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INTRODUCTION

Viruses differ significantly from bacterial
pathogens because they are obligate intracellular
parasites and can replicate only within an appro-
priate living host cell. The source of all viruses is
thus a previously infected individual who sheds
infectious particles into his or her immediate en-
vironment. Transmission to another host can be
direct, as in person-to-person spread (e.g.,
through aerosols created by a sneeze or vomit-
ing), or indirect, involving some other agent as a
carrier for the virus. Food-borne transmission is
of the indirect type. All viruses that infect via the
enteric tract (and are shed in feces) are poten-
tially capable of food-borne transmission. Direct
person-to-person spread can also occur if the op-
portunity arises; direct feces-to-mouth transmis-
sion is common in children, and airborne spread,
leading to contamination of distant surfaces, has
been reported.

Foods are contaminated with viruses as a re-
sult of the distribution of fecal- or vomitus-de-
rived viruses through the environment, eventu-
ally contaminating the food or water of another
potential host. This process is highly variable. It
could, for instance, result fairly directly from an
infected food handler contaminating food imme-
diately before consumption, or it could be the
end result of a prolonged distribution process
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moving virus from fecal material to river and es-
tuary and, perhaps eventually, to seafood. Gen-
erally, these indirect routes require more time
than direct spread, and the stability of the virus
particle will be key to its successful distribution.
Evolution has ensured that viruses of this type
are especially fitted for survival in transit, which
has a direct influence on their ability to survive
in processed food.

Water, either ingested directly or used as an
ingredient or washing agent during food pro-
cessing, is the chief vehicle for disseminating
enteric viruses. It is also significant in carrying
these viruses to plants in the field (e.g., in irriga-
tion water or sprays), and to the most significant
vector of food-borne viral illness, molluscan
shellfish. Most food-borne viruses survive well
in water. Their survival is assisted by high pro-
tein content and high ionic strength, particularly
calcium and magnesium ions, which tend to sta-
bilize the particles. These conditions are often
found in sewage and sewage-contaminated wa-
ter. The adsorption of virus to suspended solids
such as clays or organic matter can also protect
the particles from inactivation.

Viruses contaminating food are there as a re-
sult of a dilution and distribution process that
may have taken a significant time. Because vi-
ruses have an absolute requirement for living
cells in which to replicate, they cannot increase
in numbers during this distribution phase or
within contaminated food during storage. In
fact, the amount of contaminating viruses may
decrease during storage; this can be assisted by



treatment with heat, irradiation, chemicals, or
other factors such as the pH changes associated
with the fermentation of foodstuffs. Thus, the
levels of active viruses in foods must be ex-
pected to be generally very low. Consequently,
and with very few exceptions (mainly molluscan
shellfish), viruses are only rarely detected in
foodstuffs before consumption. In fact, it is only
molluscan shellfish that are routinely monitored
for the presence of viruses; in all other cases, a
contaminating virus is usually inferred only ret-
rospectively once consumption has led to ill-
ness. Direct contamination of food from an in-
fected food handler could deliver a more
concentrated virus loading to a foodstuff, but
because this could occur very sporadically, at
any stage up to and including serving, testing
food for virus contamination from this source is
generally not a viable option.

There are problems in assessing the impor-
tance of viral food-borne illness. Figures gener-
ally suggest that it is relatively low in adults,
with the exception of the caliciviruses. How-
ever, there is an almost complete lack of data
addressing endemic levels of infection. Official
figures refer almost entirely to "outbreaks" of
food-borne virus illness, that is, to epidemic be-
havior. Such outbreaks could result from the si-
multaneous consumption of contaminated food
by many people, or equally from the infection of
a single person via contaminated food, followed
by more direct person-to-person spread within
the person's immediate surroundings. It is prob-
ably significant that many outbreaks of infection
are observed in closed communities where hy-
giene may not be advanced and where there is
increased potential for person-to-person spread,
such as in childcare centers or nursing homes. It
is this subsequent transmission that renders the
original food-borne infection statistically "vis-
ible." Food-borne infections such as these would
not be recorded if, for instance, they had oc-
curred in a private home and affected one or only
a few relatively fit persons. Consequently, the
figures available probably represent only the tip
of the iceberg as far as the incidence of food-
borne virus transmission is concerned. Some
measure of the extent of underreporting was

gained from the Infectious Intestinal Disease
Study conducted in England during the period
1 993-1 996.48 This study concluded that
underreporting was most severe for diarrhea-
causing viruses, and that for every officially re-
ported case of infection with Norwalk-like virus
(NLV), there were actually 1,562 cases in the
community at large.

FOOD-BORNE VIRUSES

General Features

There are two broad classes of virus that may
infect through the gut. The first class uses the
enteric tract as the portal of entry to the body, but
subsequently spreads elsewhere around the
body. Examples of this type of infection would
be spread to muscle tissue of the skeleton or
heart (as in the Coxsackie B viruses), to the
meninges and central nervous system (polio and
occasionally other enteroviruses), or to the liver
(hepatitis A and E viruses). Viruses in the sec-
ond class are true inhabitants of the gut. They
replicate significantly only in this tissue and in-
duce signs and symptoms of a typical "gastroen-
teritis." This is mainly diarrhea, but can be ac-
companied by differing degrees of vomiting.
Viruses like this include the caliciviruses,
rotaviruses, adenoviruses, and astroviruses. Fi-
nally, there are a few agents that are detected
routinely in the gut, such as the pico-birna vi-
ruses. These are poorly characterized and do not
seem to be associated with disease. The general
features of these viruses, as well as their size,
structure, and genome content, are provided in
Table 8-1.

