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Abstract Human fecal wastes contain a large variety of
viruses that can enter the environment through discharge of
waste materials from infected individuals. Despite the high
diversity of viruses that are introduced into the environ-
ment by human fecal pollution, only a few have been
recognized to cause disease in association with consump-
tion of contaminated shellfish. To explain bivalve mollusks
contamination, several factors including human epidemi-
ology, virus persistence through sewage treatment plant,
and shellfish uptake may be suggested. Considering dif-
ferent outbreaks described in the literature, the most
common route for transmission is accidental contamination
after heavy rainfall, when extra loads cause an overflow,
and release of untreated sewage into the aquatic environ-
ment. Outbreak analysis also demonstrates the impact on
shellfish consumption of some viral strain transmission and
thus their impact on molecular epidemiology, especially
for norovirus. To limit shellfish contamination and thus to
protect the consumer, the most desirable and effective
option is to reduce the viral input.
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Introduction

Shellfish were identified as a vector for human enteric

pathogen transmission more than 150 years ago. The
practice of consuming either raw or undercooked shellfish
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can lead to transmission of disease, as human pathogens
can accumulate in the shellfish, during their filter-feeding
activity. Contamination of shellfish-growing waters with
human sewage was recognized as a contributing cause of
the outbreaks, leading to the development of bacteriologic
criteria to assess the impact of sewage on shellfish and
shellfish-growing waters. The institution of regulations to
specify acceptable levels of bacterial enteric pathogens in
shellfish tissues (European regulation 54/2004/EC) or in
waters where shellfish are grown (United State Sanitation
program) led to the classification of production areas and
assisted in lowering the number of bacterial outbreaks.
However, gastroenteritis or hepatitis outbreaks linked to
shellfish consumption still occur as viral contamination is
not yet controlled.

Source of Pollution for Human Enteric Viruses

A large diversity of viruses may enter the environment
through the discharge of waste materials from infected
individuals. Enteric viruses, originating from human
excreta, cause a wide spectrum of illnesses in man
including hepatitis, gastroenteritis, meningitis, fever, rash,
and conjunctivitis. Viruses most frequently implicated in
outbreaks (hepatitis A virus and norovirus) are reviewed in
detail in this special issue (Pint6 et al., Atmar et al.). Thus,
only a brief description of the principal viruses that have
been characterized either in outbreaks or in field studies is
given below. Most human enteric viruses induce gastro-
enteritis either in children or all age groups. Rotaviruses
are the main etiological agent of viral gastroenteritis in
infants and young children (Estes and Kapikian 2007).
They are an important cause of mortality in developing
countries, while in the developed world they remain an
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important cause of morbidity and of hospitalization in
young children. They are also increasingly recognized as a
cause of infectious diarrhea in adults as well (Anderson and
Weber 2004). Other viruses, such as astrovirus or adeno-
virus, give mild symptoms, so their prevalence in the
population is not well documented. Poliovirus, which
causes a devastating neurological disease, is a human
enterovirus that, despite vaccination campaigns, is still
present in some parts of the world. Other enteroviruses
species cause a variety of other clinical syndromes,
including respiratory infections, hemorrhagic conjunctivi-
tis, and myocarditis (Pallansch and Roos 2007). Charac-
teristics of these viruses are summarized in Table 1.

Tl people shed norovirus at high levels (5 x 10°-
1.6 x 10"* RNA copies/g of stool (Atmar et al. 2008).
Additionally, post-symptomatic virus shedding may con-
tinue for some time after disease, as demonstrated for
enterovirus, hepatitis A virus, and norovirus (Atmar et al.
2008; Costafreda et al. 2006; Pallansch and Roos 2007).
For example, norovirus shedding in an experimental human
infection model lasted a median of 28 days, with a range
from 13 to 56 days, and most subjects were no longer
symptomatic by day 4 (Atmar et al. 2008). These data
suggest that the impact of continued virus shedding from ill
and post-symptomatic patient on sewage may be very
significant. Enterically transmitted hepatitis viruses are
distributed worldwide with no clear seasonal pattern, and
transmission is linked to sanitary and living conditions of
the population (Pint6 and Saiz 2007). Concentrations of
3 x 10°-5 x 10'" RNA copies/g of stool have been
reported for HAV (Costafreda et al. 2006).

