomited
in the auditorium and adjacent toilet (Evans et al., 2002). Illness occurred in
8 of 15 groups of schoolchildren who attended the next day, and risk of illness
was associated with whether the group was seated near where the vomiting
event occurred. In a protracted outbreak at a hotel, Norwalk-like virus was
identified by RT-PCR in multiple environmental swabs (Cheesbrough et al.,
2000). Samples collected from areas that were directly contaminated by
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vomit were more likely to be positive. However, evidence of broader envi-
ronmental spread was also detected.

Even when noroviruses can be detected in environmental samples, it is
necessary to conduct a thorough epidemiological investigation to interpret
the significance of the findings. In a prolonged outbreak of Norwalk-like virus
at a rehabilitation center in Finland, more than 300 guests and staff members
became ill (Kuusi et al., 2002). No food or activity at the center could be asso-
ciated with illness, and food and water samples tested negative for Norwalk-
like viruses. However, Norwalk-like viruses identical to those from patients
were detected in three environmental samples. In the context of these find-
ings, it appears that environmental contamination was important to the pro-
longed occurrence of this outbreak.

4.4. Person-to-Person Transmission
Secondary transmission of noroviruses to household members has been reg-
ularly observed after food-borne and waterborne outbreaks (Centers for
Disease Control and Prevention, 2001). Such transmission also contributes
to the complexity of outbreaks in institutional settings where introduction of
the virus through a food vehicle can result in extended person-to-person
transmission among persons with continuous or repeated exposures. An
unusual example of this is the spread of Norwalk-like virus in 30 daycare
centers that shared a common caterer (Gotz et al., 2002). Consumption of a
pumpkin salad was implicated as the source for the first cases that occurred
with a mean incubation period of 34hr. The primary attack rate was 27%.
The secondary attack rate among daycare and household contacts was 17%.
The incubation period for secondary transmission was estimated to be 52hr
(Gotz et al., 2001). Risk factors for spread into households included the
occurrence of vomiting and having a child as the primary case.

Person-to-person transmission is frequently identified as the primary
mode of transmission in nursing homes, schools, and other institutional set-
tings (Fankhauser et al., 2002; Lopman et al., 2003b). However, this is gen-
erally the reflection of an epidemiologic picture in which there is no obvious
point source of exposure and cases occur over a prolonged time period. In
only a few of these settings do public health investigators actively identify
the patterns of personal contact that would be necessary to establish this
mode of transmission. In all likelihood, what gets labeled as person-to-person
transmission actually represents a complex series of exposures that may
result from airborne transmission of vomitus as well as contamination of
food, water, and environmental surfaces in the common residential setting
(Miller et al., 2002). The occurrence of vomiting as a risk factor for second-
ary transmission suggests that much of this may be due to undocumented air-
borne and environmental transmission (Gotz et al., 2001). From a public
health standpoint, distinction between direct personal contact and environ-
mental contamination could have implications for the emphasis that is put
on specific control measures.
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5.0. PREVENTION AND CONTROL

Reducing food-borne transmission of hepatitis A depends on food-handler
hygiene and providing pre-exposure prophylaxis to persons at risk of infec-
tion. Transmission of HAV will continue to decline with routine vaccination
of persons at risk for HAV infection (Fiore, 2004). Prevention and control
activities for norovirus transmission need to be targeted to the primary trans-
mission routes, which in turn are dependent on setting (Table 10.2).
Untreated community water systems are susceptible to contamination that
can lead to large common source outbreaks. Although noroviruses are rela-
tively resistant to chlorine, routine chlorination and filtering of drinking
water systems appears to be highly effective at preventing waterborne out-
breaks (Centers for Disease Control and Prevention, 2001).

Harvesting shellfish from sewage contaminated waters can lead to large
and widespread food-borne outbreaks. Although oysters are not harvested
from beds known to be contaminated by municipal sewage outflows, sewage
contamination from individual boats can be harder to prevent and track
(Simmons et al., 2001). Fresh produce fields and the use of water to cool
produce (hydrocooling) at harvest may be similarly susceptible to contami-
nation from human sewage. The development and use of good agricultural
practices (GAP) should help prevent transmission by this route.

In restaurant settings, infected food-handlers present the greatest risk of
transmission. To reduce the risk of a food-borne outbreak, restaurant man-
agers need to train their workers in proper food-handling techniques and
encourage frequent hand-washing. In addition, managers should monitor ill-
nesses in staff and exclude ill food-handlers from working in the restaurant.
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Table 10.2 Primary Transmission Routes for Noroviruses by Setting and by
Characteristics of the Settings

Primary Transmission Characteristics of the Setting
Setting Route That Favor Transmission Route

Facility or community Waterborne Fecal contamination of well or
with untreated water water system.
system
Restaurants Food-borne Transient customer base with

limited opportunities for
environmental contamination
and repeated exposures.
Resident food workers provide
extended source of 
contamination during outbreaks.

Institutional Person-to-person, Resident population with many
airborne, and opportunities for environmental
environmental contamination and repeated

exposures.



Such active managerial control is possible only if managers know what is
going on in the restaurant and are able to initiate appropriate control meas-
ures, although it probably is not possible to prevent all outbreaks of viral gas-
troenteritis. Just as with HAV, outbreaks will occasionally occur even when
it appears that proper procedures are being followed (Centers for Disease
Control and Prevention, 2003a).

In the event of illness occurring among food workers, or if patrons
become ill at the restaurant, managers should make sure that all surfaces con-
taminated by feces, vomit, or hands are cleaned and disinfected thoroughly.
If it appears that an outbreak of norovirus is occurring in the community, it
may be necessary to modify menus to limit potential for customers to con-
taminate food (e.g., salad bars), or for food handlers to contaminate ready-
to-eat foods. In the event of an outbreak at the restaurant, ill foodworkers
should be excluded until they are free of symptoms for 72hr. If it appears
that there is an ongoing risk of transmission to patrons, restaurants should
close for 72hr to allow workers to recover and thoroughly clean and dis-
infect the establishment (Hedberg and Osterholm, 1993).

Institutional settings, particularly hospitals, nursing homes, and cruise
ships, represent the greatest challenge to control norovirus transmission. In
such settings, it seems reasonable to encourage frequent hand-washing,
exclude ill food workers, clean and disinfect surfaces contaminated by feces
or vomit, monitor illnesses in residents and staff, and implement control
measures at first sign of the outbreak, including isolation of ill residents,
exclusion of ill staff, and aggressive cleaning and disinfection (Centers for
Disease Control and Prevention, 2001; McCall and Smithson, 2002; Lynn 
et al., 2004).

In practice, however, it may be difficult to apply infection control guide-
lines sufficient to prevent transmission (Miller et al., 2002; Kuusi et al., 2002;
Khanna et al., 2003). The challenge in preventing outbreaks on cruise ships
is even greater with each cruise bringing a new cohort of passengers repre-
senting potential sources of exposure as well as a population at risk from
food-borne, waterborne, airborne, and environmental infection (Widdowson
et al., 2004).

6.0. PUBLIC HEALTH IMPORTANCE

The landmark paper by Mead et al. (1999) on the burden of food-borne
illness did much to establish the public health importance of noroviruses in
the United States. For the first time, it was recognized that noroviruses are
the leading cause of food-borne illness, accounting for 67% of food-borne
illnesses caused by known etiologies; more than 9,000,000 infections with
20,000 hospitalizations and 124 deaths annually. In contrast, while the sever-
ity of illness caused by HAV is greater, there are only 4,000 cases with 90
hospitalizations and 4 deaths per year caused by HAV in the United States
(Mead et al., 1999). Publication of these estimates has served to stimulate
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public health interest in surveillance for outbreaks caused by norovirus. In
its wake, sensitive diagnostic assays are being widely adopted for use by
public health laboratories.

Because of the absence of systematic surveillance for noroviruses in the
United States, Mead’s estimates were based largely on studies conducted in
The Netherlands. Long-standing surveillance for outbreaks in the United
Kingdom also presents a broader picture of the impact of norovirus. From
1992 to 2000, 1,877 norovirus outbreaks were reported in England and Wales
(Lopman et al., 2003a). Of these, 40% occurred in hospitals and 39%
occurred in residential facilities. Because these settings include high propor-
tions of persons at greater risk for serious illness or death, the occurrence of
these outbreaks in these settings presents a great public health challenge.
Even though food-borne disease surveillance systems in the United States
do not typically include reports of outbreaks in these settings, norovirus has
been established as the leading cause of outbreaks of gastroenteritis in
nursing homes in the United States (Green et al., 2002).

Since the discovery and characterization of Norwalk virus, noroviruses
have been demonstrated to be the most frequent known cause of food-borne
illness. Furthermore, most illnesses caused by noroviruses are transmitted
through other routes, which complicate prevention and control efforts.
Although much has been learned about the molecular epidemiology of
noroviruses during the past 20 years, this has not yet been translated into
more effective prevention and control strategies. More vigorous surveillance
and control measures are needed across the public health system.

7.0. SUMMARY AND CONCLUSIONS

Noroviruses are the most common known cause of food-borne illness and
outbreaks of food-borne disease in the United States. The clinical and epi-
demiologic characteristics of these outbreaks were characterized in the early
1980s, but the lack of sensitive diagnostic tests led to their systematic under-
reporting. The recent development and widespread availability of PCR-
based methods throughout the public health laboratory system in the United
States has led to a growing awareness of the burden of illness caused by these
viruses. Sequencing of PCR gene products is shedding new light on the epi-
demiology of noroviruses, transmission routes, and global distributions.
However, despite these recent advances, our understanding of norovirus epi-
demiology, prevention, and control is not fundamentally different than it was
20 years ago.

Prevention of norovirus outbreaks relies on the application of infection-
control principles: education, surveillance, isolation, and disinfection. Appli-
cation of these principles needs to be institutionalized throughout the
hospitality industry. Encouraging proper hand-washing and excluding ill staff
are cornerstones for this effort. The greatest challenge for food service oper-
ators is and will continue to be monitoring and managing illnesses among
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food workers. Finally, despite the increasing availability of diagnostic tests,
confirmation of norovirus infections still requires time and effort in obtain-
ing and transporting the sample, running the test, and interpreting the results.
Thus, prompt and effective response to norovirus outbreaks cannot depend
on laboratory confirmation but should be initiated at the first sign that the
outbreak appears consistent with the epidemiology of norovirus.

8.0. REFERENCES

Anderson, A. D., Garrett, V. D., Sobel, J., Monroe, S. S., Fankhauser, R. L., Schwab,
K. J., Bresee, J. S., Mead, P. S., Higgins, C., Campana, J., and Glass, R. I., 2001,
Multistate outbreak of Norwalk-like virus gastroenteritis associated with a
common caterer. Am. J. Epidemiol. 154:1013–1019.

Ando, T., Monroe, S. S., Gentsch, J. R., Jin, Q., Lewis, D. C., and Glass, R. I., 1995,
Detection and differentiation of antigenically distinct small round-structured
viruses (Norwalk-like viruses) by reverse-transcription-PCR and Southern
hybridization. J. Clin. Microbiol. 33:64–71.

Ando, T., Noel, J. S., and Fankhauser, R. L., 2000, Genetic classification of “Norwalk-
like viruses.” J. Infect. Dis. 181:S336–S348.

Atmar, R. L., and Estes, M. K., 2001, Diagnosis of noncultivable gastroenteritis
viruses, the human caliciviruses. Clin. Microbiol. Rev. 14:15–37.

Berg, D. E., Kohn, M. A., Farley, T. A., and McFarland, L. M., 2000, Multi-state out-
breaks of acute gastroenteritis traced to fecal-contaminated oysters harvested in
Louisiana. J. Infect. Dis. 181(Suppl 2):S381–S386.

Billgren, M., Christenson, B., Hedlund, K. O., and Vinje, J., 2002, Epidemiology of
Norwalk-like human caliciviruses in hospital outbreaks of acute gastroenteritis in
the Stockholm area in 1996. J. Infect. 44:26–32.

Boccia, D., Tozzi, A. E., Cotter, B., Rizzo, C., Russo, T., Buttinelli, G., Caprioli,
A., Marziano, M. L., and Ruggeri, F. M., 2002, Waterborne outbreak of Norwalk-
like virus gastroenteritis at a tourist resort, Italy. Emerg. Infect. Dis. 8:563–
568.

Bresee, J. S., Widdowson, M. A., Monroe, S. S., and Glass, R. I., 2002, Foodborne viral
gastroenteritis: challenges and opportunities. Clin. Infect. Dis. 35:748–753.

Buesa, J., Collado, B., Lopez-Andujar, P.,Abu-Mullouh, R., Rodriguez Diaz, J., Garcia
Diaz, A., Prat, J., Guix, S., Llovet, T., Prats, G., and Bosch, A., 2002, Molecular 
epidemiology of caliciviruses causing outbreaks and sporadic cases of acute 
gastroenteritis in Spain. J. Clin. Microbiol. 40:2854–2859.

Calder, L., Simmons, G., Thornley, C., Taylor, P., Pritchard, K., Greening, G., and
Bishop, J., 2003, An outbreak of hepatitis A associated with consumption of raw
blueberries. Epidemiol. Infect. 131:745–751.

Carrique-Mas, J., Anderson, Y., Petersen, B., Hedlund, K. O., Sjogren, N., and
Giesecke, J., 2003, A norwalk-like virus waterborne community outbreak in a
Swedish village during peak holiday season. Epidemiol. Infect. 131:737–744.

Centers for Disease Control and Prevention, 2001, “Norwalk-like viruses”: public
health consequence and outbreak management. Morb. Mort.Wkly. Rpt. 50(RR-9):
1–34.

Centers for Disease Control and Prevention, 2003a, Foodborne transmission of hep-
atitis A—Massachusetts, 2001. Morbid. Mortal. Weekly Rep. 52:565–567.

Epidemiology  of  Viral  Food-borne  Outbreaks 251



Centers for Disease Control and Prevention, 2003b, Hepatitis A Outbreak Associ-
ated with Green Onions at a Restaurant—Monaca, Pennsylvania, 2003. Morbid.
Mortal. Weekly Rep. 52:1155–1157.

Cheesbrough, J. S., Green, J., Gallimore, C. I., Wright, P. A., and Brown, D. W., 2000,
Widespread environmental contamination with Norwalk-like viruses (NLV)
detected in a prolonged hotel outbreak of gastroenteritis. Epidemiol. Infect.
125:93–98.

Deneen, V. C., Hunt, J. M., Paule, C. R., James, R. I., Johnson, R. G., Raymond, M. J.,
and Hedberg, C. W., 2000, The impact of foodborne calicivirus disease: the Min-
nesota experience. J. Infect. Dis. 181(Suppl 2):S281–S283.

Evans, M. R., Meldrum, R., Lane, W., Gardner, D., Ribeiro, C. D., Gallimore, C. I., and
Westmoreland, D., 2002, An outbreak of viral gastroenteritis following environ-
mental contamination at a concert hall. Epidemiol. Infect. 129:355–360.

Fankhauser, R. L., Monroe, S. S., Noel, J. S., Humphrey, C. D., Bresee, J. S., Parashar,
U. D., Ando, T., and Glass, R. I., 2002, Epidemiologic and molecular trends of
“Norwalk-like viruses” associated with outbreaks of gastroenteritis in the United
States. J. Infect. Dis. 186:1–7.

Fiore, A. E., 2004, Hepatitis A transmitted by food. Clin. Infect. Dis. 38:705–715.
Fretz, R., Schmid, H., Kayser, U., Svoboda, P., Tanner, M., and Baumgartner, A.,

2003, Rapid propagation of norovirus gastrointestinal illness through multiple
nursing homes following a pilgrimage. Eur. J. Clin. Microbiol. Infect. Dis. 22:
625–627.

Gallimore, C. I., Richards, A. F., and Gray, J. J., 2003, Molecular diversity of
noroviruses associated with outbreaks on cruise ships: comparison with strains
circulating within the UK. Commun. Dis. Publ. Health 6:285–293.

Gallimore, C. I., Green, J., Lewis, D., Richards,A. F., Lopman, B.A., Hale,A. D., Eglin,
R., Gray, J. J., and Brown, D. W., 2004a, Diversity of noroviruses co-circulating in
the north of England from 1998 to 2001. J. Clin. Microbiol. 42:1396–1401.

Gallimore, C. I., Green, J., Richards, A. F., Cotterill, H., Curry, A., Brown, D. W., and
Gray, J. J., 2004b, Methods for the detection and characterization of noroviruses
associated with outbreaks of gastroenteritis: outbreaks occurring in the north-
west of England during two norovirus seasons. J. Med. Virol. 73:280–288.

Gotz, H., Ekdahl, K., Lindback, J., de Jong, B., Hedlund, K. O., and Giesecke, J., 2001,
Clinical spectrum and transmission characteristics of infection with Norwalk-like
virus: findings from a large community outbreak in Sweden. Clin. Infect. Dis. 33:
622–628.

Gotz, H., de J. B., Lindback, J., Parment, P.A., Hedlund, K. O.,Torven, M., and Ekdahl,
K., 2002, Epidemiological investigation of a food-borne gastroenteritis outbreak
caused by Norwalk-like virus in 30 day-care centers. Scand. J. Infect. Dis. 34:
115–121.

Green, K. Y., Belliot, G., Taylor, J. L., Valdesuso, J., Lew, J. F., Kapikian, A. Z., and Lin,
F. Y., 2002, A predominant role for Norwalk-like viruses as agents of epidemic
gastroenteritis in Maryland nursing homes for the elderly. J. Infect. Dis. 185:
133–146.

Greenberg, H. B., Valdesuso, J., Yolken, R. H., Gangarosa, E., Gary, W., Wyatt, R. G.,
Konno,T., Suzuki, H., Chanock, R. M., and Kapikian,A. Z., 1978, Role of Norwalk
virus in outbreaks of nonbacterial gastroenteritis. J. Infect. Dis. 139:564–568.

Hale, A., Mattick, K., Lewis, D., Estes, M., Jiang, X., Green, J., Eglin, R., and Brown,
D., 2000, Distinct epidemiological patterns of Norwalk-like virus infection. J. Med.
Virol. 62:99–103.

252 C.W. Hedberg



Hall, J. A., Goulding, J. S., Bean, N. H., Tauxe, R. V., and Hedberg, C. W., 2001,
Epidemiologic profiling: evaluating foodborne outbreaks for which no pathogen
was isolated by laboratory testing: United States, 1982–1989. Epidemiol. Infect.
127:381–387.

Hedberg, C. W., 2001, Epidemiology of foodborne illnesses, in: Food Microbiology:
Fundamentals and Frontiers, 2nd ed. (M. P. Doyle, L. R. Beuchat, and T. J.
Montville, eds.), ASM Press, Washington, DC, pp. 435–447.

Hedberg, C.W., and Osterholm, M.T., 1993, Outbreaks of food-borne and waterborne
viral gastroenteritis. Clin. Microbiol. Rev. 6:199–210.

Hoebe, C. J., Vennema, H., de Roda Husman, A. M., and van Duynhoven, Y. T., 2004,
Norovirus outbreak among primary schoolchildren who had played in a recre-
ational water fountain. J. Infect. Dis. 189:699–705.

Jiang, X., Graham, D. Y., Wang, K., and Estes, M. K., 1990, Norwalk virus genome
cloning and characterization. Science 250:1580–1583.

Jones, T. F., and Gerber, D. E., 2001, Perceived etiology of foodborne illness among
public health personnel. Emerg. Infect. Dis. 7:904–905.

Kaplan, J. E., Feldman, R., Campbell, D. S., Lookabaugh, C., and Gary, G. W., 1982a,
The frequency of a Norwalk-like pattern of illness in outbreaks of acute gas-
troenteritis. Am. J. Pub. Health 72:1329–1332.

Kaplan, J. E., Gary, G. W., Baron, R. C., Singh, N., Schonberger, L. B., Feldman, R.,
and Greenberg, H. B., 1982b, Epidemiology of Norwalk gastroenteritis and the
role of Norwalk virus in outbreaks of acute nonbacterial gastroenteritis. Ann.
Intern. Med. 96:756–761.

Khanna, N., Goldenberger, D., Graber, P., Battegay, M., and Widmer, A. F., 2003, Gas-
troenteritis outbreak with norovirus in a Swiss university hospital with a newly
identified virus strain. J. Hosp. Infect. 55:131–136.

Koopmans, M., and Duizer, E., 2004, Foodborne viruses: an emerging problem. Int. J.
Food Microbiol. 90:23–41.

Koopmans, M., Vennema, H., Heersma, H., van Strien, E., van Duynhoven, Y., Brown,
D., Reacher, M., and Lopman, B., 2003, Early identification of common-source
foodborne outbreaks in Europe. Emerg. Infect. Dis. 9:1136–1142.

Kuusi, M., Nuorti, J. P., Maunula, L., Minh, N. N., Ratia, M., Karlsson, J., and von 
Bonsdorff, C. H., 2002, A prolonged outbreak of Norwalk-like calicivirus (NLV)
gastroenteritis in a rehabilitation centre due to environmental contamination.
Epidemiol. Infect. 129:133–138.

Kuusi, M., Nuorti, J. P., Maunula, L., Miettinen, I., Pesonen, H., and von Bonsdorff,
C. H., 2004. Internet use and epidemiologic investigation of gastroenteritis out-
break. Emerg. Infect. Dis. 10:447–450.

Lau, C. S., Wong, D. A., Tong, L. K., Lo, J. Y., Ma, A. M., Cheng, P. K., and Lim, W. W.,
2004, High rate and changing molecular epidemiology pattern of norovirus infec-
tions in sporadic cases and outbreaks of gastroenteritis in Hong Kong. J. Med.
Virol. 73:113–117.

Lopman, B. A., Reacher, M. H., Van Duijnhoven, Y., Hanon, F. X., Brown, D., and
Koopmans, M., 2003a, Viral gastroenteritis outbreaks in Europe, 1995–2000.
Emerg. Infect. Dis. 9:90–96.

Lopman, B. A., Adak, G. K., Reacher, M. H., and Brown, D. W., 2003b, Two epidemi-
ologic patterns of norovirus outbreaks: surveillance in England and Wales,
1992–2000. Emerg. Infect. Dis. 9:71–77.

Lopman, B., Vennema, H., Kohli, E., Pothier, P., Sanchez, A., Negredo, A., Buesa, J.,
Schreier, E., Reacher, M., Brown, D., Gray, J., Iturriza, M., Gallimore, C., Bottiger,

Epidemiology  of  Viral  Food-borne  Outbreaks 253



B., Hedlund, K. O., Torven, M., von Bonsdorff, C. H., Maunula, L., Poljsak-
Prijatelj, M., Zimsek, J., Reuter, G., Szucs, G., Melegh, B., Svennson, L., van 
Duijnhoven, Y., and Koopmans, M., 2004, Increase in viral gastroenteritis 
outbreaks in Europe and epidemic spread of new norovirus variant. Lancet
363:682–688.

Love, S. S., Jiang, X., Barrett, E., Farkas, T., and Kelly, S., 2002, A large hotel outbreak
of Norwalk-like virus gastroenteritis among three groups of guests and hotel
employees in Virginia. Epidemiol. Infect. 129:127–132.

Lynn, S., Toop, J., Hanger, C., and Millar, N. 2004, Norovirus outbreaks in a hospital
setting: the role of infection control. N. Z. Med. J. 117:U771.

Marks, P. J., Vipond, I. B., Regan, F. M., Wedgwood, K., Fey, R. E., and Caul, E. O.,
2003, A school outbreak of Norwalk-like virus: evidence for airborne transmis-
sion. Epidemiol. Infect. 131:727–736.

Marshall, J. A., Yuen, L. K., Catton, M. G., Gunesekere, I. C., Wright, P. J., Bettelheim,
K. A., Griffith, J. M., Lightfoot, D., Hogg, G. G., Gregory, J., Wilby, R., and Gaston,
J., 2001, Multiple outbreaks of Norwalk-like virus gastro-enteritis associated with
a Mediterranean-style restaurant. J. Med. Microbiol. 50:143–151.

