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Human enteric viruses are among the main causative agents of shellfish-associated outbreaks. In this study, the kinetics of viral
bioaccumulation in live oysters and the heat stabilities of the predominant enteric viruses were determined both in tissue culture
and in oyster tissues. A human norovirus (HuNoV) GII.4 strain, HuNoV surrogates (murine norovirus [MNV-1], Tulane virus
[TV]), hepatitis A virus (HAV), and human rotavirus (RV) bioaccumulated to high titers within oyster tissues, with different
patterns of bioaccumulation for the different viruses. We tested the thermal stability of each virus at 62, 72, and 80°C in culture
medium. The viruses can be ranked from the most heat resistant to the least stable as follows: HAV, RV, TV, MNV-1. In addition,
we found that oyster tissues provided protection to the viruses during heat treatment. To decipher the mechanism underlying
viral inactivation by heat, purified TV was treated at 80°C for increasing time intervals. It was found that the integrity of the viral
capsid was disrupted, whereas viral genomic RNA remained intact. Interestingly, heat treatment leading to complete loss of TV
infectivity was not sufficient to completely disrupt the receptor binding activity of TV, as determined by the porcine gastric mu-
cin–magnetic bead binding assay. Similarly, HuNoV virus-like particles (VLPs) and a HuNoV GII.4 strain retained some recep-
tor binding ability following heat treatment. Although foodborne viruses have variable heat stability, 80°C for >6 min was suffi-
cient to completely inactivate enteric viruses in oysters, with the exception of HAV.

Approximately 7.6 million to 14.5 million illnesses in the
United States are attributed to the consumption of contami-

nated seafood each year, and enteric viruses are responsible for
more than 50% of these cases (1). In a review of the available
epidemiological evidence, human norovirus (HuNoV) and hepa-
titis A virus (HAV) were the leading viruses associated with shell-
fish, accounting for 83.7% and 12.8% of outbreaks, respectively
(2). The type of shellfish most frequently associated with viral
outbreaks was oysters, which were the vehicle in 58.4% of out-
breaks (2). In some regions, human enteric viruses are practically
ubiquitous in harvested shellfish. Keller et al. (3) showed that
100% of shellfish samples collected from Vitória Bay, Espírito
Santo, Brazil, were positive for rotavirus (RV) and adenovirus.
However, only 80% of the growing water samples were positive for
these pathogens. Viral titers were 400 times higher in the shellfish
samples than in the growing water, indicating high levels of natu-
ral bioaccumulation (3). In the Galician Rias area, the largest
shellfish production area in the European Union, 55% of mussel,
clam, and cockle samples were contaminated by HuNoV geno-
group I (GI) and GII and HAV (4). Thus, understanding of the
ecology and persistence of enteric viruses in shellfish is needed to
help prevent future outbreaks.

The consumption of uncooked contaminated bivalve shellfish
continues to pose a public health risk. These bivalve filter feeders
sieve many gallons of water a day through their gills, which can
lead to the bioaccumulation of both bacterial and viral pathogens
within shellfish tissues. Human enteric viruses have been reported
to be among the main causative agents associated with bivalve
mollusk outbreaks. HuNoV and HAV account for the majority
of these shellfish outbreaks (2, 5–8). Pioneering studies have
shown that these enteric viruses persist and can bioaccumulate to
high titers within shellfish tissues (9–12). Infectious HAV has been
detected in oysters held in HAV-contaminated water for as long as

3 weeks, and viral RNA has been detected in oysters for 6 weeks
(13). It has also been shown that acid-stable enteric viruses persist
in the hemocytes of Eastern oysters (Crassostrea virginica) (11).
Transfer of virus-containing hemocytes to naïve oysters leads to
virus detection for as long as 3 weeks (11).

HuNoV causes severe gastroenteritis characterized by vomit-
ing, diarrhea, and stomach cramps (14). In the United States, it is
estimated that HuNoV accounts for as much as 60% of foodborne
illnesses, and it is the second leading cause of gastroenteritis-re-
lated mortality, causing 797 deaths annually (15, 16). It has been a
challenge to study HuNoV, because this virus cannot be grown in
a cell culture system and lacks a small-animal model. Therefore,
cultivable viral surrogates that are closely related to HuNoV, such
as murine norovirus (MNV) and Tulane virus (TV), have been
used to study the survival of HuNoVs in foods and the environ-
ment (17–21). HAV causes gastroenteritis, liver damage, and
jaundice. HAV outbreaks have declined in frequency due to im-
provements in drinking water quality and sanitation practices, as
well as the availability of effective vaccines in developed countries.
However, HAV remains endemic in developing countries (22).
Although shellfish imported into the United States is often
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cooked, and importation is limited to a few countries, there is still
a potential for HAV contamination in imported shellfish.

RVs are the major etiological agent of acute gastroenteritis in
infants worldwide and account for 27% of deaths in children,
according to the WHO (23). RV is highly infectious among chil-
dren due to its low infectious dose (�10 particles can lead to
disease) and the fact that the virus is shed at a very high titer (1010

to 1012 virus particles/g of stool) (24, 25). All five of these viruses
are highly stable in foods, water, and the environment. In addi-
tion, all three are transmitted mainly via the fecal-oral route, so
the consumption of contaminated food or water often leads to
disease.

The current standards used to monitor the safety of shellfish
and the quality of growing waters depend on the levels of Esche-
richia coli or total fecal coliforms (26). Historically, these stan-
dards (27–30) have succeeded in reducing many types of shellfish-
related bacterial outbreaks; however, it has been shown that the
bacterial standards are inadequate for estimating the presence of
enteric viruses in shellfish and growing waters. Moreover, the de-
puration process for shellfish harvested from conditionally ap-
proved (or category B) growing areas has been shown to be less
effective at eliminating enteric viruses than bacteria from contam-
inated shellfish (31–33). Therefore, it is necessary to understand
the interaction of viruses and shellfish and also to develop efficient
methods for inactivating/removing the viruses from this food
commodity.

Previous work has evaluated the distribution of bacterial
pathogens in shellfish; however, information about the bioaccu-
mulation and distribution of viral pathogens is more limited (34–
36). In general, viral localization in shellfish has been shown to
differ based on the exposure time and the virus type (37–41). It has
also been demonstrated that the type of shellfish and the season
affect the rate of viral bioaccumulation (10, 42). Previous work has
demonstrated that TV, a primate calicivirus, can bioaccumulate in
shellfish and can serve as a potential surrogate mimicking norovi-
rus behavior in oysters (17). However, no study has directly com-
pared the bioaccumulation profiles of the three most prevalent
viruses (HuNoV, HAV, and RV) causing shellfish outbreaks.

