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Shellfish are known as vectors for human pathogens and

despite regulation based on enteric bacteria they are still

implicated in viral outbreaks. Among shellfish, oysters are the

most common vector of contamination, and the pathogens

most frequently involved in these outbreaks are noroviruses,

responsible for acute gastroenteritis in humans. Analysis of

shellfish-related outbreak data worldwide show an unexpected

high proportion of NoV GI strains. Recent studies performed in

vitro, in vivo and in the environment indicate that oysters are not

just passive filters, but can selectively accumulate norovirus

strains based on viral carbohydrate ligands shared with

humans. These observations contribute to explain the GI bias

observed in shellfish-related outbreaks compared to other

outbreaks.
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Although first described �100 years ago [1], it has only

recently become very clear that food plays an important

role in virus transmission. In 2007, the CDC identified

viruses as the causative agent of 46% of illnesses due to

food consumption in outbreaks with an identifiable etio-

logic agent. Noroviruses (NoVs) were the most common

cause, being responsible for 193 outbreaks, while Salmo-
nella, the second leading cause, was responsible for 136

outbreaks [2]. Recent estimates from the CDC are that

there are 9.4 million episodes of foodborne illness caused

annually by 31 major pathogens in the United States, and

NoVs are responsible for 58% of these illnesses. Besides

NoVs, foodborne transmission has been documented for
www.sciencedirect.com 
at least 10 viral families, but only a few families have been

implicated repeatedly (Table 1) [3]. If viral zoonotic

transmission (e.g. hepatitis E) is not considered, the

two primary routes for food contamination are infected

food-handlers and the production process (such as contact

of the food with sewage-contaminated waters) [4,5]. Sev-

eral factors influence the transmission process, including

the manner of contamination, binding or attachment of

the virus to the food, survival and persistence of the virus

on the food, the manner of food preparation (raw, cooked,

peeled), and the susceptibility of the person eating the

food to the contaminating virus [6]. The food itself also

has an important role. For example, lettuce maintains a

higher quantity of viable hepatitis A virus and for a longer

period of time compared to fennel and carrots [7]. Recog-

nition of foodborne illness also is influenced by public

sensitivity and awareness of such illness, which can bias

the tendency to report an illness. All but 3 of the 36

outbreak notifications involving viruses reported during

an 11-year period (2000–2010) in the European Food

Alert System for Food and Feed (RASFF) were due to

NoVs. The other three were recent reports of HAV linked

to dried tomatoes. Among the NoV foodborne outbreaks,

11 were associated with berries and 22 with oysters [4].

Although reporting bias may play a role in the predomi-

nance of outbreaks associated with berries and oysters, as

they are known to be high-risk foods, these data also

highlight the association between shellfish and viral gas-

troenteritis.

Norovirus
NoVs belong to the Caliciviridae family, a group of non-

enveloped, icosahedral viruses with a single-stranded,

positive sense RNA genome [8]. These viruses are highly

diverse and are currently divided into 5 genogroups [9].

Genogroups I, II and IV contain human strains. Each

genogroup is further subdivided into genotypes based

upon analyses of the amino acid sequence of the major

capsid protein, VP1. Other genotyping systems based

upon shorter sequences [10] or analysis of the polymerase

gene [11�] have also been described. New strains and

genogroups infecting animals also have been described

[12]. NoV infection causes gastroenteritis that is charac-

terized by vomiting and diarrhea [13��]. The prevalence

of vomiting along with the short incubation period (1–2

days) and short clinical illness (1–3 days) has been used

epidemiologically to identify probable outbreaks of NoV-

associated gastroenteritis [14,15]. The infectious dose

50% has been estimated to be as low as fewer than 20

virions [16]. NoVs bind to histo-blood group antigens
Current Opinion in Virology 2012, 2:103–110
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Table 1

Viruses transmitted by food.

Family Genus (name) Capsid Genome Illness and incubation Food transmission

Adenoviridae Adenovirus

(type 40–41)

Icosahedral,

65–80 nm

DNA, 35 kb Gastroenteritis (moderate) Rare

Astroviridae Astrovirus Icosahedral,

28–30 nm

ssRNA, 6.8 kb Gastroenteritis (moderate) Rare

Caliciviridae Norovirus Icosahedral,

27–32 nm

ssRNA, 7.6 kb Gastroenteritis, 1–3 days Frequent: shellfish,

berries, food handler

Sapovirus Icosahedral,

27–32 nm

ssRNA, 7.4 kb Gastroenteritis, 1–3 days Uncommon: oysters,

food handler

Coronaviridae Coronavirus (SARS) Enveloped,

170 nm

ssRNA, 27–32 kb Common cold, pneumonia,

enteric disease

Suspected zoonotic,

food handler

Flaviviridae Flavivirus, Tick borne

encephalitis virus

(TBEV)

Enveloped,

40–60 nm

ssRNA, 11 kb Fever, vomiting, fatigue,

pain in the neck, back,

encephalitis, 7–14 days

Rare: cow sheep

goat milk

Hepeviridae Hepevirus

(Hepatitis E virus)

