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ABSTRACT

To evaluate the persistence of infectious virus after heating, mussels contaminated with a rotavirus strain were prepared
following the French recipe moules mariniéres (mariner’s mussels). Rotavirus was then quantified by real-time quantitative PCR
(RT-gPCR) and a cell culture infectivity assay. Results showed the persistence of infectious virus after 3 min of cooking. After 5
min, when no infectious virus could be detected, the RT-qPCR approach showed a 1-log decrease compared with concentrations

detected after 1 min of cooking.

Bivalve molluscan shellfish, through their filtration
activity, may accumulate microorganisms such as human
enteric viruses. Shellfish are generally considered a high-risk
food as they are often grown in coastal areas that may be
contaminated with human sewage due to the high density of
the population in some catchments, and they are frequently
consumed raw, especially oysters. As a consequence, they
have been implicated in gastroenteritis and hepatitis
outbreaks worldwide. In the United States, shellfish are
accountable for 3% of foodborne illnesses cases, with
viruses being responsible for 2% (36). In Europe, outbreaks
have been attributed to both locally produced and imported
shellfish (/9). In contrast to bacterial contamination,
depuration is not efficient in reducing viral contamination;
thus, when shellfish are contaminated with viruses, the
control options are to either close the production area or to
undertake shellfish processing (42, 46). Valid control
options for processing are limited because when viruses
are inside the shellfish body, they seem to be protected.
Variables that may influence virus inactivation are numerous
(e.g., temperature, pressure, time), and the interaction of
these variables needs to be taken into account when
considering viral inactivation. High pressure processing
has been found to be partly effective in preventing infection
in humans, and electron beam irradiation decreases the risk,
but does not eliminate infectious virus (37, 39). Thus, when
shellfish microbial quality is compromised, some competent
authorities recommend labeling shellfish with “cooking
required before consumption” (45).
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A large variety of recipes exist worldwide for cooking
shellfish, with each country having specialties. In France,
oysters are frequently consumed raw, but mussels are
usually cooked. In this study, we evaluated viral reductions
in mussels when they were prepared using a typical French
recipe that included different ingredients that may interfere
with viral inactivation. As no simple assay exists to
demonstrate the infectivity of norovirus, the virus most
frequently implicated in shellfish-related outbreaks, we
selected a cultivable rotavirus strain to contaminate the
mussels. Rotavirus has a triple-layer capsid and was found to
be very stable in groundwaters, it is highly resistant to UV
irradiation, and it remains infectious in human feces when
stored for 2 months at 30°C (11, 16, 18, 21). The strain used
in this study recognizes histo-blood group antigen type A, a
ligand that we found to be important for viral bioaccumu-
lation and persistence in shellfish tissues (30). However
finding an appropriate surrogate for norovirus is difficult due
to the uniqueness of the virus and the variety of
environmental stressors that may occur (15, 41). Thus, the
findings reported are specific to rotavirus infectivity, and
they may not be extrapolated further at this stage. Viral
particles were detected following different cooking times by
using two approaches: real-time quantitative PCR (RT-
gPCR) to detect the viral genome and cell culture to provide
an estimate of viral infectivity.

MATERIALS AND METHODS

Virus multiplication. Human rotavirus (RV) strain
HAL1166 (provided by M. K. Estes, Baylor College of Medicine,
Houston, TX) was propagated using MA104 (African green
monkey kidney cells; provided by D. Poncet, CNRS-INRA, Gif sur
Yvette, France). Cells were cultured in a CO, atmosphere at 37°C
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in Eagle’s minimal essential medium that was supplemented with
10% (vol/vol) fetal bovine serum, 2 mM L-glutamine, penicillin-
streptomycin solution, and 20 mM N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (all products from Gibco-Life Technol-
ogies, Saint Aubin, France). For cultivation, RV was treated with
10 pg/ml trypsin from porcine pancreas (Sigma-Aldrich, Saint-
Quentin Fallavier, France) for 30 min at 37°C and then inoculated
onto confluent cells in Eagle’s minimal essential medium without
fetal bovine serum, but with 0.5 pg/ml trypsin, and incubated for 2
days at 37°C. Virus particles were recovered through three freeze-
thaw cycles (—20 to 25°C) to release cell-associated virus. Cellular
debris was removed by centrifugation for 10 min at 4,500 X g.
After filtration (0.20-um pore size), supernatant containing RV was
stored at —80°C. Following the protocols described here, the mean
* standard deviation level was 9.3 = 0.17 log RNA copies per ml
and 5.3 * 0.18 log PFU/ml. For all experiments, the same RV
suspension was used; the suspension was kept at 4°C in aliquots to
avoid variation in virus titer.

