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Hepatitis E virus (HEV), an enteric pathogen of both humans and animals, is excreted by infected individuals and is therefore
present in wastewaters and coastal waters. As bivalve molluscan shellfish are known to concentrate viral particles during the pro-
cess of filter feeding, they may accumulate this virus. The bioaccumulation efficiencies of oysters (Crassostrea gigas), flat oysters
(Ostrea edulis), mussels (Mytilus edulis), and clams (Ruditapes philippinarum) were compared at different time points during
the year. Tissue distribution analysis showed that most of the viruses were concentrated in the digestive tissues of the four spe-
cies. Mussels and clams were found to be more sensitive to sporadic contamination events, as demonstrated by rapid bioaccumu-
lation in less than 1 h compared to species of oysters. For oysters, concentrations increased during the 24-h bioaccumulation
period. Additionally, to evaluate environmental occurrence of HEV in shellfish, an environmental investigation was undertaken
at sites potentially impacted by pigs, wild boars, and human waste. Of the 286 samples collected, none were contaminated with
hepatitis E virus, despite evidence that this virus is circulating in some French areas. It is possible that the number of hepatitis E
viral particles discharged into the environment is too low to detect or that the virus may have a very short period of persistence

in pig manure and human waste.

H epatitis E virus (HEV) is a small, nonenveloped single-
stranded positive-sense RNA virus that is an enteric pathogen
of humans and animals and the sole member of the genus Hepevi-
rus in the family Hepeviridae (1). Four major genotypes have been
defined, and two additional genotypes infecting wild boars have
been suggested (2, 3). Genotypes 1 and 2, which mainly infect
humans, have been described in Asia, Africa, or Mexico, whereas
genotypes 3 and 4 have been described worldwide. Genotypes 3
and 4 have been described in a variety of animal species and pres-
ent a potential zoonotic risk (4—6). As with other enteric viruses,
HEV may be detected in high concentrations in feces from in-
fected individuals and thus can be detected in raw or treated sew-
age (5, 7). The fecal-oral transmission route within an animal
species and from contaminated food or waters to humans has
been documented (4, 6, 8).

Bivalve molluscan shellfish are known to concentrate viral par-
ticles during filtration undertaken as part of their feeding process.
A large variety of human enteric viruses have been detected in
different shellfish species during either environmental studies or
outbreak investigations (9, 10). HEV has been reported in shellfish
collected in different European and Asian countries (11-14). Few
outbreaks have been reported until now. One reason may be the
lack of detection methods for HEV, as reported for the outbreak in
New Delhi, India, between December 1955 and January 1956 (15).
Additionally, the long incubation period often means that leftover
food is not available for analysis. Thus, often the food responsible
for the outbreak cannot be identified through testing and is impli-
cated from epidemiological data linking human cases to shellfish con-
sumption. For example, in Spain, a 10-year-old girl developed a hep-
atitis E infection following oyster and mussel consumption (16).
More recently, it was reported that a Japanese man acquired an HEV
infection after ingesting uncooked shellfish while traveling in Viet-
nam (17). Similarly, in 2008, English tourists returning from a cruise
ship developed hepatitis E, and the main risk factors were gender, age,
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and shellfish consumption while on board (18). More generally, in
countries where seafood dishes are common, as in China, shellfish
consumption is considered a key risk factor for developing hepatitis E
(19). In France, as in most European countries, genotype 3 is pre-
dominant and evidence of virus circulation among the French pop-
ulation has been reported (20-22). Until now, pork meat has been the
food type most frequently implicated in outbreaks (8, 20, 23, 24).
However, as shellfish is a common food in France, this transmission
route cannot be excluded from consideration, although shellfish have
not yet been implicated in a hepatitis E outbreak in France.

The aim of the present study was to obtain quantitative data on
HEV bioaccumulation in different shellfish species using real-
time reverse transcription-PCR (rRT-PCR) quantification follow-
ing in vitro virus bioaccumulation experiments performed at sev-
eral time points during the year. Between-species variations in
bioaccumulation efficiency, tissue distribution, and contamina-
tion kinetics were evaluated by rRT-PCR based on triplicate anal-
ysis and triplicate extractions. In order to get a more complete
picture of the potential contamination of shellfish, an environ-
mental investigation was also performed.