Icosahedral,

32–34 nm

ssRNA, 7.2 kb Hepatitis, 3–8 weeks Rare: pig meat, oyster

Orthomyxiviridae Influenza A

(H5N1 virus)

Enveloped,

120–300 nm

Segmented ssRNA,

13.6 kb

Flu (fever, muscle pain), Rare: bird meat

(chicken, duck, geese)

Paramyxoviridae Henipavirus

(Nipah virus)

Enveloped,

150–350 nm

ssRNA, 15 kb Influenza-like illness,

febrile encephalitis

Rare, food suspected

in two outbreaks

Picornaviridae Kobuvirus

(Aichi virus)

Icosahedral,

27–32 nm

ssRNA, 8.2 kb Gastroenteritis, 1–2 days Uncommon: shellfish

Enterovirus Icosahedral,

20–30 nm

ssRNA, 7.2 kb Diverse clinical syndromes,

3–10 days

Rare

Hepatovirus

(Hepatitis A virus)

Icosahedral,

27–32 nm

ssRNA, 7.4 kb Hepatitis, 2–6 weeks Frequent: shellfish,

vegetables,

food handler

Reoviridae Rotavirus Icosahedral,

3 layers,

70 nm

dsRNA, 11 genes

3.3–0.6 kb

Gastroenteritis, 1–3 days Rare

Grey shading: viruses frequently transmitted via food.
(HBGAs), phylogenetically highly conserved complex

glycans present on many different cell types and proposed

as an attachment factor necessary to initiate infection in

people [17��,18,19].

NoVs are the major cause of epidemic nonbacterial gas-

troenteritis worldwide and have been identified as the

cause of 73% to more than 95% of outbreaks [8]. These

outbreaks involve all age groups in a wide variety of

settings, with a large dominance of GII strains that can

constitute up to 90% of clinical strains [5,13��]. Over the

past 10 years, NoV sequence analyses of outbreak strains

collected from around the world show that GII.4 viruses

have accounted for �70% of all human cases [20�].

Shellfish-related NoV outbreaks
Shellfish are known to be a high-risk food for viral

outbreaks but clear strain identification in shellfish is still

often difficult. One of the first reports providing the

sequence of a NoV strain described an outbreak in the

US. A GI.4 strain was found in oyster samples, but

the sequence was not identical to those detected in

patients’ stools [21]. At the same time in Japan, a mixture

of GI and GII NoVs was detected both in stool and the

related oyster samples but no sequencing was performed

[22]. Since then, improvements in detection methods and

the development and harmonization of molecular typing
Current Opinion in Virology 2012, 2:103–110 
strategies have simplified data comparisons, allowing a

compilation of outbreak reports that used comparable

methods (Table 2).

One characteristic of shellfish-related outbreaks is their

frequent association with multiple virus strains observed

both in infected patients and in the involved shellfish.

When a number of different virus strains are detected in

patients, association of the infection with shellfish con-

sumption can be difficult if only a few stools from an

outbreak are collected. Thus, it is essential to collect as

many stool samples as possible from affected individuals

so that all strains that may be present can be identified. It

is also important to rapidly identify the outbreak in order

to trace the oyster production and to quickly collect the

samples related to the outbreak. These data can be used

with collected epidemiological data to fully understand

the role played by shellfish in the outbreak.

Primers and probe sets specific for each NoV genogroup

have been developed for detection by real time RT-PCR

[23,24]. However, genotyping remains a challenge,

especially in shellfish where low viral concentrations

are observed and in stools containing several different

strains. In addition, a cocktail of primers is often required

to detect the various NoV strains because of the diversity

of these viruses [11,25,26].
www.sciencedirect.com
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Table 2

Norovirus genotypes reported from shellfish-related outbreaks.

Date Country Stool Shellfish Ref.

# pos/#

analyzed

NoV GI

genotype

NoV GII

genotype

Species # pos/#

analyzed

NoV GI

genotype

NoV GII

genotype

May 1998 US 1/2 nd 4 Oyster 2/3 nd 4 [45]

March 2000 France 4/4 1, 2, 3 nd Oyster 2/2 1 nd [46]

February 2001 Netherlands 8/9 1, 4 b, 7 Oysters (France) 5/5 4 7 [47]

December 1998 to

February 2002

Japan 84/108a 1–5, 7–9,

11–14

1, 3–12,

14, 16

Oyster — no sample [10]

March to April 2002 Italy 24 4 8, b Mussels 5/11 4 II, b [48]

December 2002 France 29/53 4, 6 4, 8, b Oysters 3/3 4 4, 8 [49]

November 2003 to

January 2004

Australia 8/? 2, 4 5, 6, 7,

9, 12

Oysters (Japan) 1/1 nd 4 [50]

January 2004 UK 10/11 1, 2 3, 4 Oyster — no sample [30]

January/March 2004 Canada 26/50 1, 2 3, 4, 5 Oysters 12/19 1 12 [51]

October 2005 Japan 18/37 nd 1, 4, 5, 6 Oyster — no sample [52]