Difficulties in Culture and Diagnosis

The gut is a very specialized habitat in viro-
logical terms; all viruses require living cells as
hosts and are totally dependent on the processes
that their host cells are able to provide (e.g., for
protein synthesis and protein processing). There
is a multiplicity of different cell types in the gut,
each with a different role. This is reflected in a
differing complement of enzymes and surface
proteins; cells may even vary in these properties



Virus

Caliciviridae

Reoviridae

Adenoviridae

Astroviridae

Picornaviridae

Members

Norwalk-like and Sapporo-
like viruses

Rotavirus groups A-E;
only groups A-C are
found in man. Group C
is rare and group B is
uncommon except in
China.

Adenovirus group F, types
40 and 41

Types 1-8

(Enterovirus)
Poliovirus
Coxsackievirus
ECHO virus
Enterovirus

(Hepatovirus)
Hepatitis A virus

Features

34 nm nonenveloped
particles with distinctive
morphology (surface
cups).

Single stranded +ve
stranded RNA genome.

Multi-layered,
nonenveloped 70 nm
particles, enclosing
double-stranded RNA
genome. Only type A is
cultivable and requires a
trypsin supplement.

100 nm, nonenveloped
icosahedral particles, ds
DNA genome. Cultivable
in some cells (e.g.,
Graham 293)

28 nm nonenveloped, star
motif may be visible.
Single-stranded +ve RNA.
Appearance can be
variable; may be mistaken
for calici or parvoviruses.
Cultivable in differentiat-
ing colonic cells with
trypsin supplement.

28 nm nonenveloped
particles, single-stranded,
+ve sense RNA. Grow
relatively easily in a
variety of human and
primate cell lines.

As above, cultivable with
difficulty.

Associated Illness

Norwalk-like: explosive
projectile vomiting in
older children/young
adults. Noncultivable.

Sapporo-like: more
common in younger
children believed to be
milder in effect,
noncultivable.

Diarrhea common in the
young, decreasing in
frequency with age.
Illness returns in the
elderly.

Mild diarrhea, may be
prolonged virus shed-
ding. Mainly affects
children.

Mostly infects children, but
higher serotypes are
rarer and can cause
significant disease in
adults. Relatively mild,
but probably underesti-
mated.

Mainly asymptomatic, can
induce muscle pains
(Bornholm Disease),
cardiomyopathy,
meningitis, and CNS
motor paralysis (most
common with polio).

Hepatitis, mild in the
young.

continues

Table 8-1 Food-Borne Viruses



Virus

Unclassified

Parvoviridae

Coronaviridae

Toroviridae

Members

Hepatitis E virus

Wollan, Ditchling. Cockle
agents

Uncharacterized

Uncharacterized

Features

Calicivirus-like particle
structure, containing
single stranded +ve RNA
of unique genomic
organization.
Noncultivable.

Smooth featureless 25 nm
particles. Single-stranded
DNA genome. Poorly
characterized,
noncultivable.

Large enveloped virus,
fragile, noncultivable.
Food-borne transmission
unlikely in view of their
fragility.

Fragile, enveloped virus,
may resemble Berne
virus in horses.
Noncultivable, food-
borne transmission
unlikely as above.

Associated Illness

Similar features to HAV
but more severe. Often
fatal if contracted in late
pregnancy.

Widespread shellfish-
associated outbreaks,
largely controlled
through cooking.

Associated with neonatal
necrotising enterocolitis.

Unknown

Table 8-1 continued

at different stages during their differentiation.
Furthermore, all gut cells are bathed in a solution
of the various products that are secreted by other
specialized gut cells, notably, of course, pro-
teases. These features make the gut a very diffi-
cult cellular environment to mimic in culture.
For instance, a virus might replicate in one par-
ticular type of cell at one stage of its differentia-
tion and could also require extracellular soluble
products released from quite different cells en-
tirely. For this reason, viruses that replicate in
the gut have been very difficult to culture in the
laboratory, and some still cannot be grown.
Those that can be cultivated often require that
the culture is supplemented with proteases, usu-
ally trypsin,5 or even with duodenal juice.37 Spe-
cialized cells are also sometimes needed (e.g.,
differentiating colonic carcinoma cells for
astro viruses).49 Viruses that penetrate beyond

the gut and invade other tissues are generally
(but by no means always) simpler to cultivate
than those that reside in the gut.

This difficulty in cultivation has two impor-
tant effects. First, virus detection can be prob-
lematic. Usually, a cause of infectious gut illness
can only be established in approximately half of
the cases that are investigated. It is likely that a
large proportion of those cases of infection that
remain unidentified will in fact be found eventu-
ally to be caused by viruses, but by viruses that
hitherto have been missed because they are not
culturable, and because there is no adequate di-
agnostic test for this particular virus. The only
catch-all method is electron microscopy, but this
depends on a virus being readily recognizable by
its shape and present in large numbers (many
workers quote a minimum requirement of 106

particles per ml before observation becomes



even reasonably likely). Large viruses like the
rota- and adenoviruses are distinctive under the
microscope, but small, diffuse, or fuzzy viruses
may often be overlooked, and their identification
makes high demands on the operator. Other tests
may be less demanding in use, but require char-
acterized reagents such as antibodies for aggluti-
nation or ELISA-based methods and primers for
PCR-based detection. Thus, these tests can only
find viruses that are already characterized and
known; they cannot discover new ones. These
shortcomings bias the relative detection fre-
quencies of viruses associated with enteric in-
fection. Although the extent of any such bias is
not clear, it is difficult to avoid the conclusion
that virus-associated enteric illness is likely to be
substantially underestimated, and that this prob-
lem will be worse when considering the smaller,
less distinct viral agents.

Second, if it is not possible to culture a virus in
vitro, then that virus can only be investigated in
vivo. If the only hosts are humans, such experi-
ments become expensive and cumbersome, if not
ethically unacceptable. For this reason, many of
the fundamental investigations into stability,
transmission, and reinfection that are required
have not been done or have not been confirmed.