Marshall, J., Botes, J., Gorrie, G., Boardman, C., Gregory, J., Griffith, J., Hogg, G.,
Dimitriadis, A., Catton, M., Bishop, R., 2003, Rotavirus detection and characteriza-
tion in outbreaks of gastroenteritis in aged-care facilities. J. Clin. Virol. 28:331–340.

McCall, J., and Smithson, R., 2002, Rapid response and strict control measures can
contain a hospital outbreak of Norwalk-like virus. Commun. Dis. Pub. Health
5:243–246.

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

Miller, M., Carter, L., Scott, K., Millard, G., Lynch, B., and Guest, C., 2002, Norwalk-
like virus outbreak in Canberra: implications for infection control in aged care
facilities. Commun. Dis. Intell. 26:555–561.

Noel, J. S., Fankhauser, R. L., Ando, T., Monroe, S. S., and Glass, R. I., 1999, Identifi-
cation of a distinct common strain of “Norwalk-like viruses” having a global dis-
tribution. J. Infect. Dis. 179:1334–1344.

Nygard, K., Vold, L., Halvorsen, E., Bringeland, E., Rottingen, J. A., and Aavitsland,
P., 2004, Waterborne outbreak of gastroenteritis in a religious summer camp in
Norway, 2002. Epidemiol. Infect. 132:223–229.

Olsen, S. J., MacKinnon, L. C., Goulding, J. S., Bean, N. H., and Slutsker, L., 2000,
Surveillance for foodborne-disease outbreaks—United States, 1993–1997. CDC
Surveillance Summaries, Morbid. Mortal. Weekly Rep. 49:1–64.

Parashar, U. D., Bresee, J. S., Gentsch, J. R., and Glass, R. I., 1998, Rotavirus. Emerg.
Infect. Dis. 4:561–570.

Parashar, U. D., and Monroe, S. S., 2001, “Norwalk-like viruses” as a cause of food-
borne disease outbreaks. Rev. Med. Virol. 11:243–252.

Parshionikar, S. U., Willian-True, S., Fout, G. S., Robbins, D. E., Seys, S. A., Cassady,
J. D., and Harris, R., 2003, Waterborne outbreak of gastroenteritis associated with
a norovirus. Appl. Environ. Microbiol. 69:5263–5268.

Ponka, A., Maunula, L., von Bonsdorf, C. H., and Lyytikainene, O., 1999, Outbreak of
calicivirus gastroenteritis associated with eating frozen raspberries. Epidemiol.
Infect. 123:469–474.

Simmons, G., Greening, G., Gao, W., and Campbell, D., 2001, Raw oyster consump-
tion and outbreaks of viral gastroenteritis in New Zealand: evidence for risk to
the public’s health. Aust. N. Z. J. Pub. Health 25:234–240.

254 C.W. Hedberg



Vinje, J., and Koopmans, M. P. G., 1996, Molecular detection and epidemiology of
small round structured viruses in outbreaks of gastroenteritis in the Netherlands.
J. Infect. Dis. 174:610–615.

Vipond, I. B., Caul, E. O., Hirst, D., Carmen, B., Curry, A., Lopman, B. A., Pead, P.,
Pickett, M. A., Lambden, P. R., and Clarke, I. N., 2004, National epidemic of 
Lordsdale Norovirus in the UK. J. Clin. Virol. 30:243–247.

Widdowson, M. A., Cramer, E. H., Hadley, L., Bresee, J. S., Beard, R. S., Bulens, S. N.,
Charles, M., Chege, W., Isakbaeva, E., Wright, J. G., Mintz, E., Forney, D., Massey,
J., Glass, R. I., and Monroe, S. S., 2004, Outbreaks of acute gastroenteritis on cruise
ships and on land: identification of a predominant circulating strain of norovirus-
United States, 2002. J. Infect. Dis. 190:27–36.

Epidemiology  of  Viral  Food-borne  Outbreaks 255



CHAPTER 11

Role of Irrigation Water in Crop
Contamination by Viruses

Charles P. Gerba and Christopher Y. Choi

1.0. INTRODUCTION

Foods traditionally eaten raw or receiving minimal processing provide 
an ideal route for the transmission of viruses. Fruits and vegetables can
potentially become contaminated before harvesting by irrigation water,
water used for spray application of pesticides, or water used in processing
(e.g., washing, hydrocooling with ice, etc.). An increase in the number of
produce-associated outbreaks corresponds with the increased consumption
of fresh fruits and vegetables and with the expanded global sources of these
products over the past two decades (Sivapalasingam et al., 2004). Produce-
associated outbreaks have increased from 0.7% of all outbreaks in the 1970s
to more than 6% in the 1990s in the United States. In 2002, the number 
of cases of produce-associated illnesses was almost equal to all of those
reported for beef, poultry, and seafood combined (Center for Science in the
Public Interest, 2002). Several known and suspected food-borne outbreaks
have been ascribed to crops contaminated in the field, suggesting contami-
nation by irrigation or during harvesting (Dentinger et al., 2001; CDC, 2003).
Perhaps more significant is the low-level transmission of viruses by food 
contaminated with irrigation water. Quantitative microbial risk analysis has
suggested that low levels of virus in irrigation water can result in a signifi-
cant level of risk to consumers (Petterson et al., 2001). Stine et al. (2005c)
estimated that less than one hepatitis A virus per 10L of irrigation water
could result in a risk exceeding 1 :10,000 per year considering the efficiency
of transfer of the virus to crop and its survival till harvest time. The 1 :10,000
risk of infection per year is currently the acceptable level used by the United
States Environmental Protection Agency for Drinking Water (Regli et al.,
1991).

The largest use of freshwater in the world is in agriculture with more than
70% being used for irrigation.About 240 million ha, 17% of the world’s crop-
land, are irrigated, producing one third of the world’s food supply (Shanan,
1998). Nearly 70% of this area is in developing countries. In the United
States, California and Arizona are the major producers of lettuce, carrots,
broccoli, and cantaloupe (Arizona Farm Bureau, 2003).All of these crops are
grown almost entirely by irrigated agriculture. It is thus surprising that we
know little about the microbial quality of irrigation water. Most studies have
dealt with the occurrence and fate of enteric pathogens in reclaimed water
used for irrigation and not the quality of surface waters currently in use.
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Almost no data exist on the occurrence of enteric viruses in irrigation waters,
which do not intentionally receive sewage discharges.

2.0. WATER QUALITY STANDARDS FOR 
IRRIGATION WATER

For more than 100 years, irrigation or fertilization of food crops with feces
or fecally contaminated water has been known to play a role in the trans-
mission of enteric microorganisms. For this reason, the use of night soil or
irrigation with untreated domestic wastewater is not allowed in the United
States and is not recommended by the World Health Organization (Mara
and Cairncross, 1989). Most of the research on enteric pathogen contamina-
tion of vegetables and fruits during production has been done to evaluate
the safety of reclaimed wastewater irrigation. Many states in the United
States have standards for the treatment of reclaimed water to be used for
food crop irrigation (Asano, 1998), and the World Health Organization has
also made recommendations in this regard (Mara and Caincross, 1989). The
state of California requires advanced physical-chemical treatment and
extended disinfection to produce “virus-free” effluent. A coliform standard
of <2/100ml must also be met (Asano, 1998). The state of Arizona has a virus
standard of 1 plaque forming unit (pfu)/40L and Giardia cysts of 1 per 40L
in addition to a fecal coliform standard of 25/100ml. Although standards for
the use of reclaimed wastewater exist for food crops eaten raw in the United
States, irrigation using reclaimed water for crop irrigation is seldom prac-
ticed. In developing countries, raw or partially treated wastewater is often
used to irrigate crops, especially in the arid regions.

There are a few published studies on the quality of nonreclaimed waste-
water used as an irrigation source (Steele and Odumeru, 2004). Irrigation
agriculture requires approximately 2 acre-feet of water per acre of growing
crop.The frequency and volume of application must be carefully programmed
to compensate for deficiencies in rainfall distribution and soil moisture
content during the growing season. Rivers and streams are tapped by large
dams and then diverted into extensive canal systems. In addition, ground-
water may also be pumped from wells into canals (which puts this water at risk
from surface contamination). Because water availability is often critical, little
attention is paid to the microbial quality of the irrigation water. In water-short
areas, available sources are subjected to contamination by sewage discharge
from small communities (unplumbed housing along canals in developing
countries is common), cattle feedlot drainage, grazing animals along canal
embankments, storm-water events, and return irrigation water (noninfiltrated
water from the field being irrigated is returned to the irrigation channels).
Because irrigation channels are frequently small, these changes in pollution
discharges can result in rapid deterioration of water quality.

One of the few early studies conducted on irrigation waters documented
a wide range in the microbial quality of this water (Geldreich and Bordner,
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1971). The wide variation was attributed to the discharge of domestic sewage
into streams from which the irrigation water was obtained. This study was
conducted in the western United States (Wyoming, Utah, and Colorado).
Median fecal coliform values ranged from 70 to 450,000/100ml. Based on
results obtained with the occurrence of Salmonella in the same waters, these
authors recommended a fecal coliform standard for irrigation waters of
1,000/100ml.

Guidelines for the microbial quality of surface water tend to be more
lenient than those for wastewater because of the belief that enteric viruses
and other human pathogens are less likely to be present or are less numer-
ous (Steele and Odumeru, 2004).The criteria range from <100 to <1,000 fecal
coliforms per 100ml. Other criteria for Escherichia coli and fecal strepto-
coccus are also used by some regulatory agencies (Steele and Odumeru,
2004). The United States Environmental Protection Agency guidelines for
surface water recommend fewer than 1,000 fecal coliforms per 100ml of
surface water, including river water, for irrigation of crops (EPA, 1973). The
differences among the guidelines reflect widespread uncertainty about the
actual risk of disease transmission by irrigation water. Obviously, data on 
the occurrence of pathogens in irrigation waters would aid in the develop-
ment of a risk-based approach to the development of standards.

3.0. OCCURRENCE OF VIRUSES IN 
IRRIGATION WATER

The microbial quality of irrigation water depends on the source of the water.
Sources of human enteric viruses may involve sewage discharges into source
water, septic tanks, recreational bathers, and so forth. Although groundwa-
ter is often considered a microbially safe source for irrigation water, recent
studies in the Unites States have indicated that 8% to 31% of the ground-
waters may contain viruses (Abbaszadegan et al., 2003; Borchardt et al.,
2003).These viruses may originate from septic discharges, leaking sewer lines,
or infiltration from lakes, rivers, and oxidation ponds.

Currently, only one study is available on the occurrence of enteric viruses
in irrigation waters (Kayed, 2004). In this study, the occurrence of protozoan
parasites, indicator bacteria, and noroviruses in irrigation waters in central
and western Arizona was investigated. The irrigation waters in central
Arizona are derived from a series of dammed reservoirs. The water is then
channeled through a series of canals traveling distances as great as 40 miles
before reaching the fields to be irrigated. In western Arizona, the water
comes from a reservoir on the Colorado River. Noroviruses were detected
in 20.7% of the canal samples from western Arizona and 18.2% of the canal
samples from central Arizona. Geometric averages of E. coli were 6.4/100ml
in western Arizona canals and 18/100ml in central Arizona. Salmonella
and Campylobacter spp. were also detected in the irrigation water, especially
after rainfall events. Because polymerase chain reaction was used to detect
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noroviruses, the infectivity of the viruses could not be determined. However,
the results demonstrate that contamination of irrigation water by enteric
viruses does occur even when there is no intentional discharge of sewage into
the system.

4.0. CONTAMINATION OF PRODUCE 
DURING IRRIGATION

The likelihood of the eatable parts of a crop becoming contaminated during
irrigation depends upon a number of factors including growing location, type
of irrigation application, and nature of the produce surface. If the eatable
part of the crop grows in or near the soil surface, it is more likely to become
contaminated than a fruit growing in the aerial parts of a plant. Some
produce surfaces are furrowed or have other structures that may retain water
(e.g., a tomato vs. a cantaloupe). There are three distinct methods of irriga-
tion: sprinkler systems, gravity-flow (furrow) systems, and microirrigation
systems. Microirrigation includes surface drip and subsurface irrigation
methods. In 2000, approximately 63 million acres of farmland was irrigated
in the United States, 31.5 million acres (50%) with sprinkler irrigation
systems, 28.4 million acres (45%) with gravity-flow systems, and the remain-
der (5%) with microirrigation systems (Anon., 2001).

Studies have been done on contamination of crops by enteric bacteria
present in irrigation water, but only a few have evaluated the degree of 
contamination by viruses. Stine et al. (2005a) quantified the transfer of virus
(coliphage PRD-1) and enteric bacteria in water used to prepare pesticide
spray to the surface of cantaloupe, iceberg lettuce, and bell peppers. The
average transfer of bacteria from the water to the surface of fruit was esti-
mated to range from 0.00021% to 9.4%, while the average viral transfer
ranged from 0.055% to 4.2% depending on the type of produce.

Oron et al. (1995) applied irrigation water containing up to 1,000pfu/ml
of poliovirus on tomato plants by subsurface drip irrigation in an outdoors
setting using both surface water and wastewater. Some virus was detected in
the leaves of the plants but not in the fruits. The authors stated that the high
virus content of the water might explain the occurrence of virus in the leaves.
No virus was detected in plants irrigated with wastewater containing the
same level of virus as the surface water. The authors suggested that this was
due to the interaction of the virus with particulate or soluble matter present
in the wastewater preventing their entrance into the roots.

Alum (2001) studied the effectiveness of drip irrigation in the control of
viral contamination of salad crops (lettuce, tomato, cucumber) in a green-
house in potted plants. The plants were irrigated with secondary effluent
using surface drip and subsurface irrigation. Irrigation water was periodically
seeded with coliphage MS-2, phage PRD-1, poliovirus type 1, adenovirus 40,
or hepatitis A virus. Surface irrigation always resulted in surface contamina-
tion of both above-ground parts and the underground parts of the plants. In
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lettuce, it was observed that only the outer leaves of the plant became 
contaminated. No contamination of the plants occurred when subsurface 
drip irrigation was used. No systemic uptake of viruses was observed in any
of the crops.

Choi et al. (2004) assessed viral contamination of lettuce by surface and
subsurface drip irrigation using coliphages MS-2 and PRD-1. A greater
number of coliphages was recovered from lettuce grown in subsurface plots
as compared with those in the furrow-irrigated plots. Shallow drip tape instal-
lation and preferential water paths through cracks on the soil surface
appeared to be the main cause of high viral contamination. In subsurface drip
irrigation plots, penetration of the water to the soil surface was observed,
which led to the direct contact of the lettuce stems with the irrigation water.
Thus, drip tape depth can influence the probably of produce contamination.
Greater contamination by PRD-1 was observed, which might be due to its
longer survival time.

Stine et al. (2005b) compared furrow irrigation and subsurface irrigation
on the contamination of cantaloupe, iceberg lettuce, and bell peppers when
the water was seeded with coliphage PRD-1 under field conditions in
Arizona. No coliphage was detected on bell peppers. The maximum virus
transfer was 0.046% to lettuce and 0.02% to cantaloupe by furrow irrigation.
No viruses were detected on lettuce when subsurface irrigation was used, and
the transfer to the cantaloupe was reduced to 0.00039%.

5.0. SURVIVAL OF VIRUSES ON PRODUCE IN 
THE FIELD

Studies on the survival of viruses on produce postharvest indicate little virus
inactivation because of the low temperatures of storage (Seymour and
Appleton, 2001). Few studies are available on the survival of viruses on
growing crops preharvest.Tierney et al. (1977) found that poliovirus survived
on lettuce for 23 days after flooding of outdoor plots with wastewater. The
virus persisted in the soil for 2 months during the winter and 2 to 3 days
during the summer months. Sadovski et al. (1978) spiked wastewater and tap
water used to irrigate cucumbers with high titers of poliovirus. The cucum-
bers were grown with either (i) surface drip irrigation or with (ii) the soil and
drip lines covered with polyethylene sheets to reduce contact of the irriga-
tion water with the plants.Virus was detected on cucumbers by both methods
of application. Virus was detected only occasionally on cucumbers that were
irrigated with the drip lines covered by plastic sheets.Viruses survived on the
cucumbers for at least 8 days after irrigation (hepatitis A virus and coliphage
PRD-1 survival on growing produce was found to be similar under high and
low humidity conditions) (Stine et al., 2005b). In general, the inactivation
rates of the viruses were less than those of E. coli 0157:H7, Shigella sonnei,
and Salmonella enterica on cantaloupe, lettuce, and bell peppers. The 
hepatitis A virus levels were reduced to about 90% after 14 days, indicating
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that enough viruses could survive from an irrigation event to harvest time to
pose a potential risk.

6.0. SUMMARY

Risks from the use of virus-contaminated irrigation water are poorly under-
stood. Information on the occurrence of viruses in irrigation water and
potential sources of viruses in irrigation water is sorely needed. Sources of
viral contamination from irrigation need to be defined and their transport
and survival need to be determined. Irrigation methods and the type of
produce also affect the degree of contamination. Although the percent virus
transfer from irrigation water to produce is low, it should be realized 
that ingestion of low numbers of viruses can result in a significant risk of
infection (Peterson and Ashbolt, 2001). It appears that temperature and the
nature of the produce surface are the most important factors in virus 
persistence on produce surfaces. Limited studies suggest that enteric viruses
survive longer than enteric bacteria and may survive from the time of 
irrigation to harvesting.
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CHAPTER 12

Chemical Disinfection Strategies Against
Food-borne Viruses

Syed A. Sattar and Sabah Bidawid

1.0. INTRODUCTION

The impact of food-borne viral pathogens on human health can be substan-
tial (Lüthi, 1997; Meade et al., 1999; Appleton, 2000; Sair et al., 2002) even
though significantly fewer viruses than bacteria can spread via foods (Cliver,
1997). General difficulties in recovering and identifying viruses from foods
and clinical specimens collected during food-borne outbreaks grossly under-
estimate the true role of viruses as food-borne pathogens (Collins, 1997;
Bresee et al., 2002; Koopmans et al., 2002), reinforcing the need for proper
inactivation of food-borne viruses. The main focus of this chapter is on the
testing and application of chemicals (microbicides) that can be used to inac-
tivate viruses on inanimate and animate food contact surfaces as well as for
the decontamination of foods consumed raw or with minimal processing.
Table 12.1 defines the common terms to be used in this chapter.

2.0. BASIC CONSIDERATIONS

Whereas the use of microbicides in reducing the risk from food-borne infec-
tions is widespread, there are many aspects of this practice that require
reevaluation, especially those for interrupting the spread of food-borne
viruses. A clear understanding of the following factors is necessary for the
development of any successful strategy for the use of microbicides in pre-
venting and controlling the spread of food-borne viral infections:

1. Hepatitis A virus (HAV), an important food-borne pathogen, can
survive better than many enteric bacteria on inanimate and animate surfaces
(Sattar et al., 2000); recent studies have shown this to be the case with cali-
civiruses as well (Bidawid et al., 2003).

2. A microbicide shown to be effective against vegetative bacteria may
not be suitable in inactivating viruses, particularly the nonenveloped ones
(Ansari et al., 1989).

3. Unlike many types of bacteria, viruses cannot replicate in contami-
nated foods; thus, holding of foods at an inappropriate temperature as 
such is not a risk factor in case of viral contamination. But viruses may 
remain viable in contaminated foods for several days, especially under 
refrigeration.
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Table 12.1 Glossary of Common Terms Used in this Chapter

Term Explanation

Antimicrobial agent A physical or chemical agent that kills microorganisms or 
suppresses their growth.

Antiseptic An agent that destroys pathogenic or potentially 
pathogenic microorganisms on living skin or mucous 
membranes.

Carrier An inanimate surface or object inoculated with a test 
organism.

Cleaning Removing, by physical and/or chemical means, visible soil,
(precleaning) dirt, or organic debris from a surface or object.
Microbial The presence of viable microorganisms in or on a given 
contamination material or object.
Decontamination Freeing a person, object, or surface of harmful 

microorganisms, chemicals, or radioactive materials.
Disinfectant A physical or chemical agent that destroys pathogenic or 

potentially pathogenic microorganisms in or on inanimate 
surfaces or objects.

EBSS Earle’s balanced salt solution.
Eluate An eluent that contains microorganism(s) recovered from 

a carrier.
Eluent Any solution that is harmless to the test organism(s) and 

that is added to a carrier to recover the organism(s) in or 
on it.

Chemical A chemical that kills pathogenic or potentially pathogenic
microbicide microorganisms in or on inanimate surfaces/objects and on 

living skin/mucous membranes.
High-level A chemical or a mixture of chemicals that is bactericidal,
disinfectant fungicidal, mycobactericidal, and virucidal; may also be 

sporicidal with an extended contact time.
Intermediate-level A chemical or a mixture of chemicals that is bactericidal,
disinfectant fungicidal, mycobactericidal, and virucidal, but not 

sporicidal.
Label Written, printed, or graphic matter on, or attached to, the 

microbicide containers or wrappers.
Low-level A chemical or a mixture of chemicals that kills only 
disinfectant vegetative bacteria and enveloped viruses.
Microbicide A physical or chemical agent that kills microorganisms.
(microbiocide)
Neutralization Quenching the antimicrobial activity of a test formulation 

by dilution of the organism/test formulation mixture 
and/or addition of one or more chemical neutralizers to 
the mixture.

OTC Over-the-counter topicals.
Pathogen Any disease-producing microorganism.
Pesticide Any substance or mixture of substances intended for 

preventing, destroying, repelling, or mitigating any pest.
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Table 12.1 Continued

Term Explanation

Potency The degree of strength or power of a microbicide to 
render disease-causing microorganisms noninfectious.

QCT-1 Quantitative carrier test—tier 1.
QCT-2 Quantitative carrier test—tier 2.
Sanitization A process that reduces the microbial load on a surface or 

object.
Soil load A solution of one or more organic and/or inorganic 

substances added to the suspension of the test organism to 
simulate the presence of body secretions, excretions, or 
other extraneous substances.

Sterile Free from living microorganisms.
Sterilization A process that kills all forms of microbial life.
Stringency of test The level of rigor, strictness, or severity built into the 
method method to reflect factors the test formulation may 

encounter under in-use conditions.
Test formulation A formulation that incorporates antimicrobial ingredients.
TCID50 The dilution at which 50% of all infected cell cultures 
(50% tissue culture show evidence of virus infection.
infective dose)
Test organism An organism that has readily identifiable characteristics. It 

also may be referred to as a surrogate or a marker 
organism.

Use-dilution The level to which a concentrated microbicide is diluted 
for use.

Virucide (viricide) An antimicrobial agent that kills (inactivates) viruses.
Water hardness The measure of the amount of metallic (e.g., calcium) salts 

in water.

4. Foods such as shellfish harvested from fecally polluted waters do not
lend themselves readily to decontamination by chemicals.

5. Hands can readily acquire or donate infectious virus particles under
conditions encountered during the handling and preparation of foods (Sattar
and Springthorpe, 1996).

6. Suitable microbicides, when properly used, can interrupt the transfer
of viruses from contaminated surfaces to foods (Bidawid et al., 2000).

7. Safety considerations exclude the use of certain types of microbicides
(e.g., phenolics) on food contact surfaces (Gulati et al., 2001).

8. Microbicides often used on food contact surfaces are neither required
to nor are tested against common types of food-borne viruses.

9. In the United States, there are no officially accepted methods for 
evaluating the virucidal activity of handwash and handrub agents; nor is there
any regulatory framework to allow such products to make claims against
viruses (Sattar et al., 2002).



10. Recognized flaws in current methods to assess microbicidal activity
can compromise the label claims of disinfectants in general.