The regular and predictable pattern of seasonal out-
breaks dominates the epidemiology of many exclusively
human pathogens (Dowell 2001). The seasonal infection
may vary between different pathogens, but the timing and
characteristics of the annual outbreak of a single pathogen
are remarkably consistent from year to year. More general
parameters, such as global climate change, may also have
an impact on outbreak seasonality and strain transmission
(Rohayem 2009), and the overall impact of environment on

Table 1 Characteristics of the main enteric viruses

infectious diseases needs to be considered (Sansonetti
2009). For example a clear peak of norovirus outbreaks
occurs during cold weather months on several continents,
with lack of UV, cold temperature, frequent run-off being
some of the possible explanations of extensive transmission
(Mounts et al. 2000). However, noroviruses continue to
circulate endemically throughout the year, and although
there is the theoretical possibility of zoonotic spread, cur-
rently there is no direct evidence of the existence of a
reservoir for re-introduction into the human population
(Lopman et al. 2008). Gastroenteritis from all causes pre-
dominates during colder months of the year but it does not
disappear during summer (Dowell 2001; Lopman et al.
2008). It is now evident that some viruses may be detected
all year long, either in sporadic cases of illness or in
untreated sewage (da Silva et al. 2007; Patel et al. 2008).

Human enteric viruses, being very resistant, may persist
in outflow water after treatment in sewage treatment plant.
Indeed, they have been frequently detected in treated waters
and surrounding rivers. Although wastewater is treated for
the purposes of removing bacterial and viral pathogens,
treatment is not 100% effective and wastewater effluent
may contain enteric viruses that can contaminate the envi-
ronment. Concentrations of hundred to thousands genomic
copies per liter of treated wastewater can be detected, and
seasonal variability is similar to that seen for untreated
sewage. Several studies reported a higher frequency of
genogroup I (GI) norovirus strains in treated effluent com-
pared to genogroup II strains (van der Berg et al. 2005;
Myrmel et al. 2006; da Silva et al. 2007; La Rosa et al.
2007). Haramoto et al. (2006) even reported that all treated
sewage samples were positive for GI. GI noroviruses are
more resistant to inactivation and removal during the sew-
age treatment process, though the cause is unclear and
should be studied in the future. Some hypothesize that
differences in capsid proteins or binding properties may be
responsible for different treatment efficiencies among
norovirus types. Furthermore, GI noroviruses are more
often implicated in shellfish- and water-related outbreaks
than GII, suggesting that GI has a higher resistance to

Name Size Capside Genome* Incubation Illness Season
Adenovirus 70 nm Complexes DsDNA—35,900 bp 3-10 days Gastroenteritis ~ All year
Aichi virus 27-32 nm  Icosahedral ssSRNA—38,251 bases 1-2 days Gastroenteritis ~ All year
Astrovirus 27-32 nm  Icosahedral ssSRNA—6,797 bases 3-5 days Gastroenteritis ~ Winter
Calicivirus 27-32 nm Icosahedral ssSRNA—7,642 bases 2-3 days Gastroenteritis ~ Winter
Enterovirus 20-30 nm  Icosahedral ssRNA—7,200 bases 7-30 days Diverse Summer
Rotavirus 70 nm Triple layer icosahedral =~ dsRNA, 11 genes (667-3,302 bp) 3 days Gastroenteritis ~ Winter
Hepatitis A virus  27-32 nm  Icosahedral ssSRNA—7,478 bases Up to 6 weeks  Hepatitis All year

? ds double strand, bp base pairs, ss single strand
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inactivation in the environment (Lopman et al. 2004;
Blanton et al. 2006). Overall noroviruses are found in
concentrations ranging from undetectable to 10° genome
copies/l of treated wastewater (Pusch et al. 2005; van der
Berg et al. 2005; da Silva et al. 2007; Iwai et al. 2009). One
study reported that sapovirus was found at concentrations of
about 0.5-1.8 x 10% genomic copies/l (Haramoto et al.
2008b). Sewage analysis showed that noroviruses and
sapoviruses may be detected in treated water all year long
(da Silva et al. 2007; Iwai et al. 2009).