MATERIALS AND METHODS

Virus strains. Stool obtained from a pig experimentally infected with
HEV genotype 3e (kindly provided by N. Pavio, Anses, Paris, France) was
used for the laboratory experiments. The stool suspension was divided
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into subsamples and kept at —20°C for all bioaccumulation experiments.
Mengovirus (MgV) strain vMCO (kindly provided by A. Bosch, University
of Barcelona) was propagated in HeLa cells as previously described (25).

Shellfish samples. (i) Bioaccumulation experiments. For all experi-
ments, oysters (Crassostrea gigas), flat oysters (Ostrea edulis), mussels
(Mytilus edulis), and clams (Ruditapes philippinarum) were purchased
directly from the same producer and environmental data such as water
temperature and salinity were recorded. Shellfish were immersed the day
after collection in large tanks of seawater at the laboratory. For all bioac-
cumulation experiments, control tests performed on shellfish samples
before bioaccumulation showed no viral (norovirus [NoV] or HEV) con-
tamination. After 24 h of immersion at the specified temperature, only
living shellfish showing filtration activity were kept for bioaccumulation
experiments.

(ii) Environmental investigations. Shellfish were collected from two
sites potentially contaminated by pigs (site A) or wild boars (site B) at least
every month for 2 years. At site A, naturally growing cockles, oysters, and
mussels were collected, and at site B, clams and oysters were collected.
Based on the bioaccumulation results, extra mussels were added to site B
for a 6-month period to ensure an adequate supply for the sampling pe-
riod. Additionally, shellfish (oysters, mussels, clams, or cockles) were col-
lected from 15 other contaminated French areas (based on Escherichia coli
detection; REMI surveillance network, Ifremer), and sampling occurred
between 3 and 21 times at each site.

Each sample was composed of only one species of shellfish, with at
least 12 individual oysters and 30 individual mussels, clams, or cockles
comprising the samples. All samples were shipped to the laboratory in a
refrigerated box within 24 h after collection.

Bioaccumulation experiments. Natural seawater, collected from a
clean area in which turbidity, ammonium, nitrate, phosphate, and chlo-
rophyll A concentrations are measured (data not shown), was used for all
bioaccumulation experiments. The seawater temperature was adjusted
according to the season (from 10 * 1°C in March to 16 * 1°C in July).
Aquariums were filled with seawater seeded with the HEV suspension at a
concentration of around 7.37 = 0.19 log,, RNA copies/aquarium (except
in negative-control aquariums), yielding a ratio of 5 liters per kilogram of
shellfish (including the shell weight). The number of shellfish used was
selected based on the weight of digestive tissue (DT) recovered (30 indi-
viduals for each oyster species, 60 mussels, and 40 clams). The bioaccu-
mulation period was 24 h under oxygenation conditions, and bioaccumu-
lation experiments for the four shellfish species were undertaken on the
same day. The experiments were repeated 5 times during different
months. Half of the individuals were collected after 1 h and half after 24 h
and then immediately processed.

Dissection. All shellfish were shucked and weighed, and the DTs were
recovered as previously described (26). For the first 3 bioaccumulation
experiments, gills and mantle were also dissected (27).

Shellfish processing. Mengovirus (MgV) (2 X10° RNA copies) was
added to each dissected tissue sample (1.5 g) before homogenization with
3 ml of glycine buffer. Then, the viruses were extracted by being mixed
with a vortex device with equal volumes of chloroform-butanol for 30 s
and Cat-Floc T (Calgon, Ellwood City, PA) (173 pl per tube) treatment
for 5 min on the bench before centrifugation for 15 min at 13,500 X g. The
resulting suspension was precipitated with polyethylene glycol 6000 (PEG
6000) (Sigma, St Quentin, France) for 1 h at 4°C and centrifuged for 20
min at 11,000 X g at 4°C (28). For shellfish that had bioaccumulated
viruses, the DTs were extracted in triplicate, each replicate being extracted
in a different batch of samples.