POTENTIALLY FOOD-BORNE VIRUSES

Table 8-1 summarizes the main viruses asso-
ciated with enteric infection. Several of these are
as yet uncharacterized and of necessity will not
be considered in this chapter. Any virus that is
enterically transmitted is potentially transmis-
sible via food, although person-to-person spread
may be more common. This is especially true of
viruses that affect children and infants. Most en-
teric viruses fall into this category. Infection is
acquired early in life and becomes less common
through late childhood, adolescence, and adult
life, increasing in significance once more in the
elderly. The significance of food-borne infection
can thus depend on the types of food that are
usually ingested by children. Chief among infec-
tions of adults are the Norwalk-like viruses
(NLVs, previously called the small round struc-
tured viruses-SRSVs), and the Sapporo-like vi-

ruses (SLVs), two related members of a virus
family called the Caliciviridae. Viruses of the
NLV type are the most common viral cause of
explosive outbreaks of projectile vomiting in
adults. In recent years, reports of viral gastroen-
teritis, particularly NLV outbreaks, have shown
a dramatic increase in England and Wales; 418
cases were identified in 1992 and 2,387 in 1996.4

In 1994, reports of NLV outnumbered those of
Salmonella for the first time. This is probably
due in part to increased awareness and referral
for diagnosis, but it indicates the extent to which
such infections may have been missed in the
past, and probably continue to be missed today.

Increased surveillance for viral gastroenteritis
was introduced in the United Kingdom between
1992-1995, and this has yielded some very in-
teresting results. A preliminary data set was ob-
tained for 2,149 of 2,680 outbreaks during this
period. Of these cases, 25% were attributed to
Salmonella, 33% to NLV, 2% to rotaviruses, and
0.5% each associated with astroviruses and
small round (parvo virus) like agents. Twenty
percent of cases were of unknown etiology, and
approximately half of these were believed due to
viruses. The features of all of these viruses asso-
ciated with food-borne transmission are de-
scribed briefly in the following sections.

Caliciviruses (NLVs and SLVs)

NLVs and SLVs have different appearances
under the electron microscope, and the relation-
ship between them has been debated for some
time. SLVs have an obvious and unique struc-
ture under the electron microscope; they appear
to be covered in cup-like depressions, from
which the virus takes its name (calici = a cup).
However, the NLVs appear fuzzy. Structural
studies using cryo electron microscopy have
now revealed considerable underlying similarity
in structure, and molecular studies have rein-
forced these. It is now clear that these two agents
are related.11

NL Vs

NLVs were first identified following an out-
break of enteric illness among adults in the town



of Norwalk, Ohio that has now given its name to
all viruses of this type. NLVs are associated with
sporadic outbreaks of diarrhea and vomiting
among young adults and older individuals. The
disease is more common in winter than at other
times of the year, and had been tentatively
named winter vomiting disease in 1940, al-
though its cause was not known at that time.
NLV is characterized by an incubation period of
up to 48 hours, with illness lasting for 1-2 days.
This virus differs from most other agents of viral
gastroenteritis in that it mainly attacks adults and
it frequently induces a high level of vomiting
among infected individuals. In fact, sudden, ex-
plosive, projectile vomiting may be the first ob-
vious symptom of infection. For this reason,
many cases of NLV are actually identified at
work. Thus, the implications if a food handler
should be infected are obvious.

In addition, although there are multiple sero-
types of NLV (probably more than eight), immu-
nity to each seems to be short lived. Thus, indi-
viduals may be protected for only a short period of
time (months) following an infection before they
become susceptible to the same virus again.35

Some people appear to have an inherent resistance
to infection; these individuals remain symptom
free, even in the absence of antibody. However,
sensitive persons may require several bouts of in-
fection by the same virus before antibody levels
are sufficient for some protection. Even in middle
age, only approximately 50% of people are serop-
ositive. Although NLV does cause outbreaks in
institutionalized settings where person-to-person
spread can be significant, it is also associated with
multiple simultaneous exposure events where oth-
erwise healthy adults consume virus-contami-
nated food. Such outbreaks have minimal person-
to-person transmission components, and 7-8% of
outbreaks in the United Kingdom are described as
mainly or chiefly food-borne in nature. However,
this attribution is not particularly robust; the real
figure could be significantly higher.

NLV is spread chiefly by water. Significant
outbreaks of NLV have been associated with the
commercial manufacture of ice from contami-
nated wells, soft fruits, and fruit juices. How-
ever, chief among the sources of NLV outbreaks

is the consumption of raw or partially cooked
shellfish. Molluscan shellfish are filter feeders,
often farmed or growing naturally in estuarine
locations. In Europe, most estuaries are contami-
nated with sewage effluent, and any viruses that
are shed in the water from communities living
upstream become concentrated within the bod-
ies of the shellfish. Frequent outbreaks of gastro-
enteritis have been associated with fecal bacteria
that was also concentrated in this way, but sim-
ply relaying the shellfish in clean water (depura-
tion) is often sufficient to allow them to purge
themselves of such bacteria. Unfortunately, this
process is inefficient in ensuring the removal of
viruses. Current European Union law regulates
the sale of shellfish according to the levels of
coliform bacteria they may contain, though this
is no guarantee of virological cleanliness. Con-
sequently, each year, a number of outbreaks are
attributed to the consumption of raw shellfish,
particularly oysters. Outbreaks show a slight
seasonality, for instance, shellfish seem to clear
viruses less efficiently in the winter when sea
temperatures are lower, and outbreaks may also
increase at such times. Eating habits can also be
a contributory factor. For example, in the United
States, there are often outbreaks around Febru-
ary 14th and around Thanksgiving because oys-
ters are traditionally eaten there at these times.