Information on virus sources and virus levels in treated
wastewaters can be used to estimate the quantities of virus
discharged into the environment. Limited data are available
to calculate “virus based-flow” or “event-flow” discharges
into rivers or estuaries. Nevertheless, recent data suggest
that, during non-epidemic periods, less than 10°~10* geno-
mic copies/l of norovirus are present in treated wastewaters.
During the epidemic period (winter) the concentration is
probably 100- to 1,000-fold higher. The rate of reduction of
virus concentrations through sewage treatment processes
relies on the initial raw sewage concentrations and residence
time (Le Cann et al. 2004; Myrmel et al. 2006; Katayama
et al. 2008). Many types of wastewater treatment technol-
ogies exist and thus performance may be different (da Silva
et al. 2007). Viral elimination depends on a wide array of
factors, including temperature, solar radiation, adsorption,
enzymatic destruction, and predation by bacteria and pro-
tozoa. Removal mechanisms are complex and difficult to
elucidate, especially for non-culturable viruses. For example
association of norovirus to particles has important implica-
tions as this may protect viruses from inactivation by
shielding, or enhance inactivation by photosensitization of
adsorbed macromolecules (da Silva et al. 2008). These data
imply that viruses are discharged into environmental waters
with a seasonal profile and raises questions about the fre-
quency and duration of such peaks and the importance and
impact of storm events that result in a bypass of wastewater
treatment during high flow epidemic periods. In the absence
of precise information, calculations from epidemiological
data suggest that 10° norovirus fluxes can be expected from a
town of 60,000 population-equivalent during winter out-
breaks (Pommepuy et al. 2004). Many environmental fac-
tors can have an impact on viral distribution, including
currents, estuaries, and tides (Pommepuy et al. 2005).

Norovirus is detected in surface waters less frequently
than in wastewaters, probably due to dilution and/or sedi-
mentation mechanisms occurring during transport in rivers.
Norovirus has been detected at frequencies ranging from
5.8% in a Brazilian river to 53% in Japan (Haramoto et al.
2008a; Miagostovich et al. 2008). Peak norovirus concen-
trations of up to 10* genome copies/l of surface waters have
been reported, suggesting that the risk of infection can
vary quantitatively as well as qualitatively (Lodder and de
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Roda-Husman 2005; Westrell et al. 2006). Other human
enteric viruses have also been detected at various concen-
trations as noted in a recent review (Gerba 2007). For
example, hepatitis A virus is endemic in parts of Italy, and
viral RNA has been detected at concentrations ranging from
75 to 730 genomes/l in Venetian canals (Rose et al. 2006).
Despite efforts to reduce the pollution, human activities
produce wastes that are discharged into the sea. When
entering in the sea, the free- or bound-microorganisms are
subjected to dilution and bio-sedimentation processes.
When discharged in the marine environment, microor-
ganisms are subjected to different factors (Fig. 1):

— Physical dilution dispersion and sedimentation decrease
fecal contamination in coastal areas.

— Physio-chemical conditions, specific to marine water
(sunlight radiation, salinity, temperature, pH), may
influence viral degradation.

In coastal areas, boats or vessels could also have a
significant impact on water and sediment contamination. In
a study, fecal load sheds by bathers ranged from 10" to
10'® viruses for 7,185 bathers, during the weekend (normal
and worst case condition, respectively) (Gerba 2000). The
presence of fecal contamination in the environment is the
result of flux mixing, accumulation in sediment and
shellfish, and microbial persistence. It is important to take
the complexity of the coastal environment into account to
better understand the behavior of microorganisms in the
ocean and the occurrence of pathogens in water, sediment
or shellfish. Viral degradation in the sea depends on cli-
matic conditions (e.g., temperature and sunlight exposure).
Virus inactivation is considered to proceed as a first-order
rate process. The rate of degradation, which encapsulates
the effects of a number of different environmental factors,
is given by T90, the time for viral concentration to decrease
by one log (Schijven et al. 2010). Viruses in marine water
are more persistent than Escherichia coli, as demonstrated
by T90s values: E. coli (5 h-3.5 days) Poliovirus-1 (10 h-
7 days); Hepatitis A virus (3-28 days) Astrovirus (16—
30 days) (Pommepuy et al. 2005). Virus attachment to
colloid depends on their intrinsic properties (size, electric
charge) and then may settle down in the shallow beds of the
estuary side. Viruses bind to small-size sediment or silts,
especially when salinity is low, and they may persist in an
infectious state for several months, protected by marine
sediments in estuarine waters (Metcalf and Melnick 1983;
Bosch et al. 1988; Chung and Sobsey 1993).