Thermal treatment is still regarded as one of the most effective
means of delaying spoilage and inactivating pathogenic microor-
ganisms. Most thermal inactivation methods for shellfish have
been standardized to target bacterial species. However, these in-
activation parameters (e.g., time, temperature) are not optimized
for the inactivation of foodborne viruses. Therefore, there is an
urgent need to identify effective thermal processing parameters
for the inactivation of foodborne viruses in shellfish (43). To date,
no standard method for study of the thermal stability of enteric
viruses has been established (44). Treatment conditions, such as
the temperature and holding time, the sample matrix, and the
data-modeling method, as well as the type of virus tested, have
been found to influence the kinetics of thermal inactivation (44).

Additionally, it has been shown that virus inactivation by ther-
mal processing does not follow a linear inactivation model (first-
order kinetics), which assumes a linear logarithmic reduction of
the quantity of the treated virus with time (45). A virus thermal
inactivation curve usually shows shouldering and tailing at the
beginning and end of the survival curve, respectively, limiting the
ability to use decimal reduction times (D values) to establish the in-
activation parameters. Therefore, alternative models, such as the
biphasic reduction model and the Weibull model, are being used

to overcome the issues with the nonlinear inactivation curve (46).
Although these models are helpful in estimating virus survival
during thermal processing, their application requires comparable
data on the stabilities of different viruses in order to build the
models and appropriately describe the inactivation kinetics (46).

The aim of this study was to obtain comprehensive data on the
localization, bioaccumulation, and heat stabilities of the predom-
inant enteric viruses, specifically HuNoV surrogates (MNV-1 and
TV), HAV, and RV, in oyster tissues. Comparable data on the
thermal stabilities of different enteric viruses will provide insight
into the kinetics of inactivation and aid in establishing new stan-
dards that are effective against all enteric viruses.

MATERIALS AND METHODS
Cell culture and virus propagation. MNV-1, a generous gift from Her-
bert W. Virgin IV, Washington University School of Medicine (47), was
propagated in confluent flasks of the murine macrophage cell line RAW
264.7 (ATCC, Manassas, VA) grown in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) (Invitrogen), as described by Lou et al. (48). TV was provided by Xi
Jiang of the Children’s Hospital Medical Center, Cincinnati, OH, and was
propagated in monkey kidney cells (MK2-LLC), which were cultured in
Opti-MEM supplemented with L-glutamine and 2% FBS as described pre-
viously (49). HAV (strain HM-175) was cultivated in fetal rhesus monkey
kidney cells (FRhK-4). FRhK-4 cells were grown in Eagle’s minimal essen-
tial medium (EMEM) containing 10% FBS. Human RV (Wa strain; pro-
vided by John Hughes, The Ohio State University Medical Center) was
propagated in rhesus monkey kidney cells (MA-104) cultured in EMEM
supplemented with 6 �g/ml trypsin.

Viral plaque assays. MNV-1, TV, HAV, and RV plaque assays were
performed in 6-well plates containing RAW 264.7, LLC-MK2, FRhK-4, or
MA-104 cells, respectively, as described by Lou et al. (50). A monolayer of
2 � 106 cells/well in 6-well plates (Corning Life Sciences, Wilkes-Barre,
PA) was infected with 400 �l of serial 10-fold dilutions of the virus and
was incubated at 37°C under a 5% CO2 atmosphere for 1 h for MNV-1,
TV, and RV and for 90 min for HAV, with hand agitation every 10 to 15
min. An overlay solution containing 2� EMEM, 1% agarose, 2% FBS, 1%
sodium bicarbonate, 0.1 mg of kanamycin/ml, 0.05 mg of gentamicin/ml,
15 mM HEPES (pH 7.7), and 2 mM L-glutamine (Invitrogen) was added
to each well for MNV-1, TV, and HAV, and the plates were incubated for
48 h (MNV-1 and TV plates) or for 9 days (HAV plates). For RV, the
overlay solution contained 2.5 �l/ml trypsin and no FBS, and plates were
incubated for 72 h. Following incubation, the cell monolayer was fixed
with 10% formaldehyde and was stained with 0.05% crystal violet to
visualize viral plaques. Viral titers were expressed in mean PFU per
milliliter � 1 standard deviation.

Virus bioaccumulation and distribution in oysters. Live Eastern oys-
ters (Crassostrea virginica) were obtained from a local grocery store
(Kroger Inc.) and were cultivated in a tank containing 4 liters of artificial
seawater (1.5% sea salt) (Instant Ocean Aquarium Salt; Spectrum Brands,
Blacksburg, VA) under aeration conditions at room temperature. Phyto-
plankton (Phyto Feast; Reef Mariculture Inc., Campbell, CA) was added
to the tank to feed the oysters. Prior to the experiments, three oysters from
each batch were shucked, homogenized, and examined for the presence of
enteric viruses. Five batches of 25 oysters each were grown separately as
described above, and the salt water was artificially contaminated with
either TV, MNV-1, HAV, or RV at a virus level of 104 PFU/ml or with
HuNoV GII.4 at 104 RNA copies/ml. The oysters were held for 72 h in the
contaminated tank at room temperature. At 24, 48, and 72 h, three oysters
from each tank were aseptically dissected in a biosafety cabinet. The oys-
ters were frozen at �80°C before dissection to limit cross-contamination
when individual tissues were harvested. Different portions of the oyster
tissue, including the gills, stomach, and adductor muscles, were isolated
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using autoclaved forceps and were examined for the presence of virus by
plaque assays or reverse transcription-quantitative PCR (RT-qPCR).

Plaque assays and virus extraction from contaminated oyster tis-
sues. TV, MNV-1, HAV, and RV were extracted, and plaque assays were
conducted, as described previously (13), with some modifications. In
brief, three contaminated oysters were harvested after 24, 48, or 72 h and
were shucked, and each targeted tissue (gills, stomach, and adductor mus-
cles) was aseptically separated in a weigh boat. Two grams of each sepa-
rated tissue was homogenized in 5 ml of Hanks’ balanced salt solution
(HBSS) using a mortar and pestle, and the homogenized tissues were
centrifuged at 2,300 � g for 10 min at 4°C. The supernatant was collected,
and 10-fold serial dilutions were made in the suitable medium for each
virus. Plaque assays were conducted as described above.

Thermal treatment of viruses in culture medium. To minimize the
effect of the heating vessel on the temperature come-up time, capillary
tubes were used to conduct the heat treatment. Eighty microliters of a viral
suspension of HAV, RV, MNV-1, or TV in the culture medium was in-
serted into capillary tubes (diameter, 1.5 to 1.8 mm; length, 100 mm;
Kimble Chase), which were then sealed with a vinyl plastic cover (Cri-
toseal; Leica). The sealed tubes were heated in a circulating thermostati-
cally controlled water bath at a treatment temperature of 62, 72, or 80°C
for different treatment times (ranging from 2 s to 30 min). The water bath
temperature was monitored. The come-up times at each temperature
were determined using a thermocouple probe inserted inside a capillary
tube filled with culture medium. The come-up time was less than 1 s at all
treatment temperatures; therefore, it was ignored in the calculations of the
decimal reduction time (D value) or time to first log10 reduction (TFL).
Following the heat treatment, the capillary tubes were immediately cooled
on ice. The treated viruses were transferred to sterilized Eppendorf tubes,
and 50 �l of each treated virus was used for the plaque assay.