June 2006 New Zealand 4/4 nd 3, 6, 12 Oysters (Korea) 4/6 3 3, 6,

8, 12

[53]

February 2006 France 12/12 1, 2, 4 2, 4, 7, 17, b Oysters 9 1, 2, 4 4, 17 [35]

January 2002 to

March 2007

Japan 71b 1–5, 8, 10,

13–15

3–6, 8, 12 Oyster — no sample [31��]

January 2007 Sweden 1/1 1 nd Oysters 1/1 1 3 [54]

February 2008 France 4/5 nd 4 Oysters 4/4 nd 4 [55]

June 2008 Japan 11/24 1 4, 8 Clams 3 1 8 [56]

December 2009 US 3/6 nd 12 Oysters — no sample [27]

nd: not detected, two manuscripts report data from 21 (a) and 11 (b) individual outbreaks.
Most outbreaks of shellfish-associated NoV disease are

linked to oyster consumption, presumably because

oysters are the most commonly consumed shellfish and

they are usually consumed raw (although some outbreaks

have been linked to cooked oysters) [27]. Overall, con-

tamination by multiple NoV strains has been reported in

65% of reported outbreaks, with GI and GII NoVs

detected, respectively, in 71% and 88% of stool samples

and in 75% and 92% of shellfish samples. The frequency

of each genogroup detected in shellfish-related out-

breaks is clearly distinct from that of other NoV out-

breaks. GI strains are more frequently encountered in
Figure 1
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shellfish-related outbreaks, and the GII.4 genotype is not

as dominant (Figure 1). Among GI NoVs, the most

frequently reported genotype is GI.1, followed by GI.4

and GI.2 (Figure 1). Among GII NoVs, the GII.4 geno-

type is the most frequently reported from both stool and

shellfish samples. The GII.b variant was reported four

times in patient’s stool from oyster-related outbreaks, but

confirmed in shellfish only once. Its frequent involve-

ment in human to human outbreaks raises the possibility

of another source of infection for these individuals

involved in the alleged shellfish-related outbreaks

[28�,29].
4 5 6 7 8 9 12 17 b 

genotype
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) genotype detected in stool (plain bar) and shellfish (striped bar) samples.
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Table 3

Frequency of NoV GI and GII in shellfish contamination in non-outbreak samples from different countries.

Shellfish Country # samplesa # NoV positive NoV GI NoV GII Ref.

# positive % # positive %

Oysters Japan 1512 75 26b 35 49 65 [57�]

UK 237 139 116 83 112 80 [58]

UK 66 55 21 38 19 34 [59]

US 10 5 5 100 0 – [60]

France 100 45 19 42 36 80 [61]

US 381 15 4 27 11 73 [62]

Clams Spain 41 14 1 7 13 93 [63]

Mussels Sweden 40 23 19 83 4 17 [64]

Italy 90 31 10 32 31 100 [65]

Mollusks Spainb 50 16 12 75 4 25 [66��]

a Individual samples consisted of pools of 4–36 individual shellfish except for the study [64] in which individual mussels were assayed.
b Mollusks (clams, oysters or cockles) were imported from Morocco, Peru, Vietnam and South Korea.
Some reports provide only stool analyses without shell-

fish data, such as the description of GI.1 and GII.3

strains implicated in an oyster-related outbreak reported

from the UK [30]. In Japan GI NoVs alone were

detected in four out of 11 outbreaks related to oyster

consumption, with the remaining 7 outbreaks being

associated with a mixture of GI and GII NoVs. In that

study, GI.1 strain was detected in 3 of the 11 outbreaks

[31��]. A previous study, also from Japan, reported the

presence of a mixture of GI and GII NoVs in stools from

19 out of 21 oyster-outbreaks. In contrast, of 45 out-

breaks not linked to shellfish consumption, all but 3

were due to GII NoVs, with both GI and GII strains

being found in the remaining three [10].

Screening of shellfish not involved in outbreaks for the

presence of NoVs has also been performed in several

countries. Highly variable frequencies of contamination

have been reported. These studies have also observed a

relatively higher frequency of GI NoV contamination

than seen in community outbreaks (Table 3). Both stu-

dies that reported sequencing results identified GI.1

strains in the contaminated shellfish.

Norovirus bioaccumulation and persistence in
oysters
On numerous occasions viral contamination in shellfish

has persisted following measures, such as depuration or

relaying, that have been used successfully to remove

bacterial pathogens [32]. For example, in a laboratory-

based study there was only a 7% decrease in the levels of

bioaccumulated Norwalk virus compared to a 95%

reduction in bacterial levels following 48 hours of depura-

tion [33]. In another study, a GII.6 NoV persisted for at

least 10 days under depuration conditions while a feline

calicivirus was promptly eliminated [34]. A third study

reported that, after a contaminating event in a French

production area, the percentage of samples positive for GI

and GII NoVs, respectively, were 59% and 70%. The
Current Opinion in Virology 2012, 2:103–110 
prevalence decreased to 41% and 17%, respectively, after

4 weeks, suggesting a greater persistence in oyster tissues

of GI NoVs compared to GII strains [35].