3.0. TEST METHODOLOGY TO DETERMINE
VIRUCIDAL ACTIVITY

The virucidal potential of microbicides is normally assessed by “suspension”
or “carrier” tests (Springthorpe et al., 1986; Springthorpe and Sattar, 1990;
Quinn and Carter, 1999). In suspension tests, a known volume of the chal-
lenge virus, with or without a soil load, is mixed with a 5- to 10-fold larger
volume of the test microbicide. For control, the virus is suspended in an
equivalent volume of a liquid known to be harmless to the virus. The mix-
tures are held for a defined contact time at a specified temperature, neutral-
ized to stop virucidal activity, titrated for infectious virus, and the degree of
loss in virus viability calculated (ASTM, 2002a). While suspension tests are
easier to perform, they are also easier to pass (Sattar et al., 1986; Abad et al.,
1997) and are thus suitable for screening the activity of microbicides under
development. Regulatory agencies in North America do not accept claims of
virucidal activity based on suspension tests for product registration purposes.

Under most field conditions, the target virus is present on an animate or
inanimate surface. In view of this, carrier tests, where the challenge virus is
first dried on a representative surface and then exposed to the test formula-
tion, are considered more suitable in assessing the potential of microbicides
under in-use conditions (Springthorpe and Sattar, 1990).

4.0. FACTORS IN TESTING FOR VIRUCIDAL ACTIVITY

4.1. Test Viruses
With the exception of certain blood-borne viruses, the U.S. Environmental
Protection Agency (EPA) so far does not accept surrogates in tests for viru-
cidal activity of microbicides but requires that a given product be tested
against each virus to be listed on the product label. On the other hand, Health
Canada currently allows for a general virucidal claim when a given product
shows the required level of activity against the Sabin strain of poliovirus type
1 (CGSB, 1997). The use of this nonenveloped virus, which is also safe to
handle and is relatively resistant to microbicides, makes product develop-
ment easier and label claims simpler and reliable. However, one or more 
substitutes for poliovirus may be needed soon in view of the anticipated 
eradication of poliomyelitis and the expected ban on the laboratory use of
all types of polioviruses (Aylward et al., 2003).

What should one look for in selecting viruses to assess the activity of
microbicides against food-borne viruses? Fortunately, the list of major 
food-borne viruses is short, and identification of potential surrogates for
them is easy. The two most suitable viruses in this regard would be cell
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culture–adapted strains of HAV (e.g., HM-175) and the F9 strain of feline
calicivirus (FCV). Indeed, investigations in the past decade have already
demonstrated the feasibility of using such strains in testing disinfectants and
antiseptics to be used in settings where foods are processed and handled
(Doultree et al., 1999; Gulati et al., 2001; Sattar et al., 2000). Rotaviruses can
also cause food-borne outbreaks (Sattar et al., 2001), and it is feasible to use
the cell culture–adapted Wa strain of human rotavirus (HRV) to evaluate
microbicides against them (Sattar et al., 1994).

HAV shows the highest level of microbicide resistance of the food-borne
viruses tested so far (Mbithi et al., 1992), and it would thus make a good sur-
rogate if the selection were to be based on this factor alone. Working with
this virus has become safer because an effective vaccine against it is now
available. The possible drawbacks in the use of HAV are that the turnaround
time for test results is at least 1 week and that many formulations in current
use may fail against this virus. This points to the need for further discussions
on the justification of using one or more surrogates in testing microbicides
against food-borne viruses, and a consensus between major stakeholders is
needed on which virus(es) may be the most suitable for this purpose.

4.2. Nature and Design of Carriers
The three categories of surfaces to be discussed here are inanimate non-
porous environmental items that may contact foods during storage, prepa-
ration, and serving; fruits and vegetables that are consumed raw or with
minimal processing; and hands of food handlers.

4.2.1. Environmental Surfaces
Food contact surfaces vary widely in their nature, usage, and level of clean-
liness.The microtopography of a given surface may also change with the type
and extent of use, which may provide either more or less protection to viruses
deposited on it (Springthorpe and Sattar, 1990). Because it is impractical to
test microbicides on all types of food contact surfaces prior to product reg-
istration, it would be logical to develop and use a “surrogate” surface. The
selection of such a surrogate, inanimate, food contact surface should take the
following into consideration: (a) how frequently it contacts foods and hands
of food handlers; (b) how readily it releases infectious viruses it carries; (c)
it must not inactivate the test virus or irreversibly bind or sequester it such
that virus elution from it becomes difficult; (d) its surface should be uneven
enough to represent those in the field; (e) if meant for reuse, it should readily
withstand repeated decontamination and sterilization; and (f) it should be
resistant to microbicides commonly used in decontamination of food contact
surfaces.

Further, any carriers made out of such a surrogate material should allow
the convenient deposition of the desired volume of the test virus as well as
the test microbicide, and the entire carrier should be submersible in a rea-
sonably small volume of the eluent without any wash-off. The need for
keeping the eluent volume per carrier as small as possible is particularly rel-
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evant when working with viruses, because unlike tests against bacteria, mem-
brane filtration cannot be readily used to trap viruses from large volumes of
eluates.The need for cell cultures for detection and quantitation of infectious
virus in test samples also restricts the eluate volumes that can be easily and
economically processed.

Disks (∼1cm diameter) of brushed stainless steel offer almost all the
desired attributes of a surrogate surface in testing microbicides against food-
borne viruses (Springthorpe and Sattar, 1990; Sattar and Springthorpe 2001a,
2001b). The microtopography of the disk surface is sufficiently uneven, and
the carriers can be handled in a closed system so that wash-off of the test
virus does not occur. If needed, disks similar in size to those described above
can be readily prepared from other types of food contact surfaces (Lloyd-
Evans et al., 1986). Porous materials can also be made into disks as carriers
(Traoré et al., 2002), but they are generally more difficult to work with in
testing microbicides because their absorbent nature reduces the efficiency of
recovery of test organisms. Besides, such materials are rarely meant to be
decontaminated using microbicides.

4.2.2. Food Items
In view of the potential of fresh produce to spread viruses (Seymour and
Appleton, 2001), such items may be treated with microbicides before con-
sumption (Beuchat, 2001). The use of microbicides for this purpose requires
that they be evaluated for their virucidal efficacy on representative types of
vegetables and fruits that are eaten raw or after minimal processing.A carrier
test using small disks or pieces of items such as lettuce or strawberries rep-
resents a feasible approach (Bidawid et al., 2000).

4.2.3. Hands
Although virucides intended for use on human skin are often tested using
hard inanimate surfaces, comparative testing has found skin to present a
stronger challenge to microbicides (Woolwine and Gerberding, 1995). This
reinforces the need for using carriers of a suitable animate surface for eval-
uating the virucidal activity of formulations for the decontamination of
hands. Virucides can be tested using the entire surface of both hands of an
adult subject (ASTM, 2002a), but the disadvantages of such an approach
include high variability in results, inability to run controls and test samples
simultaneously, lack of statistical power, and the need for larger volumes 
of high-titered virus pools (Sattar and Ansari, 2002). The fingerpad method
(Ansari et al., 1989), which is a standard of ASTM International (2002a),
avoids these drawbacks by using the thumb- and fingerpads of adult subjects
as in vivo carriers. In this method, the test virus is placed on targeted areas
on the hands, allowed to dry, and then exposed to a handwash or handrub
formulation for a suitable contact time. It also allows for the determination
of reduction in virus infectivity after exposure to the test formulation alone
or after post-treatment water rinsing and with or without drying using cloth,
paper, or warm air (Ansari et al., 1991). The fingerpad method has already
been applied to assess the microbicidal activity of food-borne viruses such
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as HAV (Mbithi et al., 1992), FCV (Bidawid et al., 2003), and HRV (Ansari
et al., 1988).

4.3. Nature and Level of Soil Loading
The organic matrix or “soil load” surrounding viruses, whether they are in
body fluids or sewage/sludge, enhances their survival in the environment.
Normal precleaning of surfaces and items to be disinfected may reduce the
amount of such soil, but enough of it remains and can interfere with the activ-
ity of the applied microbicide by either binding to it or by preventing its
access to the target virus.Any good method for virucidal activity must, there-
fore, simulate the presence of such soil by incorporating in the test virus sus-
pension a certain amount of organic and inorganic material, and this is now
a requirement in several standard protocols (ASTM, 2002a, 2002b; CGSB,
1997).

Although many different types and levels of substances are used as the
soil load in testing microbicides, extra precautions are needed in their selec-
tion and use when working with viruses. For example, animal sera may
contain specific antibodies or nonspecific inhibitors against viruses such as
rotaviruses. Fecal suspensions, which have been used in testing microbicides
against HAV (Mbithi et al., 1990), are inherently variable and thus unsuit-
able as a soil load for standardized test protocols. To overcome these diffi-
culties, a “universal” soil load has been developed for testing microbicides
against viruses as well as other pathogens (Springthorpe and Sattar, 2003); it
consists of a mixture of bovine mucin, tryptone, and bovine albumin in phos-
phate buffer. The concentrations and ratios of the three ingredients are
designed to provide a challenge roughly equivalent to that in 5–10% bovine
serum. This soil has been found to be compatible with all viruses as well as
other types of pathogens tested thus far (Sattar and Springthorpe, 2003).

4.3.1. Diluent for Test Microbicide
Many microbicides are tested by manufacturers using distilled water as the
product diluent, and because this is not clearly specified in label directions,
most users use tap water instead. Formulations with marginal virucidal activ-
ity may work with distilled water but fail when tap water is used as the diluent
(Sattar et al., 1983). This highlights the importance of choosing the right
diluent during product development and to clearly specify it on the label.

Although tap water is commonly used in the field and may represent a
stronger challenge to microbicides under test, it is unsuitable as a diluent in
standardized tests for virucidal activity. This is because the quality of tap
water as well as the nature and levels of disinfectants in tap water vary both
temporally and geographically. In view of this, water with a standard hard-
ness level of 200–400 parts per million CaCO3 is considered a more desirable
diluent in such tests (Sattar et al., 2001b).

4.3.2. Dried Virus Inoculum as the Challenge
As stated above, a carrier with the test inoculum dried on it presents a
stronger challenge to the microbicide being evaluated. Although this may be
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possible with some viruses, certain commonly used surrogates (e.g.,
polioviruses) lose high levels of infectivity on drying (Mbithi et al., 1991)
especially at low levels of relative humidity (RH). A fine balance may there-
fore be required to achieve the right degree of drying of the virus inoculum
on carriers or by selecting a surrogate that is more stable during the drying
of the test inoculum. HAV, FCV, and HRV are all more resistant to drying
than enteroviruses in general (Sattar and Ansari, 2002). Suitable controls
must be included to determine the loss in the infectivity of the test virus
during the drying process, and the level that survives becomes the baseline
for measuring the extent of virus inactivation by the test formulation
(Springthorpe and Sattar, 2003).

4.4. Time and Temperature for Virus-Microbicide Contact
Except for products that are meant for prolonged soaking of items to be
decontaminated, the contact between the target virus(es) on an environ-
mental surface and microbicide under in-use conditions is generally very
brief. This should be properly reflected in the design of a carrier test for viru-
cidal activity, and such contact times should not be longer than about 3min
to allow for relatively slow-acting but commonly used actives such as ethanol.
This is in contrast with currently accepted microbicide test protocols that
incorporate a minimum contact of 10min, which is much too long to simu-
late the use of environmental surface disinfectants in the field (AOAC, 1998).

Formulations to be used on environmental surfaces are tested at an air
temperature of 20°C; this is lower than the ambient temperature indoors in
many work settings and requires the use of suitable climate control cham-
bers to maintain the desired temperature.Air temperatures higher than 20°C
may enhance the activity of microbicides while also accelerating the rate of
their evaporation from the carrier surface. Products to be used outdoors
during winter months or indoors in refrigerators must be shown to be effec-
tive against viruses at lower temperatures.

4.5. Elimination of Cytotoxicity
Cytotoxicity of the test formulation to host cells is an important considera-
tion in virucidal tests (Quinn and Carter, 1999) because it can interfere with
the reading and interpretation of test results. In addition, any material(s) and
procedure used to remove and/or neutralize cytotoxicity must itself be safe
for the test virus.

A 10- to 100-fold dilution of the virus-microbicide mixture at the end of
the contact time is one simple and potentially viable approach to reducing
cytotoxicity (Lloyd-Evans et al., 1986). This approach, however, requires rel-
atively high titered pools of the test virus and may not work on its own for
chemicals that are highly cytotoxic. Microbicides such as formaldehyde can
effectively kill host cells without detaching them or producing any apparent
damage to them. Such cytotoxicity can be misleading because host cell mono-
layers may appear to be undamaged but are unable to support virus repli-
cation. Moreover, one should note that even when toxicity appears to be
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visibly removed, subtle effects on the cells and potentially on their ability to
support virus replication may remain. This needs to be examined through a
low-level virus challenge (Sattar et al., 2003).

Gel filtration (ASTM, 1998) or high-speed centrifugation (Doultree et al.,
1999) of virus-microbicide mixtures may be effective in the removal of cyto-
toxicity, but such steps invariably extend the contact of the virus with the test
microbicide by several minutes or more and bring into question the accuracy
and relevance of claims of virucidal activity for many applications. Other con-
siderations in the selection and use of procedures for the elimination of cyto-
toxicity have been described before (Sattar and Springthorpe, 2001a).

4.6. Neutralization of Virucidal Activity
For accurate and reproducible results, the microbicidal activity of the test 
formulation must be arrested immediately at the end of the contact time
(Sutton, 1996). This can be achieved by either the addition of a neutralizer
or dilution of the virus-microbicide mixture or a combination of both.
Whichever approach is adopted, its effectiveness must be properly validated
before the test results can be considered as meaningful.

The difficulties in choosing a suitable chemical neutralizer are somewhat
similar to those enumerated above for cytotoxicity removal. Although a 
100-fold dilution of the virus-microbicide mixture soon after the end of the
contact time has proved effective in dealing with most types of microbicides
(Lloyd-Evans et al., 1986), this procedure requires that the volume of the
diluent be kept relatively small to allow for the titration of most of the eluate.

4.7. Quantitation of Virus Infectivity
The availability of a simple and reproducible method for assaying infectious
virus in the test and control samples is absolutely essential for determining
virucidal activity. Indirect measures of virus infectivity based on assays for
antigens, enzymes, or nucleic acids are not recommended because of the lack
of demonstrated correspondence between their concentrations and those of
infectious virus in the samples being assayed.

It is noteworthy that the presence of microbicide residues, even in diluted
eluates, may increase or decrease the susceptibility of the host cells to the
test virus. In case of decreased susceptibility, the host system could overesti-
mate the activity of the tested microbicides by not being able to detect the
presence of low levels of infectious virus in the inoculum. An increase in the
level of infectivity could possibly be due to any one or a combination of (a)
unmasking of more viral receptors on the host cell surface, (b) inactivation
of specific or nonspecific virus inhibitors, (c) altering the electrostatic charges
on the virus and/or the cell surface, and (d) deaggregation of viral clumps.
Controls must, therefore, be included in virucidal tests to rule out the pres-
ence of such interference and for the results to be considered valid. The best
way to approach this is to first expose the cell monolayer to a non-cytotoxic
level of the test microbicide and subsequently challenge the cells to the test
virus diluted to yield countable infectious foci such as plaques. If the number
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of infectious foci in such pre-exposed monolayers is not statistically differ-
ent from those in the monolayers treated with a control fluid, the product
can be assumed to be free from such interference.

4.8. Number of Test and Control Carriers
Enough test and control carriers must be included to make the results sta-
tistically meaningful. This requires some knowledge of the degree of repro-
ducibility of the assay methods; because viruses require a host system, the
results tend to be inherently more variable than those observed for bacteria
and fungi. In general, methods that determine virus plaque- or focus-forming
units are more accurate than the most probable number (MPN) techniques.
Each measure of reduction in virus infectivity by a microbicide is obtained
by comparison with controls not exposed to microbicide. Therefore, it is
important that sufficient numbers of such controls are included to obtain an
accurate mean value against which each test carrier can be assessed.

4.9. Product Performance Criteria
For government registration, microbicidal products must meet a perform-
ance criterion that is based on practical considerations rather than on sound
public health science.A 3–4 log10 reduction in virus infectivity titer after expo-
sure to the test formulation is regarded as satisfactory virucidal activity. The
CGSB (1997) standard, for example, requires the tested product to show a
>3 log10 reduction (beyond the level of cytotoxicity) in the level of infectious
virus to meet its requirements. This criterion is lower than the minimum 
5–6 log10 reductions required for other classes of pathogens because of the
general difficulties in generating high-titered virus pools.

5.0. CURRENTLY AVAILABLE TESTS

Table 12.2 lists the methods currently accepted or under consideration as
standard test protocols for testing the virucidal activity of microbicides.

5.1. Quantitative Suspension Tests
The ASTM suspension test for virucidal activity (E-1052) has recently been
revised, and the current version incorporates several changes. This test is for
special applications of virucides such as inactivation of viruses in contami-
nated wastes and as a first step in determining the virucidal potential of liquid
chemical microbicides, liquid hand soaps, over-the-counter (OTC) topical
products, or other skin care products.

Another quantitative suspension test for virucidal activity of chemical
disinfectants and antiseptics is being drafted by CEN (Comité Européen de
Normalisation) Technical Committee (TC) 216. An adenovirus and a vaccine
strain of poliovirus are listed as test viruses. The contact time at 20 ± 1°C
ranges from 30 to 60min depending on the intended use of the product. The
formula being evaluated is tested with and without an added protein load in
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the form of either 0.3% bovine serum albumin or 5% defibrinated sheep
blood. The product performance criterion is a minimum 4 log10 reduction in
the infectivity titer of the test virus.

5.2. Quantitative Carrier Tests
There are four methods in this category in North America. The first is an
ASTM (2002a) standard, which has also been revised recently (E-1053). It 
is meant for evaluating the activity of liquid or pressurized antimicrobials
against viruses on inanimate, nonporous, environmental surfaces. This stan-
dard lists 10 different viruses with varying degrees of resistance to liquid
chemical microbicides. It recommends, however, that the test formulation be
evaluated at least against a poliovirus, a herpesvirus, and an adenovirus to
qualify for a general virucidal claim. The test virus suspension is first dried
on a glass Petri plate and then overlaid with a known volume of the test for-
mulation for a predetermined contact time at ambient temperature. At the
end of the contact time, a diluent is added to the virus-product mixture, and
the test surface is scraped to resuspend the virus film. The eluates and con-
trols are assayed for infectious virus to determine the loss in virus titer due
to the test formulation’s virucidal activity. Calf serum is recommended as
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Table 12.2 Standard Test Methods for Evaluating the Virucidal Activity of
Microbicides Designed to Be Used on Environmental Surfaces or Human Hands

Document
Organization Title of Standard No.

ASTM Standard Test Method for Efficacy of Antimicrobial E-1052
International Agents Against Viruses in Suspension

Standard Test Method for Efficacy of Virucidal E-1053
Agents Intended for Inanimate Environmental 
Surfaces

Standard Test Method for Neutralization of E1482
Virucidal Agents in Virucidal Efficacy Evaluations

Standard Test Method for Determining the Virus- E-1838
Eliminating Effectiveness of Liquid Hygienic 
Handwash and Handrub Agents Using the 
Fingerpads of Adult Volunteers

Standard Test Method for Evaluation of E-2011
Handwashing Formulations for Virus-Eliminating 
Activity Using the Entire Hand

Standard Quantitative Disk Carrier Test Method E-2197
for Determining the Bactericidal, Virucidal,
Fungicidal, Mycobactericidal, and Sporicidal 
Activities of Liquid Chemical Germicides

Canadian Assessment of Efficacy of Antimicrobial Agents CAN/
General for Use on Environmental Surfaces and Medical CGSB-
Standards Devices (Canadian national standard) 2.161-M97
Board



organic soil (except for rotaviruses), and water with a specific level of hard-
ness is to be used if the product requires dilution in water prior to use.

The second carrier test is a part of the Canadian General Standard
Board’s document Assessment of Efficacy of Antimicrobial Agents for Use
on Environmental Surfaces and Medical Devices (CAN/CGSB-2.161-M97).
This test permits the use of glass Petri plates, glass slides, or disks of glass,
metal, or plastic.The recommended test virus is the Sabin strain of poliovirus
type 1 (ATCC VR-192) to permit a general virucidal claim when testing 
is carried out with 5% fetal bovine serum as the organic load and, when 
necessary, water with a hardness of 200ppm CaCO3 as diluent for the test
product.

The third carrier test is the in vivo fingerpad method to assess the virus-
eliminating activity of topicals. Full details of this method are given in the
literature already cited above or in the ASTM standard itself (ASTM E-
1838). The fourth method is a standard for virucidal evaluation of formula-
tions when these are performed on the whole hand (ASTM E-2011).

The second tier of a quantitative carrier test (QCT-2) method developed
by us under the sponsorship of the U.S. Environmental Protection Agency
(EPA) can be applied to all major classes of microorganisms including viruses
(Springthorpe and Sattar, 2003, 2005). This would allow direct comparison of
results among different classes of microorganisms. The test uses flat stainless
steel disk carriers (approximately 1cm diameter) and a microbial inoculum
of 10 µl. After drying of the inoculum, the contaminated carrier is exposed
to approximately 50µl of the test microbicide at 20°C for the manufacturer’s
recommended contact time. The reaction is terminated by neutralization of
the microbicide. In most cases, neutralization is achieved by simple dilution
with a physiological saline, but in some instances a chemical neutralizer is
required prior to dilution. The test virus can then be titrated by standard
methods. This method, which is now a standard of ASTM International 
(E-2197), has been used to test for virucidal activity against several types 
of viruses (Lloyd-Evans et al., 1986; Sattar et al., 1989, 2003; Mbithi et al.,
1990).

6.0. PRACTICAL ASPECTS OF 
TESTING MICROBICIDES

We describe in this section the key practical considerations in evaluating
microbicides against food-borne viruses. The methods described here are
standards of ASTM International and have been used extensively in working
with a variety of viruses (Springthorpe and Sattar, 2003; Sattar et al., 2003;
Ansari and Sattar, 2002). Figure 12.1 summarizes the basic steps in the quan-
titative carrier test method (ASTM 2002a), and Figure 12.2 presents the basic
steps in the fingerpad method (ASTM 2002c). Although no nationally or
internationally accepted methods are available to assess the activity of micro-
bicides used in the decontamination of fruit and vegetables, published studies
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(Bidawid et al., 2000, 2003) should serve as a guide in the design and per-
formance of such testing.

The three viruses described below have been selected based on their (a)
relevance as food-borne pathogens, (b) relative resistance to microbicides,
(c) ability to withstand drying on environmental surfaces and human skin,
(d) availability of cell culture–based infectivity assays, and (e) safety for work
in experimental settings and for placement on the intact skin of adult 
subjects.

The need for cell cultures adds an extra layer of difficulty when working
with viruses. Also, procedures that work perfectly in one laboratory do not
always work in another. This may be due to even slight variations in the
quality of water for making media and reagents or to procedures for the
clean-up and sterilization of labware, and so forth. Each laboratory must
develop and document its own standard operating procedures for each host
cell type and test virus to be used. However, regardless of the methods used
for cell culture, preparation of virus pools, and quantitation of virus infec-
tivity, the procedures for testing the activity of microbicides must adhere to
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Figure 12.1 Basic steps in disk-based quantitative carrier test for virucidal activity.