SLVs

SLVs cause illness more commonly in chil-
dren and account for some 3% of hospital admis-
sions for diarrhea in both the United Kingdom
and the United States. Most children are serop-
ositive by age 12 and seem to become infected
between three months and six years of age. The
disease is particularly common in institutional-
ized settings such as schools and daycare cen-
ters. Incubation is between 24-48 hours, and ill-
ness is usually mild and short lived, with
diarrhea tending to predominate. Any clinical
differences reported in the illness induced by
SLV and NLV seem to reflect more the age of
the patient than an intrinsic property of the virus
itself. On those occasions where SLV may cause
illness in adults, the signs and symptoms are in-
distinguishable from those of NLV.



An assessment of the stability of NLV is par-
ticularly difficult because the virus can only be
cultivated in volunteers. However, despite this
limitation, a few valuable studies have addressed
this point, and it is worth commenting on the
sensitivity of NLV to chlorine used in the treat-
ment of potable water. Reports from the United
States show that the virus resists treatment at a
peak level of 5 mg/1 for 30 minutes. Thus, NLV
can survive water chlorination to this level and
has even been detected in tap water in the United
Kingdom (although it is not known if it was in-
fectious at that point). NLV is inactivated at lev-
els of 10 mg/1, and this is used to decontaminate
water supplies if contamination is suspected.
The virus is relatively more chlorine resistant
than polio and human rotaviruses (rotavirus is
inactivated at levels greater than 3.5 mg/1).26

NLV is acid stable, surviving at pH values as
low as 2.7 for three hours at room temperature,
and also relatively heat stable (resists 60 0C for
30 minutes).13 Because the virus cannot be
grown, feline calicivirus (FCV) is frequently
used as a model.44 Although it is true that the fe-
line virus will probably mimic the behavior of
NLV in terms of where it tends to accumulate, it
is a relatively poor model for stability. For ex-
ample, FCV is considerably more acid labile
than NLV. Like all other enterically transmitted
viruses, NLV lacks an envelope and thus tends
to resist lipid solvents that would otherwise inac-
tivate viruses by stripping their lipid envelopes.
For instance, NLV is not inactivated by 20%
ether at 4 0C for 18 hours.13

Rotaviruses

Rotaviruses are members of the family
Reoviridae (Table 8-1) and account for some
3.5 million cases of diarrhea in the United States
each year. This equates to 35% of hospital ad-
missions for diarrhea each year. Even in a devel-
oped country like the United States, approxi-
mately 120 children die each year from this
virus, and fatalities are probably far more nu-
merous in less developed countries. The peak
age for illness is between six months and two
years; by four years of age, most people have

been infected.27 Immunity to rotaviruses is long
lasting and secretory immunoglobulin A (IgA)
in the gut plays an important role.

Group A rotaviruses exist in nine serotypes,
and variations in other proteins increase the anti-
genie diversity of this group. However, as time
progresses, individuals are exposed to many dif-
ferent variants of rotavirus, and immunity gradu-
ally accumulates. Thus, frequency of illness de-
creases with age. However, silent secondary
re-infections can occur throughout life (as in
parents caring for infants), thereby providing an-
other means for the virus to spread in the com-
munity. Illness usually develops after an incuba-
tion period of four to seven days and presents as
diarrhea and vomiting lasting approximately one
week. In the United Kingdom, only some 2% of
outbreaks were attributed as food-borne. The vi-
ruses are stabilized by calcium ions, which pro-
mote integrity of the particle.42 Ionic detergents
can reduce infectivity (e.g., 0.1% sodium
dodecyl sulphate, or SDS), but non-ionic deter-
gents can actually increase virus titre by break-
ing up aggregates and dispersing the particles.
Viruses are very resistant to acid conditions and
are stable over a wide pH range from 3.0 to 9.O.14

They can retain infectivity for months at 20 0C42

and also resist heating to 50 0C. Rotaviruses tend
to survive desiccation well and are reduced in ti-
tre by less than 10-fold during drying (A. Bosch,
personal communication). Once dried, the virus
survives well on either porous or nonporous sur-
faces, being relatively unaffected by temperature
or relative humidity. Infectivity of dried viruses
reduces in titre by just more than 2 logs over a 60-
day period, regardless of substrate, temperature,
relative humidity, or the presence of accompany-
ing fecal material. This makes rotavirus one of the
most stable of enteric viruses, second only to hepa-
titis A virus in this respect.1

Adenoviruses

There are 47 serotypes of adenoviruses, but
only types 40 and 41 cause enteric illness.
Adenoviruses account for some 5-20% of U.S.
hospital admissions for diarrhea, mainly in chil-
dren below two years of age.27 Incubation lasts



three to ten days, and illness (watery diarrhea)
may last for one week. However, prolonged
shedding of the virus has been reported. As chil-
dren age, exposure to adenovirus infection
gradually increases the levels of immunity. Only
20% of children below six months of age have
antibody to these viruses, but by age three, this
has risen to 50%.27 In the United Kingdom, ad-
enovirus-related outbreaks are extremely rare;
only one case was identified between 1992-
1995, and this was not believed to be food-
borne.4 Clearly, this is in stark contrast to the
antibody prevalence figures and implies that in-
fection may be mainly in the community and
doesn't follow outbreak behavior.