Mussel contamination and cooking. Fresh mussels were
purchased from a local producer and kept at 4°C for <24 h. A
volume of 10 pl of RV inoculum was spiked into the digestive
tissue (DT) of each mussel, representing ~7.3 = 0.17 log RNA
copies and 3.3 £ 0.18 log PFU per mussel. Considering an
average weight of 0.3 g of DT per mussel, the expected
concentration was ~7.8 log RNA copies per g of DT.

Some preliminary tests were performed to optimize the
contamination procedure, including spiking studies (whole tissue
or DT) and investigations regarding the contact time (immediate
extraction or 30 min of contact). All these assays were repeated
three times before considering the final protocol, and a contact time
of 30 min was selected before mussels were dissected, for both the
control and cooked batches. Mussels were opened to conduct the
spiking measurements (with the shell kept attached) that were
performed by several persons to adhere to the delay of 30 min.

Next, 20 spiked mussels with shells on were cooked
according to the typical French recipe moules mariniéres
(mariner’s mussels) with olive oil, white wine, and onions. In
brief, 10 ml of olive oil was added to a stainless steel pot (20 cm in
diameter) on medium heat (power level 6 on a halogen hotplate;
HT1, Bibby Sterilin Ltd., Staffordshire, UK) for 30 s, and then one
chopped onion, 20 mussels, and 100 ml of white wine were added.
After the liquid (i.e., the oil and wine) started to simmer, cooking
times of 1, 3, and 5 min were evaluated. Each experiment was
repeated five times. The temperatures of the cooking liquid and the
mussel tissue surface were measured using two extra-long-stem
Ultra thermometers (23609-174, VWR International, Pessac,
France) every 30 s during the 5-min cooking experiment. The
mussel tissue surface temperature was measured by placing the
thermometer on the surface of the mussel tissue of each of two
mussels that were randomly selected in the pot; the temperatures
were measured sequentially. A third identical thermometer was
used to measure the liquid temperature. The mean temperature was
reported.

RV recovery from DT. After cooking, mussels were
dissected and 1.5 g of the DT was homogenized in 2.5 ml of
glycine—NaOH buffer (pH 9.5) by using a tissue grinder (Fisher,
Illkirch, France) for 30 s. The homogenate was centrifuged at
15,000 X g for 15 min at 4°C. The viral eluate was collected and
immediately neutralized with 1 M HCL

Plaque assay. The infectious RV titer was determined by
plaque assay using triplicate wells for each mussel sample. Cells
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were grown to obtain 90% confluent monolayers in six-well plates.
Growth medium was then removed, and the cells were washed
twice with phosphate-buffered saline. One milliliter of viral eluate
was incubated with penicillin-streptomycin solution and 10 pg/ml
trypsin for 30 min at 37°C. The solution was then diluted 1:5 in
Eagle’s minimal essential medium without fetal bovine serum to
eliminate toxic effects to the cells. One milliliter of this dilution
was added to each well, and the cells were incubated for 1 h at
37°C, with gentle agitation every 15 min. The inoculum was then
removed, and 3 ml of overlay Eagle’s minimal essential medium
containing 0.6% agarose and 0.5 pg/ml trypsin was added. The
plates were incubated for 48 h at 37°C in 5% CO,, and the cells
were stained with 0.03% neutral red solution for 3 h at 37°C.
Thereafter, the neutral red solution was removed and the plaques
were counted. Based on this protocol, the limit of detection (LOD)
is 3.3 PFU/g of DT. For experiments involving 3 min of cooking, a
concentration of 1.6 PFU/g of DT (half of the LOD) was assigned
to calculate the infectious titer, because the three replicates gave no
infectious plaques. A control consisting of uncontaminated mussel
tissues was included in each series to exclude tissue impacts (such
as cytotoxic effects) on cells.