Inoculate each disk with 10 µl of test virus with the soil load; allow inoculum to dry.
Place one carrier (disk), inoculated side up, on the inside bottom surface of a

sterile holder/vial

Place 50 µl of the test formulation on the surfaces of 3–10 test carriers. Place an
equivalent volume of normal saline or Earle’s balanced salt solution (EBSS) on

each of at least 3 control carriers

Hold the carriers for the desired contact time

Add 950 µl of EBSS, with or without a neutralizer, to each vial containing disk
carriers

Vortex contents of vials for 45–60 seconds

Transfer eluate to a 2-ml tube and make 10-fold dilutions in EBSS as necessary

Inoculate dilutions to be tested onto monolayers of host cells and incubate

Examine cell cultures after appropriate incubation and determine log10 reduction of
the inoculated virus

Determine if the test formulation meets the specified performance criterion

�
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the basic requirements as described above to ensure a sufficient level of strin-
gency and reproducibility and to allow the comparison of the results from
tests using different viruses and test formulations.

Although ultracentrifugation may sometimes be needed to increase the
virus titer, the use of highly purified virus pools is not recommended for
testing microbicides because such purification is likely to enhance suscepti-
bility of the virions to microbicides. Described below are some viruses that
can be used in such tests.

6.1. Strain HM-175 (ATCC VR-1402) of HAV
HAV, an important food-borne pathogen, affects the liver and is excreted 
in the feces of infected individuals. It is relatively resistant to drying and
mechanical damage and is also generally more resistant to microbicides than
other nonenveloped viruses of human origin. Immunization of lab workers
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Figure 12.2 Basic steps in the fingerpad method (ASTM, 2002) for testing
handwash or handrub agents against viruses.

Panelist washes hands with non-germicidal soap and water and dries them

Five milliliters of 70–75% (v/v) ethanol is rubbed on hands till they are dry

Ten microliters of virus with soil load is placed at the center of each thumb and
fingerpads. Inoculum from thumbpads is eluted immediately to act as “input”

control for virus.

Inoculum on the fingerpads is allowed to become visibly dry (20–25 minutes)

Two randomly selected fingerpads are eluted at the end of drying (“baseline”
control)

Dried inoculum on two or more fingerpads is exposed to 1 ml of test or control
fluid for desired contact time (for waterless agents or to test virus elimination after

exposure to product alone, fingerpads can be eluted without further treatment)

To simulate post-treatment rinsing of hands, fingerpads are exposed to 1–15 ml of
water for 5–10 seconds. Virus can be eluted at this stage or after drying of hands

To determine virus removal after the drying of washed hands, they can be dried in
air or with paper or cloth towel for specified time and virus recovered from them

One milliliter of eluent is used to recover virus from each thumb or fingerpad.
Eluates and controls are titrated for infectious virus and log10 reductions calculated.
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with the recently available vaccines makes the handling of this virus much
safer. The recommended cell line for making HAV pools and for performing
infectivity titrations is FRhK-4 (ATCC CRL-1688). No less than 7 days are
needed to complete an infectivity assay due to the relatively slow rate of
growth of the virus.

6.2. Strain F9 (ATCC VR-782) of FCV
FCV, pathogenic to cats but believed harmless to humans, belongs to a group
of small round viruses. FCV, which is nonenveloped, is closely related to
Norwalk or norovirus (NV), a major cause of acute gastroenteritis in humans
and also a significant food-borne pathogen. Because NV cannot be grown in
vitro, FCV is generally accepted as its surrogate (Doultree et al., 1999) and
has been used in testing microbicides in settings where foods may be handled
(Gulati et al., 2001; Bidawid et al., 2003).The cell line recommended for work
with FCV is CrFK (ATCC CCL-94), and a plaque assay system based on
these cells has been developed (Bidawid et al., 2002).This virus grows to high
titers (∼108 infective units/ml) within 28–36hr and produces visible CPE or
plaques in less than 36hr. This is helpful in making test results available rel-
atively rapidly.

6.3. Human Rotavirus

6.3.1. Wa Strain (ATCC VR-2018)
Rotaviruses, which are a common cause of acute gastroenteritis in humans,
are excreted in diarrheic feces in numbers generally higher than those for
other enteric viruses (Ward et al., 1991). Food-borne spread of rotaviruses
has been documented (Sattar et al., 2001a). Recommended cell lines for
growing rotaviruses are MA-104 (CRL-2378) and CV-1 (ATCC CCL-70;
Sattar et al., 2000). Rotaviruses are safe for normal healthy adults as most
adults have acquired immunity against them. The ability of rotaviruses to
withstand drying also adds to their attraction as surrogates in testing micro-
bicides.Two important factors to note when working with rotaviruses are that
(a) many of them are inhibited by fetal bovine sera often used in cell culture,
and (b) the presence of proteolytic enzymes such as trypsin is needed to
promote rotavirus infection of host cells.

6.4. Additional Controls in Virucidal Tests
The use of cell cultures requires the incorporation of the following additional
controls in tests for virucidal activity (Sattar et al., 2002, 2003) because either
the test substance or the neutralizer or both could alter the susceptibility of
host cells to the virus in the test. These controls must be run initially at least
once and may not need to be included in subsequent tests as long as the same
cell line, virus, test formulation, neutralizer, and method are used in testing.

6.4.1 Cytotoxicity Control
This control (a) determines the dilution of the test substance that causes no
apparent degeneration (cytotoxicity) of the cell line to be used for measur-
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ing virus infectivity and (b) assesses whether the neutralizer reduces or
enhances such cytoxicity. For this control, make a 1 :20 dilution, then a 1 :200
dilution of the test substance in Earle’s balanced salt solution (EBSS) with
and without the neutralizer. Remove the culture medium from the mono-
layers of the host cell line(s) and put into each test monolayer separately the
same volume of inoculum as used in virus titration; control monolayers
receive an equivalent amount of EBSS only (without any neutralizer). Use
at least three monolayers for controls as well as for each dilution of the test
substance being assessed. Hold the cultures at room temperature for the
same length of time used for virus adsorption, then examine under an
inverted microscope for any visible cytotoxicity.

If cytotoxicity is observed, a different neutralizer or alternative
approaches to the removal/reduction of cytotoxicity may be needed. It is
sometimes advisable to use gel filtration to remove the disinfectant, although
this procedure may lengthen the exposure time of the test organism to the
disinfectant. If no cytotoxicity is observed at either dilution, the test sub-
stance and the neutralizers should be subjected to the following interference
test.

6.4.2. Control for Interference with Virus Infectivity
Levels of the test substance that show no obvious cytotoxicity could still
reduce or enhance the ability of the challenge virus to infect or replicate in
host cells, thus interfering with the estimation of its virucidal activity (Sattar
et al., 2003). An interference control must, therefore, be included to rule out
such a possibility. For this purpose, remove the culture medium from mono-
layers of the host cell line(s) and add a 1 :20 dilution, or a dilution greater
than the one that demonstrated cytotoxicity, of the test substance in EBSS
to each of the test monolayers with and without neutralizer, using the same
volume as that of the inoculum used in virus titration. Controls receive EBSS
alone (without the neutralizer). Hold the monolayers at room temperature
for the same length of time as used for virus adsorption and inoculate each
with a low number (approximately 10–20) of infective units of the challenge
virus. Incubate the monolayers for virus adsorption, place maintenance
medium in the cultures, incubate them for the time required for virus repli-
cation, and then examine for cytopathology or foci of virus infection.

Any significant difference in virus infectivity titer is indicative of the
ability of the test material or the neutralizer to affect the virus susceptibility
of the host cells. In such case, a different neutralizer or alternative approaches
to the removal of the residues of the test product may be needed. Both the
cytotoxicity and interference controls must be included even when virus
infectivity is titrated using the TCID50 method.

6.4.3. Control Carriers
The minimum number of control carriers to be used in each test is three
regardless of the number of test carriers. For control carriers, add 50µl of
EBSS instead of the test formulation. The contact time and temperature for
the control carriers must be the same as those for the test carriers.
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7.0. MICROBICIDES IN ENVIRONMENTAL CONTROL
OF FOOD-BORNE VIRUSES

Table 12.3 summarizes recent data on the activity of various concentrations
of sodium hypochlorite (bleach) against FCV as tested using QCT-2 and
stainless steel disks as carriers. The product effectiveness criterion was arbi-
trary set as 3 log10 or greater reduction in virus infectivity.A minimum contact
time of 10min under ambient conditions was needed to meet this require-
ment with 500ppm of available chlorine; when the available chlorine level
was doubled, the contact time could be reduced to as low as 1min.

The results of similar tests with other environmental surface disinfectants
are presented in Table 12.4. Except for 75% ethanol, the remaining four for-
mulations are commercially available environmental surface disinfectants;
chlorine dioxide was prepared just before testing using the two solutions pro-
vided by the manufacturer. The trade names of the products tested are not
given because formulations with identical types and levels of ingredients may
be sold under a different trade name elsewhere. Only chlorine dioxide could
meet this criterion in a contact time of 1min, while at least 3min were
required for accelerated hydrogen peroxide and the two commercial alcohol-
based sprays to do so. The quat-based formulation and 75% ethanol met the
criterion after a minimum contact time of 10 and 5min, respectively.

The findings of tests with three commercial alcohol-based hand rubs are
summarized in Table 12.5. When the ASTM (2002a) fingerpad protocol was
used with a contact time of 20s, the log10 reduction in the infectivity titer of
FCV ranged from 1.20 to 1.49. In this regard, FCV proved to be more resist-
ant than adeno-, rota-, and rhinoviruses (Sattar et al., 2000) and less resist-
ant than HAV (Mbithi et al., 1993).
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Table 12.3 Activity of Domestic Bleach Against Feline Calicivirusa,b

Available Chlorine in Log10 Reduction in Virus 
Parts per Million Contact Time in Minutes Infectivity

100 5 0.56
500 5 1.39
500 10 >4.7

1,000 1 >4.7
1,000 2 >4.7
1,000 3 >4.7

a Sattar et al. unpublished data.
b The bleach tested was a commercially available product with 5.25% sodium
hypochlorite. The metal disk-based test method is a standard ASTM method (E-
2197). All testing was done at 25°C in the presence of a soil load and water with a
hardness of 400 ppm as calcium carbonate (used to dilute the product).
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Table 12.4 Activity of Selected Microbicides Against Feline Calicivirus

Conc. Tested Contact Time Log10

Active(s) in Microbicide (ppm) (min) Reduction

0.5% accelerated H2O2 Undiluted (5,000) 1 1.55
Undiluted (5,000) 3 >4.5

A mixture of four quaternary Diluted 1 : 62 (2,470) 5 2.3
ammonium compounds (octyl 
decyl dimethyl NH4Cl (4.6%);
dioctyl dimethyl NH4Cl
(1.84%); didectyl dimethyl 
NH4Cl (2.76%); dimethyl 
benzyl NH4Cl (6.14%)

Diluted 1 : 62 (2,470) 10 4.0
79% (v/v) ethanol + 0.1% Undiluted 1 2.2
alkyl dimethyl benzyl 
ammonium saccharinate

Undiluted 3 3.8
Each 100 g contains ethanol Undiluted 1 0.8
25.92 g, 2-propanol 11.50 g,
and polyhexanide 0.054 g

Undiluted 3 3.0
Undiluted 5 3.5

Ethanol 75% (v/v) 5 3.8
75% (v/v) 10 4.7

Liquid chlorine dioxide 1,000 1 4.5

a Sattar et al. unpublished data.
b The metal disk-based test method used is a standard of ASTM (E-2197); all testing
was done at 23 ± 2°C in the presence of a soil load and water with a hardness of 400
ppm as calcium carbonate (used to dilute the product).

Table 12.5 Activity of Commercially Available Ethanol-Based Handrub Agents
Against Feline Calicivirus Using the Fingerpad Methoda,b

Ethanol in Handrub 
(%) Log10 Reduction in pfu After Contact with Test Formulation

60 1.20
70 1.42
80 1.49

pfu, plaque-forming unit.
a Sattar et al. unpublished data.
b Each fingerpad was contaminated with 10 µl of the test virus suspended in a soil
load and the inoculum allowed to dry under ambient conditions. Virus from two fin-
gerpads was eluted to determine the pfu remaining after the drying period; this figure
(8.9 × 104) was used as the “baseline” to determine log10 reduction in virus titer after
exposure to the formulation under test. Each formulation was tested on at least three
adult subjects, and no less than two fingerpads were exposed to the test formulation
in each test. The contact time in all experiments was 20 s.



8.0. CONCLUSIONS

Viruses continue to be important pathogens in general and as food-borne
pathogens in particular, but our understanding of the actual sources of viral
contamination in many food-borne outbreaks remains incomplete, making it
difficult to design and apply proper strategies to prevent and control the
spread of such pathogens. However, hands are universally recognized as vehi-
cles for the spread of a number of viruses. Successful strategies to prevent
virus spread through these vehicles involve a sound hand-decontamination
protocol, diligently applied with a good topical agent. A lack of compliance
with hand antisepsis guidelines and, perhaps, the use of ineffective agents
continue to undermine the full potential of infection-control measures in this
regard. The ease with which washed hands can pick up infectious viruses
upon contact with contaminated environmental surfaces and objects suggests
that the emphasis on hand antisepsis should be combined with an awareness
of the need for proper and regular cleaning and decontamination of those
surfaces and objects that come in frequent contact with decontaminated
hands.

Standardization of virucide tests, nationally and internationally, will
promote confidence among microbicide users and the general public. This
chapter provides the basis for general understanding of the potential pitfalls
in testing virucides and suggests the basic protocols and controls that 
should be present in generic methods. This should allow the reader to better
understand this field and to be able to critique the published literature 
independently.

Standard tests for virucides are now available. These tests provide
improved carrier design, better methods for cytotoxicity removal, a univer-
sal soil load, and other improvements. However, regulatory agencies, espe-
cially in the United States, must soon decide on accepting surrogates in tests
for virucidal activity and label claims and also set product performance stan-
dards. Some jurisdictions already have one or both of these in place (CGSB,
1997). Any such discussion must consider activity against one or more 
carefully selected nonenveloped viruses representative of food-borne viral
pathogens. Many products currently on the market list only enveloped
viruses among the organisms on the label. Persons unfamiliar with virus clas-
sification can be easily misled by this, especially if the enveloped viruses listed
are among those most feared.

Our current knowledge does not allow, with any degree of certainty, the
determination of the desired level of reduction in virus load in a given setting
to significantly reduce disease transmission. There are also obvious practical
limitations to how high a level of challenge virus(es) one can present to the
product under evaluation. By the same token, what would one regard as too
low a level of challenge? Experience accumulated over the past two decades
clearly indicates that if test viruses are chosen carefully, it is feasible to deter-
mine a 3–4 log10 reduction in virus infectivity titer after its exposure to a test
microbicide in a proper carrier test.The viruses selected for QCT-2 are based
on their (a) relative safety for the laboratory staff, (b) ability to grow to titers
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sufficiently high for testing, (c) property to produce cytopathic effects or
plaques, or both, in cell cultures, (d) potential to spread through contami-
nated environmental surfaces and (e) relatively high resistance to a variety
of chemicals.

Given these considerations and the fact that enveloped viruses in general
do not survive well on environmental surfaces and are relatively more sus-
ceptible to chemical microbicides, all viruses included here are nonenveloped
viruses. Other strains or types of nonenveloped viruses may be substituted
in the test provided they meet the preceding criteria.
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CHAPTER 13

Food-borne Viruses:
Prevention and Control

Efstathia Papafragkou, Doris H. D’Souza, and 
Lee-Ann Jaykus

1.0. INTRODUCTION

Epidemic and sporadic gastroenteritis is an important public health problem
in both developed and developing countries. In the United States, as many
as 67% of all food-borne illnesses, 33% of the associated hospitalizations, and
7% of deaths attributable to food-borne disease may be caused by viruses,
resulting in approximately 30.9 million cases each year (Mead et al., 1999).
Costs of illness are high simply by virtue of the frequent occurrence and high
transmissibility of enteric viruses (Koopmans et al., 2002). The total burden
of enteric viral disease can only be estimated as most of the illnesses are mild,
go unreported, and routine testing of patients for specific virus infections is
not usually done (Richards, 2001).Year-round outbreaks have affected adults
and children in various settings. These viruses circulate readily in families,
communities, and in places where individuals are in close proximity or are
using a common source of food or water. Consequently, many documented
outbreaks of enteric viral illness have occurred in schools, recreational
camps, hotels, hospitals, orphanages, and nursing homes and among individ-
uals consuming a common food item served in a restaurant or banquet
setting. Hepatitis A virus (HAV), human caliciviruses, and group A rota-
viruses are among the most important food-borne enteric viruses.

Unlike bacteria, viruses cannot replicate in food or water. As a result,
when virus contamination of food occurs, the number of infectious virions
will not increase during processing and storage. The ability of contaminated
food to serve as a vehicle of infection, therefore, depends on virus stability,
degree of initial contamination, the method of food processing and storage,
viral dose needed to produce infection, and the susceptibility of the host
(Koopmans et al., 2002).Virus particles are stable to environmental extremes
including pH, low temperatures, and some enzymes, particularly those found
in the human gastrointestinal tract (Jaykus, 2000a). Consequently, human
enteric viruses can withstand a wide variety of food storage and processing
conditions making virtually any kind of food product a potential vehicle for
virus transmission (Jaykus, 2000b). Because food-borne viruses are transmit-
ted via the fecal-oral route through contact with human feces and because
infected individuals can shed millions of virus particles in their stools, the
role of infected food-handlers cannot be underestimated.
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From an epidemiological perspective, human caliciviruses are the most
significant by virtue of the sheer number of cases caused by this virus group.
Caliciviruses are composed of multiple genera; however, the noroviruses and
the saporoviruses are the primary cause of human disease and are responsi-
ble for up to 2.3 million infections, 50,000 hospitalizations, and 300 deaths
per year in the United States alone (Mead et al., 1999). Of all the gastroen-
teritis outbreaks reported in England and Wales, nearly 50% were due to
noroviruses, a figure that is similar to those reported for other European
countries including Finland, Sweden, The Netherlands, and Germany
(Lopman et al., 2002). Indeed, noroviruses are the most common cause of
acute, nonbacterial gastroenteritis worldwide. Although the disease caused
by this virus group is short-lived and recovery is usually complete, immunity
is poorly understood and there is significant antigenic and genetic diversity
within the genus.As a result, some individuals may remain susceptible and/or
become infected multiple times during the course of their lives (Jaykus,
2000b).

Noroviruses are transmitted directly by person-to-person contact or indi-
rectly via contaminated food, water, or fomites. Person-to-person transmis-
sion can occur by two routes: fecal-oral and aerosol formation after projectile
vomiting (Patterson et al., 1997). A total of 348 outbreaks of norovirus 
gastroenteritis were reported to the U.S. Centers for Disease Control and
Prevention (CDC) between January 1996 and November 2000. Of these, food
was implicated in 39%, person-to-person contact in 12%, and water in 3%
of the outbreaks. Interestingly, 18% of the outbreaks could not be linked to
a specific transmission mode (Centers for Disease Control, 2001). Frequently
during an outbreak, secondary cases occur as a consequence of contact with
the primary cases (Koopmans and Duizer, 2004). A low infectious dose
(10–100 virus particles; Koopmans et al., 2002) and a propensity for long-
term virus excretion (up to 2 weeks postinfection) are the likely reasons for
the high attack rates (∼50%) seen in norovirus outbreaks (Koopmans et al.,
2002). Although attention has recently focused on high-profile cruise ship
outbreaks (Centers for Disease Control, 2002), an estimated 60–89% of all
acute viral gastroenteritis outbreaks occur on land (Centers for Disease
Control, 2003b). Although norovirus infection predominates during cold-
weather months (Mounts et al., 2001), hence the term “winter vomiting
disease,” it has been diagnosed year-round (Bresee et al., 2002).

Hepatitis A virus (HAV) is another enteric virus that can be transmitted
by contaminated food. More than 95% of HAV infections are transmitted by
the fecal-oral route (Ciocca, 2000) and person-to-person contact is consid-
ered to be the primary mode of transmission (Koopmans et al., 2002). There-
fore, outbreaks of HAV are common in high population density settings such
as schools, prisons, and military bases (Koopmans et al., 2002). Approxi-
mately 50% of the reported HAV cases do not have a recognized source of
infection, and only 5% have a clear food- or waterborne route. In the United
States alone, HAV causes an estimated 83,000 illnesses per year (Mead 
et al., 1999). Improved sanitary conditions have caused a decline in the 
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prevalence of this disease in the developed world, but increases in interna-
tional travel and trade have brought a naïve population in contact with
endemic disease, resulting in a reemergence of HAV infection in developed
countries (Romalde et al., 2001). For example, a recent, large outbreak of
HAV was attributable to imported green onions. This incident alone resulted
in more than 600 infections and three deaths (Centers for Disease Control,
2003c).

Rotavirus is the most common cause of severe infant diarrhea (Lopman
et al., 2002), estimated to be responsible for 130 million illnesses and more
than 600,000 deaths per year throughout the world (Mead et al., 1999).
Rotaviruses are most often transmitted by the waterborne route but have
occasionally been implicated in outbreaks attributed to contaminated food
(Bresee et al., 2002). It is estimated that only 1% of rotavirus cases are 
food-borne (Sair et al., 2002). Spread of the disease is mainly through the
fecal-oral route, although aerosol transmission has also been suggested
(Caul, 1994).

In reviewing food-borne transmission of human enteric viruses, three
major at-risk food categories stand out: (i) shellfish contaminated by fecally
impacted growing waters, (ii) human sewage pollution of drinking and irri-
gation water, and (iii) ready-to-eat (RTE) and prepared foods contaminated
by infected food-handlers as a result of poor personal hygiene (Jaykus,
2000b). Among the more common foods that have been implicated as 
vehicles for enteric virus transmission are shellfish, fruits, vegetables, salads,
sandwiches, and bakery items. Indeed, any food that has been handled 
manually and is not further heated prior to consumption has the potential to
be virally contaminated (Richards, 2001). In further discussion of prevention
and control strategies for enteric viruses, we categorize the discussion into
these three distinct commodity groups because prevention and control differ
for each.

2.0. SHELLFISH

Bivalve mollusks (including mussels, clams, cockles, and oysters) have been
implicated as vectors in the transmission of bacterial and viral enteric dis-
eases for many decades. The most commonly implicated bivalves are oysters,
followed by clams (Potasman et al., 2002). It is estimated that human enteric
viruses are actually the most common human disease agents transmitted by
molluskan shellfish (Lees, 2000; Formiga-Cruz et al., 2002). Although more
than 100 different types of enteric viruses can be excreted in human feces,
only a few (HAV, noroviruses, astroviruses) have been epidemiologically
linked to shellfish-associated viral disease (Richards, 2001). Of these, infec-
tious hepatitis caused by HAV is probably the most serious. Immuno-
suppressed patients are at high risk for serious disease and as a precaution
should be advised to avoid this particular cuisine (Potasman et al., 2002). In
fact, the largest viral food-borne disease outbreak occurred in Shanghai,

Food-borne  Viruses : Prevent ion  and  Control 291



China, in 1988, where 300,000 people were infected with HAV after 
consumption of clams harvested from fecally impacted growing waters 
(Halliday et al., 1991). In the 1990s, noroviruses were implicated as the
primary etiological agents among reported cases of infectious diseases 
associated with shellfish consumption (Centers for Disease Control, 2001).
Shellfish contamination with noroviruses is of great significance to food
safety not only for its direct implications but also for the secondary cases 
that readily occur after a primary food-borne outbreak (Beuret et al., 2003).
Significant and recent outbreaks of viral food-borne diseases associated with
shellfish consumption are summarized in Table 13.1.

Unlike illnesses caused by naturally occurring Vibrio spp., enteric viral
illnesses originate from human fecal wastes only. Even though most sewage
treatment processes cannot completely eliminate viruses, adequate sewage
treatment remains the first line of defense in protecting shellfish and their
harvesting waters (Sorber, 1983). Factors contributing to human sewage pol-
lution of marine waters include the illegal dumping of human waste directly
into shellfish harvesting areas, failing septic systems along shorelines, sewage
treatment plants overloaded with storm water, and discharges of treated and
untreated municipal wastewater and sludge (Jaykus et al., 1994; Shieh et al.,
2000). For instance, a recent outbreak in France and Italy was associated with
norovirus-contaminated oysters harvested from a pond that was polluted
from an overflowing water purification plant (Doyle et al., 2004).