There are few studies that have specifically ex-
amined the stability properties of the enteric
adenoviruses, but most workers agree that the vi-
ruses are certainly stable between pH 5 and 9 and
up to 45 0C.17 Infectivity is rapidly (10 minutes)
lost above 56 0C, and this is associated with par-
ticle disintegration.40 Other workers have exam-
ined the stability of the enteric adenovirus type 40,
when dried on to fomites.1 Adenovirus is one of
the least stable of the enteric viruses under these
conditions, and its behavior seems to resemble that
of poliovirus rather than rota-, astro-, or hepatitis
A viruses, which tend to be more robust. Desicca-
tion itself causes a 100-1000-fold decrease in titre.
However, infectivity persists for seven days on
nonporous substrates, it is stabilized by the pres-
ence of accompanying fecal material, and it is un-
affected by levels of relative humidity. Adeno-
viruses survive less well on porous surfaces, and
the accompanying material seems to decrease its
stability. Survival is better at 4 0C than at 20 0C on
either surface. In liquids, adenovirus stability
closely resembles that of the astroviruses, which
are small, round RNA containing viruses respon-
sible for enteric infections mainly in the young of
animals and humans. Adenoviruses survive rela-
tively well in tap water; log titre reduction values
of 3.2 were observed after 60 days at 20 0C. The
virus is also disinfected by free chlorine, giving
log titre reduction values of 2.5 and 3 after two
hours in the presence of 0.5 and 1 mg/1 free chlo-
rine, respectively. Again, this behavior mimics
that of human astroviruses.2'3

Astroviruses

Astroviruses (serotypes 1-8) account for
some 5% of hospital admissions in the United
States, almost entirely of children.27 By seven
years of age, 50% of children are already serop-
ositive for the most common serotype (type 1),
and this reaches 75% by age 10. Illness is gener-
ally mild and lasts some two to three days after
an incubation period of similar length. This has
led many researchers to dismiss these viruses as
causative agents of significant disease in hu-
mans. However, this is not necessarily true, first
because the higher serotypes are less common,
thus infection is delayed and occurs among older
children and adults. Preexisting antibody to
other serotypes may modify the severity of any
resulting illness but may not prevent the occur-
rence of clinical disease. In Japan in 1995, 1,500
older children and their teachers were affected in
a widespread food-borne outbreak caused by
astrovirus type 4,33 and symptomatic illness has
also been seen in adults in the United Kingdom
and France. Second, astrovirus diagnosis can
present particular problems that may lead to an
underestimation of the number of cases. Diagno-
sis still largely relies on electron microscopy,
but particle morphology alone is not necessarily
a good guide. Astroviruses may frequently be
mistaken for small round (parvovirus-like)
agents and even for NLVs.23 This is a significant
finding, because a recent survey in the United
Kingdom identified only nine outbreaks associ-
ated with astrovirus (and a further two mixed in-
fections that also contained NLV), of which ap-
proximately 20% were thought to be
food-borne.4 A further four outbreaks of illness
were associated with small round virus, an agent
usually assumed to be parvovirus and routinely
dismissed as the causative agent of the outbreak.
However, half of these cases were believed to be
food-borne, and in view of the potential for
misidentification, these agents require further
investigation. Should these cases actually repre-
sent misidentified astroviruses, then the propor-
tion of astrovirus outbreaks classified as food-
borne could be as high as 30-45%. Recently, an
ELISA-based detection kit has been produced,



which could help to answer these questions if it
is widely adopted.

Astroviruses survive desiccation well, drop-
ping by only 10-fold with or without accompa-
nying organic material. If the virus is dried on to
a nonporous surface, accompanying fecal matter
can boost relative survival by 10-100-fold, with
infectivity persisting for up to 65 days and prob-
ably much longer at 4 0C. Astro virus survival is
greatly reduced at increased temperatures and
can decay completely within 10 days at 20 0C on
a nonporous surface. Adenoviruses survive
equally well on porous surfaces at 4 0C regard-
less of the presence or absence of fecal material,
infectivity persisting for more than 90 days. This
suggests that environmental temperature may
play an important role in the seasonality of
astrovirus outbreaks because indirect transmis-
sion would be assisted by decreased temperature
(A. Bosch, personal communication).

Astrovirus survives well in dechlorinated
(tap) water3 and reduces in titre by 100-fold after
60 days at 4 0C. This is increased to a 3.2 log
reduction after 60 days at 20 0C, which is a very
similar stability to that observed for human
rotavirus and adenovirus type 40, where the
same reduction was seen at 20 0C. Free chlorine
seems more effective at disinfecting astrovirus-
contaminated water than water contaminated
with hepatitis A or human rotavirus. Astrovirus
titres were reduced by 2.5 logs after one hour at a
free chlorine concentration of 0.5 mg/1. This in-
creased to 3 logs in the presence of 1 mg/1 free
chlorine. However, in both cases, residual infec-
tivity was still detected after two hours of treat-
ment when the log titre reduction was 4.17.3

Hepatitis Viruses

Hepatitis viruses A and E are classified differ-
ently. Hepatitis A virus (HAV) is the only mem-
ber of a single virus genus (Hepatovirus) of the
Picornaviridae. Hepatitis E virus (HEV), how-
ever, has some structural features resembling the
caliciviruses, but its unique genomic organiza-
tion means that it cannot be classified easily
within any of the existing virus families.

Both viruses spread predominantly through
water and are concentrated by molluscan shell-
fish. HAV is not uncommon, but HEV is rare in
developed countries. It does, however, occur in
epidemic form in India and in the former Soviet
Union. The worst outbreak of HEV involved
30,000 people in New Delhi in 1955. More lim-
ited shellfish-associated outbreaks occur spo-
radically around the Mediterranean. In the
United Kingdom, HEV is limited to returning
travelers. Clinical features of both viruses are
similar, although HEV tends to be more severe
and can be fatal in pregnancy. Convalescence
may be prolonged (8-10 weeks), and some 15%
of cases of HAV may follow a relapsing course
over 12 months or more.