Shellfish Contamination

Shellfish pump water over their gills, and suspended par-
ticles are captured and passed onto the alimentary tract.
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Fig. 1 Main factors involved in
viral behavior (Pommepuy et al.
2005)
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However, some sorting of particles occurs prior to inges-
tion to help regulate what is presented to the digestive tract.
Food particles enter the stomach through the short esoph-
agus, and particles are sorted further according to size,
density, and digestibility. The ciliary action of epithelial
cells sorts the particles in the stomach as follows: small and
heavy (or excess) particles are immediately rejected
through the intestinal groove to the midgut while larger or
lighter particles are recirculated for further degradation.
Food particles are embedded in mucous strings from the
esophagus and are carried forward by the rotation of the
crystalline style and subjected to mechanical and chemical
(mainly glucanases) degradation. Small particles and
insoluble molecules enter the digestive gland via the brush-
border of the ducts. A second phase of extracellular
digestion occurs in the lumen of the tubules, where extra-
cellular enzymes are present. However, intracellular
digestion is the main digestive process in this part of the
alimentary tract, and then nutrients are transported to the
hemolymph, amoebocytes, and periglandular connective
tissue. Undigested remnants accumulate in residual bodies.
In the final phase of the digestive process, the digestive
cells break up to release their apical pole filled with
residual bodies and lysosomes and are expelled into the
lumen of digestive tubules, thereafter reaching the stomach
via the ciliated duct section. Waste products are passed
onto the rectum via the intestine, where digestion and
absorption of some nutrients may also occur (Shumway
et al. 1985; Gosling 2003).

It was generally thought that oysters act as mere filters
or ionic traps, passively concentrating particles such as
bacteria or virus. However, unlike enteric bacterial species,
enteric viruses persist in shellfish for an extended period of
time. It is this persistence that appears to result in its sig-
nificant impact on public health. Viruses are principally
concentrated in the pancreatic tissue, also called digestive
diverticula. A number of different mechanisms have been
suggested to explain differences between in virus accu-
mulation between different oyster species, including
mechanical entrapment and ionic bonding (Di Girolamo

et al. 1977; Metcalf 1982; Schwab et al. 1998; Burkhardt
and Calci 2000). Virus accumulation in oysters can also
depend on factors such as water temperature, mucus pro-
duction, glycogen content of the connective tissue, and
gonadal development. The importance of secreted acid
mucopolysaccharides in the concentration of poliovirus
was first demonstrated 30 years ago (Di Girolamo et al.
1977). Mucus present on gills was also suspected to be
important for concentration of reovirus by oysters (Bedford
et al. 1978). Later hepatitis A virus was demonstrated to
persist for several weeks after bio-accumulation, with
infectious virus being detectable after 3 weeks and viral
RNA still being detectable after 6 weeks using molecular
assays (Kingsley and Richards 2003). Infectious adenovi-
rus was still detected in mussels for 3 weeks following
bioaccumulation and in oysters for 6 weeks (Hernroth and
Allard 2007).