Heat inactivation of MNV-1, TV, HAV, and RV in oyster tissues.
Before the experiment, oysters were held in the salt water for 24 h. For the
inoculated-oyster experiment, 25 oysters were cultivated in 4 liters of
artificially contaminated salt water (1.5% sea salts and phytoplankton)
containing 1 � 105 PFU of MNV-1, TV, HAV, or RV/ml for 24 h. The
water was aerated and was kept at room temperature. The contaminated
oysters were harvested, and three oysters were randomly assigned to each
heat treatment duration. Contaminated oysters were treated in an 80°C
water bath for periods ranging from 1 to 6 min. The water bath tempera-
ture was monitored. The heat-treated oysters were aseptically shucked,
and the oyster tissues were homogenized in 5 ml of HBSS. Virus survival
was determined by a standard plaque assay. The thermal inactivation ki-
netics for each virus in oyster tissues was determined, and the TFL for each
virus was calculated as described above.

Production of HuNoV GII.4 VLPs. The capsid VP1 gene of a human
NoV GII.4 strain (HS66) was amplified by high-fidelity PCR and was
cloned into a pFastBac Dual expression vector (Invitrogen) at SmaI and
XhoI sites under the control of the p10 promoter, resulting in the con-
struction of the pFastBac Dual-VP1 expression vector. The correct inser-
tion of the VP1 gene was confirmed by DNA sequencing. Subsequently,
the pFastBac Dual-VP1 vector was transformed into DH10Bac competent
cells, and the baculovirus expressing VP1 protein was generated by the
transfection of bacmids into Spodoptera frugiperda (Sf9) cells (ATCC
CRL-1711; ATCC, Manassas, VA) using a Cellfectin transfection kit (In-
vitrogen) according to the manufacturer’s instructions. HuNoV virus-like
particles (VLPs) were purified from insect cells as described previously,
with minor modifications (51). Briefly, Sf9 cells were infected with the
baculovirus at a multiplicity of infection (MOI) of 10, and the infected Sf9
cells and cell culture supernatants were harvested at 6 days postinocula-
tion. The VLPs were purified from cell culture supernatants and cell ly-
sates by ultracentrifugation through a 40% (wt/vol) sucrose cushion, fol-
lowed by isopycnic CsCl gradient (0.39 g/cm3) ultracentrifugation.
Purified VLPs were analyzed by SDS-PAGE, Western blotting, and elec-
tron microscopy. The protein concentrations of the VLPs were deter-
mined using the Bradford reagent (Sigma Chemical Co., St. Louis, MO).

Preparation of PGM-MBs. Porcine gastric mucin conjugated to mag-
netic beads (PGM-MBs) was prepared as described previously (52–54). In
short, 1 ml of MagnaBind carboxyl-derivatized beads (Thermo Scientific,
Rockford, IL) was washed three times with 1 ml of phosphate-buffered
saline (PBS) on a bead attractor (EMD Millipore) to separate the beads. A
porcine gastric mucin (PGM) solution was prepared by dissolving 10 mg
of type III mucin from porcine stomach (Sigma, St. Louis, MO) in 1 ml of
conjugation buffer [0.1 M 2-(N-morpholino)ethanesulfonic acid (MES),
0.9% NaCl (pH 4.7)]. The suspension was shaken well, and 0.1 ml of
10-mg/ml 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDC) in the same conjugation buffer was added to the type III mucin
solution. The mixture was added to the washed beads, which were shaken
for 30 min at room temperature with rotation at 8 rpm. After rotation for
30 min, the beads were washed three times with 1 ml of PBS and were
resuspended in 1 ml PBS containing 0.05% sodium azide. The beads were
stored in the refrigerator until use.

PGM-MBs binding assay. A porcine gastric mucin—magnetic bead
binding assay followed by real-time PCR was used to distinguish between
infectious and noninfectious particles of HuNoV. The PGM-MBs binding
assay was carried out as described previously (53). Fifty microliters of
heat-treated or untreated TV, HuNoV GII.4, or HuNoV GII.4 VLPs was
added to 100 �l of PGM-MBs, and the volume was brought up to 1 ml by
adding 850 �l of PBS in a low-adhesion 1.5-ml centrifuge tube. The mix-
ture was shaken for 30 min at room temperature. After incubation, the
beads were separated from the mixture by the magnetic bead attractor.
The beads were washed three times with 1 ml of PBS. The beads were
resuspended in 100 �l PBS and were used for RNA extraction for the
detection of viruses by RT-qPCR or were tested by SDS-PAGE for the
detection of VLPs.

Quantification of viral RNA by real-time RT-PCR. Total RNAs were
extracted from HuNoV GII.4 and TV, either untreated or heat treated at
62, 72, or 80°C for holding times ranging from 2 s to 36 min, using the
RNeasy kit (Qiagen). Primers for HuNoV GII.4 and TV were designed to
target the VP1 gene of each virus. The first strand of cDNA of the VP1 gene
of HuNoV GII.4 or TV was synthesized with SuperScript III reverse trans-
criptase (Invitrogen) by RT-PCR. Two different primers (5=-TTATAATA
CACGTCTGCGCCC-3= and 5=-AATTCCACCTTCAACCCAAGTG-3=)
were used to amplify the targeted VP1 genes of HuNoV GII.4 and TV,
respectively. The first-strand cDNA of HuNoV GII.4 or TV was quantified
by real-time PCR using custom TaqMan primers and probes (for HuNoV,
the forward primer was 5=-CACCGCCGGGAAAATCA-3=, the reverse
primer was 5=-GCCTTCAGTTGGGAAATTTGG-3=, and the reporter
was 5=-ATTTGCAGCAGTCCC-nonfluorescent quencher [NFQ]-3=; for
TV, the forward primer was 5=-TTGCAGGAGGGTTTCAAGATG-3=, the
reverse primer was 5=-CACGGTTTCATTGTCCCCATA-3=, and the
probe was 5=-6-carboxyfluorescein [FAM]-TGATGCACACATGTGGG
A-NFQ-3=) on a StepOne real-time PCR machine (Applied Biosystems,
Foster City, CA). PCR and cycling parameters were carried out according
to the manufacturer’s protocol (Invitrogen). Cycling parameters were as
follows: a holding stage at 95°C was maintained for 20 s prior to cycling,
followed by 50 cycles of 95°C for denaturation, 1 s at 57°C for annealing,
and 60°C for 20 s for extension. Standard curves were used to convert
threshold cycle (CT) values into log10 RNA copies. The RNA copies are
expressed as genomic RNA copies per milliliter. Error bars represent
means for three replicates � 1 standard deviation.