Shellfish are at particular risk of transmitting human enteric viruses
because (i) they are frequently eaten whole and raw or only lightly cooked;
(ii) there are no good methods to ascertain whether the shellfish or their
harvest waters contain infectious viruses; and (iii) shellfish can bioconcen-
trate viruses within their edible tissues to levels much higher than in the
water itself (Richards, 2001). This bioaccumulation is probably assisted by
the ionic binding of virus particles to mucopolysaccharide moieties of the
shellfish mucus (DiGirolamo et al., 1977). The degree of virus uptake and
survival in shellfish depends on several factors, including exposure time, virus
concentration in overlay water, presence of particulate matter (and/or excess
turbidity), temperature, interspecies differences, individual shellfish differ-
ences, type of virus, food availability, and pH and salinity of water (Sobsey
and Jaykus, 1991; Jaykus, 1994). Because uptake of virus by shellfish is
dependent on active feeding, any factor affecting the physiological activity
of the animal can influence virus accumulation. Likewise, the elimination
kinetics of enteric viruses by bivalve mollusks can vary with the type of 
shellfish, type of microorganism, and environmental conditions and season
(Burkhardt and Calci, 2000; Mounts et al., 2001).

Preharvest contamination is the most common source of contamination
and occurs in shellfish exposed to human fecal pollution of waters from which
they are harvested. Once contaminated, the viruses can persist in both the
overlay waters and the shellfish. Enriquez et al. (1992) reported rapid uptake
(in less than 24hr) of HAV in the mussel Mytilus chilensis, with virus per-
sistence for about 7 days. The ability of HAV to persist in Eastern oysters
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(Crassostrea virginica) was recently investigated by Kingsley and Richards
(2003), who detected virus in the animal as little as 16hr after exposure, with
the oysters remaining infectious for up to 3 weeks thereafter. Of the factors
that influence the survival and persistence of enteric virus in seawater, tem-
perature is particularly important (Muniain-Mujika et al., 2003). For instance,
it has been demonstrated that the time necessary to inactivate 90% of HAV
in seawater was 671 days at 4°C but only 25 days at 25°C (Gantzer et al.,
1998). Similarly, poliovirus type 1 at a concentration of 105 pfu/ml lost its
infectivity in ocean water within 27 days during the summer but within 65
days during the winter (Lo et al., 1976). Recent research has indicated that
about 10% (17/191) of Japanese oysters sampled and intended for raw con-
sumption harbored noroviruses, and in some of these samples, the virus level
was quite high (Nishida et al., 2003).

2.1. Preharvest Control Strategies

2.1.1. Harvest Water Quality: Preventing Illegal Sewage Discharge
The most effective and reliable approach to control viral contamination of
shellfish is to harvest them from areas with good water quality, most notably
from estuarine environments that are free of human sewage contamination.
Unfortunately, recent virus outbreaks have been caused by the dumping of
untreated human sewage from boats, resulting in contamination of shellfish
beds. Enforcement of proper waste disposal in certain discharge locations
may be difficult as harvesting areas are frequently remote from the shore and
there may be many harvesting and recreational vehicles present at any one
time. A preemptive measure would be to provide dockside receptacles for
waste disposal. Alternatively, mandating the use of a waste container that
cannot be easily dumped or flushed into the harvesting waters could protect
water quality (Berg et al., 2000). Furthermore, imposing severe monetary
penalties for violation of overboard waste dumping and improper onboard
waste receptacles may also be an effective deterrent. Lastly, educating har-
vesters about the public health risks associated with overboard sewage dis-
posal, as well as the need for compliance with regulations for waste disposal,
are integral steps to preharvest control.

2.1.2. Harvest Water Quality: Microbiological Indicators
Historically, the fecal coliform index has been employed as an indicator of
the sanitary quality of shellfish and their harvesting waters. This index has
been considered appropriate as fecal coliforms are normal inhabitants of the
gastrointestinal tract of warm-blooded animals and are excreted in the feces
in large numbers (Jaykus, 1994). Standards exist in the United States for 
shellfish and shellfish-harvesting waters based on the enumeration of total
and fecal coliforms. The National Shellfish Sanitation Program (NSSP), a
federal/state cooperative program recognized by the U.S. Food and Drug
Administration (FDA) and the Interstate Shellfish Sanitation Conference
(ISSC), is responsible for the promotion of sanitary quality of shellfish sold
for human consumption. NSSP sponsors numerous programs to promote
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shellfish safety, including evaluation of state program elements, dealer certi-
fication, and state growing area classification, including sanitary surveys of
shellfish-growing waters (National Shellfish Sanitation Program, 2000).
Accordingly, a fecal coliform standard of less than 14MPN (most probable
number) per 100ml of water, with not more than 10% of samples exceeding
43–49MPN/100ml (depending on the microbiological method), is required
for classification of harvesting waters as approved. Outside of these 
standards, waters can be classified as conditionally approved, restricted,
or prohibited for shellfish harvesting (Somerset, 1991). Current regulations
also stipulate fecal coliform counts of less than 45MPN per 100g of shellfish
meat for fresh product to be commercially marketed.

The fecal coliform standards for shellfish, although effective in control-
ling bacterial disease transmission, do not necessarily prevent virally con-
taminated shellfish from reaching the marketplace (Kingsley et al., 2002a).
In fact, these standards may offer no indication of viral contamination, as
viruses can persist for a month or longer within shellfish or estuarine sedi-
ments, long after coliform counts have reached acceptable levels (Kingsley
and Richards, 2001). As a result, there is no clear and consistent relationship
between the occurrence of bacteriological indicators and viruses in water 
or shellfish (Sobsey and Jaykus, 1991; Jaykus et al., 1994). Romalde et al.
(2002) examined European shellfish contaminated with HAV and human
enteroviruses and confirmed that there was no correlation between the pres-
ence of the traditional bacterial indicators and enteric viruses. Power and
Collins (1989) arrived at similar conclusions when investigating depuration
of poliovirus, Escherichin. coli, and a coliphage by the common mussel,
Mytilus edulis. Apparently, E. coli was not a good indicator of the efficiency
of virus reduction during depuration, while the coliphage appeared to be a
more reliable one. These data and others confirm that compliance with the
fecal coliform end-product standards does not provide a guarantee of the
absence of enteric viruses, even in depurated shellfish. In fact, in areas where
the current European microbiological standards characterizing waters as
suitable for harvesting shellfish were in place, the infectivity of HAV in
mussels after depuration was recorded to be reduced by only 98.7% (Abad
et al., 1997b). Another study done with mussels harvested in Italy revealed
that although the product’s microbiological quality was in accordance 
with the European bacteriological standards, HAV was detected in 13 of 36
specimens (Croci et al., 2000).

As bacterial indicators generally fail to signal the potential for viral con-
tamination, bacteriophages, enteroviruses, and adenoviruses have all been
proposed as alternative indicators (Lees, 2000; Muniain-Mujika et al., 2002).
The feasibility of using human adenoviruses as indicators of human enteric
viruses in environmental and shellfish samples was suggested by Pina et al.
(1998) who reported that these viruses were easily detected and seemed to
be more abundant and stable in environmental samples. In fact, the presence
of human adenoviruses appears to correlate with the presence of other
human viruses, and they have been proposed to monitor viral contamination
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in shellfish harvested from Greece, Spain, Sweden, and the United Kingdom
(Formiga-Cruz et al., 2002). On the contrary, no solid correlation could 
be demonstrated between the occurrence of human enteroviruses and
noroviruses in estuarine waters in Switzerland (Beuret et al., 2003).

Bacteriophages, especially F-specific coliphages, somatic coliphages, and
phages of Bacteroides fragilis, have long been proposed as possible indica-
tors of viral contamination of the environment. Of these, the distribution and
survival of F-specific coliphages (also known as FRNA phage or male-
specific coliphage) are considered to be more similar to human enteric
viruses in the environment.The survivability of FRNA phage in seawater was
found to be similar to that of a variety of enteric viruses, including HAV,
poliovirus, and rotavirus (Chung and Sobsey, 1993). A study examining the
distribution of FRNA phages in shellfish harvesting areas revealed that these
phages were more resistant to environmental stresses and that their numbers
in shellfish were consistently higher than those of E. coli, indicating that their
presence in shellfish may be a more representative assessment of virus con-
tamination (Dore et al., 2003). In another study, Sinton et al. (2002) provided
evidence that FRNA phages were more resistant to sunlight inactivation than
were fecal coliforms, E. coli, enterococci, and somatic coliphages, making
them potentially more useful for monitoring the virological quality of fresh-
waters. In a recent study examining the comparative survival of feline 
calicivirus (FCV, a norovirus surrogate), E. coli and FRNA phage in dechlo-
rinated water at 4°C, 25°C, and 37°C, a correlation was found between the
survival of the phage and FCV, indicating that the phage may be a potential
environmental surrogate for noroviruses (Allwood et al., 2003).

FRNA phages have also been suggested as a complementary parameter
for evaluating the efficiency of depuration in heavily contaminated mussels.
In a study by Muniain-Mujika et al. (2002), a 5-day depuration period was
considered an adequate decontamination treatment because neither human
enteric viruses nor FRNA phages could be detected in the shellfish after that
time. The applicability of F-specific coliphage as an indicator of depuration
efficacy was confirmed by Dore and Lees (1995), who monitored the elimi-
nation patterns of E. coli and FRNA phage in contaminated mussels and
oysters. After a 48-hr depuration period, it was found that E. coli was com-
pletely eliminated but FRNA phages were still largely retained in the diges-
tive gland. The F-specific RNA bacteriophage have also been suggested as
an alternative indicator of potential norovirus contamination in depurated,
market-ready oysters (Dore et al., 2000). Formiga-Cruz et al. (2003) studied
the correlation between FRNA phages, somatic coliphages, and bacterio-
phages of B. fragilis as indicators of viral contamination in shellfish and found
that FRNA phages were better predictors of norovirus contamination than
for adenovirus, enterovirus, or HAV contamination.

Evidence that phages infecting B. fragilis RYC2056 may be a suitable
group of indicators for viral pollution in shellfish has recently been provided;
however, further research is needed to develop the appropriate metho-
dology (Muniain-Mujika et al., 2003). Earlier research from the same group
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suggested that phages infecting B. fragilis RYC2056 are preferable to phages
infecting B. fragilis HSP40 as potential indicators of viral contamination in
shellfish, as the former are more abundant is shellfish as well as in sewage
(Muniain-Mujika et al., 2000).

Callahan et al. (1995) compared the inactivation rates of HAV, poliovirus
1 (PV-1), F-specific coliphage, and somatic Salmonella bacteriophages (SS
phages) in seawater and found that SS phages survived significantly longer
at 20°C (Callahan et al., 1995). Although the final concentration of all four
viruses was reduced to similar levels at the end of the study, the rates of inac-
tivation were different. For instance, it took 10 and 4 weeks to achieve a 
4 log10 reduction of SS phages and HAV, respectively, whereas PV1 and
FRNA phages were reduced to the same extent within 1 week. The study
concluded that because SS phage persisted longer in seawater environments,
it may be a more reliable indicator of enteric virus contamination.

Somatic coliphages have also been suggested as reliable indicators of the
efficiency of shellfish depuration as they can be easily and rapidly assayed
(Power and Collins, 1989; Muniain-Mujika et al., 2002). However, Legnani
et al. (1998) observed no significant differences between the occurrence of
somatic coliphages and fecal indicator bacteria in seawater. In another study,
phages of B. fragilis and Salmonella were found not to be adequate to indi-
cate fecal contamination (Chung et al., 1998), whereas FRNA phage and
Clostridium perfringens spores were more reliable indicators of human
enteric viruses in oysters and the best predictors of fecal contamination in
water and oysters. In conclusion, the efficacy of the various bacteriophages
as indicators of enteric viruses is still under investigation.

2.1.3. Depuration and Relaying
Two preharvest control strategies rely on extending the natural filter-feeding
process of the animal in clean seawater in order to purge out microbial con-
taminants (Lees, 2000). Both methods are based on the ability of the shell-
fish to eliminate contaminating microorganisms from their digestive tracts
through normal feeding, digestion, and excretion activities. Once in clean
waters, shellfish can purge at least some of their contaminants, provided that
the water and feeding conditions (primarily temperature, salinity, and dis-
solved oxygen) are favorable (Richards, 2001).

Depuration, or controlled purification, is the process of reducing 
the levels of bacteria and viruses in contaminated, live shellfish by placing
them in a controlled water environment. In order to produce a safe and
wholesome depurated product, specific growing area classification, process
approval, and process controls are required (Somerset, 1991). Depuration
usually takes place in tanks provided with a supply of clean, often disinfec-
ted, seawater under specific operating conditions (Sobsey and Jaykus, 1991).
The more common methods of water disinfection for use in shellfish depu-
ration are ultraviolet light, chlorine, or ozonation (De Leon and Gerba,
1990). Ozone, although not a new technology, has generated renewed inter-
est for use in molluskan, shellfish depuration systems (Garrett et al., 1997).
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Because the environmental conditions during depuration are tightly con-
trolled, the process usually takes only 2–3 days (Jaykus et al., 1994; Richards,
2001). The process does not suffer from possible recontamination due to
changing environmental conditions but is not recommended for shellfish 
harvested from heavily contaminated (prohibited) waters (Roderick and
Schneider, 1994).

Relaying, or natural purification, refers to the transfer of shellfish from
contaminated growing areas to approved areas (Sobsey and Jaykus, 1991).
Although relaying has lower initial costs compared with depuration, its draw-
backs include a lower yield of marketable product and a less steady supply
due to environmental variations (Blogoslawski, 1991). In addition, relaying
requires extended periods (often 10 days to 2 weeks or more) (Richards,
2001) and is sometimes limited by the availability of suitable pristine coastal
areas (Lees, 2000).

Depuration is used extensively around the world and has been success-
ful in reducing bacterial illnesses associated with shellfish consumption in 
the United Kingdom (Sobsey and Jaykus, 1991). Generally, nonindigenous
(enteric) bacteria are rapidly (usually within 48hr) reduced to nondetectable
levels by depuration, while viruses are purged more slowly and may persist
for several days (Richards, 2001). It is important to note that the efficiency
of both depuration and relaying processes is influenced by numerous factors
such as type of shellfish, individual variation in feeding rates, initial level of
virus contamination, temperature, turbidity, availability of particulate matter,
salinity, pH and oxygen availability (Cook and Ellender, 1986; Sobsey and
Jaykus, 1991).

Nevertheless, depurated shellfish can also cause enteric viral illness either
as a result of inadequate process control or due to insufficiency of the process
itself. Consequently, only lightly contaminated shellfish should be subjected
to depuration, whereas the more heavily contaminated ones should be
relayed for extended periods of time (Richards, 2001). Most food-borne out-
breaks associated with depurated shellfish have been caused by HAV, as this
virus does not appear to be as readily eliminated during depuration as do
other virus types (Richards, 2001). In an Italian study of 290 mussels collected
from various sources, HAV RNA was detected in 20% (20/100) of the 
nondepurated mussels, 11.1% (10/90) of the depurated samples, and 23%
(23/100) of the mussels sampled from different seafood markets (Chironna
et al., 2002). These authors concluded that this high prevalence of contami-
nation could be due to the practice of keeping shellfish alive for prolonged
periods in possibly contaminated waters or else due to inefficient and/or
inadequate depuration. Another Italian study examined the effectiveness 
of depuration on the decontamination of mussels contaminated with HAV
(De Medici et al., 2001). By using a closed-circuit depuration system with
constant levels of salinity and temperature and with both ozone and UV 
disinfection of water, the initial levels of HAV were reduced significantly
after 48hr, but extending depuration to 120hr allowed for detectable virus
reconcentration.
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2.2. Postharvest Control Strategies

2.2.1. Temperature
Temperature control, particularly the use of refrigeration temperatures, is a
long-accepted method to control the growth of bacterial spoilage microor-
ganisms and pathogens in food. Unfortunately, because enteric viruses do not
grow in foods and are in fact quite persistent in low-temperature environ-
ments, this approach is not very effective for their control. Indeed, the
common practice of icing and freezing are likely to facilitate the survival of
viruses, as these are widely used as laboratory preservation techniques (Lees,
2000). With respect to temperature control, a study done with Olympic
oysters contaminated with poliovirus showed that even after 15 days of
storage at 5°C, the virus titer was reduced by only 60%, while after extended
storage for 30 days at 5°C, 13% of the input virus remained infectious
(DiGirolamo et al., 1970).The same group of researchers studied the survival
of poliovirus in Pacific oysters kept at −17.5°C and concluded that after 
4 weeks of storage, the virus titer was reduced by little more than 
0.5 log10, while further storage for 12 weeks resulted in a 1 log10 reduction
(DiGirolamo et al., 1970).Tierney et al. (1982) reported survival of infectious
poliovirus after a 28-day period of storage at 5°C (Tierney et al., 1982).
Greening et al. (2001) found poliovirus type 2 to persist in green-lipped
mussels, Perna canaliculus, even after 2 days of refrigeration (81% of the
original titer was recovered), as well as after 28 days of storage at −20°C
(44% of the initial titer was detected) (Greening et al., 2001). When T4 col-
iphage was used as a surrogate for enterovirus contamination in West Coast
crabs (Cancer magister and C. antennarius), less than 1 log10 reduction in virus
titer was obtained when the crabs were kept for 120hr at 8°C, and about 25%
of the input coliphage could still be recovered when the crabs were stored
at −20°C for 30 days (DiGirolamo and Daley, 1973).

Early thermal inactivation study focused on HAV in steamed clams
showed that it took 4 to 6min of steaming for complete virus elimination, at
which point the internal temperature of the clam tissue was 100°C (Koff and
Sear, 1967). The authors suggested that it would not be safe to consume
steamed clams when they first open, as opening of the shells usually happens
within the first minute of steaming. In mussels contaminated with HAV 
and subjected to steaming for 5min, 0.14% of the initial HAV could still be
recovered (Abad et al., 1997). Pacific oysters artificially contaminated with
poliovirus were heat processed by stewing, frying, baking, and steaming, with
virus inactivation barely exceeding 90% after conventional cooking times for
each treatment (DiGirolamo et al., 1970). Studies in artificially contaminated
cockles revealed that HAV was only partially reduced when the shellfish
were immersed for 1min in water at 85°C, 90°C, or 95°C or when steamed
for the same period. For complete inactivation of HAV, the internal temper-
ature of the shellfish had to reach 85–90°C and be maintained there for 1min
(Millard et al., 1987). Similarly, another study reported that heat treatment
at 100°C for 2min (internal temperature of 90°C) was needed to assure com-
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plete inactivation of HAV in artificially contaminated mussels (Croci et al.,
1999).

The failure of several cooking methods (grilling, stewing, and frying) to
prevent a large oyster-associated gastroenteritis outbreak was reported in
Florida in January 1995 (McDonnell et al., 1997). However, experimental
data from the inactivation of feline calicivirus (FCV), a norovirus surrogate,
showed that the previous heat-processing recommendations (internal tem-
perature of 90°C for 1.5min) for the elimination of HAV in cockles could
also successfully eliminate FCV in shellfish (Slomka and Appleton, 1998).
The survival of FCV was studied at 56°C, 70°C, and 100°C and it was found
that 7.5 log10 titer of FCV could be completely inactivated (i.e., nondetectable
by infectivity assay) by heating for 5min at 70°C or for 1min at 100°C 
(Doultree et al., 1999). Apart from this study, there has been little work done
to determine the thermal inactivation kinetics of the noroviruses. Although
not studied per se, a 1988 outbreak of HAV linked to a fast-food restaurant
in Tennessee suggested that microwave heating may partially inactivate the
virus, as customers who reheated their sandwiches before consumption did
not develop clinical illness (Mishu et al., 1990).

Not unlike bacteria, the type of virus and the matrix in which the viruses
are suspended play a significant role in virus sensitivity to heat (Millard et
al., 1987; Croci et al., 1999). For instance, a longer heat treatment was nec-
essary to inactivate HAV suspended in shellfish homogenate compared with
the same amount of virus suspended in buffer (Croci et al., 1999). Because
shellfish tissue is dense and the virus is likely to be concentrated in the diges-
tive diverticula, heat penetration of this product is of particular concern. It
must also be recognized that variability of shellfish species, size, time after
harvest, contamination level, and cooking conditions account for the diffi-
culty in establishing a minimum cooking time for complete virus inactivation
(De Leon and Gerba, 1990). Moreover, standardization of conditions of
commercial heat treatment of shellfish may be difficult because excessive
heating may result in undesirable organoleptic changes such as toughening
of meat texture.

2.2.2. Ionizing Radiation
Although not a promising technology, ionizing radiation has also been tested
as a means to inactivate viruses in shellfish. Oysters (Crassostrea virginica),
hard-shelled clams (Mercenaria mercenaria), and soft-shelled clams (Mya
arenaria) were contaminated with HAV and rotavirus strain SA-11 and
treated with irradiation doses ranging from 1 to 7kGy. Although a 3-kGy
dose resulted in a 95% reduction in virus load, the organoleptic properties
of the shellfish also deteriorated at this dose. Using a lower dose of 2kGy
resulted in less than 95% virus inactivation and a product with adequate
sensory quality (Mallet et al., 1991). The authors suggested that combining
depuration with radiation doses of 2kGy may effectively decontaminate
shellfish, although it is recognized that such an approach would likely be very
costly.
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2.2.3. High Hydrostatic Pressure Processing
Recently, alternative technologies, particularly high hydrostatic pressure
(HPP), have been proposed for the inactivation of HAV and noroviruses in
shellfish (Kingsley et al., 2002b). The shellfish industry is very interested in
HPP as it has previously been shown to eliminate Vibrio species in oysters
while maintaining the organoleptic properties of the raw shellfish meat
(Berlin et al., 1999). In model studies, HAV and FCV (a norovirus surrogate)
suspended in tissue culture medium were eliminated after exposure to 
450MPa for 5min and 275MPa for 5min, respectively. However, model
studies with poliovirus showed a general failure of high pressure to inacti-
vate the virus, even at pressures as high as 600MPa for 15min (Wilkinson
et al., 2001). Extending the pressure treatment for 1hr had no significant
effect on reducing virus infectivity. The authors proposed that perhaps the
pressure resistance of poliovirus is correlated with capsid composition. It is
clear that further research is needed before HPP can be considered as a
viable option for the inactivation of viruses in raw molluskan shellfish.

3.0. PRODUCE

A number of viral food-borne disease outbreaks associated with the con-
sumption of contaminated raw produce have occurred over the past several
years, presumably due to the combined effect of increased consumption and
better epidemiological surveillance (Centers for Disease Control, 2003c). For
example, between 1988 and 1997, the U.S. CDC reported 130 food-borne
outbreaks linked to the consumption of fresh produce. A report published
by the Public Health Laboratory Service (PHLS) in England and Wales indi-
cated that 83 outbreaks between 1992 and 1999 were associated with the con-
sumption of contaminated salad vegetables or fruit (O’Brien et al., 2000). Of
the viral agents, HAV and noroviruses are most commonly documented as
contaminating fruits and vegetables. Although fresh produce can certainly
serve as a vehicle for the transmission of viral food-borne disease, the exact
attribution of this commodity group to the overall burden of this set of 
diseases is unknown. Furthermore, we know relatively little about the 
persistence of enteric viruses when they contaminate produce, and the data
regarding the efficacy of various virus inactivation methods intended for use
on fresh produce are limited and variable (Seymour and Appleton, 2001;
Lukasik et al., 2003). Taken together, this means that there is much to learn
about viruses in this food commodity.