The spread of picornaviruses has been af-
fected profoundly by human activities. In former
times, when the quality of water could not be
guaranteed, infection occurred early in life
through exposure to virus-contaminated water.
Under these conditions, infections tended to be
mild (often subclinical) and were endemic in the
society. However, where water purification and
other public health measures have been imple-
mented, the possibilities of infection for all of
these viruses are reduced, which has had the ef-
fect of increasing the mean interval between
contacts with the virus. As a result, infection is
delayed, and thus occurs predominantly in older
individuals.

This infection delay is well demonstrated in
countries where sanitation has improved over
recent years.19'28 In Hong Kong in 1979, 30% of
those people under 30 years of age had been in-
fected with HAV; by 1989, this number was 9%
and is still falling. Presumably, this will progress
eventually to resemble the situation in the devel-
oped countries where the vast majority of per-
sons older than 30 have no antibody to HAV
(i.e., they have never been infected).18 This is
significant for the course of the infection be-
cause the virus is more severe if it is contracted
in adulthood. People older than 30 years of age
account for only some 30% of the cases of HAV,
but nearly 80% of the deaths occur in this age
range.19 Shellfish will, of course, concentrate
any viruses shed in sewage and contaminating



their natural habitat, including picornaviruses,
and perhaps more significantly, HAVs and
HEVs. Significant outbreaks of illness have
been noted in Singapore and have been attrib-
uted directly to virus contamination of shell-
fish;47 similar outbreaks that are mainly attribut-
able to direct virus contamination of water occur
with HEV.28 Consequently, as water quality im-
proves, it is expected that persons growing older
in the absence of HAV infection would develop
a taste for shellfish and shellfish products (in-
cluding fermented foods) and become exposed
to the virus later in their lives. They would have
no residual immunity from childhood infections
(see astroviruses above), which could pose a risk
of severe disease later in life.

HAV is more stable to acid than other gut vi-
ruses of the picornavirus family. It retained vir-
tually all activity following 120 minutes at pH
1.0 and was still viable (although reduced in ti-
tre) after five to eight hours.41 Other enterovi-
ruses were inactivated virtually completely
within two hours at this pH. HAV is also rela-
tively more heat stable and survives heating at
60 0C for 60 minutes,10'15'21 being only partially
inactivated after 12 hours at this temperature at
neutral pH.36'43 In the absence of divalent cat-
ions, 50% of particles will disintegrate within 10
minutes at 61 0C, although in the presence of 1
M MgCl, this is not achieved until 81 0C. The
equivalent temperatures for poliovirus are 43 0C
and 63 0C, respectively, and polio appears far
more sensitive to desiccation and storage in the
dry state than HAV. This suggests that poliovi-
rus is an inadequate model for the survival of
enteric viruses in general, and especially for
HAV.1'46 HAV does, however, become rapidly
inactivated (in minutes) at temperatures higher
than 98 0C and can also be destroyed by chlorine
and hypochlorite (10-15 ppm residual chlorine
after 30 minutes; 3-10 ml/1 hypochlorite 20 0C
for 5-15 minutes). However, HAV is more chlo-
rine resistant than other picornaviruses.2'38 In
general, HAV is the most stable of the
enterically transmitted viruses. It survives desic-
cation with minimal decrease in titre (0.5 log)
and, once dried, shows virtually no reduction in
titre during a seven-day period regardless of the

surface onto which it has been dried, tempera-
ture or relative humidity of storage, or the pres-
ence of accompanying fecal material. Titres are
reduced by only 1-2 logs during the next 60 days
after drying.1 These data suggest that the sur-
vival of HAV is likely in fermented foods, al-
though it has not been rigorously assessed, and
exposure to the virus from the consumption of
shellfish or fermented foods prepared from them
remains a possibility.

ASSESSMENT OF VIRUS RISK

Contamination of Foods

Virus levels will not increase during the fer-
mentation of food; therefore, virus content of
these materials becomes an issue only where
there is significant contamination of the food be-
fore it is fermented. Most food-borne viruses are
resistant to both acid conditions and mild heat
treatment and could survive these aspects offer-
mentation processes. NLVs represent the great-
est risk of gastroenteritis for adults because they
are not likely to be immune. Stability data for
these viruses are scarce because of the difficulty
in assessing their survival, but it seems unlikely
that they would be more resistant to physical
treatments than HAV. Thus, in assessing the po-
tential for virus survival in food, it would seem
that procedures that would inactivate HAV
probably give the greatest protection against vi-
rus dissemination in the food. The other viruses
that could be present in food are largely infec-
tions of childhood. With the exception of fer-
mented cereals and dairy curds in some cultures,
children may not eat much fermented food and
thus the acquisition of infection from this source
(even if the viruses survive) is likely to be rare.
Adults consuming food that has been contami-
nated with these viruses would be protected by
residual immunity resulting from childhood in-
fection. HAV poses a serious threat to adults
with no preexisting immunity. Because this is
the virus that is hardest to remove (and thus most
likely to survive), HAV contamination of fer-
mented foods (especially of shellfish-derived
foods) could pose an increasing threat in areas



where sanitation is rapidly improving and serop-
ositivity to HAV is falling in adults.