Virus-like particles (VLPs) have been used to study
virus persistence in shellfish. Using rotavirus VLPs in
oyster bioaccumulation studies, viral particles persisted in
oyster tissues for from 1 to 3 months, depending on the
input concentrations (Loisy et al. 2005). We used VLPs of
the prototype genogroup I Norwalk virus ({fNV VLP) and
native Norwalk virus for bioaccumulation in oysters
(Crassostrea gigas) to study norovirus persistence. We
observed no differences in virus distribution between the
native Norwalk virus and the VLPs, confirming that VLPs
are good surrogates of infectious virons for this type of
study. Interestingly, virus particle and VLP binding
depended on specific cell types, such that some viral par-
ticles were detected in phagocytes located either in the
epithelium or in the connective tissue (Le Guyader et al.
2006b). This observation might reflect the process of virus
elimination or of normal digestion, but it is unclear if the
immunoreactive material detected in phagocytes corre-
sponds to particles being degraded and digested or whether
particles are able to escape digestion. Specific binding to
the main ducts in the digestive tract was observed and may
be a mechanism for many viral particles to avoid entering
in the food circulation and thus subsequent degradation
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(Le Guyader et al. 2006b). The existence of a specific
attachment to oyster cells and the internalization into
phagocytes could explain the difficulty in using depuration
to rid oysters of viruses.

Human susceptibility to norovirus infection depends
upon the presence or absence of certain carbohydrates of
the ABH, secretor and Lewis histo-blood group families
(Tan and Jiang 2007). Using the tissues sections of oyster
bodies, we observed that the recognition of oyster digestive
epithelial cells by NV VLPs also involves carbohydrates.
Similar to what was observed with human histo-blood
group structures, the use of human saliva to inhibit VLP
attachment to oyster tissues or the use of mutant VLPs that
abolish VLP binding to histo-blood group antigens (alanine
substitution at positions H329A and W375A) prevent
binding to oyster tissue. Additional studies showed that the
oyster ligands are similar to histo-blood group A. Thus,
Norwalk virus binds to oyster tissues through an A-like
carbohydrate structure, a binding site also used for
attachment to carbohydrate on human epithelial cells (Tan
and Jiang 2007). Norovirus VLPs can also specifically bind
to tissues of other oyster species (Crassostrea virginica,
Crassostrea sikamea) or clams (Venerupis virginica) or
mussels (Mytilis edulis) (Tian et al. 2007). Genetic diver-
sity of NoVs is reflected in their binding capacity to various
histo-blood group antigenic structures. Distinct norovirus
strains belonging to both genogroup I and II exhibit various
binding patterns with different carbohydrate structures of
the histo-blood group family, suggesting a possible
coevolution of this group of viruses and their host or carrier
vector (Le Pendu et al. 2006; Tan et al. 2009). Differences
observed between GI.1 and GIL4 binding to human
HBGASs are also present in oyster tissues. The distribution
of GII.4 is not restricted to digestive tissues as for GI.1 and
binds to the different organs using two different ligands
(Maalouf et al. accepted). This is in accordance with
reports demonstrating the presence of GII.4 in gills, albeit
to a lower extent than in digestive tissues (McLeod et al.
2009).

Outbreaks Descriptions with a Focus on the Source
of the Contamination

Despite the high diversity of viruses that are introduced
into the environment by human fecal pollution, only a few
have been recognized to cause disease in association with
the consumption of contaminated shellfish. Potential
explanations for this observation include a lack of sus-
ceptibility of the persons consuming the shellfish to these
viruses (i.e., pre-existing immunity), a requirement for
exposure to higher doses than are present in the shellfish to
establish infection, and a lack of recognition of disease
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either through under-reporting or the unavailability of
sensitive diagnostic assays. Regulations specify acceptable
levels of bacterial enteric pathogens in shellfish tissues or
in shellfish growing waters in Europe (European regula-
tion, 91/492/EC) and the United States (National Shellfish
Sanitation Program). As depuration failed to eliminate viral
contamination (see Richards et al. same issue), some
shellfish collected from B area have been implicated in
outbreaks (Table 2). However, in many outbreaks, the
shellfish and shellfish-growing waters met regulatory cri-
teria for fecal bacterial levels, suggesting an accidental
contamination event rather than exposure to a continuous
sewage discharge. Frequently the source of accidental
events for shellfish contamination cannot be traced (Shieh
et al. 2000; Le Guyader et al. 2003; Prato et al. 2004), but
a number of reports have been able to elucidate the cause
of human fecal pollution (Table 2). Few outbreaks refer to
oyster collected in contaminated area (Ng et al. 2005) or
people collecting oyster in non-classified area (Sugieda
et al. 1996).