In most instances, contamination of fruits and vegetables with enteric
viruses is believed to occur before the product reaches food service estab-
lishments (Koopmans et al., 2002). Sources of such contamination include
contaminated soil, contaminated irrigation or washing water, or infected
food-handlers who harvest and handle the produce (Lopman et al., 2002).
Treatment of sewage sludge by drying, pasteurization, anaerobic digestion,
and composting can reduce but not eliminate viruses, especially the more
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thermoresistant ones (Metcalf et al., 1995). Therefore, using recycled sewage
effluent and sludge to irrigate or fertilize crops intended for human con-
sumption carries with it the risk of virus contamination (Ward et al., 1982).
Likewise, soils can also become contaminated by land disposal of sewage
sludge and through the use of fecally impacted irrigation water. Viruses can
survive in contaminated soil for long periods of time depending on factors
such as growing season, soil composition, temperature, rainfall, resident
microflora, and virus type (Yates et al., 1985; Seymour and Appleton, 2001).

It is believed that most virus contamination occurs mainly on the surface
of fresh produce, although a few studies have reported on the potential for
uptake and translocation of virus within damaged plant tissue (Seymour and
Appleton, 2001). Use of wastewater for spray irrigation may be particularly
risky as this may facilitate virus attachment to produce surfaces (Richards,
2001). Green onions and other select produce items may be particularly
prone to virus contamination because their surfaces are complex, allowing
fecal matter and other organic materials to adhere tenaciously (Centers for
Disease Control, 2003c). The survival of viruses on vegetables has been
shown to be dependent on pH, moisture content, and temperature (Harris
et al., 2002). Because noroviruses and HAV have been associated with a
number of produce-associated outbreaks, it seems possible, though not yet
supported by studies, that these viruses may be resistant to some of the 
virucidal substances naturally found in produce such as organic acids, and
phenolic and sulfur compounds (Seymour and Appleton, 2001).

As items implicated in outbreaks are usually picked and processed long
before consumption, it is often difficult to identify the point at which con-
tamination occurred (Hutin et al., 1999). Moreover, locating the growing site
of a particular produce item may be complicated. For example, in the case
of an HAV outbreak linked to imported lettuce, the names of the farms sup-
plying the lettuce were not included on the product labels, making it impos-
sible to trace the geographic origin of the produce item (Rosenblum et al.,
1990). When combined with issues such as poor patient recall and the
extended incubation period for HAV, trace-back of contaminated product is
very difficult (Calder et al., 2003; Fiore, 2004).

Items such as green onions, which have recently been implicated in HAV
outbreaks in the United States, may become contaminated at any time during
the production and processing continuum by contaminated soils, water, or
human handling. However, as this particular produce requires extensive
human handling during harvesting, it has been suggested that human 
handling is perhaps the most likely source of virus contamination (Dentinger
et al., 2001). Several recent enteric virus outbreaks associated with the 
consumption of contaminated fresh produce are presented in Table 13.2.

3.1. Preharvest Control Strategies

The Guide to Minimize Microbial Food Safety Hazards for Fresh Fruits and
Vegetables (U.S. Food and Drug Administration, 1998) provides a framework
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for the identification and implementation of practices likely to decrease the
risk of pathogen contamination in fresh produce from production, packag-
ing, and transport based on Good Agricultural Practices (GAPs) and Good
Manufacturing Practices (GMPs). This document provides guidance for the
proper management, handling, and application of animal manure. Emphasis
should also be placed on assuring that waters used in production (for irriga-
tion and pesticide application) are of high quality and do not present a
human health hazard. There is, however, little conclusive data regarding the
efficacy of sewage treatment on virus inactivation or on the degree of virus
persistence in treated sewage or sludge. The virucidal efficacy of sewage dis-
infection can often be limited due to virus aggregation and association with
particulate matter, and the occurrence of enteric viruses in sewage is usually
sporadic. Estimates of the efficacy of secondary sewage treatment and disin-
fection on enteric viruses removal range from 1 to 2 orders of magnitude,
while chlorination can remove an additional 1–3 orders of magnitude of
enteric viruses depending on the dose, temperature, and contact time
(Schaub and Oshiro, 2000). Unfortunately, sewage spills, storm-related con-
tamination of surface waters, illicit discharge of waste, and residential septic
system failures are widely recognized as the leading sources of surface water
and groundwater contamination, which may impact fruit and vegetable pro-
duction (Suslow et al., 2003). Scientific reports that document the feasibility
and performance of various methods of on-farm water treatment (such as
chlorination, peroxyacetic acid, UV, and ozone treatment) are also scarce.
The risk associated with the reuse of wastewater for irrigation also requires
further investigation (Gantzer et al., 2001).

Because many produce items are subjected to extensive human handling
during harvesting, preharvest food safety strategies should also focus on food
handlers. On-site toilet and hand-washing facilities should be readily acces-
sible, well supplied, and kept clean. All employees (full-time, part-time, and
seasonal personnel), including supervisors, should have a good working
knowledge of basic sanitation and hygiene principles, including proper hand-
washing techniques (FDA, 1998). The employees should be instructed to
report any active cases of illness to their supervisors before beginning work
(Koopmans et al., 2002). Furthermore, the presence of children at picking
sites should be discouraged, and appropriate childcare programs should be
available so that workers are not forced to bring their young children into
the fields (Fiore, 2004).

3.2. Postharvest Control Strategies
Many produce items are washed before entering the distribution phase of
the farm-to-fork chain. Washing fresh produce can reduce overall microbial
food safety hazards so long as the water used in such rinses is of adequate
quality. Of course, water (and ice) used for rinsing and packaging must orig-
inate from a pristine source or be decontaminated with chlorine or by some
other disinfection method. However, washing and disinfection may not be
sufficient to eliminate viral contamination from vegetables. Surface mor-
phology and physiologic characteristics of the produce item(s) certainly com-
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plicate disinfection efficacy; leafy vegetables can be more difficult to decon-
taminate because of their rough or wrinkled surfaces, and small fruits like
raspberries and blackberries have more porous and complex surfaces that
can entrap virus particles (Richards, 2001). When fresh produce is cut or
damaged, viruses can be sequestered in abrasions. The most commonly used
sanitizers for washing fruits and vegetables are chlorine, chlorine dioxide, and
organic acids (Seymour and Appleton, 2001). Ozone has been put forth as a
potential disinfectant but may be less promising because oxidation of food
components may result in discoloration as well as deterioration of flavor.
Toxicity and reactivity are other disadvantages associated with ozone.

3.2.1. Water, Produce Washes, and Household Chemicals
Produce items are frequently washed at numerous steps along the post-
harvest continuum. A general rule of thumb is that water washing alone can
remove about 1 log10 of microbiological contaminants from the surface of
produce items, keeping in mind that this estimate varies with factors such as
produce type, virus type, degree of viral contamination, and water tempera-
ture. For instance, Lukasik et al. (2003) evaluated a variety of simple methods
to remove viruses from a model produce commodity. Using strawberries 
artificially contaminated with poliovirus and bacteriophages MS2, ΦX174,
and PRD1, these investigators found that water immersion and hand rubbing
of the berries in water held at 22°C or 43°C resulted in removal or inactiva-
tion of 41–79% and 60–90% of the input virus, respectively. Overall, hand
rubbing in water held at a higher temperature (43°C) facilitated virus
removal. These same investigators also evaluated a commercial produce
wash called Fit® (Proctor and Gamble) for its ability to reduce virus load in
artificially contaminated strawberries and found that virus inactivation
ranged between 80% and 90%. Finally, these authors reported that automatic
dishwashing detergent (ADWD, 0.05%) and 10% vinegar were more effec-
tive than Healthy Harvest®, 0.05% liquid dishwashing detergent, or 2%
NaCl for removal of viruses from strawberries immersed in lukewarm water.
In this case, supplementing washwater with vinegar and ADWD produced
virus reductions ranging from 95% to >99% (Lukasik et al., 2003).

3.2.2. Chlorine, Chlorine Dioxide, and Other Comparative Studies
There is a long history of using chlorine to control microbial contamination
in water. Unfortunately, there is a paucity of published data regarding the
efficacy of chlorine in the inactivation of viruses from the surface of produce
items. In one recent study, Lukasik et al. (2003) reported on the efficacy of
chlorine in inactivating viruses from inoculated strawberries. The levels of
bacteriophages MS2, ΦX174, and PRD1 and poliovirus type 1 were reduced
by 70.4% to 99.5% when strawberries were immersed for 2min in 43°C water
containing 0.3ppm to 300ppm of chlorine. Free chlorine at 200ppm was 
considered optimal because it gave the same degree of inactivation as did
300ppm free chlorine.

The HAV was reduced more readily (around 96%) when strawberries
were washed in tap water supplemented with 2ppm chlorine dioxide (ClO2)
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for 30min, as compared with the same ClO2 concentration used in wash water
for a 30-s exposure period (around 67% inactivation). These results suggest
that, under realistic processing conditions, chlorine dioxide washes are not
very effective in reducing viral risks associated with this product (Mariam
and Cliver, 2000).

In a study comparing the antiviral activity of commonly used antimicro-
bials (5.25% sodium hypochlorite, quaternary ammonium compounds, and
15% peroxyacetic acid–11% hydrogen peroxide) for rinsing produce, it was
found that FCV could survive in strawberries and lettuce after they had been
washed for 10min at room temperature (Gulati et al., 2001). Only peroxy-
acetic acid–hydrogen peroxide formulations were proved to effectively
reduce FCV titers by 3 log10, although this occurred only at concentrations
four times higher than those permitted by the FDA. In general, organic 
acids are unlikely to cause significant inactivation of enteric viruses, because
viruses have mechanisms that facilitate their survival in the low acidity of the
stomach. For example, HAV has been demonstrated to be extremely acid
stable, remaining infectious after 5hr of exposure to pH 1 at room temper-
ature (Scholz et al., 1989).

In a recent study, trisodium phosphate (TSP; 1%), a common household
cleaner, was found to be as effective as 0.5% hydrogen peroxide for the
reduction of representative bacteriophages and poliovirus type 1 from 
artificially inoculated strawberries immersed in water held at 43°C; the 
inactivation rates ranged from 97% to >99% (Lukasik et al., 2003). A 0.5%
solution of hydrogen peroxide, however, caused bleaching of the product and
although this was ameliorated with a 10-fold decrease in concentration, the
efficacy of the 0.05% peroxide solution was essentially the same as that of
tap water washes alone. Cetylpyridinium chloride (CPC) was less effective
at virus inactivation, ranging from 85% to 97% when applied to the surface
of the strawberries (Lukasik et al., 2003).

Taken together, the data on chemical disinfection for the inactivation of
viruses from food surfaces is not all that promising and is quite variable. For
instance, disinfectants incorporated in the wash water may not be effective
in removing or inactivating viruses that have penetrated through the skin of
the produce or those that might have entered tissues through cuts and abra-
sions.An additional hurdle is that the surfaces and textures of fruits and vege-
tables may be rough, wrinkled (leafy vegetables), or porous (strawberries,
raspberries, and blackberries), allowing the entrapment of viruses, thereby
sequestering them from disinfectants. In general, washing produce items indi-
vidually rather than in bulk is recommended, as bulk washing may result in
the infiltration of viruses into produce items that were not initially contam-
inated, (Richards, 2001).

3.2.3. Alternative Decontamination Methods
Ultraviolet radiation has been suggested as an alternative to chlorine for
water disinfection. FCV and poliovirus type 1 have proved to be highly sus-
ceptible to inactivation by UV radiation, with 3 log10 reductions achieved by
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doses of 23 and 40mJ/cm2, respectively (Gerba et al., 2002; Thurston-
Enriquez et al., 2003). Bench-scale ozone disinfection of water using a dose
of 0.37mg of ozone/liter at pH 7 and 5°C resulted in at least a 3 log10 reduc-
tion of norovirus and poliovirus type 1 within a contact time of 10s. This
promising technology may some day prove to be an alternative to chlorine
for the disinfection of produce wash water. Although many novel disinfec-
tant washes with effective antiviral properties are available at the consumer
and processor levels, their use directly on produce surfaces is frequently pro-
hibitive due to unacceptable organoleptic changes in the produce. Likewise,
gamma radiation between 2.7 and 3.0kGy has been shown to reduce HAV
on lettuce and strawberry surfaces by 1 log10. However, this dose currently
exceeds the U.S. standards for the use of irradiation to control sprouting and
pest infestation in produce items (Bidawid et al., 2000).

3.2.4. Temperature
Viruses can survive in contaminated fruits and vegetables under household
refrigeration conditions (Kurdziel et al., 2001). The survival of poliovirus on
the surface of foods has been demonstrated in many previous studies (Ansari
et al., 1988; Mbithi et al., 1992; Abad et al., 1994). For example, poliovirus
titers dropped by 1 log10 after 12 days of refrigerated storage in lettuce and
white cabbage, whereas on green onions and fresh raspberries its concentra-
tion remained unchanged under the same storage conditions. Similarly,
a study on the persistence of HAV on fresh produce (lettuce, fennel, and
carrot) demonstrated produce-specific variation in the ability of the virus to
withstand refrigeration. More specifically, HAV survived on lettuce until the
ninth day of refrigeration but decreased to undetectable levels after 7 and 4
days of refrigeration on fennel and carrots, respectively (Croci et al., 2002).

In a multistate HAV outbreak associated with the consumption of frozen
strawberries, it was apparent that the virus had survived storage at frozen
temperatures for up to 2 years (Niu et al., 1992). In a laboratory-based study
of frozen strawberries contaminated with poliovirus, the investigators found
only 1 log10 reduction in virus titer within the first 9 days of freezing 
(Kurdziel et al., 2001). Rotavirus SA-11 survived for almost a month on
lettuce, radishes, and carrots when stored at refrigeration temperatures,
while survival was significantly less when the produce was stored at room
temperature (Badawy et al., 1985). In another study, 93% of the initial
rotavirus contamination could still be recovered from lettuce after the inocu-
lum was allowed to dry for 4hr at room temperature (O’Mahony et al., 2000).

4.0. READY-TO-EAT FOODS

Ready-to-eat (RTE) foods are defined as those products that are edible
without washing, cooking, or additional preparation by the consumer or by
the food service establishment (Public Health Service, 1999). In general, this
means that such foods are not subjected to a terminal heating step prior to
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consumption. In RTE foods, transmission of enteric viruses through food
handlers is widespread. Indeed, recent epidemiological surveillance data
(1988 to 1992) indicate that poor personal hygiene of infected food-handlers
was the most commonly cited factor contributing to food-borne outbreaks
of HAV (96%) and norovirus-associated gastroenteritis (78%) (Bean et al.,
1997). The cost of viral disease outbreaks due to infected food-workers can
in some instances be very high because they frequently involve secondary
transmission, and, especially for HAV, the cost of widespread prophylaxis is
very high (Daniels et al., 2000).

4.1. The Epidemiological Significance of RTE Foods

4.1.1. The Role of Fecal-Oral Transmission
Food handlers may transmit viruses to foods from a contaminated surface,
from another food, or from contaminated hands. The ultimate source of 
viral contamination is usually human fecal matter, although vomitus may also
contain infectious virus. Because contamination of RTE foods occurs post-
processing, no level of upstream food processing will control the problem
(Richards, 2001). One of the major hazards for cooked RTE foods arises
through handling with bare hands (Bryan, 1995). Technically, any RTE food
handled by a symptomatic or asymptomatic virus carrier can become con-
taminated. However, certain food products have received considerably more
attention (e.g., salads, raw fruits and vegetables, bakery products) over the
years, probably due to their association with high-profile outbreaks. Recent
enteric virus outbreaks associated with RTE foods are shown in Table 13.3.

Nonenveloped viruses, such as rotavirus, noroviruses and HAV, survive
better on skin than do enveloped ones such as herpes and influenza viruses
(Springthorpe and Sattar, 1998).There is strong evidence suggesting that con-
taminated hands frequently play a role in virus spread, acting as either virus
donors or recipients. Hands can become contaminated by direct contact with
any virus-containing fluid from self or others; they may also become indi-
vidually contaminated by contacting virus-contaminated surfaces or objects
(Sattar et al., 2002). The extent of such contamination will vary depending
on a variety of factors, including the virus load, the degree of discharge from
the host, the hand-washing habits of the infected person, and the efficiency
with which virus is transferred and persists. Considerable amounts of HAV
(16–30% of the initially recoverable virus) remained infectious on finger
pads after 4hr, even though 68% of viral infectivity was lost within the first
1hr (Mbithi et al., 1992). In another study, rotavirus remained infectious 
on human hands for 60min after its inoculation, and it could be transferred
from the contaminated hands to animate and nonporous inanimate surfaces
(Ansari et al., 1988). In fact, twice as much virus was transferred by the hand-
to-hand route when compared with that transferred between hands and 
nonporous inanimate surfaces. Transfer studies with PDR-1 phage, used as a
surrogate for human viruses, revealed that infectious particles could be trans-
mitted under ordinary circumstances from the surface of fomites, such as
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telephone receivers, to the hands of a person using the receiver. If there were
subsequent fingertip-to-mouth contact, infection might result (Rusin et al.,
2002).

Hepatitis A, with an incubation period of 15–50 days, appears more
readily transmitted during the latter half of the incubation period, meaning
that food workers in retail settings with acute HAV infection can readily con-
taminate RTE products if they do not practice adequate personal hygiene
(Daniels et al., 2000). Although adults are considered infectious only in the
first few days of a norovirus infection, it has been shown recently that they
can shed viruses in their feces for up to 2 weeks from disease onset (White
et al., 1986; Yotsuyanagi et al., 1996; Parashar et al., 1998). Infected infants
may be able to shed virus for more than 2 weeks (Daniels et al., 2000).
Further complicating the issue is evidence of presymptomatic fecal excretion
from food handlers while incubating the disease (Lo et al., 1994). Indeed, an
outbreak has been documented in which a food handler was able to trans-
mit calicivirus a few hours before becoming symptomatic (Gaulin et al.,
1999).

4.1.2. The Role of Vomitus and Secondary Spread
Although the fecal-oral transmission route is the most important in pro-
moting the spread of noroviruses, the role of vomitus cannot be overlooked.
More than 30 million virus particles can be liberated from one vomiting
episode, and when compared with an infectious dose of 10–100 particles, this
is a significant virus load (Caul, 1994). The importance of this lies in its con-
tribution to secondary spread, because aerosolization of vomitus can result
in infection of exposed subjects who inhale and subsequently swallow the
aerosolized virus (Marks et al., 2000). Air currents generated by air condi-
tioning or open windows can disperse aerosols widely (Caul, 1994), while
ceiling fans can also contribute to the virus spread (Marks et al., 2000).
Evidence for respiratory spread has not been documented, and seems
unlikely, as replication of noroviruses in respiratory mucosal cells does not
occur (Lopman et al., 2002).

4.1.3. The Role of Fomites
Enteric viruses may persist for extended periods of time in foods and on
materials and objects that are commonly found in institutions and domestic
environments, including paper, cotton cloth, aluminum, china, latex, and poly-
styrene (Abad et al., 1994). Thus, viruses can be transmitted by mechanical
transfer from the contaminated object (Lo et al., 1994). A recent outbreak
of norovirus in an elder-care residential hostel in Australia is a case in point.
In this case, the vomitus of an infected individual served as the source of virus
that contaminated furniture and carpets. The virus remained infectious even
after these items were professionally cleaned, serving as an intermediate
source of virus transmission (Liu et al., 2003). In general, it is difficult to
investigate whether and to what extent fomites assist in the spread of enteric
viruses (Abad et al., 1994). Moreover, apart from more predictable surfaces
like carpets and toilets seats, other surfaces such as lockers, curtains, and com-
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modes have also been implicated in virus transmission in hospital outbreaks
(Green et al., 1998).

4.2. Prevention Strategies

4.2.1. Decontamination of Hands
For hand decontamination to be successful in controlling viral food-borne
disease outbreaks, three elements must be in place: (i) an effective disin-
fecting agent, (ii) adequate use instructions, and (iii) regular compliance
(Sattar et al., 2002). Because hands are believed to play an important role in
virus spread, the efficiency of several hand-washing agents has been investi-
gated. In the first of such studies, Mbithi et al. (1993) showed that most
surface disinfectants, even the alcohol-containing ones, were not able to elim-
inate poliovirus type 1 and HAV, based on an efficacy criteria of a 3 log10

reduction in virus titer (99.9% inactivation).A medicated liquid soap was the
most effective against both viruses, although there were virus-to-virus dif-
ferences in inactivation. Disturbing was the fact that as much as 20% of the
initial virus inoculum could still be detected on hands after washing and
drying, and nearly 2% of the input virus could be readily transferred to other
surfaces.These investigators pointed to a need for establishment of new stan-
dards in the selection of effective formulations for hand-washing agents with
respect to antiviral activities (Mbithi et al., 1993). Moreover, it is generally
recognized that more work is needed to establish a standard hand-washing
regimen upon which inactivation claims against viruses can be based for
labeling purposes (Sattar et al., 2002). In a study of the efficacy of common
hand disinfectants against a porcine enterovirus, all of the agents were
proved ineffective with the exception of a 1% chlorine bleach solution
(Cliver and Kostenbader, 1984). Ethanol-based hand rubs contributed to the
reduction of FCV spread, but because they were not as effective as water
and soap, the investigators suggested that they are perhaps more useful in
the decontamination of hands between hand-washing events (Bidawid et al.,
2004). A recent study suggested that contact for 30s with 1-propanol or
ethanol solutions on hands could reduce FCV titer as much as 4 log10 (Gehrke
et al., 2004). The same study indicated that an increase in disinfection effec-
tiveness did not correlate with an increase in alcohol concentration, as
alcohol-based solutions of 70% were more effective against FCV than were
90% solutions.This is in agreement with earlier findings reporting that a 70%
alcohol formulation was effective for decontaminating rotavirus from hands
(Ansari et al., 1989). The same group investigated the efficacy of aqueous
solutions of chlorhexidine gluconate (Savlon and Cida-stat) in reducing
rotavirus from hands, and the degree of virus removal was the same as that
observed with tap water alone (Ansari et al., 1989).

Nearly 46%, 18%, and 13% of infectious FCV was transmitted from
experimentally contaminated hands to ham, lettuce, and metal surfaces,
respectively (Bidawid et al., 2004). On the contrary, less efficient virus trans-
fer occurred from contaminated ham (6%), lettuce (14%), and metal sur-
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faces (7%) to hands. In both cases, FCV transfer could be significantly inter-
rupted if soiled hands were washed with water or both water and soap before
contacting the recipient surface (Bidawid et al., 2004). Hand-washing with
water was similarly effective in interrupting HAV transfer from contami-
nated hands to lettuce (Bidawid et al., 2000). The reduction of rotavirus from
finger pads was approximately 3 log10 better when using a gel containing 60%
ethanol as a hand disinfectant than using a simple hard-water rinse (Sattar
et al., 2000). Water rinsing after the application of the hand antiseptic agent
followed by immediate drying can provide further reduction of viruses on
washed hands (Ansari et al., 1989). Tap water is used in most studies for
rinsing hands, although its composition may vary geographically and tempo-
rally. Moreover, organic and inorganic compounds in water may facilitate the
removal of viruses from hands (Ansari et al., 1989). Residual moisture on
hands after hand-washing has been found to play an important role in the
transfer of viruses (Springthorpe and Sattar, 1998), meaning that air drying
may be a critical step for virus removal, especially if the hand-washing agents
are not very effective (Ansari et al., 1991). Hot-air drying of hands contam-
inated with porcine enterovirus type 3 was found to reduce the virus titer by
92% (Cliver and Kostenbader, 1984). A study by Ansari et al. (1991) found
that, regardless of the hand-washing agent used, electric air drying produced
the highest reduction in rotavirus when compared with either paper towels
or cloth towels. For instance, after washing with soap and water and with 
no drying step, there was a 77% reduction of rotavirus on hands. On the 
other hand, a reduction of 92% was observed after warm-air drying com-
pared with 87% and 80% virus removal using paper towel or cloth drying,
respectively.