NA extraction and purification. A NucliSens extraction kit (bioMéri-
eux, Lyon, France) was used following the manufacturer’s instructions,
with minor modifications (26). The PEG pellet was suspended in 1 ml
RNase-free water, mixed with 2 ml of lysis buffer, and incubated for 30
min at 56°C. After a brief centrifugation to eliminate particles (if needed),
50 wl of paramagnetic silica was added, and the mixture was incubated for
10 min at room temperature. The purification steps were performed with
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an automatic easyMAG extractor (bioMérieux). Nucleic acids (NAs) were
recovered in 100 pl of elution buffer (bioMérieux) and analyzed imme-
diately or kept frozen (—80°C).

For the stool, viral RNA was extracted from a 10% suspension using a
NucliSens kit (bioMérieux, Lyon, France) as recommended by the man-
ufacturer and was eluted in 100 .l of RNase-free water.

Primers, probes, and rRT-PCR. Primers and probes were used as
previously described for MgV, norovirus (NoV), and HEV detection (27,
29, 30), except that the HEV probe labeling was changed to minor groove
binding (MGB). The rRT-PCR was carried out with an UltraSense One-
Step quantitative RT-PCR system (Life Technologies, France), using ad-
justed concentrations of primers and probes (26). Amplifications were
performed with an Mx3000P quantitative PCR (qPCR) system (Agilent
Technologies, France), using 5 pl of extracted NA per well (final volume
of 25 pl). Neat (undiluted) and 10-fold dilutions of the samples were
analyzed in triplicate.

rRT-PCR controls and quantification. The cycle to quantification
(C,) was defined as the cycle showing a significant increase in fluores-
cence. To be considered positive, a sample had to yield a C, value of =40.
Two negative-amplification controls (sterile, RNase-free water) were in-
cluded in each amplification series, and filter tips and dedicated rooms
were used to prevent false positives.

(i) Extraction efficiency. After extraction of samples seeded with the
MgV, amplifications were performed and the C, values (undiluted and
10-fold dilutions) were compared to the C, value of the positive control
used in the extraction series and to a standard curve made by endpoint
dilution. This difference (ACq) was used to determine the extraction effi-
ciency and was expressed as a percentage for each sample (26). Only sam-
ples with extraction efficiencies above 10% were considered for quantifi-
cation.

For environmental investigation samples, as only qualitative detection
was undertaken, the acceptance criteria was 5%. If the extraction effi-
ciency percentage could not be improved after repeated extractions (up to
3), the sample was not considered further in the analysis of results.

(ii) Quantification. The absence of inhibitors was verified for each
sample by comparing the C, values of undiluted and 10-fold-diluted ex-
tracts. No adjustment was made for 'RT-PCR efficiency, as no significant
inhibition was observed (less than 25%), or for extraction efficiency. The
number of RNA copies was estimated by comparing the C, value to stan-
dard curves derived from in vitro transcription plasmids containing nu-
cleotides 5190 to 5489 of an HEV G3f strain (kindly provided by N. Pavio,
Anses, Paris, France). The final concentration was then back-calculated
based on the volume of NA and expressed per g of tissue. For bioaccumu-
lation experiments, DTs were extracted 3 times and each NA extract was
amplified in triplicate on the same plate. If one extracted replicate pre-
sented a difference in C, values of more than 3 compared to the others, the
extraction was repeated a fourth time.

Statistical analysis. All concentrations obtained were log trans-
formed, and geometric mean titers (GMT) and geometric standard devi-
ations (SDs) were calculated. Statistical analysis was performed using the
Statgraphics Centurion XV statistical package (Sigma plus, Levallois-Per-
ret, France). Data were compared using the Student ¢ test, and a P value of
<0.05 was considered significant.

RESULTS

Conditions for the bioaccumulation experiments. For each bio-
accumulation experiment, frozen subsamples of the same stool
suspension were used. Before each bioaccumulation experiment,
the inoculum was quantified, and the titer was stable over the five
experiments (7.37 = 0.19 log,, RNA copies/aquarium). Allomet-
ric coefficients (body weight divided by DT weight) were 13 * 5,
11 £ 2,12 = 1, and 13 = 4 for oysters, flat oysters, mussels, and
clams, respectively. The large variation observed for oysters was
due to a high value in July (allometric coefficient of 22). For clams,
the allometric coefficients in January and March (10 and 9) were
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TABLE 1 HEV concentrations detected in DT after bioaccumulation®