NA extraction and RT-qPCR. Nucleic acids (NA) were
extracted and purified using the NucliSens extraction Kit
(bioMérieux, Inc., Marcy I’Etoile, France), according to the
manufacturer’s instructions, directly from 100 pl of viral eluate.
For RT-qPCR, double-stranded RNA was denatured for 5 min by
heating at 95°C, and then the sample was immediately chilled on
ice, and 5 pl of the NA extract was added to the RNA UltraSense
One-Step Quantitative RT-PCR System (Gibco-Life Technolo-
gies), with adjusted concentrations of primers (900 nM for the
reverse primer and 500 nM for the forward primer) and TagMan
probe (250 nM final concentration) (29). Primers and probe used
were as previously described, except that the probe was shortened
and was labeled with minor groove binder (37). The absence of
inhibitors was verified by amplification of the undiluted and 10-
fold-diluted NA extract. The number of RNA copies present in
each positive sample was estimated by comparing the quantifica-
tion cycle (C,) values of samples to the standard curve that was
generated by amplifying a dilution series of an in vitro transcription
plasmid containing the complete NSP3 gene of strain RRV07
(GenBank AY065842, kindly provided by D. Poncet). The RNA
concentration was then adjusted based on the volume of NA extract
analyzed and reported per gram of DT.

Statistical analysis. A Student’s ¢ test was performed by
using SPSS Statistics Version 19 (IBM, Bois-Colombes, France) to
compare virus concentrations after of the three cooking times.

RESULTS

Experimental conditions. Mussels used for this study
were of commercial size, as usually consumed in France.
Before each experiment, the absence of RV and norovirus
contamination was verified (29). The mean weight of one
raw mussel with the shell on was 7 = 2 g, and the flesh of
one individual mussel was 1.6 = 0.4 g. No statistical
difference was found between the weight of raw and cooked
mussels (P = 0.24), or for the weight of DT for raw mussels
(0.3 = 0.06 g) compared with cooked mussels (0.26 = 0.06
g) (P =0.26).

After different techniques were trialed (data not shown),
the most reproducible method to ensure similar levels of
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virus within the different individual mussels was found to be
spiking a small volume of RV directly into the DT. This
method also had the advantage of being highly reproducible
compared with bioaccumulation, thereby enabling the
experiments to be accurately repeated. The temperature
was measured in the liquid and in two mussels randomly
chosen in the pan, and the experiment was repeated twice.
The temperature of the mussels increased to reach 85°C after
2 min of cooking, 90°C after 3 min of cooking, and 95°C
after 4 and 5 min of cooking.

RNA detection. Mengovirus or any other viral
extraction controls were not added to tissue to control the
extraction efficiency as they may interfere with the cell
culture method. Nonetheless, we carefully checked the
different steps of detection by repeating the extraction
several times and including NA dilution to evaluate inhibitor
removal. The RV extraction efficiency and RNA recovery
from raw mussel tissue were surprisingly low. This finding
was unexpected as the virus was spiked and then eluted with
glycine solution before NA extraction by using the
NucliSENS kit. The removal of inhibitors was verified and
the same kit was used for all NA extractions, excluding the
impact of inhibition or kit-to-kit variation. The impact of 30-
min contact time with the mussel tissue made no difference
to the virus detection (4.6 = 0.5 compared with 4.4 = 0.6
log RNA copies per g of DT when no contact time was
included). When the virus was added directly to dissected
DT and left for 30 min, the concentrations were 4.9 = 0.2
log RNA copies per g of DT; this suggests that some RV
may migrate to other tissues when the virus is spiked into the
DT of whole mussels, or that RV is lost during the
dissection. Finally, if the virus was added after the glycine
buffer elution concentrations were ~5.9 * 0.2 log RNA
copies per g of DT.

Although recovery was low from raw mussels, the RNA
recovery from cooked mussels was more efficient (2 X 10°
RNA copies per g of DT after 1 min of cooking) and is
closer to the expected amount of RV spiked (expected 6 X
10’ RNA copies per g of DT) (Table 1). All the cooking
experiments were repeated five times, and RT-qPCR
amplifications were undertaken in triplicate; thus, the
average Cy values presented in Table 1 were calculated
using 15 values. The standard deviations observed were low
except for raw DT, presumably due to the virus recovery
problem. To lower the variability, when possible, all the
amplifications were performed within the same run and
within a short time. This approach allowed us to be
confident in the quantitation of RV RNA copies in the
cooked mussels. Given this, we found that RV RNA copies
were significantly lower in mussels after cooking for 5 min
than in mussels cooked for 1 min (P < 0.01).