4.2.2. Decontamination of Surfaces
Contaminated surfaces can readily transmit viruses to hands or food upon
contact. The survival of human enteric viruses on environmental surfaces
depends on several factors, including temperature, relative humidity, type of
surface, and virus type. The results of several surface inactivation studies 
are summarized in Table 13.4. HAV, for example, can remain infectious on
nonporous inanimate surfaces for several days, and this survival is influenced
by relative humidity and air temperature (Mbithi et al., 1991). In a large
study, Mbithi et al. (1991) reported that the half-life of HAV ranged from
more than 7 days at relatively low humidity and 5°C to about 2hr at high
humidity and 35°C. On the contrary, under the same experimental conditions,
poliovirus type 1 survival was proportional to the level of relative humidity
and temperature, with longer survival occurring at high relative humidity.

The persistence of human enteric viruses on environmental surfaces in
the presence of fecal material has been investigated with results varying by
both virus and surface. Abad et al. (1994) found that the survival of human
rotavirus and HAV on surfaces was not affected by the presence of fecal
material, while enteric adenovirus and poliovirus persistence on nonporous
surfaces (aluminum, china, glazed tile, latex, and polystyrene) was enhanced
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by the presence of feces. The persistence of the latter two viruses was unaf-
fected, however, by the presence of fecal matter when deposited on porous
(paper and cotton cloth) surfaces. Other important findings from this study
focused on the ability of each virus to survive when dried on a surface. For
example, the reduction of HAV and human rotavirus infectivity when placed
on several fomites and dried for a period of 3–5hr was not as significant as
it was for adenovirus and poliovirus, implying that the former two viruses
may be more likely to be transmitted after substantial environmental per-
sistence. In another study, rotavirus SA-11 suspended in a stool preparation
could be detected on contaminated environmental surfaces after 60min of
drying, while the same virus survived for only 30min when suspended in
water (Keswick et al., 1983). Similarly, cell culture–adapted human rotavirus
was found to be significantly protected from drying when it was in a 10%
fecal suspension rather than in distilled water (Ward et al., 1991). The pres-
ence of fecal material not only increases virus survival but has also been
shown to protect poliovirus from the action of disinfectants (Hejkal et al.,
1979). In fact, a fourfold increase in residual chlorine was required to achieve
the same degree of inactivation for poliovirus type 1 suspended in feces as
compared with a suspension of free virus at pH 8 and 22°C.

Cleaning and disinfection of surfaces are of major importance in the pre-
vention of enteric viral disease. In general, there is a paucity of information
on the efficacy of most commercial disinfectants against enteric viruses.
Comparing a range of disinfectants used on experimentally contaminated
polystyrene surfaces under conditions suggested by the manufacturer, only
sodium chlorite proved to be effective against HAV and human rotavirus
(Abad et al., 1994, 1997a). Work done with several commercial disinfectants
used in the food industry showed that only products containing gluteralde-
hyde and sodium hypochlorite were effective in HAV inactivation, and their
efficacy improved when the compounds were used at high concentrations and
for a relatively long time (Jean et al., 2003). A majority of chemical disin-
fectants used in both institutional and domestic environments do not effec-
tively inactivate HAV (Mbithi et al., 1990). Of the 20 formulations tested,
only 2% gluteraldehyde, a quaternary ammonium compound containing
23% HCl, and sodium hypochlorite with free chlorine in excess of 5,000ppm
had demonstrable virucidal efficacy. These results supported the use of
sodium hypochlorite for surface disinfection and were validated in a more
recent study using FCV as a norovirus surrogate (Gulati et al., 2001). From
a variety of disinfectants used at manufacturer-recommended concentra-
tions, only sodium hypochlorite at 5,000ppm available chlorine (200ppm of
chlorine is the FDA allowable level) was effective in reducing more than 
3 log10 of FCV. In another study, the efficacy of commercially available 
disinfectants was tested and the most suitable for environmental surfaces was
reported to be freshly prepared hypochlorite solution at high concentrations
(1,000ppm) (Doultree et al., 1999). In a transfer study, Sattar et al. (1994)
reported a 4 log10 inactivation of rotavirus transfer from stainless steel disks
to fingerpads of volunteers using a disinfectant spray (0.1% o-phenyl phenol
and 79% ethanol), while domestic bleach (6% sodium hypochlorite diluted
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to give 800ppm free chlorine) and a phenol-based product (14.7% phenol
diluted 1 :128 in tap water) provided reductions of almost 3 log10 of virus
infectivity. No detectable virus was transferred to fingerpads from disks
treated with these three agents, but when the disks were cleaned with tap
water or a quaternary ammonium–based product, the transfer rates were
5.6% and 7.6%, respectively. In another study, Sattar (2004) tested the anti-
FCV activity of various microbicides and discovered that the most effective
one at the shortest contact time (1min) was domestic bleach (5% sodium
hypochlorite, 1,000ppm available chlorine), which reduced the titer of FCV
by nearly 4.5 log10.

4.2.3. Education, Training, and Supervision
Fingers, and particularly fingernails, are thought to be the most important
part of the hand in terms of the transfer and spread of pathogenic microflora
(Lin et al., 2003). Fingernails are of particular concern because fecal mate-
rial may be readily deposited in this location and is subsequently difficult to
remove. This may be particularly important for those having long or “artifi-
cial” fingernails. A recent study demonstrated that the most effective way to
remove virus from artificially inoculated fingernails was to scrub them with
a nailbrush using soap (regular or antibacterial) and water. Alternatively,
employees should be encouraged to maintain short nails, as these are less
likely to harbor fecal material than long ones (Lin et al., 2003).

Indeed, food employees should not touch exposed RTE food with their
bare hands and should use suitable items such as deli tissue, spatulas, tongs,
and single-use gloves (smooth, durable, and nonabsorbent) or dispensing
equipment (FDA, 2001). Gloves are the only FDA-approved barrier method
allowable to date. Issues impacting the efficacy of gloves in preventing viral
disease include the glove material, glove permeability, duration of wearing,
and hand-washing techniques prior to and after wearing. Glove leaks are
more frequent with vinyl than with latex gloves (Guzewich and Ross, 1999),
and frequent replacement of disposable gloves is encouraged, particularly
when gloves get damaged or soiled, or when interruptions occur in the 
operation. Where food contact by handlers is unavoidable, careful practices
such as frequent hand-washing and prevention of cross-contamination during
handling and preparation are suggested. Apart from the “no bare-hand
contact with RTE” policy in the Food Code, there is no direct information
on the effectiveness of hand hygiene and gloving regimens in the food 
industry (Paulson, 2003).

It is of major importance that food-handlers, including seasonal workers,
should have appropriate health and hygiene education. Such training should
also cover the potential risk of enteric virus transmission due to sick children
in the household (Koopmans and Duizer, 2004). If a food preparation staff
member reports a diarrhea or vomiting episode while at work, he or she
should not be allowed to enter the kitchen again. All of the food handled by
that worker, as well as any other food that may have been exposed to
aerosolized vomitus, should be destroyed (Lo et al., 1994). Potentially con-
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taminated surfaces in the kitchen should be thoroughly decontaminated with
a freshly prepared hypochlorite solution that releases 1,000ppm of available
chlorine. Frequently handled objects such as taps and door knob should also
be decontaminated, and bleach-sensitive items should be cleaned with deter-
gent and hot water (Chadwick et al., 2000). Managers of food manufactur-
ing, catering, and food service industries should restrict ill food-handlers from
working directly with food or food equipment and provide a sick leave policy
that allows workers to stay home while ill (Centers for Disease Control,
2003b). Moreover, as soon as food handlers return to work, they should be
instructed that they still may be shedding virus for a period of days to weeks
after symptoms have abated and that they should continue practicing strin-
gent personal hygiene (Koopmans and Duizer, 2004).

Increased awareness of the risk of gastrointestinal disease due to virus
transmission is encouraged among food safety professionals and the public.
However, rapid control of viral gastroenteritis outbreaks can be difficult. For
instance, while transmission via contaminated food or water may sometimes
be prevented or contained, the potential for person-to-person spread cannot
be eliminated. This is especially challenging for settings where close contact
inevitably occurs (i.e., university dormitories) and especially where there 
are a number of susceptible people in confined quarters (hospitals, nursing
homes, daycare centers) (Kilgore et al., 1996). The failure to recognize and
report HAV among children in daycare facilities is an important and con-
tributing factor in disease propagation (Gingrich et al., 1983). Viruses can be
readily transmitted in daycare settings; however, it is the “silent” transmis-
sion through poor personal hygiene of food handlers that is becoming
increasingly recognized (Sattar et al., 2002).

For gastroenteritis outbreaks in hospitals and nursing homes, efforts to
control virus circulation in the environment by immediate isolation of the
case(s) should be undertaken. The timing of the last cleaning process should
ideally be at least 72hr after resolution of the last case (Chadwick et al.,
2000). Hypochlorite is generally not recommended for the disinfection 
of carpets; however, steam has been suggested as a viable alternative 
(Cheesbrough et al., 1997; Chadwick et al., 2000). Indeed, during a viral 
gastroenteritis outbreak in a hotel, the carpets appeared visually clean after
cleaning with detergent and vacuuming, but nonetheless they remained 
contaminated with infectious norovirus (Cheesbrough et al., 2000).

4.2.4. Vaccination
Immunity to HAV confers complete protection against reinfection. To date,
there are three FDA-licensed HAV vaccines on the market. These are gen-
erally administered as a single primary immunization, followed by a booster
dose 6–12 months later (Lemon, 1997). The vaccine efficacy is 94–100% and
protection is likely to last for more than 20 years after vaccination (Fiore,
2004). Hepatitis A vaccination has been limited to high-risk groups and is
currently approved for use in the United States in children over 2 years of
age. Routine vaccination of all food handlers as a pre-exposure prophylaxis
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is not recommended because their occupation does not put them at unusu-
ally high risk of infection. Furthermore, vaccinating all restaurant employees
is unlikely to happen, as the cost to restaurant owners often exceeds the per-
ceived benefits, even during a hepatitis A epidemic (Meltzer et al., 2001).
However, some believe that HAV vaccination should be routinely available
to people with increased occupational risk such as food handlers, health care
workers in infectious disease and pediatrics sections, medical staff in labora-
tories handling stool samples, staff in daycare centers, and sewage treatment
plant workers (Hofmann et al., 1992).

Immunoglobulin (IgG) is not the recommended choice for pre-exposure
prophylaxis as it provides only short term (1–2 months) protection from
HAV infection (Fiore, 2004). However, postexposure prophylaxis with IgG
has been shown to be effective in eliminating or reducing the severity of hep-
atitis A infection, provided it is administered within 2 weeks of exposure and
not within the late incubation period of the disease (Pavia et al., 1990). In
the case of food-related exposures, it is recommended that IgG postexposure
prophylaxis should be given to all food handlers, even if only one handler in
that facility has been diagnosed with HAV infection. Moreover, IgG is rec-
ommended for the patrons of that establishment provided all of the follow-
ing considerations exist: (i) the infected handler was responsible for handling
RTE foods and was not wearing gloves, (ii) the infected handler had poor
hygiene practices or had diarrheal symptoms, and (iii) the patrons can be
identified and treated within 2 weeks of exposure (Committee on Infectious
Diseases—American Academy of Pediatrics, 1991). The efficacy of adminis-
tering HAV vaccine for postexposure prophylaxis remains to be established.
It has been demonstrated that anti-HAV seroconversion occurs 14 days after
vaccination and the average incubation period for HAV infection is 28–30
days, suggesting that vaccination may be protective if given within a few days
of exposure (Koff, 2003).

A safe and effective vaccine against noroviruses would reduce the
burden of the disease, which may be of particular importance for control-
ling gastroenteritis in children of developing countries, partly because
repeated diarrheal episodes can cause damage to the intestinal mucosa
leading to the development of malnutrition (Kapikian et al., 1996). Recent
human challenge studies with the noroviruses have demonstrated both
short-term and long-term immunity (Johnson et al., 1990; Parrino et al.,
1977). The distinct epidemiological patterns of the noroviruses have intro-
duced some technical difficulties for vaccine development. For instance,
there may be multiple antigenically and genetically distinct strains of
noroviruses circulating at any one time, and there is evidence indicating that
infection with one strain does not provide cross-protection against other
strains. This virus genus remains noncultivable, so it is difficult to routinely
determine the presence of neutralizing antibodies in an infected individual
(Estes et al., 2000; Hale et al., 2000). Recently, specific histological blood
group antigens have been identified as putative ligands for the attachment
of different norovirus strains to mucosal cell surfaces (Harrington et al.,
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2004; Hutson et al., 2004). These observations require further investigation
to determine whether there is any correlation between individual differences
in susceptibility and specific virus genotype and/or the genetic background
of the host (Harrington et al., 2004). The production of recombinant
norovirus capsid protein and its formulation as an oral vaccine is an alter-
native approach to vaccination; however, the efficacy of this type of
approach has yet to be established (Estes et al., 2000).

5.0. CONCLUSIONS

For all food commodities, preventing direct contact with human fecal mate-
rial (and in some instances, direct exposure to vomitus) is obviously the first
consideration in controlling virus contamination. Prevention of sewage 
disposal in harvesting waters is critical in controlling viral contamination of
shellfish. However, the lack of correlation between the fecal coliform index
and the presence of enteric viruses may at times complicate the ability of
regulators to recognize contamination when it occurs. For produce items,
adherence to GAPs, including attention to personal hygiene of field workers,
is essential to controlling contamination at the preharvest phase. Likewise,
proper personal hygiene, including the use of barrier protection and appro-
priate hand and surface decontamination, provides a first line of defense for
preventing viral contamination of RTE foods. A critical consideration is pro-
viding food handlers with appropriate and ongoing education in hygienic
practices. Designing effective educational programs for food handlers is
notoriously difficult, as this itinerant population may have limited English
language fluency, generally has lower educational attainment, and turns over
quite rapidly.

It is clear from this discussion that low temperatures (refrigeration and
freezing) are not reliable means by which to reduce enteric viruses in con-
taminated foods. High temperature (heating) may be effective in some
instances, but recommended time-temperature combinations are virus-
specific and will vary with the food commodity. A common theme for the
food items discussed here is that most do not undergo a terminal heating step
before consumption, so the relevance of heating may be limited simply by
virtue of the specific commodity.

The efficacy of other postharvest controls is also somewhat limited, and,
in general, these may reduce but will not eliminate viral contamination in
foods. This is the case with depuration, relaying, and ionizing radiation as
applied to raw, molluskan shellfish. High hydrostatic pressure appears to be
a more promising technology, but much more data are needed to definitively
establish its efficacy in inactivating viruses in this commodity. Likewise,
washing produce with fresh, clean water, both with or without the addition
of chemical disinfectants, may also reduce virus load in contaminated items,
but it is important to note that the efficacy of such decontamination varies
with both virus and produce type.
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Widespread vaccination may eventually become an effective control
measure for HAV, but it is not likely that norovirus vaccination will be a
reality in the near future. It must also be noted that, once an outbreak occurs,
strict infection control measures must be instituted to prevent further virus
dissemination. Indeed, there are many opportunities for future research in
prevention and control. Specifically, research is needed to identify effective
intervention and control strategies, to develop improved monitoring and
detection methods, to expand immunization options, and to develop 
successful food-handler educational programs. Working together, scientists
can make further inroads in the prevention and control of viral food-borne
diseases into the future.
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Fecal coliforms, 191

correlation with somatic coliphages,
210

as indicator bacteria
in shellfish, 191, 195, 196, 229–231,
293–294
in water, 196

Fecal coliform standard, for irrigation water,
258, 259

Fecal coliform tests, 191, 193
Fecal contamination, microbial indicators of.

See Indicator organisms
Fecal-oral transmission, of food-borne

viruses, 8

Feces
enteric viral survival in, 171
enteric virus transmission in, 7, 152, 153
on environmental surfaces, 309–310
hepatitis A virus transmission in, 15
number of virus particles per stool, 152
viral particles in, 169

Feline calicivirus
correlation with F-specific coliphage MS2,

213
desiccation resistance in, 272
genome organization of, 48–49
inactivation of

with chlorine, 281
with commercial disinfectants, 310–311
with hand washing, 308–309
with high hydrostatic pressure
processing, 300
on produce, 304
thermal, 299
with ultraviolet radiation, 304–305

as microbiotic test virus, 268–269, 279
as norovirus surrogate, 102–103, 109, 113,

233, 295
propagation in cell cultures, 45
replication of, 52
strain F9, as microbiocide test virus, 279
transmission on hands, 308–309

Fertilizer, sewage as, 153–154
Filoviruses, 101
Filtration, for recovery of aquatic viruses,

159, 160
Fingernails, viral decontamination of, 311
Fingerpad testing, 270–271, 281, 282
Flaviviridae, 33
Flocculation, organic, 136, 137, 159, 161
Fomites

enteric virus persistence on, 169–171
PDR-1 phage transfer on, 306–307

Food
imported, viral contamination of, 1–2
intentional viral contamination of, 101
postharvest viral contamination of, 7
preharvest viral contamination of, 7
viral contamination of, 7
viral persistence in, 6, 172–174

in preserved food, 6
Food and Drug Administration (FDA), 293

Food Code, 8, 311
The Guide to Minimize Microbial Food

Safety Hazards for Fresh Fruits and
Vegetables, 301–302

Food-borne viral diseases
acute nonbacterial, 18
economic effects of, 34
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Food-borne viral diseases (cont.)
epidemiology of, 239–255

detection methods in, 240–241
modes of transmission of, 244–247
molecular epidemiology, 243–244
public health importance of, 249–250
public health investigations of, 241–242
surveillance systems for, 34, 243

as mortality cause, 102
outbreaks of, 101, 102

largest outbreak of, 291–292
prevention strategies for, 248–249, 308–314

decontamination of environmental
surfaces, 309–311
decontamination of hands, 248, 249,
308–309, 311
food-handler hygiene, 311–312

viruses associated with, 101–102, 121, 122
Food-borne viruses, 289–325. See also names

of specific viruses
characteristics of, 10
as produce contaminants, 300–305

Food Code (Food and Drug Administration),
8, 311

Food handlers, 289, 291
as food contamination source, 3, 7–8,

223–224
as hepatitis A source, 15
as norovirus infection source, 23,
248–249, 250–251
of ready-to-eat foods, 306–307
as rotavirus infection source, 27
as shellfish-related viral disease source,
233–234

health and hygiene education for, 233–234,
311–312

hepatitis A vaccination of, 312–313
Food virology, 1–4

history of, 1
Formaldehyde, virucidal activity of, 272
Formalin, virucidal activity of, 26
Francisella tularensis, 101
Fruit. See Produce

G
∃-D-Galactosidase, 193
Gastroenteritis. See Food-borne viral

diseases
Gastrointestinal tract, enteric virus

colonization of, 6
Glass fiber, 159, 160
Glass powder, 159, 160
Globalization, 1–2
Gloves, use by food handlers, 311
∃-D-Glucuronidase (GUD), 193

Glutaraldehyde, virucidal activity of, 310
Good agricultural practice (GAP), 248
Groundwater

as irrigation water source, 259
viral contamination of, 161, 259

Guanidinium isothiocyanate (GITC)
extraction, 136, 137–138

Guide to Minimize Microbial Food Safety
Hazards for Fresh Fruits and Vegetables
(U. S. Food and Drug Administration),
301–302

H
Hands

decontamination of, 248, 249, 308–309,
311

viral contamination of, 170–171, 306–307
virucide testing on, 270–271

Hand washing
effect on feline calicivirus transmission,

308–309
in food-handlers, 248, 249, 311

Hand-washing agents, virucidal activity of,
281, 282, 308, 309

Hazard analysis of critical control points
(HACCP), 3

Hepatitis, non-A, non-B, 15
Hepatitis A, 8–9

outbreaks of, 228, 229, 239
detection of, 240–241
reporting and epidemiological follow-up
of, 233

symptoms of, 14
Hepatitis A virus, 68–71, 151

antigens of, 12–13
biological properties of, 12–14
buoyant density of, 69
cell culture of, 12
characteristics of, 10
in children, 9
classification of, 69
cyclic occurrence of, 9
desiccation resistance in, 170, 172
detection of

in food, 113
immune response-based, 12
with molecular assays, 131, 132
with multiplex-polymerase chain
reaction, 108
in nonhuman samples, 12
in non-shellfish foods, 110–112
with nucleic acid sequence-based
amplification (NASBA), 108
with reverse transcriptase-polymerase
chain reaction methods, 107
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Hepatitis A virus (cont.)
with RNA extraction methods, 103
in stool, 113

in developing countries, 9, 15
diseases caused by, 152
distribution of, 8–9
fecal-oral transmission of, 8, 9, 15, 68–69
as food-borne disease cause, 5, 14–15, 101,

122, 223
as mortality cause, 249

food-borne transmission of, 68–69, 102,
111, 289, 290–291
food handler-related, 233, 306, 307
hand contamination-related, 306, 307
prevention strategies for, 248–249,
308–311, 312–313

genome of, 9, 12, 69–70
genomic RNA stability of, 165
growth of, 12
immunity to, 15
as imported food contaminant, 2
inactivation of

with commercial disinfectants, 310
with hand-washing, 308, 309
with high hydrostatic pressure
processing, 13–14, 233
with microwaves, 299
on produce, 303–304
thermal, 298–299

incubation period of, 14, 224, 240–241, 307
infectivity of, 13
as irrigation water contaminant, 257,

260–261
as microbiocide test virus, 268–269, 271,

272, 278–279
morphology of, 9, 12
persistence of, 13–14

effect of fecal material on, 309–310
on environmental surfaces, 170, 265,
309–310
in sea water, 296
in sewage effluent, 168–169
on skin, 306

person-to-person transmission of, 9, 68–69
polyprotein of, 70–71
as produce contaminant, 14–15, 260–261,

300, 301, 305
postharvest survival of, 261–262
removal or inactivation of, 303–304

as ready-to-eat food contaminant, 307
replication of, 71
as shellfish contaminant, 14, 155, 228,

291–292
assays of, 142
bacterial indicators of, 194, 195, 196, 294

Hepatitis A virus (cont.)
coliphage indicators of, 212
effect of depuration on, 297
extraction methods for, 105–106
hepatitis outbreaks associated with, 7,
224, 225–226, 228, 231
low-level contamination with, 231
persistence of, 292–293
reverse transcriptase-polymerase chain
reaction-based detection of, 107
RNA extraction-based detection of, 103

simian, 9
strain HM-175, as microbiocide test virus,

278–279
taxonomy of, 9, 12
thermal resistance in, 13, 166
waterborne transmission of, 68–69, 155,

156, 158, 172–173, 290
Hepatitis A virus immunization, 14, 248,

312–313, 315
Hepatitis E, 15

symptoms of, 16
waterborne transmission of, 155

Hepatitis E virus, 15–17, 71–73, 151
in animals, 15, 16–17
biological properties of, 16
characteristics of, 10
classification of, 15–16
diseases caused by, 122, 152
distribution of, 15
fecal-oral transmission of, 15
as food-borne illness cause, 101, 223
food-borne transmission of, 15, 16–17
growth of, 16
morphology of, 15–16
outbreaks of, 229

1955–1956 outbreak, 151–152
person-to-person transmission of, 16
reverse transcriptase-polymerase chain

reaction-based test for, 131
serotypes and genotypes of, 16
taxonomy of, 15–16
waterborne transmission of, 16, 17, 155
zoonotic transmission of, 2, 8, 17, 34, 153

Hepatitis viruses
parenteral transmission of, 153
waterborne transmission of, 151

Hepatoviruses, 9
characteristics of, 10

Hepeviridae, 16
characteristics of, 10

Herpesviruses, survival on skin, 306
High hydrostatic pressure processing, 233,

300
enteric virus resistance to, 6
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Hospitals, gastroenteritis outbreak control in,
312