Occurrence of Hepatitis E Virus in Bivalve Shellfish

Opysters Flat oysters Mussels Clams
DT (mean log concn/ DT (mean log concn/ DT (mean log concn/ DT (mean log concn/
+SD + SD +SD +SD
Ext. ef. i ) Ext. ef. 5 ) Ext. ef. 8 ) Ext. ef. 8 )
Month (%) 1h 24h (%) 1h 24 h (%) 1h 24h (%) 1h 24h
January 12 27*01 33*03 19 2.1% 33+£04 51 3603 36*03 25 42*02 40*02
March 23 3403 40*04 29 <LQ 28*£0.6 33 41*+04 37*08 27 4.3*% 32*0.2
July 20 23*+0.2 29 *+0.2 11 2.1 0.1 3.0 0.2 23 3.8 0.2 3.5*0.1 17 3.8 0.3 3.7*x0.2
October 10 30£01 35*0.1 13 23*05 29*02 18 41*+02 26*04 25 43*0.1 42*0.1
December 10 28*0.1 28=*02 18 23*03 26*02 17 3901 31*08 37 43+04 4.0=*04

@ DT values are the geometric means * standard deviations of the log concentrations of RNA/g of DT determined on the basis of three separate extractions (each analyzed in
triplicate), except for two values based on one extraction (indicated by an asterisk [*]) whose results were compromised due to technical problems (extraction failure and lack of
DT). The percent extraction efficiency coefficient (Ext. ef.) represents the average value from the 6 extractions. LQ, limit of quantification.

lower than those obtained in the 3 other experiments (14, 16, 18).
For the 2 other species, low variability was observed. For all exper-
iments, no difference in pseudofeces or feces production between
the different shellfish species was observed while cleaning the
aquariums.

To be able to compare the different species, virus concentra-
tions and the number of individuals were adjusted based on a
maximal theoretical bioaccumulation (MTB) calculation. This
was calculated using the following assumptions: (ii) that 1 log of
virus would be lost (i.e., by adsorption to aquarium walls, shell,
etc.), as demonstrated using radioactive virus (31); (ii) that 90% of
the viruses would be concentrated in the DT, as observed during
preliminary experiments and demonstrated for norovirus and
hepatitis A virus (28); and (iii) that the calculation would be based
on the weight of the DT recovered. For example, for oysters in
January, the dose seeded in the aquarium was 2.5 X 10" RNA
copies and 21 g of DT was recovered. Therefore, 2.5 X 10° RNA
copies were available for uptake (assuming a 1 log loss), of which
90% were assumed to be present in the DT (2.25 X 10°). Consid-
ering the weight of the DT recovered (21 g), this gave an MTB of
1.07 X 10°> RNA copies/g of DT. The MTB calculated for each
shellfish species for all five experiments showed average values of
5.11 = 0.25log,, RNA copies/g of DT for oysters, 5.17 + 0.20 log,,
RNA copies/g of DT for flat oysters, 5.18 = 0.31 log;, RNA cop-
ies/g of DT for mussels, and 5.32 = 0.27 log,, RNA copies/g of DT
for clams. These MTB values were not statistically significantly
different (P = 0.65) and therefore allowed comparisons between
the different experiments and different species. The bioaccumu-
lation efficiency was calculated by dividing the virus concentra-
tion detected in the shellfish DT by the MTB and was expressed as
a percentage.

For greater confidence in quantification, after verification that
no inhibition had occurred, all DTs were extracted three times in
independent extraction runs, and all NA extracts were analyzed in
triplicate. Among the 40 extractions performed, the average C,
variation was around 0.6 C, units after a 1-h bioaccumulation
period or 0.4 units after 24 h. The highest variability observed was
for oysters in July after the 1-h bioaccumulation period (with C,
values of 38.4 = 1.0, 38.5 = 1.9, and 37.5 = 1.7). The triplicate
extractions were useful for flat oysters as after 1 h the concentra-
tion was low (close to the limit of detection) and some C, values
were greater than 39, the limit for quantification. For mussels, the
three extractions of DT collected after 24 h gave variable C,_ values

q
(35.2 +0.5,37.0 = 1.0, and 32.2 = 0.3), and the three extraction
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efficiencies were 18%, 19%, and 24%, respectively. The incorpo-
ration of triplicate extractions into the methodology was useful in
demonstrating this variability.

For three of the experiments, HEV in seawater was analyzed
after 24 h and represented about 1% of the inoculum. No differ-
ence in the HEV concentrations in seawater was found between
shellfish species or months (data not shown). Given that the level
of HEV in seawater was negligible, the residual virus in seawater
was not incorporated into the MBT calculation.

Bioaccumulation experiments. All extraction efficiencies
were acceptable, the lowest one being for oysters in October and
December (Table 1). No HEV was detected in shellfish in control
aquariums. For oysters, the concentration of HEV detected in the
DT after a bioaccumulation period of 1 h was lower than the
concentration detected after 24 h, except in December (Table 1)
(Fig. 1A, column 1). Concentrations observed in March were
about 1 log higher (viral copies per g) than those observed in the
other months. The observed variabilities were similar for the bio-
accumulation periods of 1 and 24 h, showing a statistically signif-
icant difference from those determined for the other months (P =
0.003 and P = 0.001 for 1 h and 24 h, respectively). Based on the
MTB and detected virus, the highest bioaccumulation efficiency
was observed in March after a bioaccumulation period of 24 h
(Fig. 1A, column 2), whereas the efficiency was lower than 2% for
the other months. The tissue distribution studies showed that
most of the HEV was located in the DT, with the mantle and gills
representing 16% and 8% of the total, respectively (Fig. 1A, col-
umn 3).

For flat oysters, contamination occurred slowly, and after a
bioaccumulation period of 1 h, concentrations were around 100
copies before reaching approximately 1,000 copies per g of DT
after 24 h (Fig. 1B, column 1). The highest accumulation efficiency
(2%) was observed in January (Fig. 1B, column 2). Comparisons
of the different tissues (gills and mantle) showed that the concen-
trations were even lower in these organs following a 1-h bioaccu-
mulation period (Fig. 1B, column 3).

Mussels showed markedly different results, with higher con-
centrations detected after 1 h than after 24 h in the October and
December experiments (Fig. 1C, column 1). Comparison of the
concentrations obtained in mussels after 1 h to oyster concentra-
tions after 1 h (excluding March, for which a different behavior
was observed) showed a significant difference (P < 0.01). For the
five experiments, the concentrations detected in the DT were
around 10* RNA copies/g and the variability between experiments
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FIG 1 Hepeatitis E virus bioaccumulation and tissue distribution in four shellfish species. In column 1, the concentrations obtained in digestive tissue after 1 h
(gray) or 24 h (black) of bioaccumulation are reported as numbers of genome copies per gram of DT (y axis) for the five experiments (January [Jan.], March
[Mar.], July [Jul.], October [Oct.], and December [Dec.]) (x axis) for oyster (A), flat oyster (B), mussel (C), and clam (D). Each symbol and the standard variation
represent mean values for 3 extractions; dotted lines represent the limit of quantification of the method. In column 2, monthly variations of the bioaccumulation
efficiency in digestive tissues (viral bioaccumulation efficiency after 1 h [gray bar] or 24 h [black bar]) (x axis) are expressed as percentages of virus (y axis)
recovered in DT calculated on the basis of the virus seeded into seawater and virus detected in DT, taking into account recovered weight for the five experiments
(January, March, July, October, and December) and the four shellfish species. All values are given above the bars. In column 3, results representing tissue
distribution following bioaccumulation are expressed as mean percent values (y axis) of recovered virus concentrations in the different tissues after 1 h (gray bar)
and 24 h (back bar) (x axis) for three bioaccumulation experiments and the four shellfish species. The concentration detected after 24 h was assigned a value of
100%; actual values are noted above each bar (for mussel and clams, concentrations in DT after 1 h were higher than after 24 h, and the corresponding values are

more than 100%).