Infectious virus detection. The absence of toxicity of
the mussel DT to cells was checked for each experiment by
including one negative control sample. The dilution of viral
eluate in cell culture media and the contact time of 1 h were
apparently sufficient to avoid cell damage. Based on the
infectious titer of the inoculum, we expected to detect up to
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TABLE 1. RV detection in mussel samples that were cooked for
various times

RNA detection

Cooking Geometric mean Infectious titer
time (min) Avg Cq = SD concn/g of DT (PFU/g of DT)*
0 337 + 1.7 447 x 10* 34 (18-168)
1 28.1 + 1.1 1.78 X 10°” 6.7 (8.3-5.6)
3 28.7 = 0.7 1.12 X 10°” 3.0 (KLOD-7.7)
5 30.8 + 1.0 236 X 10°" <LOD

“ Values in parentheses represent the minimum and maximum
concentration, respectively, observed among the five experiments
performed. LOD, limit of detection (3.3 PFU/g of DT).

bp < 0.01 (¢ test).

7.4 X 10 PFU/g of DT. The raw mussel samples were close
to this theoretical titer, with at least one replicate giving a
titer of 1.7 X 10> PFU/g (Table 1), showing the good
efficiency of the glycine method to recover infectious virus.
After 1 min of cooking, a decrease in the infectious titer was
observed, with the concentration being significantly lower
compared with the raw mussels (P < 0.01, ¢ test) (Table 1).
After 3 min, infectious RV was detected in two of the five
replicates and the concentration was low. After 5 min of
cooking, no infectious virus was detected.

DISCUSSION

Human enteric viruses are known to be resistant to
various disinfectants and other treatments, such as UV;
therefore, cooking is recognized as one of the most effective
methods to reduce viruses from food products (43). Cooking
is especially important for shellfish as depuration does not
efficiently eliminate viruses; thus, cooking is a control
option used to lower the human health risks (12, 20, 35).
However, some of the current cooking processes used for
shellfish may not result in inactivation of all viruses present
inside the shellfish tissue, as demonstrated by outbreaks
linked to cooked oysters and clams (2, 33, 38). One
important factor to consider is that 90% of viral contami-
nation is localized in the DTs, which are protected by
surrounding connective tissue (4). This may explain the
variable results obtained in studies to date, as different
shellfish species, different virus types, and different cooking
procedures have been used (I, 14, 25, 34). Similarly, the
impact of the food matrix has been shown to be important
for thermal resistance of viruses in milk, sausages, and
berries (5, 6, 10).

Considering studies on viral contamination of different
shellfish species, mussels have been reported to be more
frequently contaminated than other species, such as oysters
or clams (7, 17, 47). However, they are frequently consumed
cooked or marinated (/4, 24). For example, in France,
mussels are rarely consumed raw, but rather as moules
mariniéres—a popular dish. The traditional recipe includes
onions and white wine, and once the liquid is boiling, it
usually involves waiting for 1 or 2 min after the shell opens
before serving and consumption. After this time, all the
mussels usually are open.
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The viruses most frequently detected in shellfish and
implicated in outbreaks are noroviruses. These viruses are
the main agents of acute gastroenteritis in humans, and they
are shed in high quantities in sewage, especially during the
winter (3, 44). However, noroviruses cannot yet be easily
cultured, preventing the detection of infectious particles
(27). To compensate for the lack of an in vitro system,
several surrogates have been used, all of which have their
different advantages and disadvantages (15, 4/). For this
study, a rotavirus strain was selected based on the resistant
characteristics of rotaviruses and their capacity to recognize
histo-blood group antigens that are suggested to be
important for the persistence of some viruses in shellfish;
however, extrapolating observed data from one virus to
another may be difficult (16, 26, 30). Rotavirus can be
bioaccumulated in different species of shellfish and has been
detected in different countries (I, 23, 40). In preparing
contaminated mussels for these experiments, we considered
allowing the mussels to bioaccumulate the virus; however,
considerable variation was observed between individuals.
Thus, as performed by other researchers, the virus was
inoculated directly into the DT of each shellfish, rather than
via bioaccumulation of the virus (25, 3/). Although we had
to open the shells to inoculate the mussels and thus we
cannot check the time of shell opening, we believe that this
method is the most accurate way to ensure the same virus
concentration was present in each mussel. We also consider
that the method resulted in realistic localization of the virus
within the body flesh and that it may be more representative
of natural contamination events compared with tissue
homogenate seeding (9, /3). The inoculated mussels were
left for 30 min before cooking for technical reasons (to allow
time to inoculate individuals) and also to ensure some
diffusion of the viral inoculate into the tissues. Following the
comparison of different methods for the recovery of
infectious virus (by seeding the virus at different steps)
and considering issues relating to toxicity of the samples to
the cultured cells (data not shown), the simplest and most
efficient recovery method was the glycine elution method
(9). This method is based on a simple elution that provides a
rationale for why an extraction efficiency control was not
included (per the usual protocol). The extraction was found
to be efficient, as the infectious titer of raw mussels was
close to the expected concentration calculated from the
inoculum. However, other controls were included to
evaluate the absence of cell toxicity, and RT-qPCR was
undertaken in triplicate on pure and diluted NA to exclude
persistence inhibitors. Furthermore, the five replicates
performed provide confidence in the results presented here.