Thermal treatment of HuNoV GII.4 VLPs. To investigate the effect of
heat treatment on the ability of HuNoV to bind to PGM-MBs, 20 �l of
VLPs of HuNoV GII.4 was treated either at 80°C for 10 s, 30 s, 60 s, or 5
min or at 100°C for 5 s in a capillary tube sealed with a vinyl plastic cover
(Critoseal; Leica), followed by rapid cooling in ice. Treated or untreated
VLPs were bound to the beads for 30 min at room temperature. The beads
were washed on the bead attractor 3 times with 1 ml of PBS and were
resuspended in 10 �l of PBS. Treated and untreated VLPs were mixed
(1:4, vol/vol) with SDS-PAGE loading buffer, which consists of 1% SDS,
2.5% �-mercaptoethanol, 6.25 mM Tris-HCl (pH 6.8), and 5% glycerol.
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The mixture of each sample with the buffer was boiled for 5 min and was
loaded onto a 15% polyacrylamide gel. The protein bands were visualized
by Coomassie blue staining.

Purification of TV. TV was purified using a protocol described previ-
ously (50). Approximately 180 ml of TV stock (1.5 � 107 PFU/ml) was

centrifuged at 82,000 � g through a 40% (wt/vol) sucrose cushion at 4°C
for 3 h in a Ty50.2 rotor (Beckman Coulter, Fullerton, CA). The virus
pellet was resuspended in 300 �l of TNC buffer (100 mM NaCl, 10 mM
Tris, 1 mM CaCl2) on ice overnight. An isopycnic CsCl gradient (1.37
g/ml) was used to purify TV in an SW50.1 rotor (Beckman Coulter) by
centrifugation at 115,000 � g and 4°C for 18 h. The TV band was collected
(close to a 1.73-g/ml density) and was resuspended in TNC buffer (0.05 M
Tris-HCl, 0.15 M NaCl, 15 mM CaCl2 [pH 6.5]). The final TV pellets were
resuspended in 300 �l of TNC buffer.

TEM. Ten microliters of purified TV was heated at 80°C for 5 s, 30 s, 5
min, or 10 min. The samples were then fixed to copper grids (Electron
Microscopy Sciences, Inc.) and were subjected to negative staining using
uranyl acetate. Virus particles were then visualized by a FEI Tecnai G2
Spirit transmission electron microscope (TEM) at the Microscopy and
Imaging Facility at the Ohio State University.

RT-PCR. RT-PCR and RNase treatment were combined in order to
determine whether the viral capsid of TV was degraded by heat at 80°C for
5 s, 30 s, 5 min, or 10 min. Eighty microliters of TV was heated at 80°C for
5 s, 30 s, 5 min, or 10 min in capillary tubes, followed by treatment with 10
�l (0.5 �g/�l) of RNase (Invitrogen) for 30 min at 37°C. Total viral RNA
was extracted from heat-treated and untreated TV using the RNeasy mini-

FIG 1 Bioaccumulation of caliciviruses in oyster tissues. Shown is the bioaccu-
mulation of MNV-1 (A), TV (B), and HuNoV GII.4 (C) in oyster gills, stomach,
and muscles after 24, 48, and 72 h, as determined by plaque assays (A and B) or
RT-qPCR (C). Each bar represents the mean for three replicates � 1 standard
deviation. Asterisks indicate statistically significant differences (P � 0.05).

FIG 2 Bioaccumulation of HAV and RV in oyster tissues. Shown is the bio-
accumulation of HAV (A) and RV (B) in oyster gills, stomach, and muscles
after 24, 48, and 72 h, as determined by plaque assays. Each bar represents the
mean for three replicates � 1 standard deviation. The asterisk indicates a
statistically significant difference (P � 0.05).
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kit (Qiagen, Valencia, CA). Two primers were used to amplify the VP1
gene (5=-TTATAATACACGTCTGCGCCC-3= and 5=-GCCAGCCATTA
TCTAAAGA-3=). Bands were visualized using 1% gel electrophoresis.

Statistical analysis. All experiments were performed in triplicate. Vi-
rus titers were expressed as mean log PFU per milliliter � 1 standard
deviation. Statistical analysis was performed by one-way multiple com-
parisons using SPSS statistical analysis software (version 8.0; SPSS Inc.,
Chicago, IL). A P value of �0.05 was considered statistically significant.

RESULTS
Virus bioaccumulation and distribution in oysters. To monitor
the uptake and localization of enteric viruses within oyster tissues,
three caliciviruses (HuNoV GII.4 and two of its surrogates,
MNV-1 and TV), HAV, and RV (Wa strain) were compared. Dif-

ferent portions of oyster tissue, including the gills, stomach, and
muscles, were isolated and examined for the presence of virus. The
observed accumulation patterns of the three caliciviruses (the
HuNoV GII.4 strain, MNV-1, and TV) are presented in Fig. 1.

In general, HuNoV GII.4, MNV-1, and TV bioaccumulated
and were detected very efficiently in all the oyster tissues through-
out the 3-day experimental period. At 24 h, HuNoV GII.4, TV,
and MNV-1 had accumulated at a significantly higher level (P �
0.05) in the digestive gland than in the gills and adductor muscles.
The viral titers in the digestive gland were 4.3 and 4.6 log10 PFU/g
for MNV-1 and TV, respectively, and 5.0 log10 RNA copies/g for
HuNoV. In the gills and muscles, the titers of MNV-1 and TV
ranged between 3 and 4.5 log10 PFU/g, and those of HuNoV were
4.3 and 3.8 log10 RNA copies/g. At the 48- and 72-h time points,
HuNoV GII.4, TV, and MNV-1 were distributed equally in the
oyster tissues, with no significant differences in the levels of the
viruses between the different oyster tissues (P � 0.05).

The results for HAV bioaccumulation in oysters are presented
in Fig. 2A. HAV was detected at high titers in all oyster tissues after
24 h; the highest level was detected in the digestive gland. The virus
titer in the stomach reached 4.7 log10 PFU/g, compared to 3.7 and
3.6 log10 PFU/g in gills and muscles, respectively. After 48 and 72
h, HAV was detected at similar levels in all oyster tissues, with no
significant differences in the HAV titer between different oyster
tissues (P � 0.05).

RV (Fig. 2B) accumulated at lower titers than TV, MNV-1,
HuNoV GII.4, and HAV and showed a different distribution pat-
tern. After 24 h, RV was detected in the gills at a level of 3 log10

PFU/g and in the muscles at a titer of 2.3 log10 PFU/g. At the 24-h
time point, no RV was detected in the digestive gland. At 48 h, RV
was detected in the digestive gland; however, the titer was less than
2 log10 PFU/g. After 72 h, the levels of RV detected in the gills and
muscles were 2.5 and 3.5 log10 PFU/g, respectively, and the level of
RV detected in the stomach was 1.7 log10 PFU/g.

Thermal inactivation of virus in cell culture medium. To pro-
vide more-precise data about the thermal stability of enteric vi-
ruses, the thermal inactivation of HAV, RV, TV, and MNV-1 was
systematically investigated at 62, 72, and 80°C in culture medium.
The concentration of surviving virus, expressed as log10 PFU per
milliliter, was plotted against the treatment time at each temper-
ature, as shown in Fig. 3.

The log linear, Weibull distribution, and biphasic models were
compared in order to describe survival curve kinetics (46, 55, 56).
The regression coefficients (R2) and root mean square error
(RMSE) values were used to evaluate model fitness. The D values
or the TFL value was calculated from the best-fit model.

The data on inactivation at 62°C are presented in Table 1. The
log linear model showed the worst fit of the experimental data,

FIG 3 Effects of heat treatment at 62, 72, and 80°C on MNV-1, TV, HAV, and
RV in culture medium. The effects of heat treatment at 62°C (A), 72°C (B), and
80°C (C) on the four viruses were determined by plaque assays. Each data point
represents the mean for three replicates; error bars, �1 standard deviation.

TABLE 1 D values and TFL for HAV, RV, TV, and MNV-1 after heat
treatment at 62°C in culture medium

Virus

Value (min) for the following model:

Log linear
(D value) Weibull (TFL)

Biphasic reduction

D value 1 D value 2

HAV 5.46 0.09 0.13 7.58
RV 5.43 0.25 0.36 2.81
TV 2.38 0.49 0.48 2.07
MNV-1 2.17 1.53 0.55 1.81
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with the lowest R and the highest RMSE. Following mild heat
treatment, the viral inactivation curve showed two reduction
phases with two different slopes (the first for the most heat sensi-
tive quasispecies and the second for the more resistant quasispe-
cies). The biphasic reduction model was used to calculate two
different D-like values, one for each distinct reduction phase in the
inactivation curve. In our results, D value 1 is reported for the
heat-sensitive quasispecies and D value 2 is reported for the more-
resistant quasispecies. At this temperature, the D-like values, as
calculated from the biphasic model, for the low-resistance and
highly resistant subsets (quasispecies) of each the four viruses
were 0.13 and 7.58 min for HAV, 0.36 and 2.81 min for RV, 0.48
and 2.07 min for TV, and 0.55 and 1.81 min for MNV-1. Since the
biphasic model had a higher R2 and a lower RMSE value than the
log linear and Weibull distribution models (Table 2), it can be
concluded that the biphasic model showed the best fit to the ex-
perimental data for the four viruses at this treatment temperature.

By increasing the treatment temperature to 72°C, the inactiva-
tion curve gained more linearity and the tailing effect became less
apparent, as shown by the increase in the P value in the Weibull
model (Table 2). The biphasic model showed the best curve fit-
ness. However, the log linear regression had the lowest R2 and the
highest RMSE values among the three models used. The D values
at 72°C for the low-resistance and highly resistant quasispecies of

the four viruses were calculated from the biphasic model and were
1.26 and 13.85 s for HAV, 1.87 and 11.83 s for RV, 1.46 and 9.73 s
for TV, and 1.13 and 7.29 s for MNV-1 (Table 3).

At 80°C, application of the biphasic model was not suitable for
MNV-1 and TV, because it required more data points. The results
showed that the Weibull distribution model was more appropri-
ate for modeling virus inactivation than the log linear model. In
general, within 12 s, all of the viruses were completely inactivated
at 80°C. D values, as calculated from the Weibull model, were 0.46,
0.72, 0.32, and 0.32 s for HAV, RV, TV, and MNV-1, respectively
(Table 4). Based on the D values or TFL values for the four viruses,
they can be ranked as follows, from the most heat resistant to the
least stable: HAV, RV, TV, MNV-1.

Thermal inactivation of viruses within oyster tissues. The
survival of HAV, RV, TV, and MNV-1 in oyster tissues is pre-
sented in Table 5. The starting titer of each virus in oysters was
approximately 1 � 104 PFU/g of oyster tissue. The Weibull model
showed the best fit for virus inactivation in oyster tissues. The TFL
values for the viruses tested were calculated from the Weibull
model and are presented in Table 5. TV, MNV-1, and RV showed
declines in titers commensurate with increases in treatment time.
TV and MNV-1 titers were at undetectable levels (a 4.8-log10 re-
duction for TV and a 4.7-log10 reduction for MNV-1) in the oys-

TABLE 2 Comparison of the log linear, Weibull distribution, and biphasic models for best fit to the survival curves of TV, MNV-1, HAV, and RV at
62, 72, and 80°C in culture medium

Temp and virus

Log linear model Weibull model Biphasic modela

RMSE R2 RMSE R2 P RMSE R2

62°C
HAV 0.74 0.583 0.18 0.980 0.21 0.09 0.996
RV 0.96 0.459 0.43 0.910 0.23 0.17 0.988
TV 0.87 0.844 0.42 0.969 0.44 0.38 0.980
MNV-1 0.92 0.851 0.65 0.939 0.59 0.38 0.983

72°C
HAV 0.91 0.734 0.54 0.923 0.51 0.26 0.986
RV 0.65 0.898 0.22 0.987 0.50 0.05 0.999
TV 0.90 0.861 0.62 0.943 0.58 0.46 0.979
MNV-1 1.14 0.791 0.64 0.951 0.39 0.25 0.995

80°C
HAV 0.95 0.865 0.83 0.910 0.57 0.81 0.945
RV 0.72 0.925 0.634 0.958 0.67 0.68 0.960
TV 0.85 0.892 0.78 0.937 0.59 ND ND
MNV-1 0.60 0.964 0 1 0.52 ND ND

a ND, not determined.

TABLE 3 Comparison of the log linear, Weibull distribution, and
biphasic models for best fit to the survival curves of TV, MNV-1, HAV,
and RV at 72°C in culture medium

Virus

Value (s) with the following model:

Log linear
(D value) Weibull (TFL)

Biphasic

D value 1 D value 2

HAV 7.57 3.27 1.26 13.85
RV 5.3 3.11 1.87 11.83
TV 4.58 2.71 1.46 9.73
MNV-1 4.63 0.72 1.13 7.29

TABLE 4 Comparison of the log linear, Weibull distribution, and
biphasic models for best fit to the survival curves of TV, MNV-1, HAV,
and RV at 80°C in culture medium

Virus

Value (s) with the following model:

Log linear
(D value) Weibull (D value)

Biphasica

TFL D value

HAV 0.89 0.46 0.44 1.79
RV 0.87 0.72 0.39 1.53
TV 0.84 0.32 ND ND
MNV-1 0.39 0.32 ND ND
a ND, not determined.
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ters following treatment for 3 min at 80°C. A holding time of 4 min
at 80°C was required to eliminate 3.1 log units of RV (below the
detection limit). However, no significant decrease in the HAV titer
was observed even after 6 min of treatment at 80°C. The highest
TFL value was that for HAV, and the lowest was that for MNV-1.
Based on the TFL, the four viruses can be ranked from the most to
the least heat stable as follows: HAV, RV, TV, MNV-1.