These observations led to the hypothesis that NoVs may

bind specifically to oyster tissues through carbohydrates,

as observed in humans, and that this binding may facili-

tate bioaccumulation and increase persistence in shellfish.

Using immunohistochemistry, we demonstrated that

NoV VLPs specifically bind to glycans of Crassostrea gigas
oyster tissues, and that strain-specific variation in binding

occurs. GI.1 NoVs bind to the midgut and digestive

diverticula but not to gills or mantle, whereas GII.3

and GII.4 NoVs bind to all of these tissues. Human saliva

from type A and O secretors, but not of type B secretors,

inhibited binding of the GI.1 Norwalk VLPs, in accord-

ance with the strain HBGA binding specificity. In

addition, introduction of a mutation in the virus-like

particles (VLPs) glycan-binding site that abrogates glycan

binding was sufficient to eliminate binding to oyster

tissues, demonstrating specificity of the binding [36].

Binding was also inhibited by a lectin and anti-blood

group A antibodies, indicating that the GI.1 NoV binds to

C. gigas as well as Crassostrea virginica oyster tissues

though an A-like antigen [37]. The A-like antigen is also

implicated in the binding of GII.3 and GII.4 strains to

oyster digestive tissues. Binding of these GII strains to

the oyster’s gills and mantle occurs through a sialic acid

residue [38�].

The influence of ligand expression on NoV binding to

oyster tissues was first demonstrated using VLPs. GI.1

VLPs were very efficiently bioaccumulated by C. gigas
oysters and were detected by immunohistochemistry

even at a low level of exposure, whereas a mutant VLP

that was unable to recognize the A-like antigen was only

detected in oyster tissues at a thousand fold higher

concentration [36]. These results were confirmed using

a GI.1-positive stool that bioaccumulated very efficiently
www.sciencedirect.com
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Figure 2
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Influence of oyster in the selection of NoV transmission. 1: Shedding in

the environment of large amounts of GII NoVs (blue) and much lower

amounts of GI strains (red) due to the overwhelming predominance of

NoV GII in human outbreaks. Shedding of NoV GIII (green) in cattle is

also shown. 2: Viruses present in seawater are ingested by oysters. GI

NoVs particles are very rapidly directed to the gut, whereas GII particles

are retained in mantle or gills possibly via a sialic acid containing ligand.

GIII NoVs are probably randomly distributed. 3: NoV GI and GII are

accumulated in the gut via an HBGA A-like ligand, most GII and GIII

particles outside the gut are presumably destroyed. 4: Upon

consumption of a NoV-contaminated oyster, infection caused by GI and

GII strains occur with similar frequency because of the selective

accumulation and retention of GI viral particles. GIII NoV transmission is

unlikely to happen as few particles persist in oysters and humans do not

express the glycan ligand.
in a dose-dependant manner. When these experiments

were performed at different times of the year, there was a

clear seasonal impact on bioaccumulation efficiency that

paralleled expression of the HBGA ligand in oyster

digestive tissue [38]. The quantitative approach also

showed that the GI.1 NoV directly accumulates in diges-

tive tissues with negligible concentration in other tissues.

Performing bioaccumulation using two GII NoV positive

stools (one stool positive with a GII.4 and one with a GII.3

strain) led to very different results. These two strains

bound to digestive tissues, gills and mantle with a similar

pattern [39�]. The GII.4 strain, as well as GII.4 VLPs, was

bioaccumulated at very low levels, although they were

found in a number of tissues as also reported by others

[40,41]. In contrast, the GII.3 strain was efficiently bioac-

cumulated, although less well than the GI.1 strain, with a

transient retention in the gills likely due to binding to

sialic acid [39]. In contrast to the findings with the GI.1

strain, no seasonal impact was observed in the bioaccu-

mulation of the two GII NoVs or of the sialic acid

containing ligand present in all tissues. Our interpretation

of these data is that the GI.1 strain is efficiently accu-

mulated and retained through an HBGA A-like ligand

present in the gut. GII strains are less well accumulated

because of a sialic acid containing ligand expressed in all

tissues that contributes to their retention in the gills and

leads to their destruction (or elimination) by an unknown

mechanism. The latter process would be more efficient in

the case of a GII.4 than of a GII.3 strain.

Shellfish species may also impact bioaccumulation as

demonstrated comparing two oysters species (Crassostrea
ariakensis and C. virginica). The GI.1 strain was more

efficiently concentrated by C. ariakensis and persisted

for a longer time compared to C. virginica [42��]. It will

be interesting to compare the glycan ligand expression

between these species.