Host specificity, of food-borne viruses, 8
Household chemicals, as disinfectants, 303
Human enterovirus 1, 13
Human enterovirus A, 13, 30–31
Human enterovirus B, 30–31
Human enterovirus C, 13, 30–31
Human enterovirus D, 13, 30–31
Human enterovirus E, 30–31
Human immunodeficiency virus (HIV),

breastfeeding-related transmission of, 34
Human immunodeficiency virus-infected

patients, picobirnavirus-related
gastroenteritis in, 33

Human lymphotrophic virus-1 (HTLV-1),
breastfeeding-related transmission of, 34

Human reovirus, 152
desiccation resistance in, 170, 272

Hybridization assays
for analysis of polymerase chain reaction

results, 127–128
probe, 121–122
solid-phase, 121–122

Hydrocooling, 248
Hydrogen peroxide, virucidal activity of, 281,

282

I
Immunocompromised patients

enteric adenovirus infections in, 1
picobirnavirus-related gastroenteritis in, 33
shellfish-associated hepatitis A in, 291

Immunoglobulin G, 313
Indicator organisms, of viral contamination

bacteria, 189–204
bacterial species used as indicators,
190–192
comparison with bacteriophage
indicators, 208–209
correlation with presence of viruses,
193–196
desirable characteristics of indicator
bacteria, 190
differential survival of bacteria and
viruses, 196–198
methods for detection of, 193
in shellfish, 293–294, 295–296
source tracking of, 198–199

bacteriophages, 205–222
characteristics of, 207, 208
classification of, 206
comparison with bacterial indicators,
208–209
definition of, 205, 207
detection of, 213–216, 217–218

Indicator organisms, of viral contamination
(cont.)
process-type, 205, 207
source tracking applications of, 216–217

coliphages
F-specific, 213–214, 295, 296
male-specific RNA, 216–217
on produce, 260, 261

on shellfish, 293–296
Infectivity, viral, 2. See also Persistence, viral

assay for, in microbiocide testing, 273–274
comparison with bacterial infectivity, 2

Influenza virus
survival on skin, 306
zoonotic transmission of, 2

International Association on Water Pollution
Research Study Group on Health
Related Microbiology, 208

International Committee on Taxonomy of
Viruses (ICTV), 16, 18

International Organization for
Standardization (ISO), coliphage
detection methods of, 214–215

Interstate Shellfish Sanitation Conference, 293
Irrigation, sewage sludge and wastewater use

in, 153–154, 161, 258, 300–301
Irrigation water, 257–263

contaminant sources of, 258, 259
enteric virus contamination of, 257–258,

259–260
postharvest viral survival, 261–262
as produce contaminant source, 2,
153–154, 161, 260–262, 300–301

fecal coliform standard for, 258, 259
hepatitis A virus-contaminated, 172–173
use in drip irrigation, 260–261
use in furrow irrigation, 261
use in gravity-flow irrigation, 260
use in microirrigation, 260–261
use in sprinkler irrigation, 260
use in subsurface irrigation, 261
wastewater as, 153–154, 161, 258, 300–301
water quality standards for, 258–259

Isopsoralen, 140

J
Jena agent, 24

K
Klebsiella pneumoniae, 191
Kobuviruses, 67–68

L
Lactose-fermenting bacteria, 190–191, 192
Lagovirus, 18

genome organization of, 44, 48



Index 339

Ligand capture assay, 136
Ligase chain reaction, 123, 134–135
Lyophilization, 159

M
Mamastrovirus, 27
Manure, as fertilizer, guidelines for use of,

301–302
Membrane filtration-based procedures

for bacteriophage detection, 213–214
for indicator bacteria detection, 193

Meningitis, enteroviral, 31
4-Methylumbelliferyl-∃-D-glucuronide, 193
Microarrays, 127–128
Microbiocides. See Disinfectants
Microbiological indicators. See Indicator

organisms
Microscopy, solid-phase immune (SPIEM), 6,

32, 49, 102
Microwave inactivation, of hepatitis A virus,

299
Migrant workers, 302
Milk, enterovirus transmission in, 31–32
Modified atmosphere packaging, 174
Molecular methods, for detection of food-

borne viruses, 2, 6, 107–109, 121–149, 189
amplification methods, 122–135

signal amplification, 123, 134
signal probe amplification, 134–135
target amplification, 122–132, 139–140
transcription-based, 132–134

limitations to, 189
nonamplification methods (probe

hybridization), 121–122
quality control of, 138–141

inhibitor detection, 138, 140–141
interpretation of results of, 138, 141
prevention of cross-contamination, 138,
139–140

specimen preparation for, 135–138
elution methods, 135–136
nucleic acid extraction, 137–138
organic solvent extraction, 136
virus concentration, 136–137

Mollusks. See Shellfish
Multiple antibiotic resistance (MAR) test,

198, 199
Mussels. See Shellfish

N
National Shellfish Sanitation Program

(NSSP), 193–194, 227, 229–230, 293–294
Newburg agent, 23, 24
Noroviruses, 17–24

aerosol transmission of, 171, 244, 246–247,
248, 290

Noroviruses (cont.)
in animals, 8, 24, 54, 153
antigenic and genetic diversity of, 243, 290
characteristics of, 10
chlorine-related inactivation of, 21–22
classification of, 43–44, 49
detection of, 142, 240–241

on environmental surfaces, 109–110
with molecular methods, 108, 132, 137,
142, 243, 244
in non-shellfish foods, 110–112
with reverse transcriptase-polymerase
chain reaction methods, 108

diseases caused by, 152
distribution of, 17–18
DNA sequencing of, 24
environmental transmission of, 23–24,

246–247, 248, 290
fecal content of, 307
fecal-oral transmission of, 18, 244–245, 290
feline calicivirus surrogate, 102–103, 109,

113, 233, 295
as food-borne illness cause, 5, 23–24, 101,

223, 290
epidemiology of, 239–255
modes of transmission of, 244–247
molecular epidemiology of, 243–244
as mortality cause, 18, 249
outbreaks of, 18, 290
prevention and control of, 248–249
public health importance of, 249–250
public health investigations of, 241–242
surveillance systems for, 243, 249–250
symptoms of, 22, 224
virus detection methods in, 240–241

food-borne transmission of, 17–18, 23–24,
102, 224, 244–245
food-handlers’ role in, 8, 233, 249,
250–251
outbreaks of, 18

genetic-based susceptibility to, 23
genogroups and genotypes of, 49, 50, 244
genome structure of, 43–44
genomic RNA stability of, 165
growth of, 5
immunity to, 22–23
incubation period of, 240
infectious dose of, 22
infectivity of, 34, 53
as irrigation water contaminants, 259–260
molecular characteristics of, 243, 244
molecular diversity of, 49–51
as mortality cause, 18, 249
new strains of, 243–244
pathogenicity of, 22
persistence of, 293
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Noroviruses (cont.)
person-to-person transmission of, 23–24,

244, 247, 248, 290
as produce contaminant, 300, 301
recombination/reassortment of, 153
reinfection with, 23
seasonality of, 164
as shellfish contaminant, 23, 24, 292

bacterial indicators of, 195, 196
bacteriophage indicators of, 295
extraction and concentration of, 105–106
illness outbreaks associated with, 224,
226–229
persistence of, 293
reverse transcriptase-polymerase chain
reaction detection of, 108

survival on skin, 306
virus-cell interactions of, 53
vomit-related transmission of, 23, 307
waterborne transmission of, 17–18, 155,

245–246, 248, 290
as winter vomiting disease etiologic agent,

23, 223, 290
zoonotic transmission of, 24, 54

Norovirus immunization, 313–314, 315
Norwalk-like virus, 18, 194. See also

Noroviruses
bacterial indicators of, 195
morphology of, 11

Norwalk virus, 43
genome organization of, 44, 47–48
molecular biology of, 45–49
as prototype norovirus, 18
structure and composition of, 45–49
virus-cell interactions of, 52–53

Norwalk virus-like particles, 45–47
NSP4 enterotoxin, 61–62
Nucleic acids, extraction from concentrated

samples, 136, 137–138
Nucleic acid sequence-based amplification

(NASBA), 108
Nursing homes

gastroenteritis outbreak control in, 312
norovirus outbreaks in, 240, 244–246, 249, 250

O
Organic acids, as food disinfectants, 303, 304
Oysters. See Shellfish
Ozone

use in shellfish depuration, 296–297
as water disinfectant, 305

P
Parkville virus, 24
Parramatta agent, 32

Parvoviridae, characteristics of, 10
Parvoviruses, 32

characteristics of, 10
cockle agent, 32
diseases caused by, 152
Parramatta agent, 32
thermal resistance in, 166
waterborne transmission of, 155
Wollan/Ditching group, 32
zoonotic transmission of, 2

Pasteurization, as virus inactivation method,
6

Peroxyacetic acid-hydrogen peroxide
solutions, 304

Persistence, viral, 163–174
in aerosols, 171–172
definition of, 163
differential, of bacteria and viruses,

196–198
effect of relative humidity on, 171, 309

in aerosolized virus particles, 172
in food, 174
hepatitis A, 309
poliovirus, 309

in environmental waters, 166–167
factors affecting, 163–164
on fomites, 169–171
in food, 172–174
methods for the study of, 165–166
in soil, 167–169

Pestivirus, zoonotic transmission of, 2
Phenol-based disinfectants, virucidal activity

of, 26, 310–311
Phenol:chloroform extraction, 136, 137
Picobirnaviruses, 33, 76–77

characteristics of, 10
zoonotic transmission of, 2

Picornaviridae, 9, 30–31, 66, 67
characteristics of, 10

Pocket factors, 66–67
Poliomyelitis, 31, 67, 268

milk-borne outbreaks of, 1
Poliovirus, 13, 223

capsids of, 66
classification as enterovirus, 30–31
detection of

with multiplex-polymerase chain
reaction, 108
in non-shellfish foods, 110–112

diseases caused by, 152
environmental transmission of, 152
food-borne transmission of, 30
genome organization of, 67
genomic RNA instability of, 165
growth of, 31
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Poliovirus (cont.)
inactivation of

with hand-washing, 308
with ultraviolet light, 304–305

as indicator virus, 31, 232
as irrigation water contaminant, 260–261
as microbiocide test virus, 274
persistence of

effect of fecal material on, 309–310
effect of relative humidity on, 309
on environmental surfaces, 170
in sewage effluent, 168–169
in sludge-amended soil, 169

as produce contaminant, 260–261, 303
effect of refrigeration on, 305
postharvest survival of, 261
ultraviolet radiation-related inactivation
of, 304–305

Sabin strain of, 268, 276
as shellfish contaminant

detection of, 104–105
effect of refrigeration on, 298
extraction methods for, 105

structure and composition of, 66–67
vaccine-type strains, 174–175, 232
waterborne transmission of, 155, 158
wild-type strains of, 30, 174–175, 232

Poliovirus vaccine, 1
Polyethylene glycol hydroextraction, 159,

160–161
Polyethylene glycol precipitation, 111–112,

136, 137
Polymerase chain reaction (PCR) inhibitors,

108–109
removal from samples, 109, 110, 112

Polymerase chain reaction (PCR) methods,
for detection of food-borne viruses, 3,
122–132, 239. See also Reverse
transcriptase-polymerase chain reaction
(RT-PCR) methods

BOX, for fecal contamination source
tracking, 216

cross-contamination prevention in,
139–140

for environmental viral persistence
analysis, 165

with immunomagnetic beads, 111, 112
limitations to, 3
multiplex, 126
nested, 107–108, 125–127, 130–132
of noroviruses, 250
for postamplification analysis, 126–128

application to food-borne viruses,
130–132
real-time, 128–129, 130

Polymerase chain reaction (PCR) methods,
for detection of food-borne viruses
(cont.)

real-time quantitative, 34
in shellfish, 107–108
use with cell culture, 34

Porcine enteric calicivirus (PEC), Cowden
strain, 51, 53, 54

Porcine enterovirus, 13
Porcine enterovirus A, 30–31
Porcine enterovirus B, 13, 30–31
Porcine enteroviruses, hand washing-related

inactivation of, 308
Precipitation, of viruses, from water samples,

159, 160–161
Primate caliciviruses, 45
Prions, 8
Probe amplification, 134–135
Pro-Cipitate, 105
Produce, 300–305

coliphage content of, 211–212
microbiocide testing on, 270
viral contamination of

factors affecting, 7
hepatitis A virus, 14–15, 27, 172–173
postharvest control strategies for,
302–305
preharvest control strategies for,
301–302
rotavirus contamination, 27
routes of contamination, 2–3
sewage-related, 248
sources of, 300–301, 302

Q
Quality control measures, for molecular

assays, 138–141
Quarternary ammonium compounds,

virucidal activity of, 281, 282, 310, 311

R
Rabbit hemorrhagic disease virus (RHDV),

44, 45, 48–49, 52, 53
Radiation. See also Ultraviolet radiation

ionizing, virucidal activity of, 299
as shellfish processing technique, 233

Radioimmunoassay, 6
Ready-to-eat (RTE) food

definition of, 305–306
as food-borne illness cause

epidemiological significance of, 306–308
fecal-oral transmission of, 306–308

viral contamination of, 8, 291, 305–314
epidemiological significance of, 306–308
prevention of, 308–314
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Recreational waters, viral contamination of
bacterial indicators of, 194
with noroviruses, 246

Refrigeration, 298, 305
Relative humidity, effect on viral persistence,

171, 309
in aerosolized virus particles, 172
in food, 174
hepatitis A, 309
poliovirus, 309

Relaying, as shellfish purification process, 297
Reoviridae, 25

characteristics of, 10
Reovirus, 152. See also Human reovirus
Restriction analysis, 127
Reverse transcriptase-polymerase chain

reaction (RT-PCR) methods, for
detection of food-borne viruses, 124,
125, 130–132, 141–142, 189, 239

disadvantages of, 106
for environmental viral persistence

analysis, 165–166
with integrated cell culture assays, 106–107
with microarrays, 127–128
multiplex, 108
in non-shellfish foods, 110–112
for norovirus detection, 50–51
in shellfish, 103, 104, 195, 196, 232
TaqMan, 107–108

Rhinoviruses, capsids of, 66
Ribotyping, of indicator bacteria, 198, 199,

216–217
RNA extraction methods, for food-borne

virus detection
in non-shellfish foods, 112
in shellfish, 113–114

Rotaviruses, 54–62
in animals, 25, 153
bacterial indicators of, 195, 196
characteristics of, 10
classification of, 54
diseases caused by, 24–25, 122
distribution of, 24–25
environmental stability of, 25–26
evolution of, 58
as food-borne illness cause, 5, 26–27, 101,

122
symptoms of, 224

genome organization of, 57–58
genomic RNA stability of, 165
group A, 289

children’s partial immunity to, 223
host cell entry by, 59–61
immunity to, 26, 223
inactivation of, 26

Rotaviruses (cont.)
with commercial disinfectants, 310–311
with hand-washing, 308, 309

incubation period of, 26
infectivity of, 26
as microbiotic test viruses, 269
morphology of, 11, 25
NSP4 enterotoxin of, 61–62
persistence of, 25–26

in aerosols, 172
effect of fecal material on, 309, 310
on environmental surfaces, 170, 309–310
evaluation of, 165, 166
on skin, 306

as produce contaminants, 305
replication of, 58–59
reverse transcriptase-polymerase chain

reaction-based detection of, 127–128,
131–132

seasonality of, 164
as shellfish contaminants, 195, 196
species of, 25
strain diversity of, 58
structure and composition of, 54–57
symptoms of, 26
taxonomy of, 25
transmission of, 24–25

fecal-oral, 25, 26
food-borne, 224, 291, 306
food handler-related, 8
on hands, 306
person-to-person, 26
waterborne, 26, 27, 155, 158, 291
zoonotic, 27

WA strain of, as microbiocide test virus,
279

Rotavirus vaccine, 26

S
Salinity, effect on viral infectivity, 167
Salmonella

bacterial indicators for, 193–194
as irrigation water contaminant, 259
as produce contaminant, 212, 261
as shellfish contaminant, 193–194

Salmonella bacteriophages, 296
Salmonella coliphages, 210
Salmonella serovar typhimurium, 194
Salmonella typhimurium, strain WG49,

213–214
San Miguel sea lion virus, 45
Sapoviruses, 18

in animals, 51, 153
characteristics of, 10
classification of, 43–44, 51
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Sapoviruses (cont.)
diseases caused by, 152
as food-borne illness cause, 23–24, 122,

224
genogroups and genotypes of, 51
genome structure of, 43–44, 45, 48
interspecies transmission of, 54, 153
molecular diversity of, 51
molecular methods for detection of, 22

Sapporo-like viruses. See Sapoviruses
Scrapie, 8
Seasonality, of enteric virus infections, 164
Seawater

enteric viral transmission in, 155
enteric virus infectivity in, 6

Sediments
enteric virus infectivity in, 6
viral survival and persistence in, 166–167
virological analysis of, 161

Serratia, 191
Severe acute respiratory syndrome (SARS),

2, 32–33, 151, 170
Severe acute respiratory syndrome (SARS)

coronavirus, 170
Sewage

coronavirus contamination of, 33
enteric virus contamination of, 7
as fertilizer, 153–154
hepatitis A virus contamination of, 14
as water contaminant, 223–224

of irrigation water, 258, 259
of marine waters, 292, 293

Sewage-contaminated water, enteric virus
contamination of, 152–161, 227–228

as shellfish contaminant, 230–231
prevention of, 229–232

Sewage sludge
agricultural uses of, 300–301
treatment of, 156
viral contamination of, 300–301

Sewage treatment, 156
effect on virus inactivation, 300–301, 302

Sewage treatment plants, 232
Shellfish

bacterial contamination of
as enteric viral contamination indicator,
293–294, 295–296
fecal coliform index of, 293–294
with Salmonella, 193–194

coliphage contamination of, 210
cooking of, 233
depuration of, 7, 226, 296–297

bacterial indicators for, 230
in combination with ionizing radiation,
299

Shellfish (cont.)
effect on indicator bacteria, 197–198
efficacy indicators of, 197–198, 212–213,
230, 294, 295, 296
inadequate monitoring of, 227

detection of enteric viruses in, 103–106,
141–142
with concentration and extraction
methods, 104–106
effect of polymerase chain reaction
inhibitors on, 109
with electron-precipitation method, 105
with polymerase chain reaction assays,
107–108
with reverse transcriptase-polymerase
chain reaction, 113
with Sobsey method, 104–105
with whole virus procedure, 103–104

enteric virus contamination of, 153–154,
291–300
with astroviruses, 28
bacterial indicators of, 194–196, 197–198
bacteriophages indicators of, 213,
295–296
bioaccumulation process in, 7, 224, 292
coliphage indicators of, 212
importation regulations for, 231–232
molecular analytical monitoring of,
232–233
with noroviruses, 23, 24, 292
outbreaks of, 156
with parvoviruses, 32
preharvest contamination, 7, 292–293
preharvest contamination control
strategies for, 293–297, 298–300
recontamination after cooking, 227
sources of, 101
viral concentration assay of, 136–137
viral infectivity in, 6

fecal coliform index of, 293–294
hepatitis A virus contamination of, 14, 155,

228, 291–292
assays of, 142
bacterial indicators of, 194, 195, 196, 294
coliphage indicators of, 212
of depuration on, 297
effect of depuration on, 297
extraction methods for, 105–106
hepatitis outbreaks associated with, 7,
224, 225–226, 228, 231
low-level contamination, 231
persistence of, 292–293
reverse transcriptase-polymerase chain
reaction detection of, 136–137
RNA extraction-based detection of, 103
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Shellfish (cont.)
norovirus contamination of, 23, 24, 292
parvovirus contamination of, 32
sewage-related contamination of, 248
viral contamination of, 3, 155, 156–157

Shellfish-related viral disease outbreaks,
223–238

case studies of, 226–229
diagnosis of infection sources in, 224–225
hepatitis A virus-related, 7, 224, 225–226,

228, 231
incidence of, 224
norovirus-related, 226–229
prevention of, 229–234

with analytical techniques, 232–233
with enhanced monitoring, 231–232
with improved sewage treatment plants,
232
with monitoring and regulations,
229–231

symptoms of, 224
undiagnosed, 224

Shigella, as produce contaminant, 261
Skin, viral persistence on, 170–171, 306
SLVs. See Sapoviruses
Smallpox virus, 101
Small round structured viruses. See

Noroviruses
Small round viruses, discovery of, 6
Sodium chlorite, virucidal activity of,

310–311
Sodium hypochloride, virucidal activity of,

281
Sodium hypochlorite, as produce

disinfectant, 304
Sodium thiosulfate, 232
Soil

enteric virus persistence in, 167–169
human waste-related pollution of, 167–168
microbial movement in, 162

Soilborne enteric viral diseases, 161
Soilborne enteric viruses, 161–163
Soil load, of viruses, 271
Soil load testing, of microbiocides, 271–272
Soil microorganisms, effect on viral

persistence, 168
Solvents, rotavirus resistance to, 26
Source tracking, 174–175, 198–199, 216–217
Southern blot hybridization, 127
Streptococcus, enteric/fecal, 191–192

as indicator bacteria, 197
reclassification of, 192
as surface water contaminant, 259

Streptococcus faecalis, as fecal pollution
indicator, 192

Sunlight. See also Ultraviolet radiation
virucidal effects of, 174

Survival. See Persistence

T
Tannins, 174
Taq polymerase, 125
Target amplification systems, cross-

contamination prevention in, 139–140
Temperature

effect on microbiocide activity, 272
effect on viral persistence, 166, 168, 169,

309
environmental, 163, 164
in food, 173–174

Thermal resistance, in enteric viruses, 6, 166
Thermotolerant coliform bacteria, 191, 192,

210
Tick-borne encephalitis virus, 8, 10, 33
Togaviridae, 16
Toroviridae, characteristics of, 10
Toroviruses, 33, 75–76

characteristics of, 10
diseases caused by, 152
zoonotic transmission of, 2

Trichlorotrifluoroethane (freon), 136
Trisodium phosphate, 304
Twort, Frederick, 205
Typhoid, 230

U
Ultracentrifugation, 136, 137, 159, 161
Ultrafiltration, 159, 161
Ultraviolet radiation

effect on indicator bacteria, 197–198
use in sewage treatment, 232
virucidal activity of, 174

in soil, 169
as water disinfectant, 304–305

Uracil-N-glycosylase, 139–140

V
Vegetables. See Produce
Vesicular exanthema of swine (VESV), 44,

45
Vesivirus, 18

genome organization of, 44, 48
Vibrio, bacterial indicators of, 194
Viral particles, environmental stability of, 289
Virus-like particles, source tracking of,

174–175
Vomit

aerosolized, 171, 246–247, 307
as food contaminant, 311
norovirus transmission in, 23
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Vomit (cont.)
enteric virus transmission in, 152, 153

as shellfish contaminant, 227–228
as fomite contaminant, 307
norovirus transmission in, 23, 246–247,

307
virus particles in, 152, 169

W
Washing, of fruits and vegetables, 302–304
Wastewater

aerosols generated by, 171
enteric viral contamination of, 154
pathogen concentration in, 156
use in irrigation, 153–154, 161, 258
use in spray irrigation, 301

Wastewater treatment
chlorine use in, 232
effect on bacterial and viral persistence,

196–197

Water
viral persistence in, 6, 166–167
viral soil absorption in, 162–163

Waterborne transmission, of enteric viruses,
152–161

Water quality standards, for irrigation water,
258–259

Water quality testing, of shellfish-growing
waters, 229–230

Water samples, virological analysis of,
159–161

“Winter vomiting disease,” 23, 223, 290
Wollan/Ditching group, 32
World Health Organization, 258

Y
Yersina pestis, 101

Z
Zoonotic infections, 8



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice




