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Human norovirus (NoV) is responsible for over 90% of outbreaks of acute nonbacterial gastroenteritis worldwide and accounts
for 60% of cases of foodborne illness in the United States. Currently, the infectivity of human NoVs is poorly understood due to
the lack of a cell culture system. In this study, we determined the survival of a human NoV genogroup II, genotype 4 (GII.4)
strain in seeded oyster homogenates after high-pressure processing (HPP) using a novel receptor binding assay and a gnotobi-
otic pig model. Pressure conditions of 350 MPa at 0°C for 2 min led to a 3.7-log10 reduction in the number of viral RNA copies in
oysters, as measured by the porcine gastric mucin-conjugated magnetic bead (PGM-MB) binding assay and real-time RT-PCR,
whereas pressure conditions of 350 MPa at 35°C for 2 min achieved only a 1-log10 reduction in the number of RNA copies. New-
born gnotobiotic piglets orally fed oyster homogenate treated at 350 MPa and 0°C for 2 min did not have viral RNA shedding in
feces, histologic lesions, or viral replication in the small intestine. In contrast, gnotobiotic piglets fed oysters treated at 350 MPa
and 35°C for 2 min had high levels of viral shedding in feces and exhibited significant histologic lesions and viral replication in
the small intestine. Collectively, these data demonstrate that (i) human NoV survival estimated by an in vitro PGM-MB virus
binding assay is consistent with the infectivity determined by an in vivo gnotobiotic piglet model and (ii) HPP is capable of inac-
tivating a human NoV GII.4 strain at commercially acceptable pressure levels.

Human norovirus (NoV), a member of the Caliciviridae family,
is responsible for over 90% of the outbreaks of acute nonbac-

terial gastroenteritis worldwide and accounts for more than 60%
of the cases of foodborne illness in the United States (1, 2). It is
estimated that 48 million individuals, or about 17% of the U.S.
population, are sickened each year, leading to approximately
128,000 hospitalizations and 3,000 fatalities in the United States
(2). Human NoV is transmitted primarily through the fecal-oral
route either by direct person-to-person contact or by fecally con-
taminated food or water. Human NoV is highly contagious and
stable, and only a few virus particles are thought to be sufficient to
cause an infection (3, 4). Outbreaks frequently occur in restau-
rants, hotels, day care centers, schools, nursing homes, cruise
ships, swimming pools, hospitals, and military installations. De-
spite the significant economic impact and high morbidity caused
by human NoV, no vaccines or antiviral drugs with activity against
this virus are currently available (5, 6). This is due in large part to
the lack of a cell culture system and a small-animal model for
human NoV (6, 7). As a consequence, the survival of human NoV
is poorly understood.

A major high-risk food for human NoV contamination is sea-
food, particularly bivalves, such as oysters, mussels, and clams
(8–11). These animals are filter feeders and can readily bioaccu-
mulate human NoV in their tissues if the virus is present in the
waters in which they grow. Epidemiological studies showed a high
prevalence rate and also high titers of human NoV in shellfish and
oyster tissues (9–11). Worldwide, a substantial number of human
NoV outbreaks are associated with the consumption of raw or
undercooked shellfish. Human NoVs can persist in oysters for
several weeks and are not effectively removed from contaminated
oysters during depuration. Importantly, it has been reported that

multiple types of histo-blood group antigens (HBGAs), the recep-
tors of human NoV, are expressed in the gastrointestinal tissues of
oysters, mussels, and clams, which contributes to the high rate of
bioaccumulation and persistence of human NoV in shellfish (9–
12). The concern associated with the safety of raw oyster con-
sumption has increased in the shellfish industry, and this must be
balanced with the high demand for oysters that maintain their
original texture and flavor. Therefore, alternative nonthermal
processing methods are needed to improve the safety of oysters for
human consumption.

High-pressure processing (HPP) has come to the forefront as a
promising intervention to effectively inactivate foodborne patho-
gens, including bacteria (e.g., Vibrio spp.) and viruses (e.g., hepa-
titis A virus), in oysters (4, 13–16). Moreover, this nonthermal
process has made a revolutionary change in the oyster-shucking
process, as HPP treatment causes the oysters to open and has also
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been shown to improve the organoleptic quality of the oysters,
increasing consumer acceptance (15). Unfortunately, despite the
substantial health and economic impacts caused by human NoV,
evaluation of the effectiveness of HPP for inactivating human
NoV has been hindered due to the unsuccessful in vitro cultivation
of the virus. HPP at 400 MPa and 4°C for 2 min effectively inacti-
vates cultivable human NoV surrogates (murine norovirus type 1
[MNV-1], feline calicivirus [FCV], and Tulane virus [TV]) in
aqueous medium and/or oysters (14, 17–19). However, the valid-
ity of using these surrogates has been questioned because human
NoV differs from these surrogates in many aspects, such as the
clinical manifestations that it causes, its pathogenesis, and its host
receptors and tropisms (6, 20). In fact, it has been reported that the
prototype Norwalk-like virus (a human NoV genogroup I, geno-
type 1 [GI.1] strain) was much more stable than surrogate viruses
when subjected to HPP (21). In a human volunteer study, treat-
ment by HPP at 600 MPa and 6°C for 5 min was found to inacti-
vate Norwalk virus in oysters, protecting subjects from disease
development following oyster consumption (21). In contrast,
treatment at 400 MPa (at 6°C or 25°C) for 5 min, which can com-
pletely inactivate surrogate viruses, was insufficient to prevent
Norwalk virus infection and shedding in human subjects (21).
Although the study with human subjects provided valuable in-
sight into the survival of Norwalk virus GI.1 following HPP treat-
ment, the stability of human NoV GII.4 strains, the most prevalent
genotype circulating in the population, remains unknown. In the
past 10 years, more than three global pandemics of human NoV
have occurred, and all of these were due to strains of GII.4 (2, 22).
Therefore, there is an urgent need to develop novel approaches to
determine the survival of human NoV GII.4 strains following HPP
treatment.