Since many environmental conditions may interfere with

oyster’s filter capacity and consequently with contami-

nation, a field study was conducted to determine if the

above observations performed in laboratory conditions are

valid in the environment. Thus, concentrations of GI and

GII NoVs in waters collected during a year were com-

pared to concentrations in oyster digestive tissues. As

expected, much higher concentrations of GII NoVs than

of GI were detected in waters. GI NoVs were concen-

trated to a greater degree than GII strains, with GI viruses

requiring 30 viral RNA copies/L water to bioaccumulate

1 viral RNA copy/g oyster tissue compared to GII viruses

that required �1200 viral copies/L of water to observe 1

viral copy per gram of oyster tissue. These data provide

additional evidence for the specific selection and persist-

ence of GI NoVs in oysters. This field study was con-

ducted in an area with a large amount of cattle breeding.

Bovine NoVs (GIII) were detected in 14% of water

samples at high levels, but only one shellfish sample
www.sciencedirect.com 
contained a GIII NoV strain [43]. The aGal HBGA

epitope, identified as the virus-specific glycan ligand in

bovine tissues [44], was absent from oyster tissues, poten-

tially explaining the poor bioaccumulation efficiency

observed for GIII NoV strains.

Conclusion
These data suggest a selective transmission of NoV

strains via oysters through specific binding to carbo-

hydrate ligands. Ligands that facilitate bioaccumulation

(the A-like antigen) or that contribute to the elimination

of the virus (the sialic acid-containing ligand) may both

influence NoV accumulation and survival in oysters

(Figure 2). For a long time, oysters were believed to

act as filters or ionic traps, passively concentrating

particles. However, this is clearly not the case for NoVs,

especially for NoV GI.1 that is more actively and effi-

ciently concentrated than GII strains. The differential

accumulation efficiency provides a possible explanation

for the unexpectedly high proportion of GI strains associ-

ated with shellfish-related outbreaks.

This new concept demonstrating a special relationship

between oysters and NoV should be explored for other
Current Opinion in Virology 2012, 2:103–110
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enteric viruses, including Aichi virus and oysters, sapovirus

and clams, and other foods such as NoV and berries or

hepatitis A virus and tomatoes. Food trade may contribute

to dispersal of a virus strain, as virus-contaminated imported

shellfish have been responsible for outbreaks (Table 1) [66].

A better understanding of virus–food interactions may

provide strategies to prevent contamination, to increase

viral elimination, and thus to increase consumer safety.

Acknowledgements
This work was supported in part by a grant (CIMATH) from the Region des
Pays de la Loire, by DGAl (Direction Générale de l’Alimentation) and by a
grant from the NIH (PO1 AI057788).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Jubb G, Glass MD, Oxon DPH: Third outbreak of epidemic
poliomyelitis at West Kirby. Lancet 1915, 9:67.

2. Boore A, Herman KM, Perez AS, Chen CC, Cole DJ, Mahon BE,
Griffin PM, Williams IT, Hall AJ: Surveillance of foodborne
disease outbreaks — United States 2007. MMWR Rep 2010,
59:973-979.

3. Duizer E, Koopmans M: Emerging foodborne viral diseases. In
Food-borne Viruss: Progress and Challenges. Edited by
Koopmans MPG, Cliver DO, Bosch A. ASM Press; 2008:117-145.

4. EFSA Panel on Biological Hazards: Scientific opinion on an
update on the present knowledge on the occurrence and
control of foodborne viruses. EFSA J 2011, 9:1-96.

5. Koopmans M: Progress in understanding norovirus
epidemiology. Curr Opin Inf Dis 2008, 21:544-552.

6. Le Guyader FS, Atmar RL: Binding and inactivation of viruses on
and in food, with a focus on the role of the matrix. In Food-
borne Viruss: Progress and Challenges. Edited by Koopmans
MPG, Cliver DO, Bosch A. ASM Press; 2009:189-208.

7. Croci L, De Medici D, Scalfarro C, Fiore A, Toti L: The survival of
hepatitis A virus in fresh produce. Int J Food Microbiol 2002,
73:29-34.

8. Atmar RL: Noroviruses: state of the art. Food Environ Virol 2010,
2:117-126.

9. Zheng DP, Ando T, Fankhauser RL, Beard RS, Glass R,
Monroe SS: Norovirus classification and proposed strain
nomenclature. Virology 2006, 346:312-323.

10. Kageyama T, Shinohara M, Uchida K, Fukushi S, Hoshino FB,
Kojima S, Takai R, Oka T, Takeda N, Katayama K: Coexistence of
multiple genotypes, including newly identified genotypes, in
outbreaks of gastroenteritis due to norovirus in Japan. J Clin
Microbiol 2004, 42:2988-2995.

11.
�

Kroneman A, Vennema H, Deforche K, Avoort HVD, Penaranda S:
An automated genotyping tool for enteroviruses and
noroviruses. J Clin Virol 2011, 51:121-125.

This paper describes a typing tool for NoVs that provides genotype
information from sequence data in the polymerase or major capsid gene.

12. Mesquita JR, Barclay L, Nascimento MSJ, Vinje J: Novel
norovirus in dogs with diarrhea. Emerg Inf Dis 2010, 16:980-982.

13.
��

Glass RI, Parashar UD, Estes MK: Norovirus gastroenteritis. N
Engl J Med 2009, 361:1776-1785.