Improved knowledge of the types of food that
are regularly contaminated with viruses should
permit an assessment of the relative risks associ-
ated with particular foods. In the United King-
dom, rigorous investigation often fails to iden-
tify the food vehicle of transmission. However,
accepting the significance of NLVs as the most
commonly identified cause of illness in adults, a
recent survey found that 35 (65%) of the NLV
outbreaks could be attributed to a particular
foodstuff, the most frequent being oysters.4 In
those cases where a particular food was impli-
cated, virus was detected in the food itself in
only two cases, both oysters. This percentage re-
flects the generally low level of virus contamina-
tion in other types of food. Other food vehicles
implicated were diverse, including sandwiches,
pies, fresh fruit, fruit and vegetable salads,
gateaux, fish, lobsters, and prawns. Many of the
dishes were not served alone, and the common
feature could be fresh fruit or salad vegetables
that were often served as a garnish if not a main
component of the meals. It is not possible to as-
sess how many of these outbreaks were associ-
ated with contamination by food handlers imme-
diately before serving, and how many might
have resulted from virus contamination of the
food before its preparation. Certainly, food han-
dlers were suspected in 19 cases, but was con-
firmed in only four. Viral illness has been asso-
ciated with intrinsic contamination of fruit in the
past,6'31 and the worldwide trade in fruit and veg-
etables may well increase such a risk in the fu-
ture. It is generally held, in the United Kingdom
at least, that there are two major patterns of
transmission of food-borne viruses — those due
to intrinsic contamination of shellfish with virus,
and those due to other foods probably involving
contamination by food handlers. It is not generally
believed that virus contamination of vegetables
and fruit at source is a major contributor to food-
borne viral illness in the United Kingdom.

Food-borne spread of HAV is not common. In
the United Kingdom, during the 1980s, seven
outbreaks were attributed to shellfish and a simi-
lar number to food contamination by handlers.

More recently, out of 19,000 cases (mostly in-
volving children), only 0.5% were associated
with food, with shellfish again being the major
culprit. This risk is far more significant else-
where where substantial outbreaks have been at-
tributed to shellfish consumption. An outbreak
associated with clams in Shanghai may have
been the largest recorded outbreak of food-borne
illness ever.20 HEV occurs in the United King-
dom only in one or two cases per year, entirely
associated with travelers returning from areas in
which the disease is endemic. Waterborne
spread would seem to be the major vehicle of
transmission, although shellfish-associated
cases have been reported.

Virus Survival in Fermented Foods

There are few data that are directly concerned
with the survival of viruses in fermented foods.
Studies conducted in fermented meats have
shown that the viruses responsible for foot and
mouth disease (i.e., FMDV), African swine fe-
ver, and hog cholera do not survive the produc-
tion process.29'34 However, these viruses are of
veterinary importance and are known to be more
labile than human enteric viruses. FMDV is acid
labile, is inactivated below pH 6, and is not like
gut viruses of the same family such as polio,
whereas the viruses causing hog cholera and Af-
rican swine fever are both enveloped and there-
fore more susceptible to the adverse conditions
encountered during fermentation.16 When model
enteric viruses such as polio, Coxsackie, and
echovirus, which are more relevant to human
health, were used, they were found to persist in
high titres virtually unaffected by the processing
that reduced the pH to 5. 0-5. 4. 12'22'25 Studies
with bacteriophage and simian rotavirus in fer-
mented cereals that are more weakly buffered
and consequently have a lower pH have also
demonstrated the ability of viruses to survive
well in fermented products.32'50 This relative
paucity of information does, however, point to
the difficulty of controlling risk from food-borne
viruses through fermentation, though further
work is clearly needed. Based on all of the infor-
mation available, however, some general infer-



ences can be drawn concerning the risks posed
by viruses and their control.

First, the type of food on which the product is
based will be an important factor. Shellfish are an
obvious high-risk material because they often live
in sewage-contaminated estuarine waters and con-
centrate available viruses in their tissues. The ini-
tial preparation of shellfish involves shucking the
shellfish flesh, and even if this is then washed, it is
unlikely to remove virus contamination from the
shellfish gut. Fermented foods prepared from or-
ganisms that consume shellfish (such as octopus
or scavenging crabs) may be contaminated indi-
rectly from this source. However, viruses are not
believed to be retained with the same efficiency in
these creatures, so the initial risk is presumably
more short lived.

Vegetable produce may be contaminated ei-
ther on the surface (e.g., by handling, washing,
or spraying with contaminated water)8 or more
deeply within the tissues (e.g., resulting from the
uptake of viruses contaminating irrigation wa-
ters used in cultivation). This is more likely in
the case of produce with a high water content,
such as celery, pumpkins, cucumbers, and other
soft fruits. Surface contamination can be effec-
tively removed by peeling provided the peelings
are not simply allowed to elute any virus into the
washing water and thus redistribute the material
across freshly peeled surfaces. Similarly, wash-
ing itself can be very effective, and efficiency
can be increased if small quantities of (prefer-
ably ionic) detergent can be used.

Where produce is contaminated with fecal
material, viruses may be dried on to the surface
as aggregates with other organic material. This
tends to promote survival on nonporous surfaces
such as a waxy plant cuticle. In these cases, the
use of detergent could not only remove the ag-
gregate, but also disperse it, thus increasing the
number of potential infectious units present. Un-
der these conditions, thorough rinsing becomes
essential. Potable water washing alone can re-
duce surface contamination by bacteria by 10-
100-fold, and the use of hypochlorite is even
more effective. Common commercial washing
procedures in the developed world use 100 ppm
hypochlorite (yielding 30-40 ppm free chlorine)

at pH 6.8-7.1 and 4 0C and a contact time of two
minutes. Other materials such as soft fruits that
could be damaged by this process can be sprayed
or immersed for only 10 seconds in 15-20 ppm
free chlorine.7 Tests have found that in general,
hypochlorite under these conditions is very ef-
fective against viruses in suspension;24 however,
its efficacy against viruses that are adsorbed to a
surface or in the presence of other organic mate-
rials cannot be assumed as great. Studies suggest
that hypochlorite may not be as effective as as-
sumed when it is used to control HAV that was
artificially introduced on to strawberries. Hy-
pochlorite treatment was approximately 10-fold
less effective against this virus on the fruit than
the same virus in suspension, and full control
could not be achieved below levels that would
render the fruit inedible.45 Furthermore, this
method of cleansing must be limited to an effect
on surface contamination only; it could clearly
not affect any deeper contamination within the
plant tissues.