Effect of thermal treatment on HuNoV GII.4 VLPs. To eval-
uate the PGM-MBs binding assay for the survival of HuNoV
treated by heat, we first used HuNoV VLPs as a model, because
VLPs possess the same authentic receptor binding activity as na-
tive virions. For this purpose, VLPs of HuNoV GII.4 suspended in
TNC buffer were treated either at 80°C, for 10 s, 30 s, 60 s, or 5 min,
or at 100°C for 5 s. Treated and untreated VLPs were incubated
with PGM-MBs for 30 min at room temperature. The beads were
washed 3 times with PBS and were resuspended in 10 �l of PBS.
The beads and the bound VLPs were loaded onto a 15% SDS-
PAGE gel and were visualized by Coomassie blue staining. The
protein density of VLPs bound to the beads after treatment at 80°C
for 10, 30, or 60 s was similar to that of untreated VLPs (Fig. 4A
and D). After heat treatment at 80°C for 5 min, the protein density
of the VLPs binding to the PGM-MBs was slightly reduced from
that of the original input VLPs (Fig. 4B and D). The VLPs com-
pletely lost their ability to bind to the PGM-MBs after treatment at
100°C for 5 s (Fig. 4D).

The data indicate that thermal treatment conditions that led to
reductions in the levels of HuNoV surrogates (TV and MNV-1)
below the detection limit were not sufficient to inactivate the re-
ceptor binding activity of HuNoV VLPs. However, a higher tem-
perature (100°C for 5 s) or a longer holding time (80°C for 5 min)
did damage VLP receptor binding activity.

Effects of heat treatment on HuNoV GII.4 and TV. The result
presented above showed that HuNoV VLPs were much more heat
stable than HuNoV surrogates (TV and MNV-1). One possibility
is that the VLPs lacked the genome component of the native virus
and therefore were more difficult to inactivate than the complete
viruses, which are composed of the capsid and genomic RNA. The
results for TV are shown in Fig. 5. At 62°C (Fig. 5A), 72°C (Fig.
5B), and 80°C (Fig. 5C), the reduction in the number of RNA
copies of TV was less than 1 log10 RNA copies/ml.

No change in the number of RNA copies was observed for TV
after heat treatment at 62°C, while treatment at 72°C for 1 min
resulted in a 0.7-log10 reduction in the number of TV RNA copies.
Increasing the temperature to 80°C (Fig. 5C) resulted in a 2.5-log
reduction in the number of TV RNA copies after 10 s.

For HuNoV GII.4, heat treatment at 62°C (Fig. 6A) resulted in
a 0.7-log10 reduction in the number of viral RNA copies, while
treatment at 80°C led to a 	1-log reduction (Fig. 6C). Compari-
son of the results of the plaque assay and the PGM-MBs binding
assay for TV led to the conclusion that the PGM-MBs binding

assay overestimated the survival of TV and, by inference, may not
provide a precise evaluation of the survival of HuNoV after heat
treatment.

Mechanism of TV inactivation by heat. The fact that TV RNA
levels were not significantly reduced when TV was subjected to a
lethal heat treatment (80°C for 10 s) suggests that heat treatment
did not physically damage viral genomic RNA. Since real-time
RT-PCR detects only a small portion of the genomic RNA, it re-
mains possible that other portions of the genomic RNA were de-
graded following a lethal dose of heat. To rule out this possibility,
the full-length VP1 gene was amplified by one-step RT-PCR. As
shown in Fig. 7, there was no change in the abundance of the VP1
gene even after 5 min of treatment at 80°C, indicating that the heat
treatment did not degrade the viral RNA.

To investigate the effect of heat treatment on the integrity of
the viral capsid, purified TV particles suspended in TNC buffer
were heated at 80°C for 5 s, 10 s, or 5 min. The treated and un-
treated particles were negatively stained by 1% uranyl acetate and
were visualized by TEM. After the shortest treatment time (5 s),
there was a clear change in virion appearance from that of the
untreated virus, including a loss of the normal round structure,
with rough edges observed on the particle (Fig. 8). More-severe
damage was observed following 10-s and 5-min treatment times
(Fig. 8). These results indicate that the TV capsid lost its integrity
following 5 s of thermal treatment at 80°C.

DISCUSSION

In this study, we explored the localization, bioaccumulation pat-
terns, and heat inactivation parameters of enteric viruses fre-
quently associated with shellfish. Data available for the heat inac-
tivation of enteric viruses differ among research studies due to
differences in thermal treatment conditions, such as the temper-
ature and holding time, as well as differences in the sample matrix,
data modeling, and virus type (44). Therefore, comprehensive
studies investigating the natural bioaccumulation patterns of the
viruses in shellfish and the thermal inactivation of viruses in shell-
fish tissues are useful for industry and for regulatory purposes, to
improve seafood safety.

Virus bioaccumulation and distribution in oysters. This
study aimed to directly assess the bioaccumulation of the most
important enteric viruses that are frequently associated with shell-
fish outbreaks, including HuNoV, HAV, and RV. Our results
demonstrate that all enteric viruses can bioaccumulate efficiently
in oysters, to high titers, from the growing water and can be de-
tected in all oyster tissues within 72 h.

Although all the viruses examined were detected in different
oyster tissues, the pattern of viral localization differed based on the
exposure time and the virus. For instance, TV, MNV-1, and HAV
were detected in the digestive gland at high titers early after viral
exposure (24 h), while RV was more likely to be detected in the
gills and muscles. Specific and nonspecific binding may be respon-
sible for the localization of the virus within the oyster tissues. Both
HuNoV and TV recognize histo-blood group antigens (HBGAs)
as a cellular receptor or coreceptor (57–59). Recently, both
HuNoV and TV have also been shown to bind sialic acid (60, 61).
Maalouf et al. (9) showed that different oyster and clam tissues
express carbohydrate ligands similar to the HBGAs, the cellular
receptor of HuNoVs. The expression of these ligands differs with
the season and the organ (10). Higher rates of bioaccumulation
of the virus in oyster tissues were observed in the months in which

TABLE 5 TFL values for HAV, RV, TV, and MNV-1 at 80°C in oyster
tissues

Virus TFL (min) R2 RMSE

MNV-1 0.61 � 0.47 0.946 0.66
RV 2.99 � 0.38 0.975 0.24
TV 1.46 � 0.26 0.989 0.27
HAV 19.99 � 1.0 0.73 0.14
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the oysters expressed higher levels of HBGAs (10). The finding
that many members of the Caliciviridae, such as HuNoV and TV,
accumulate to high levels in the digestive tissues of oysters within
24 h suggests that a specific interaction of HuNoV and TV with the
HGBA-like carbohydrates expressed in these oyster tissues may
play a role in virus bioaccumulation.