was lower than 0.5 log (Table 1). After 24 h, concentrations were
similar for the first 3 experiments, whereas lower concentrations
were observed in October and December (Fig. 1C, column 1). It
may be important that greater variability in concentrations was
observed during these 2 months (October and December). As
mentioned above, in December, large variations were observed
between the three extractions. A higher bioaccumulation effi-
ciency was observed after a period of 1 h compared to 24 h for four
experiments, and similar efficiencies were noted for one experi-
ment (Fig. 1C, column 2). The virus concentration in seawater
following bioaccumulation was in the same range for all experi-
ments, which suggests that faster release of HEV by mussels may
not account for the lower concentrations observed following a
24-h bioaccumulation period. The production of pseudofeces or
feces appeared identical to that seen with other species (visual
observation), but no viral analysis was undertaken. A comparison
of levels in the mantle, gills, and DT showed that, as for oysters,
most of the viruses were detected in the DT. However, the con-
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centrations after a 1-h bioaccumulation period appeared to be
similar to the concentrations observed after 24 h for all tissues
(Fig. 1C, column 3).

Clams displayed behavior similar to that seen with mussels,
with very fast contamination and even greater concentrations
than those observed for mussels. Detected concentrations were
quite similar after 1 h and 24 h for all experiments except for the
one conducted in March (Fig. 1D, column 1). However, this result
needs to be considered with caution as the extraction procedure
failed for two replicates (Table 1). For all the other extractions, the
concentrations obtained were very similar within replicates. This
shellfish species displayed the highest bioaccumulation efficiency,
with a maximum observed in December (Fig. 1D, column 2), and
viruses were predominantly located in the DT, with less than 5%
detected in the gills and mantle (Fig. 1D, column 3).

Environmental investigations. A total of 286 samples were
collected, and 274 were successfully analyzed (Table 2). Indeed,
most of the samples gave acceptable extraction efficiencies; how-
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TABLE 2 Extraction efficiency for environmental samples

No. of samples with
indicated extraction
efficiency quality (%)

Poor with

No. of repeated  No. of Avg extraction

samples Acceptable Poor extractions samples  efficiency
Shellfish collected (>5) (=5) (=5)* considered * SD
Clams 67 51 16 2 65 24 £ 12
Cockles 52 42 0 3 49 13+6
Mussels 94 90 4 0 94 30+ 14
Opysters 73 57 16 7 66 26 £ 19
Total 286 240 46 12 274

@ Data represent samples for which repeated extractions (2 or 3) presented low
extraction efficiencies and thus were not considered.

ever, 46 failed the acceptance criteria. After repeated extractions,
all mussel samples were acceptable. Two clam samples (about 1%
of samples) were still unacceptable after 3 extractions, whereas the
other 14 samples that initially failed, as well as most of the cockle
samples, were acceptable. The highest failure rate (9.6%) was ob-
served for oyster samples (Table 2). Considering these results, 12
samples were excluded from the analysis, and the average overall
extraction efficiency was above 13%. Similar numbers of clam,
mussel, and oyster samples were collected, with cockles being less
frequently collected. This species presented the lowest average ex-
traction efficiency. Mussels represented 34% of collected shellfish
and showed good extraction efficiencies (the lowest being 16%).

All of these samples were collected from class B production
areas according to European Union regulations (more than 4,600
E. coli bacteria/100 g of shellfish flesh and intervalvular liquid).
However, despite several assays for each sample having been un-
dertaken, all samples were found to be below the limit of detection
for HEV contamination. Even shellfish collected in areas that are
known to be impacted by pig (site A) or wild-boar (site B) fecal
contamination were below the limit of detection for HEV (Table
3). For site A, NoVs were detected in 3.6% of the samples collected
(mainly in March 2013), showing a rather low human contami-
nation impact. For site B, NoVs were detected in 8% of collected
samples. At this site, only clams and oysters were growing. Con-
sidering the results from the bioaccumulation experiments, mus-
sels were added to this site but were found to be below the limit of
detection for HEV. After 1 year of monitoring these two sites, 128
additional samples were collected from 15 different locations
along the French coastline, including Corsica, in order to increase
the likelihood of detecting HEV-contaminated shellfish. None of
these additional samples were positive for HEV, while NoVs were
detected in about 13% of them (Table 3).

TABLE 3 Results obtained considering shellfish species and site collection

Occurrence of Hepatitis E Virus in Bivalve Shellfish

DISCUSSION

Shellfish are known to accumulate human pathogens such as hu-
man enteric viruses as demonstrated for rotavirus in mussels (32)
and enterovirus (33), hepatitis A virus (34), and norovirus (35) in
oysters. We previously studied norovirus bioaccumulation and
tissue distribution in oysters, comparing different levels of con-
centrations (27, 35).