One unexpected observation of this study was the
impact of cooking on virus recovery: more RVs were
detected in mussels after 1 min of cooking compared with
raw mussels. As mentioned, no extraction efficiency control
was used, but the analysis of triplicates and special care
given to inhibitor removal make us confident in this finding.
This observation has not been previously reported and
suggests that the shellfish meat changes due to cooking and
facilitates the release of more viruses; this point is important
to consider for data interpretation. One hypothesis that may
explain this observation could be the enhanced release of the
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virus by ligand disruption, but without additional ligand
expression measurements, this speculation cannot be
confirmed. To our knowledge, no studies have been
performed on the impact of heat on viral binding in shellfish
tissues, but temperature increase is used for their quantifi-
cation (32).

Our results showed that 5 min of cooking has an effect
on genome detection by RT-qPCR, but more importantly, it
had an effect on the RV infectivity as all the RV present was
inactivated with this treatment. However, after 3 min of
cooking some infectious particles were still able to be
detected. Hepatitis A virus was inactivated after 3 min at
90°C, but not after 30 min at 60°C in mussel homogenates
(13). In mussel homogenates, hepatitis A virus was reduced
by 1 log after heat treatment between 50 to 72°C for 1.07 to
37.91 min (9). A study to determine viral heat inactivation
kinetics in mussel tissues showed that feline calicivirus and
murine norovirus were inactivated according to time—
temperature interactions, by using a Weibull model (9). In
contrast, infectious virus levels decreased, but were still
detected, in bioaccumulated mussels after they were cooked
au gratin (topped with cheese) for 5 min or steamed for 9
min, thus showing the role that is played by the shell, the
flesh, or both to protect the virus (7, /4). More than 7 min of
cooking was needed to inactivate bioaccumulated murine
norovirus in clams, confirming the high resistance of the
virus and the protective effect of shellfish tissue (48).
Immersion of mussels for 2 min in boiling water inactivated
all F-specific RNA phage, but infectious phage was still
detected after immersion in lightly simmering water for 6 or
10 min (22). The recommendation of Flannery et al. (22), to
immerse mussels in boiling water for a minimum of 3 min,
may not satisfy shellfish consumers as it may adversely
affect the sensory quality of the shellfish, as observed for
high pressure treatment (28, 31).

Human enteric viruses are highly resistant and may be
protected by shellfish tissue after being bioaccumulated.
Despite all the data published to date, it is still difficult to get
precise information on the inactivation of viruses via
cooking. This study adds new evidence that demonstrates
that home cooking, typically carried out for 1 to 2 min for
moules mariniéres, may not be sufficient to inactivate all
viruses. This observation suggests that home cooking may
not always be sufficient to eliminate all infectious viruses.
However, this is a complex problem, and factors such as the
food matrix and kinetics of inactivation need to be
considered (8, 9, 19). Indeed, parameters such as time and
temperature to be used for cooking mussels should be
included in the advisories, and these parameters may be
elucidated through risk assessment, as proposed previously
for hepatitis A virus in clams (38). For shellfish, thorough
cooking may change the organoleptic characteristics and
make shellfish unpalatable, which is not likely to be
acceptable for shellfish consumers. Given the foregoing
information, improving the water quality of shellfish
production areas is the best way to enhance consumer safety.
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