It has been shown that the viral genotype and the season have
an impact on virus localization. For instance, Maalouf et al. (9)
compared the bioaccumulation of three HuNoV strains belonging
to genotypes GI.1, GII.4, and GII.3 in Eastern oyster tissues. The
GI.1 strain had a higher bioaccumulation level in the digestive
organs than the GII.4 strain. This effect was increased in the win-

ter, when the HBGA-like carbohydrate ligand is expressed at
higher levels in the oyster digestive organs. In addition to the di-
gestive tissues, the GII.4 strain was detected in all other oyster
tissues. This result may be due to the fact that the GII.4 strain can
recognize a sialic acid-containing ligand as an alternative receptor,
which allows for bioaccumulation in other shellfish tissues not
expressing the HGBA-like moiety (61). The GII.3 strain accumu-
lated most in the gills and mantle and was subsequently concen-
trated in the digestive gland (27). Drouaz et al. (17) compared the
distributions of HuNoV GI, TV, and mengovirus (MgV) in oyster
tissues after 24 h of oyster cultivation in contaminated seawater.
The results showed that HuNoV GI and TV accumulated more in

FIG 4 Effects of heat treatment at 80 and 100°C on the receptor binding abilities of HuNoV VLPs. Heat-treated or untreated VLPs were either loaded directly
onto the gel (Input) or were first subjected to the PGM-MBs binding assay. Beads and bound VLPs (Bound) were then loaded directly onto the gel, as was the
portion of the heat-treated or untreated VLPs that did not bind to the PGM-MBs (Unbound). VP1, human NoV VP1 protein; cVP1, the cleaved form of VP1.
(A) Purified VLPs treated at 80°C for 10 or 30 s. (B) VLPs treated at 80°C for 1 or 5 min. (C) Purified VLPs treated at 100°C for 5 s. (D) VLP binding to PGM-MBs
after heat treatment, expressed as a percentage of the level of binding of the untreated control.
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digestive glands, while MgV was more concentrated in gills, and
the three viruses persisted in oyster tissues for more than 50 days
(17). These data, together with our findings on HuNoV GII.4, TV,
MNV-1, HAV, and RV, demonstrate that different enteric viruses
have different distribution patterns in oyster organs based on the
virus, virus genotype, and shellfish type.

Thermal inactivation of viruses. In this study, we systemically
compared the stabilities of four viruses following heat treatment
and found that they can be ranked from the most to the least heat
stable as follows: HAV, RV, TV, MNV-1. Treatment temperatures
of �60°C required longer holding times to achieve high viral in-

activation. At higher temperatures—for example, 80°C—most
human enteric viruses are rapidly inactivated. However, HAV and
RV showed more heat resistance than other enteric viruses. In our
study, we found that MNV-1 was more sensitive to heat treatment
than the other viruses examined. Previously, it was shown that the
quantity of MNV-1 was reduced by 1 log unit at 63°C in �25 s and
at 72°C in �10 s (62). Similarly, we found that the D value for
MNV-1 at 62°C ranged from 0.55 to 1.81 min and the D value at
72°C ranged from 1.13 to 7.29 s. In another study, the thermal
stabilities of MNV-1 and TV were compared, and both viruses
were inactivated, and were below the detection limit (ca. 6-log-
unit reduction), at temperatures of 70°C and 75°C in cell culture
medium (63). At lower temperatures, the thermal inactivation
kinetics of MNV-1 and TV were similar, indicating that both vi-
ruses are sensitive to heat treatment (62, 63). We found that
MNV-1 and TV had very similar D values at temperatures of 62,
72, and 80°C, suggesting that these viruses are equally sensitive to
heat treatment.

We found that thermal inactivation of viruses does not follow a
linear logarithmic model. In a linear logarithmic model, the slope
of the inactivation curve can be used to calculate the decimal re-
duction value (D value), the time required to reach a 1-log reduc-
tion of the quantity of virus at a specific temperature (46, 64).
Several other models have been used to describe virus inactivation
by heat. For example, the biphasic reduction model is used to
calculate the time to the first log10 reduction (TFL value), instead
of calculating the D value, from the inactivation curve based on
two different rates of inactivation (21, 46, 55). The Weibull model
was described by van Boekel (55) and has been shown to be the
best fit for the expression of virus inactivation in many studies
(55). In the Weibull model, the inactivation parameters, 
 and �,
and the scale and shape of the probability density function are
used to describe the time required for a desired amount of inacti-
vation at a specific temperature (21). In our study, we found that
at temperatures of 62 and 72°C, the biphasic reduction model was
the best fit to the data. This is due to the shouldering and tailing
effects observed in the curve. The four viruses showed monotonic
upward concave (tailing) behavior, which may indicate that the
thermally sensitive members of the viral quasispecies were quickly
inactivated while the more resistant quasispecies survived the mild
treatment. The RNA-dependent RNA polymerases (RdRp) of
RNA viruses have poor fidelity, and therefore, during virus repli-
cation, viral progeny often are not identical to the parental virus or
other progeny viruses. This leads to a viral population containing
quasispecies (viral subsets that are not genetically identical), and
some of the quasispecies may harbor mutations that enable them
to be more resistant to heat than other viruses. In addition to
quasispecies, the tailing effect may also be due to clumping of viral
particles, leading to a protective effect for a subset of viruses dur-
ing heat treatment. However, at a treatment temperature of 80°C
(with culture medium or oyster tissue), the Weibull model was the
best fit for the data. This is likely due to the increased linearity of
the inactivation curve due to the increased temperature. These
results demonstrate the necessity of applying appropriate models
to accurately determine the D values.

The complexity of the sample matrix has been shown to affect
the efficacy of heat at inactivating enteric viruses. In our study, we
found that the oyster provided a protective effect to the virus dur-
ing heat treatment at 80°C. A treatment time of 3 min was required
to inactivate TV (4.8-log reduction) and MNV-1 (4.7-log reduc-