The first aim of this study was evaluation of the capacity of four
different shellfish species to accumulate HEV and analysis of tissue
distribution. As hepatitis E infection in humans, unlike winter
gastroenteritis due to norovirus, is not a seasonal disease, bioac-
cumulation experiments were performed throughout the year.
Two oyster species, Crassostrea gigas and Ostrea edulis, the main
shellfish that are consumed in France during winter months, as
well as mussels, Mytilus edulis, which are consumed mainly during
the spring and summer months, were selected. A recent environ-
mental study demonstrated that contamination of clams was
more frequent than contamination of oysters; therefore, we also
considered a clam species, Ruditapes phillipinarum, in the bioac-
cumulation comparison experiments (36). However, our virus
bioaccumulation protocol did not consider that clams normally
live in contact with the marine sediment, which represents a lim-
itation to our observations. Comparing different shellfish species
of different body sizes, which display different physiological pa-
rameters, such as filtration activity, was challenging and required
careful consideration during the design and analysis of the exper-
iments. Preliminary studies were undertaken (data not shown) in
which experimental conditions were adjusted to get similar max-
imal theoretical bioaccumulation (MTB) values in the DT, allow-
ing comparison between the different species. Additionally, we
considered the physiological status of the shellfish by measuring
the allometric coefficient, which is obtained from the ratio of DT
weight to body weight. This approach is commonly used to ac-
count for the physiological status of shellfish (i.e., growing or re-
production phase). In July, oysters displayed an allometric coeffi-
cient that was different from that seen in other experiments, and
this may explain the low accumulation of virus. Similarly, for
clams, lower allometric coefficients were observed in January and
March, which were associated with the lowest concentrations of
accumulated HEV. While these results suggest an association be-
tween the allometric coefficient and viral accumulation, we could
not clearly demonstrate the influence of the coefficient on the viral
bioaccumulation efficiency. Nonetheless, we suggest that it may
be useful for future experiments to consider this parameter fur-
ther, along with other physiological indicators of shellfish health
such as filtration rate and fecal production. Consideration of these
physiological parameters in relation to viral accumulation may
facilitate and improve comparisons between shellfish species and
results obtained by different laboratories in the future. The vol-

Clam samples Cockle samples

Mussel samples Opyster samples

Avgext.eff. ~ No.NoV Avgext.eff. ~ No.NoV Avgext.eff. ~ No.NoV Avgext.eff. ~ No.NoV
Site No. + SD (%) positive No. + SD (%) positive No. + SD (%) positive No. + SD (%) positive
A None 28 14*+6 1 28 25+ 15 1 28 23+ 19 1
B 24 27 £ 17 2 None 13 37 £ 11 1 25 35 + 21 2
c? 41 23 £ 10 3 21 12=*5 5 53 32* 14 5 13 17 £ 10 0

@ C samples were collected from different locations all around the coasts of France.
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ume of seawater compared to the number of animals per aquar-
ium reduced influences related to the filtration activity of the four
shellfish species. Based on the filtration activity, the highest virus
concentrations should have been observed in July. Instead, the
lowest bioaccumulation efficiencies and the lowest viral concen-
trations were actually observed that month, confirming that the
design of our experiments correctly avoided the potential bias
introduced by such physiological variations between the five as-
says and between species. The last methodological point consid-
ered important for this work was the quantitative approach by
rRT-PCR. All precautions were taken to monitor extraction effi-
ciencies and to test for inhibitors, as routinely undertaken in our
laboratory for several years (26, 35-37) and in the CEN/ISO ref-
erence method (38). To take into account errors due to virus ex-
traction and variability in rRT-PCR, all samples were extracted
three times and all YRT-PCRs were conducted in triplicate. We
also introduced an acceptance criterion for standard curves, re-
jecting runs with values displaying a C, difference of greater than
1 for more than one point of the standard curve. This allows a
better comparison over time and avoids possible variations in
quantification. Such controls are important to be fully confident
in the quantitative approach by rRT-PCR and to allow us to com-
pare results from the different shellfish species.