An excellent review of noroviruses.

14. Turcios RN, Widdowson M-A, Sulka AC, Mead PS, Glass RI:
Reevaluation of epidemiological criteria for identifying
outbreaks of acute gastroenteritis due to norovirus: United
States, 1998–2000. Clin Inf Dis 2006, 42:964-969.
Current Opinion in Virology 2012, 2:103–110 
15. Kaplan JE, Feldman R, Campbell DS, Lookabaugh C, Gary GW:
The frequency of a Norwalk-like pattern of illness in outbreaks
of acute gastroenteritis. Am J Pub Health 1982, 72:1329-1332.

16. Teunis PFM, Moe CL, Liu P, Miller SE, Lindesmith L, Baric RS, Le
Pendu J, Calderon RL: Norwalk virus: how infectious is it?
J Med Virol 2008, 80:1468-1476.

17.
��

Tan M, Jiang X: Norovirus–host interaction: multi-selections by
human histo-blood group antigens. Trends Microbiol 2011,
19:382-388.

An excellent review of carbohydrate–NoVs interactions and of their
importance in NoVs biology and evolution.

18. Le Pendu J, Ruvoen-Clouet N, Kindberg E, Svensson L:
Mendelian resistance to human norovirus infections. Semin
Immunol 2006, 18:375-386.

19. Donaldson EF, Lindesmith LC, lobue AD, Baric RS: Viral shape-
shifting: norovirus evasion of the human immune system. Nat
Rev 2010, 8:231-241.

20.
�

Siebenga JJ, Lemey P, Kosakovsky-Pond SL, Rambaut A,
Vennema H, Koopmans M: Phylodynamic reconstruction
reveals norovirus GII.4 epidemic expansions and their
molecular determinants. PLoS Pathogens 2010, 6:e1000884.

A good description of the evolution of GII.4 NoVs.

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

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

23. Trujillo AA, McCaustland KA, Zheng D-P, Hadley LA, Vaughn G,
AdamsSM,AndoT,GlassRI,MonroeSS:UseofTaq-Manreal-time
reverse transcription PCR for rapid detection quantification and
typing of norovirus. J Clin Microbiol 2006, 44:1405-1412.

24. Kageyama T, Kojima S, Shinohara M, Uchida K, Fukushi S,
Hoshino FB, Takeda N, Katayama K: Broadly reactive and highly
sensitive assay for Norwalk-like viruses based on real-time
quantitative reverse transcription-PCR. J Clin Microbiol 2003,
41:154-157.

25. Vinje J, Hamidjaja RA, Sobsey MD: Development and application
of a capsid VP1 (region D) based reverse transcription PCR
assay for genotyping of genogroup I and II noroviruses. J Virol
Methods 2004, 116:109-117.

26. Mattison K, Grudeski E, Auk B, Charest H, Drews SJ, Fritzinger A,
Gregorious N, Hayward S, Houde A, Lee BE et al.: Multicenter
comparison of two norovirus ORF2-based genotyping
protocols. J Clin Microbiol 2009, 47:3927-3932.

27. Alfano-Sobsey E, Sweat D, Hall A, Breedlove F, Rodriguez R,
Greene S, Pierce A, Sobsey M, Davies M, Ledford SL: Norovirus
outbreak asociated with undercooked oysters and secondary
household transmission. Epidemiol Infect 2011 doi: 10.1017/
S0950268811000665.

28.
�

Phillips G, Tam CC, Rodrigues LC, Lopman B: Risk factor for
symptomatic and asymptomatic norovirus infection in the
community. Epidemiol Infect 2010 doi: 10.1017/
S0950268810002839.

This study identified risk factors for the development of NoV-associated
illness, including contact with another case, foreign travel and consump-
tion of shellfish.

29. Greig JD, Ravel A: Analysis of foodborne outbreak data
reported internationally for source attribution. Int J Food
Microbiol 2009, 130:77-87.

30. Gallimore C, Cheesbrough JS, Lamden K, Bingham C, Gray J:
Multiple norovirus genotypes characterised from an oyster-
associated outbreak of gastroenteritis. Int J Food Microbiol
2005, 103:323-330.

31.
��

Nakagawa-Okamoto R, Arita-Nishida T, Toda S, Kato H, Iwata H,
Akiyama M, Nishio O, Kimura H, Noda M, Takeda N, Oka T:
Detection of multiple sapovirus genotypes and genogroups in
oyster-associated outbreaks. Jpn J Inf Dis 2009, 62:63-66.
www.sciencedirect.com

http://dx.doi.org/10.1017/S0950268811000665
http://dx.doi.org/10.1017/S0950268811000665
http://dx.doi.org/10.1017/S0950268810002839
http://dx.doi.org/10.1017/S0950268810002839


Transmission of viruses through shellfish Le Guyader, Atmar and Le Pendu 109
This study demonstrated that persons involved in oyster-related out-
breaks were infected with multiple enteric viruses, including NoVs and
sapoviruses.