The most common route for accidental contamination is
sewage overflow and discharge into the aquatic environ-
ment during heavy rainfall events. As mentioned above,
untreated sewage is likely to be heavily contaminated by
enteric viruses. An Australian oyster-associated gastroen-
teritis outbreak, affecting 2,000 persons during the summer
in 1978, was the first clear demonstration of this link
(Murphy et al. 1979). This outbreak was linked to sewage
contamination of the oyster harvesting area near Sydney
following heavy rainfall, although not exceptional as sim-
ilar or greater amounts were recorded several times in the
past 25 years. One explanation was possible increased
urbanization around the producing area (Murphy et al.
1979). Runoff from heavy spring rains were also suspected
to be responsible for 103 clusters of norovirus gastroen-
teritis involving more than 1,000 persons after clam or
oyster consumption in New York State in 1982 (Morse
et al. 1986). In south of France, heavy rainfall and sewage
treatment plant failure were twice implicated as the cause
of large gastroenteritis outbreaks due to consumption of
oysters harvested from a single lagoon (Le Guyader et al.
2006a, 2008). Before the first outbreak, up to 150 mm of
rainfall occurred in less than 1 week, resulting in runoff
and river overflow and sewage treatment system failures.
Before the second outbreak up to 76 mm of rain fell in
1 day, much more than the monthly average of 65.18 mm
shown by data collected over the previous 43 years (Le
Guyader et al. 2008). Heavy rain causes the storage
capacity of the sewage treatment plant to be exceeded. In
combined sewer and rainfall systems, this leads to storm
spills. Such discharges result in the release of untreated,
heavily contaminated effluent. This may be particularly
true during the ‘first flush’ and this latter outbreak was
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Table 2 Contamination events identified from different outbreaks linked to shellfish consumption worldwide

Shellfish Country  Category No. Stool analysis Shellfish analysis ~ Contamination events Reference
of
cases
Oysters Japan - - NoV GI NoV GI, GII Direct sampling on a rocky beach Sugieda et al.
(1996)
Oysters Denmark A 356 NoV, EV NoV, EV Imported product, possible fraud  Christensen et al.
with registration documents (1998)
Oysters France A 14  NoV GI NoV GI, No environmental explanation Le Guyader et al.
(low E.coli counts) (2003)
Oysters US(CA) Aand B 171 NoV NoV No environmental explanation Shieh et al.
(2000)
Oysters US (LA) A 132 NoV GI, GII NoV GI Overboard sewage disposal Kohn et al.
(1995)
Oysters Singapore B 305 NoV GII NoV GII Potential contaminated area Ng et al. (2005)
Oysters France B° 127 NoV Gl4, GIL4, b NoV Gl.4, GII.4, 8 Flooding and sewage treatment Le Guyader et al.
Ttaly 202 NoV GL6, 4 GIL.4, 8 plant failure (2006b)
Oysters Australia - 83 NoV Gl4, 2, GII.6, 7, NoV GII.4 Imported from Japan Webby et al.
9,5, 12 (2007)
Oysters New C 115 NoV GI, GIL3, 6, 12 NoV GIL.3, GIL.3, Imported frozen for cooking Simmons et al.
Zealand 6,8,7, 12 preparation (2007)
Oysters Canada A 135 NoV G GI.1,2,GII. 3,4, NoV GI.2 Widespread contamination David et al.
5 (2007)
Oysters Sweden A 30 NoV GI.1 NoV GI.1, GI1.3  Inappropriate storage for 10 days Nenonen et al.
in corf sunk in a guest-harbor (2009)
Oysters France A 205 AiV, AV, EV, RV, AiV, AV, RV, Flooding and sewage treatment Le Guyader et al.
NoV GI, GII NoV GI, GII plant failure (2008)
Oysters France A 34 NoV GII.4, SaV, AiV NoV GI, I1.4 SaV Illegal collection of oyster from a Le Guyader et al.
forbidden area (2010)
Mussels Italy - 103  NoV NoV GII and GI ~ No environmental explanation Prato et al. (2004)
clams UsS Be° 5 NoV NoV GII, + HAV  Frozen imported product Kingsley et al.
(2002)
Oysters US A 61 HAV HAV Illegal harvest from an unapproved Desenclos et al.
area (1991)
Oysters UsS A 39 HAV HAV Illegal waste discharges from Shieh et al.
harvest vessels or recreational (2007)
boats, illegal harvesting in closed
areas
Mussels Italy - 562 HAV - Probable contaminated area and ~ Lopalco et al.
shellfish storage in seawater (1997)
tanks
Mussels, Ttaly Diverse 882 HAV HAV Breeding farms from various area Pontrelli et al.
razor shell and illegal storage in seawater (2008)
Clam China A 638* HAV HAV Contaminated growing area Halliday et al.
(1991)
Clam Spain - 184 HAV HAV Frozen imported shellfish Sanchez et al.
(2002)
Clam Spain - 100 HAV HAV Frozen imported shellfish Costafreda et al.