Our data confirm that most of the HEV accumulated in the DT
of all four species considered. This organ is frequently used in the
recently developed methods, suggesting that most of these meth-
ods should be able to detect HEV (38). Some differences in tissue
distributions were observed among the four species. For example,
HEV was still detected in oyster gill tissue after 24 h but was not
detected (less than 5%) in that of the three other species. The virus
concentration in the mantle was negligible compared to observed
concentrations in the DT for all species except flat oysters. This
species showed the lowest bioaccumulation efficiency, with a
maximum of 2% of the seeded virus bioaccumulated by flat oys-
ters in January after a 24-h period. After 1 h, only low concentra-
tions of HEV were detected in the DT, suggesting that this shellfish
species may be less sensitive to sporadic contamination events,
consistent with previously reported differences between the sus-
ceptibilities of oyster species to virus contamination (39). Our
results additionally suggest that clams and mussels may be more
sensitive to sporadic contamination events, as after 1 h, the de-
tected viral concentration was already high. This is similar to re-
sults we previously obtained for Moroccan shellfish which sug-
gested that mussels and clams readily accumulate viruses (36);
however, it differs from results reported for Italian shellfish (40).

The second aim of this study was to analyze shellfish potentially
impacted by pig and wild-boar fecal contamination. HEVs have
been demonstrated to circulate in some French pig farms and in
wild boars, and some clinical cases have been described (8, 20, 22,
41, 42). HEV was also reported in sewage and river waters, con-
firming the virus circulation in environmental waters in some
countries (7, 43—45). Considering the zoonotic potential of distri-
bution of this virus from various animal species, environmental
transmission needs to be considered (5, 8, 46, 47). Despite our
effort to select contaminated areas, we failed to detect any positive
samples for HEV. The bioaccumulation experiments showed that
this failure was not caused by a methodological issue. The detec-
tion of norovirus contamination in some of the samples con-
firmed the efficiency of the methods, and the sensitivity limit of
the methods for HEV, as estimated by previous bioaccumulation
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studies, was quite similar to that of norovirus detection (26). The
primers and probe used were found to be efficient in different
studies as well as for the analysis of clinical cases in France (30, 48).
Several hypotheses may explain the absence of detectable HEV in
environmental samples. First, pig farms in France are not located
directly on the coast; these areas are primarily reserved for tourist
activities and the local population. The site selected was about 1.3
km from the closest pig farm. However, the catchment basin of
about 123 km? comprised about 59 farms breeding about 100,500
animals, representing the highest density of pig farms for France.
In Scotland, HEV was detected in mussel samples directly under
the influence of a pig slaughterhouse (12); however, a similar sit-
uation could not be found on the French coastline. The other site
was selected based on observations of wild boars refreshing them-
selves in the sea. The area is a wild-life protection zone, and con-
sumption of naturally grown shellfish is forbidden. No data were
available on the presence of HEV in these wild-boar populations,
and the few stools that were collected when shellfish were sampled
were found to be negative (data not shown). Finally, to improve
the likelihood of detecting HEV-contaminated shellfish, we ex-
tended the sampling to 15 additional sites, albeit without success.
While we were unable to detect HEV in shellfish from France,
HEV has been detected in some European shellfish. For example,
HEV was detected in Italian mussels that were being utilized as
bioindicators of marine pollution (11) and in marketplace mus-
sels in Spain (49). In Thailand, none of 213 samples analyzed were
found to be positive for HEV (50), and in Korea, about 9% of 161
oyster samples were positive (14).

After verifying that the approach applied for performing the
bioaccumulation experiments and the rRT-PCR assay generates
reliable results, we demonstrated here that different shellfish spe-
cies can bioaccumulate HEV, with significant differences in terms
of uptake kinetics and concentrations. This study also demon-
strated that methods targeting the DT, as developed for norovirus
and hepatitis A virus, are appropriate for HEV, which is also pre-
dominantly detected in these organs. Finally, despite evidence that
HEV is circulating in the French population and in pig farms, we
could not detect any HEV-contaminated shellfish, suggesting that
the number of HEV particles released into the environment may
be low or may be under the detection limit of our method. Further
work on HEV persistence in pig manure and human waste may be
warranted to further evaluate this point.
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