32. Richards GP, McLeod C, Le Guyader FS: Processing strategies
to inactivate enteric viruses in shellfish. Food Environ Virol
2010, 2:183-193.

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

34. Ueki Y, Shoji M, Suto A, Tanabe T, Okimura Y, Kikuchi Y, Saito N,
Sano D, Omura T: Persistence of caliciviruses in artificially
contaminated oysters during depuration. Appl Environ
Microbiol 2007, 73:5698-5701.

35. Le Guyader FS, Le Saux J-C, Ambert-Balay K, Krol J, Serais O,
Parnaudeau S, Giraudon H, Delmas G, Pommepuy M, Pothier P,
Atmar RL: Aichi virus, norovirus, astrovirus, enterovirus and
rotavirus involved in clinical cases from a French oyster-
related gastroenteritis outbreak. J Clin Microbiol 2008,
46:4011-4017.

36. Le Guyader FS, Loisy F, Atmar RL, Hutson AM, Estes MK, Ruvoen-
Clouet N, Pommepuy M, Le Pendu J: Norwalk virus specific
binding to oyster digestive tissues. Emerg Infect Dis 2006,
12:931-936.

37. Tian P, Bates AH, Jensen HM, Mandrell RE: Norovirus binds to
blood group A-like antigens in oyster gastrointestinal cells.
Lett Appl Microbiol 2006, 43:645-651.

38.
�

Maalouf H, Zakhour M, Le Pendu J, Le Saux J-C, Atmar RL, Le
Guyader FS: Norovirus genogroup I and II ligands in oysters:
tissue distribution and seasonal variations. Appl Environ
Microbiol 2010, 76:5621-5630.

This study showed that the glycan ligands found in shellfish led to
differential binding of NoVs to oyster tissues, and the binding varied with
the expression of the ligands throughout the year.

39.
�

Maalouf H, Schaeffer J, Parnaudeau S, Le Pendu J, Atmar RL,
Crawford SE, Le Guyader FS: Strain-dependent norovirus
bioaccumulation in oysters. Appl Environ Microbiol 2011,
77:3189-3196.

This study showed that binding of NoVs to shellfish tissues varied by virus
genotype.

40. McLeod C, Hay B, Grant C, Greening G, Day D: Localization of
norovirus and poliovirus in Pacific oysters. J Appl Microbiol
2009, 106:1220-1230.

41. Wang D, Wu Q, Yao L, Wei M, Kou X, Zhang J: New target tissue
for food-borne virus detection in oysters. Lett Appl Microbiol
2008, 47:405-409.

42.
��

Nappier SP, Graczyk TK, Schwab KJ: Bioaccumulation,
retention, and depuration of enteric viruses by Crassostrea
virginica and Crassostrea ariakensis oysters. Appl Environ
Microbiol 2008, 74:6825-6831.

This paper compares the abilities of two oyster species to bioaccumulate,
retain and depurate different enteric viruses in various salinities condi-
tions. The study provides indirect evidence for pathogen selection by
oysters.

43. Zakhour M, Maalouf H, diBartolo I, Haugarreau L, Le Guyader FS,
Ruvoen-Clouet N, Le Saux J-C, Ruggeri FM, Pommepuy M, Le
Pendu J: Bovine norovirus ligand, environmental
contamination and potential cross-species transmission via
oyster. Appl Environ Microbiol 2010, 76:6404-6411.

44. Zakhour M, Ruvoen-Clouet N, Charpilienne A, Langpap B,
Poncet D, Peters T, Bovin N, Le Pendu J: The gal epitope of the
histo-blood group antigen family is a ligand for bovine
norovirus newbury 2 expected to prevent cross-species
transmission. PLoS Pathogens 2009, 5:e1000504.

45. Shieh YSC, Monroe SS, Fankhauser RL, Langlois GW,
Burkhardt W, Baris RS: Detection of Norwalk-like virus in
shellfish implicated in illness. J Infect Dis 2000, 181:360-366.

46. Le Guyader FS, Neill FH, Dubois E, Bon F, Loisy F, Kohli E,
Pommepuy M, Atmar RL: A semi-quantitative approach to
estimate Norwalk-like virus contamination of oysters
implicated in an outbreak. Int J Food Microbiol 2003, 87:107-112.
www.sciencedirect.com 
47. Boxman ILA, Tilburg JJHC, te Loeke NAJM, Vennema H, Jonker K,
de Boer E, Koopmans M: Detection of noroviruses in shellfish in
the Netherlands. Int J Food Microbiol 2006, 108:391-396.

48. Prato R, Lopalco PL, Chironna M, Barbuti G, Germinario C,
Quarto M: Norovirus gastroenteritis general outbreak
associated with raw shellfish consumption in South Italy. BMC
Infect Dis 2004, 4:1-6.

49. Le Guyader FS, Bon F, DeMedici D, Parnaudeau S, Bertone A,
Crudeli S, Doyle A, Zidane M, Suffredini E, Kholi E et al.: Detection
of multiple noroviruses associated with an international
gastroenteritis outbreak linked to oyster consumption. J Clin
Microbiol 2006, 44:3878-3882.