FIG 5 Heat inactivation of TV at 62, 72, and 80°C, as determined by the
PGM-MBs binding assay followed by RT-qPCR. TV was heated at 62°C (A),
72°C (B), or 80°C (C). The receptor binding ability of the heat-treated or
untreated virus was determined by the PGM-MBs binding assay, and the RNA
from the viral particles retaining receptor binding ability was quantified using
RT-qPCR. Each data point represents the mean for three replicates � 1 stan-
dard deviation.
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FIG 6 Heat inactivation of HuNoV at 62, 72, and 80°C, as determined using the PGM-MBs binding assay followed by RT-qPCR. HuNoV was heated at 62°C (A),
72°C (B), and 80°C (C). The receptor binding ability of the heat-treated or untreated virus was determined by the PGM-MBs binding assay, and the RNA from
the viral particles retaining receptor binding ability was quantified using RT-qPCR. Each data point represents the mean for three replicates � 1 standard
deviation.
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tion) in oyster tissues, while 4 min was required to inactivate RV to
below the detection limit (3.1-log reduction) in oysters. Even after
6 min of treatment at 80°C, there was no significant reduction in
the titer of HAV in oyster tissues. Previously, Croci et al. (65)
showed that heat treatment of HAV at 60°C for 30 min and at 80°C
for 10 min was not sufficient to eliminate 5 log units of the virus
from contaminated mussel tissues. In fact, treatment at 100°C was
required to inactivate HAV in the mussels (65). HAV was also
more resistant to thermal inactivation in dried mussels than in
culture medium (66). Only 3.16- and 4.38-log reductions in HAV
titers were achieved at 60 and 85°C after 30 and 10 min of heat
treatment, respectively. The D values at 60, 85, and 100°C were 6.3,
0.98, and 0.2 min, respectively, in culture medium, whereas in
dried mussels, the D values were increased to 7.93, 3.05, and 0.85
min at 60, 85, and 100°C, respectively (66). Soft-shell clams were
artificially contaminated with either HAV or MNV-1, and the ef-
ficacy of thermal treatment at viral inactivation was evaluated. It
was found that a treatment at 90°C for 180 s was required to
completely inactivate the viruses in shucked clams (67).

Insight into the mechanism underlying the thermal inactiva-
tion of viruses. Currently, nucleic acid-based detection methods
are used to test for HuNoV in foods. These methods do not dis-

tinguish between RNA detected from an infectious or a noninfec-
tious viral particle, and therefore, positive results may not accu-
rately reflect the risk of disease development upon consumption.
Recently, porcine gastric mucin conjugated to magnetic beads
(PGM-MBs) has been developed to capture HuNoV particles ca-
pable of binding to their cellular receptor, the histo-blood group
antigens (HBGAs) (52, 53, 68, 69). HuNoV bound to PGM-MBs
can then be collected, excluding particles that have lost receptor
binding ability and theoretically allowing for RNA detection from
intact HuNoV particles only. PGM-MBs has been used to evaluate
HuNoV inactivation by thermal, high-pressure processing (HPP),
and UV treatments (53), as well as by treatments with chlorine,
chlorine dioxide, peroxyacetic acid, hydrogen peroxide, and triso-
dium phosphate (70). TV also utilizes HBGAs as cellular receptors
(57), so there is the potential to use this cultivatable virus as a
side-by-side control to determine the ability of the PGM-MBs
binding assay to distinguish between infectious and noninfectious
virus particles.

In this study, we attempted to utilize the PGM-MBs binding
assay to distinguish between infectious and noninfectious HuNoV
GII.4 strain particles following heat treatment. TV was used as a
critical control, since it is cultivable and utilizes the same receptors
as HuNoV. However, the log reduction of TV obtained using the
PGM-MBs binding assay was not equivalent to the survival data
obtained from the plaque assay, suggesting that lethal thermal
damage to TV generally occurs prior to the loss of PGM (receptor)
binding ability. For example, the number of TV RNA copies was
not significantly reduced when TV was treated with a lethal dose of
heat (80°C for 10 s). Thus, the PGM-MBs binding assay does not
provide a precise estimate of the thermal inactivation of TV fol-
lowing heat treatment.

The PGM-MBs binding assay is a receptor binding assay that
requires the inactivation technologies to efficiently inactivate re-
ceptor binding ability and as such does not directly measure inac-
tivation. Thus, the applicability of the PGM-MBs binding assay
depends on the mechanism of the inactivation induced by a par-
ticular thermal or nonthermal processing technology. Given the
difference observed in TV inactivation and PGM binding with
temperature, it should be noted that the PGM-MBs binding assay
may also not provide a precise estimate of HuNoV inactivation in
response to heat treatment. Perhaps other technologies (such as
HPP, UV, and chlorine) may damage receptor binding more effi-
ciently than heat treatment.

Based on the heat treatment of VLPs, which may behave simi-
larly to HuNoV, we found that the receptor binding of HuNoV
was severely damaged only at a high temperature (100°C for 5 s) or
a longer holding time (80°C for 5 min). Perhaps heat treatment

FIG 7 Effect of heat treatment at 80°C on the capsid gene (VP1) of TV. TV was
treated at 80°C for 10 s or 5 min. The VP1 gene was amplified by one-step
RT-PCR, and the DNA band was visualized by 1% agarose gel electrophoresis.

FIG 8 Damage to TV particles after heat treatment at 80°C for 5 s, 10 s, or 5 min. TV was treated at 80°C for 5 s, 10 s, or 5 min, and damage to viral particles was
visualized by electron microscopy.
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first damaged the interaction between the capsid and genomic
RNA, which was lethal to the virus. It is possible that the genomic
RNA was still partially or fully bound to the capsid, which allowed
for viral RNA detection using RT-qPCR. Using purified TV, we
found that the integrity of the viral capsid was disrupted by a lethal
heat dose. TV infectivity was lost quickly (�10 s) during treat-
ment at 80°C, which correlates with the change in the particles
observed by TEM. However, it appears that the viral particles still
bound efficiently to the PGM-MBs and that the viral RNA was
minimally impacted by thermal treatment. No significant RNA
reduction was observed at a lethal dose of heat. Using the PGM-
MBs binding assay followed by RT-qPCR to detect HuNoV inac-
tivation by thermal treatment at 80°C for 1 min, a maximum 1-log
reduction was detected. Similarly, TV treated at 80°C for 1 min
showed a maximum 2.5-log reduction. Direct RT-PCR detection
of the TV VP1 gene also confirmed that viral RNA remained intact
following the most severe thermal treatments.

HuNoV GII.4 VLPs retained the ability to bind to PGM-
MBs following treatment at 80°C, as detected by SDS-PAGE
analysis. In fact, a treatment of 100°C for 5 s was required to
inhibit HuNoV VLP binding to PGM-MBs. Taken together,
these results indicate that disruption of the integrity of the viral
capsid and denaturation of viral protein, but not degradation
of viral RNA, are the primary mechanisms of viral inactivation
by heat. The fact that a lethal dose of heat was not sufficient to
damage viral receptor binding activity suggests that heat may
disrupt the capsid-genome interaction or other capsid func-
tions and thus inhibit virus infectivity.

Overall, this study demonstrated that (i) enteric viruses can
efficiently bioaccumulate in oyster tissues within 72 h; (ii) dif-
ferences in the major bioaccumulation site in oysters can be
observed between different viruses early after virus exposure
(24 h); (iii) enteric viruses can be ranked, from most resistant
to most sensitive to heat treatment, as HAV, RV, TV, and
MNV-1; (iv) oyster tissue provides protection to viruses during
heat treatment; and (v) thermal treatment at 80°C for more
than 6 min is capable of reducing the levels of major foodborne
viruses from oysters, with the exception of HAV. These results
can be used by industry professionals to design and implement
prevention and control measures to limit shellfish virus-asso-
ciated outbreaks.
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