(2006)

—: Data not specified, B°: depuration specified, B°°: based on E. coli counts detected in the sample analyzed

Category (A or B): sanitary classification of the sample based on E. coli detection in shellfish meat (EEC regulation) or in water (US regulation)

remarkable by the high diversity of human enteric viruses
(up to six different strains) detected both in patient stool

and shellfish samples (Le Guyader et al. 2008).

Considering

norovirus

shellfish-related
strains transmitted are frequently different from those cir-

outbreaks,

culating during community outbreaks. If we consider
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outbreaks giving precise strain identifications, NoV GI may
constitute up to 30% of the strains detected in patients
stools or shellfish samples (Kageyama etal. 2004;
Gallimore et al. 2005; Le Guyader et al. 2006a, 2008). For
several years, norovirus GII strains, mainly those of the
GIL.4 cluster, have been the predominant (up to 95%)
viruses detected (Lopman et al. 2008). This high preva-
lence of GII.4 NoV in the human population may be related
to their mode of transmission, since they appear to be
mainly transmitted via person-to-person contact in com-
munity outbreaks (Siebenga et al. 2009). Other human
strains, and importantly GI strains, are more often trans-
mitted via food, especially oysters, or environmental con-
tamination (Noda et al. 2008; Lysen et al. 2009). Fecal
viral loads, which are higher for GII compared to GI strains
(Chan et al. 2006), shedding by asymptomatic subjects
(Atmar et al. 2008), and distinct behaviors during waste-
water treatments (da Silva et al. 2007) may partially
explain some of the observed differences between GI and
GII epidemiology (Table 2). In any case, this highlights the
importance of food-related outbreaks in molecular epide-
miology of norovirus.

The long incubation period of hepatitis A complicates
linkage of this agent to particular food exposure incidents,
thus few data are available. An outbreak in an Italian school
was traced to a family that used to consume clams collected
from a contaminated area. Parents and children, two of
whom attended the school, were infected and then trans-
mitted the disease to other children, but no information on
shellfish contamination was provided (Leoni et al. 1998). In
Italy, several outbreaks have been linked to illegal storage
of shellfish in seawater tanks. There was no further infor-
mation on the initial source of the contamination (Pontrelli
et al. 2008). A sizeable hepatitis A outbreak in the USA in
1973 was linked to Louisiana oysters. The harvesting areas
were flooded by the Mississippi River, and there was evi-
dence of sewage contamination based on elevated fecal
coliform levels that led to closure of the oyster beds. Sub-
sequently, the oyster beds were reopened to harvesting, but
the hepatitis A virus was retained in shellfish for 6 weeks
following the event. At the time of harvesting, oysters were
fully compliant with the US sanitation program standard,
but were still contaminated with the virus. Unfortunately,
no shellfish related to the outbreak could be analyzed
(Mackowiak et al. 1976). In 1988 in Shanghai, China,
almost 300,000 hepatitis A cases were traced to the con-
sumption of clams harvested from a sewage-polluted area,
without any further details on the cause of the contamina-
tion (Halliday et al. 1991). Many other hepatitis A out-
breaks linked to bivalve shellfish have been reported but the
initiating fecal contamination event has been generally
difficult to identify due to the protracted incubation period
for this disease (Pintd et al. 2009).