Fermentation frequently involves salting, par-
ticularly fermented shellfish products produced
in southeast Asia, where salt levels of up to 30%
by weight can be used, producing a saturated
brine.39 Salt (sodium chloride) itself is generally
not injurious to virus particles lacking an enve-
lope; other ions are more problematic, with ce-
sium having an adverse and sometimes irrevers-
ible effect on virus polymerase function. High
salt (especially under acid conditions) can lead
to the precipitation of proteins; this is likely to
occur and will be aided by a generally high pro-
tein concentration in the environment. Precipita-
tion on this scale would certainly cause the pre-
cipitation of virus particles and a considerable
reduction in their infectivity. Precipitated vi-
ruses can redissolve should the salt concentra-
tion be reduced at a later stage, but residual
clumping and loss of infectivity would mean that
the original titre will not be recovered. Other
salts have a stabilizing effect on virus particles,
particularly divalent cations; magnesium stabi-
lizes polioviruses and calcium stabilizes
rotaviruses.

pH reduction in fermentation is typical, and
pH could fall to as low as 3.8. However, all en-



teric viruses are able to infect through the gut,
and thus all must be designed for passage
through the acid conditions of the stomach. In-
deed, stability to acid (pH 4.0) remains one of
the routine tests for enteroviruses, differentiat-
ing them from the morphologically identical rhi-
noviruses that infect via the nasal mucosa and
are not required to possess acid stability. Acid
resistance is thus a common feature of all of the
viruses in these groupings, and acid production
per se is not likely to reduce virus titre signifi-
cantly unless accompanied by heat. This is sup-
ported by the limited number of studies done on
virus survival in acid-fermented foods. Nout et
al.32 used the bacteriophage (MS-2) as a model
for human viruses and found that it survived
much better than bacteria in a fermented por-
ridge at pH 3.8; its numbers declining by ap-
proximately 0.1 log cycle per hour. Even better
survival was found in work using the simian
rotavirus SA 1 1 , a good model for the behavior
of unculturable human rotavirus. In 24 hours at
30 0C, the virus titre decreased by 0.25 log
cycles at pH 4.0 and by 1 log cycle at pH 3.3.50

Significantly, this work found the effect to be
purely pH-related, with no difference when dif-
ferent acidulants were used. The enhanced anti-
microbial effect of weak organic acids seen
against bacteria clearly does not operate with
nonenveloped, nonmetabolically active virus
particles.

During fermentation, autolysis of the tissues
will lead to protease release. Gut viruses are re-
quired to possess some degree of protease resis-
tance because infection through the gut must ex-
pose them to these enzymes. In fact, some seem
to have evolved to require the addition of pro-
teases such as trypsin during their culture in
vitro. Trypsin, however, is a specific enzyme
recognizing certain sites in the protein, and all
viruses are susceptible to prolonged protease
treatment. This is especially true of broad-spec-
trum proteolytic enzymes such as protease K and
pronase, and plant enzymes such as bromelain
and papain. The enzymes released during au-
tolysis are also broadly reactive against proteins.
Regardless of the context of the peptide bond,
they too are able to destroy virus particles even-

tually. Detergents and saponifiers will also assist
this action if present. The addition of protease-
containing fruit or fruit juice (especially pine-
apple) would also aid this effect in fermented
shellfish products such as Plaa-mam and Khem-
mak-nat.39 Virus particles would, however, be
protected from this process if they are present as
aggregates or inclusions (perhaps within shell-
fish gut tissue) or surrounded by a high local
concentration of protein.

Finally, there is heat treatment. The ability of
a heat treatment to eliminate risk from a patho-
genic organism will depend not only on the in-
trinsic heat sensitivity of the organism, but also
on the initial numbers of the organism present,
the heating menstruum, the temperature, and the
time of exposure. Although there is a wealth of
information on how these factors can affect bac-
terial survival, the thermal inactivation kinetics
of viruses have not been subject to the same kind
of scrutiny. A temperature of 65 0C is ineffective
against most of the enteric viruses; certainly
astroviruses, HAV, and rotaviruses can survive
such treatment even if adeno viruses and polio vi-
ruses may be substantially reduced in titre. A re-
cent study9 has shown that less than 0.5 minutes
at 85 0C produced a reduction of more than 5 log
cycles in the titre of HAV in three different dairy
products, whereas heating at conventional pas-
teurization temperatures of 71-73 0C required
13-18 minutes to achieve the same effect. Some
protective effect from fat was seen in cream con-
taining 18% fat, but no significant differences
were discernible between skimmed and whole
(3.5% fat) milk.

The failure to see outbreaks of viral illness as-
sociated with correctly pasteurized milk indi-
cates the very low association of human viruses
with this product. Thus, by extension, fermented
milk products are likely to be relatively safe with
regard to viral infections, particularly when op-
erations such as milking and fermentation are
mechanized, thus reducing the risk of contami-
nation from food handlers. FCV could not be
cultured from cockles immersed in boiling water
for one minute or longer, during which time the
average internal temperature reached 78 0C. Im-
mersion for 30 seconds, which achieved an aver-



age internal temperature of approximately 63 0C,
produced a 2-log reduction in titre.44 HAV (and
polio virus) were completely eliminated from
cockles that achieved an average internal tem-
perature of 85-90 0C for one minute. These data
were used as the basis for setting heat-treatment
regulations for cockles in the United Kingdom
(90 0C for 90 seconds).30 In some products,
though, the temperature treatment necessary to
eliminate risk may be incompatible with product
quality, although there is some evidence that in
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