50. Webby RJ, Carville KS, Kirk MD, Greening G, Ratcliff RM,
Creara SK, Dempsey K, Sarna M, Stafford R, Patel M, Hall G:
Internationally distributed frozen oyster meat causing multiple
outbreaks of norovirus infection in Australia. Clin Infect Dis
2007, 44:1026-1031.

51. David ST, McIntyre L, MacDougall L, Kelly D, Liem S, Schallie K,
McNabb A, Houde A, Mueller P, Ward P et al.: An outbreak of
norovirus caused by consumption of oysters from
geographically disperse harvest sites, Bristish Columbia,
Canada, 2004. Foodborne Pathog Dis 2007, 4:349-358.

52. Sasaki Y, Kai A, Hayashi Y, Shinkai T, Nogushi Y, Hasegawa M,
Sadamasu K, Mori K, Tabej Y, Nagashima M et al.: Multiple viral
infections and genomic divergence among noroviruses during
an outbreak of acute gastroenteritis. J Clin Microbiol 2006,
44:790-797.

53. Simmons G, Garbutt C, Hewitt J, Greening G: A New Zealand
outbreak of norovirus gastroenteritis linked to the
consumption of imported raw Korean oyters. N Z Med J 2007,
120:1-7.

54. Nenonen NP, Hannoun C, Olsson MB, Bergstrom T: Molecular
analysis of an oyster-related norovirus outbreak. J Clin Virol
2009, 45:105-108.

55. Le Guyader FS, Kroll J, Ambert-Balay K, Ruvoen-Clouet N,
Desaubliaux B, Parnaudeau S, Le Saux J-C, Ponge A, Pothier P,
Atmar RL, Le Pendu J: Comprehensive analysis of a norovirus-
associated gastroenteritis outbreak, from the environment to
the consumer. J Clin Microbiol 2010, 48:915-920.

56. IIzuka S, Oka T, Tabara K, Omura T, Katayama K, Takeda N,
Noda M: Detection of sapoviruses and noroviruses in an
outbreak of gastroenteritis linked genetically to shellfish.
J Med Virol 2010, 82:1247-1254.

57.
�

Nishida T, Nishio O, Kato M, Chuma T, Kato H, Iwata H, Kimura H:
Genotyping and quantitation of norovirus in oysters from two
distinct sea areas in Japan. Microbiol Immunol 2007,
51:177-184.

This study describes NoV quantification in oysters and molecular typing
based on partial sequences of the capsid gene. These data are valuable
as sequencing from shellfish samples is difficult and thus such reports are
still uncommon.

58. Lowther JA, Henshilwwod K, Lees DL: Determination of
norovirus contamination in oysters from two commercial
harvesting areas over an extended period, using
semiquantitative real-time reverse trancription PCR. J Food
Prot 2008, 71:1427-1433.

59. Lowther JA, Avant JM, Gizysztof K, Rangdale EE, Lees DN:
Comparison between quantitative real-time reverse
transcription PCR results for norovirus in oysters and self-
reported gastroenteritis illness in restaurant customers.
J Food Prot 2010, 73:305-311.

60. Gentry J, Vinje J, Guadagnoli D, Lipp EK: Norovirus distribution
within a estuarine environment. Appl Environ Microbiol 2009,
75:5474-5480.

61. Le Guyader FS, Parnaudeau S, Schaeffer J, Bosch A, Loisy F,
Pommepuy M, Atmar RL: Detection and quantification of
noroviruses in shellfish. Appl Environ Microbiol 2009,
74:618-624.

62. Woods JW, Burkhardt W III: Occurence of norovirus and
hepatitis A virus in US oysters. Food Environ Virol 2010,
2:176-182.
Current Opinion in Virology 2012, 2:103–110



110 Environmental virology
63. Vilarino ML, Le Guyader FS, Polo D, Schaeffer J, Krol J,
Romalde JL: Assessment of human enteric viruses in
cultured and wild bivalve molluscs. Int Microbiol 2009,
12:145-151.

64. Nenonen NP, Hannoun C, Horl P, Hernroth B, Bergstrom T:
Tracing of norovirus outbreaks strains in mussels collected
near sewage effluents. Appl Environ Microbiol 2008,
74:2544-2549.
Current Opinion in Virology 2012, 2:103–110 
65. Suffredini E, Pepe T, Ventrone I, Croci L: Norovirus detection in
shellfish using two real-time RT-PCR methods. New Microbiol
2011, 34:9-16.

66.
��

Polo D, Vilarino ML, Manso CF, Romalde JL: Imported mollusks
and dissemination of human enteric viruses. Emerg Infect Dis
2010, 16:1036-1037.

This letter illustrates the risk of introduction of specific strains following
the importation of shellfish.
www.sciencedirect.com


	Transmission of viruses through shellfish: when specific ligands come into play
	Norovirus
	Shellfish-related NoV outbreaks
	Norovirus bioaccumulation and persistence in oysters
	Conclusion
	Acknowledgements
	References and recommended reading