@ Springer

Contamination, due to disposal of feces from infected
individuals from boats, was shown to be the cause of a
large gastroenteritis outbreak (Kohn et al. 1995). Epide-
miological investigation showed that the outbreak resulted
from disposal of human diarrheal stool from a single ill
individual directly into the waters over the shellfish bed
(Kohn et al. 1995). This identification of at least one oyster
harvester with evidence of recent gastroenteritis infection
was the presumable explanation for the contamination of
several tons of oysters leading to illness among shellfish
consumers in five states in the US (Dowell et al. 1995).
Considering the high concentration of virus shed in stool
and the low infectious dose, such scenario is plausible
(Atmar et al. 2008; Teunis et al. 2008). Such contamina-
tion was again hypothesized following a hepatitis A out-
break in the US but without any precise documentation, as
the long incubation made data collection difficult (Shieh
et al. 2007).

Regarding outbreak descriptions, illegal actions may
play an important role in causing outbreaks, though the
initial cause of contamination is often difficult to identify.

One of the first cases implicating illegal activities in an
outbreak involved oysters collected in an unapproved area
and implicated in hepatitis A cases (Desenclos et al. 1991).
A possible fraud with registration documents was sug-
gested in Denmark (Christensen et al. 1998). Recently, in
Sweden, oysters collected in a clean area as defined by
European regulations, but kept for several days in a guest-
harbor (forbidden regarding European regulation 54/2004/
EC) were implicated in several cases of gastroenteritis
(Nenonen et al. 2009). A hepatitis A outbreak in Italy was
caused by mussels that had been kept in sweater tanks for a
long time (Lopalco et al. 1997). In France, an outbreak was
linked to oysters produced in a clean area, such that no
environmental event could explain the multiple contami-
nation of the batch. Later, police arrested a fisherman
illegally collecting oysters from a forbidden area, who later
admitted to selling them to the producer (Le Guyader et al.
2010). This outbreak illustrates the danger of breaching
regulations and refusing to consider the usefulness of the
producing area classification.

Other outbreaks reported in the literature referred to
shellfish potentially exposed to microbial contamination
and sold for cooking. In the US, gastroenteritis cases were
reported after the consumption of raw clams in a restaurant.
These clams, imported from China packaged and labeled as
cooked, had the physical appearance of raw clams and were
found contaminated with human enteric virus (Kingsley
et al. 2002). In New Zealand, a large gastroenteritis out-
break was linked to oyster consumption, labeled with an
advisory to cook the product before consumption. How-
ever, these instructions were not followed by the caterer
(Simmons et al. 2007). In Australia, frozen imported oysters
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served grilled were implicated in an outbreak highlighting
the resistance of these viruses (Webby et al. 2007). In
Spain, two large outbreaks of hepatitis A were linked to the
consumption of lightly cooked coquina clam, demonstrating
the high resistance of these viruses (Sanchez et al. 2002;
Costafreda et al. 2006; Pint6 et al. 2009). Very often, for
imported frozen products, it is not possible to identify the
area of production from package labeling, emphasizing the
need to harmonize regulations.

Conclusion

Bivalve mollusk (mussels, oysters, clams, etc.) production
is the only animal aquaculture method that is both envi-
ronmentally friendly and sustainable. However, the filter-
feeding nature of bivalves, and, thus, their tendency to
concentrate any environmental or man-made contaminant
present in their growing waters, requires special attention
to food safety issues and compliance with applicable har-
vesting requirements. On the other hand, seafood is nutri-
tious, tasty, and offers essential components of a healthy
diet. Additionally, in some countries, shellfish consumption
is an integral part of cultural culinary norms. Thus, it is
important to prevent contamination to ensure good quality
and consumer safety. This may be performed by a better
identification of the source of contamination, understand-
ing processes and mechanisms of virus uptake by mollusk
shellfish, and learning about the behavior of viral particles
in shellfish tissues.
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