In this study, we undertook multiple novel approaches to eval-
uate the survival of a human NoV GII.4 strain in oyster homoge-
nate following HPP treatment. First, we estimated the stability of
human NoV using viral receptor binding activity as an indicator of
virus survival, as disruption of receptor binding activity is likely
lethal to the virus. Second, we determined the infectivity of human
NoV following HPP treatment in a gnotobiotic pig model. The
gnotobiotic pig is an excellent model for human enteric viruses
because pigs share many similarities with humans in gastrointes-
tinal structure, physiology, immunology, and, more importantly,
the HBGA phenotypes (types A and H) on enterocytes (23–27).
We found that HPP treatment at 350 MPa for 2 min at an initial
temperature of 0°C reduced the amount of human NoV in oysters
by approximately 3.7 log10 units, as determined by a combination
of a receptor binding assay and real-time reverse transcription-
PCR (RT-PCR). Gnotobiotic piglets orally fed oyster homogenate
treated under these HPP conditions did not have significant intes-
tinal histologic lesions, viral antigen expression, or viral RNA
shedding in feces. In contrast, HPP treatment at 350 MPa for 2
min at an initial temperature of 35°C achieved only a 1-log10 re-
duction in the viral RNA copy number, as determined by the re-
ceptor binding assay. Consistent with this finding, gnotobiotic
piglets orally fed oyster homogenate treated under these pressure
conditions exhibited significant intestinal lesions, viral antigen ex-
pression in the intestine, and viral RNA shedding in feces. There-
fore, HPP treatment at 350 MPa for 2 min at an initial temperature
of 0°C was sufficient to prevent human NoV infection in gnoto-
biotic piglets.

MATERIALS AND METHODS
Preparation of human norovirus inoculum. The human NoV GII.4
strain 765 was originally obtained from stool samples collected from an
outbreak of acute gastroenteritis in Ohio. Stool samples were diluted 1:2
in minimal essential medium (MEM; Gibco-Invitrogen, Carlsbad, CA)
and further processed by vortexing, centrifugation at 3,500 � g for 20 min,
and filtration through a 0.8-�m-pore-size filter followed by a 0.2-�m-
pore-size filter. The possibility of the presence of other enteric viral patho-
gens, such as human rotavirus, human sapovirus, and human astrovirus,
was excluded by RT-PCR analysis prior to initiation of the study. The
amount of RNA copies in the human NoV strain 765 filtrate was quanti-
fied by real-time RT-PCR, and the level of RNA was 1.3 � 108 RNA
copies/ml. Viruses were aliquoted and stored at �80°C until used.

Oyster inoculation and high-pressure treatment. The human NoV
stock was shipped overnight to the collaborative laboratory at the Univer-
sity of Delaware for oyster inoculation and HPP treatment. Live oysters
(Crassostrea virginica) were purchased from local seafood markets,
shucked, and blended for 30 s using a blender (model 36BL23; Waring
Commercial, New Hartford, CT). Before inoculation, the oyster homog-
enate was treated at 600 MPa for 5 min at 0°C to inactivate human NoV or
other pathogens that could be naturally present in the oysters. A total of
1.2 ml of the human NoV GII.4 stock was used to inoculate 12 g HPP-
pretreated oyster homogenate to reach a final concentration of 107 RNA
copies/g. Human NoV-inoculated oyster samples (3 g) were then trans-
ferred into sterile plastic polyethylene pouches (Fisher Scientific, Fair
Lawn, NJ), which were double sealed and double bagged, followed by
treatment at pressures ranging from 300 MPa to 450 MPa for 2 min at
initial temperatures of 0, 25, and 35°C. Four pouches containing 3 g of
human NoV-inoculated oyster samples were prepared for each treatment
condition, and each sample was separately processed in the HPP unit. The
pressure treatments were applied using a high-pressure unit (model
Avure PT-1; Avure Technologies, Kent, WA) with water as the hydrostatic
medium. Processing temperatures and pressures were monitored and re-
corded by use of a personal computer-based data acquisition and control
system (Dasytec USA, Bedford, NH). The 2-min pressurization holding
time reported in this study does not include the pressure come-up time
(ca. 22 MPa/s) or release time (�4 s).

Estimation of human NoV survival by PGM-MB binding assay.
Type III porcine gastric mucin (PGM; Sigma, St. Louis, MO) was cross-
linked to MagnaBind carboxyl-derivatized magnetic beads (MBs; Pierce
Biotechnology, Rockford, IL) following the manufacturer’s instructions.
Briefly, 1 ml of beads was washed 3 times with phosphate-buffered saline
(PBS) and separated using a magnetic separation rack (New England Bio-
Labs, Ipswich, MA). Following the washing, 1 ml of 10 mg/ml type III
PGM in MES (N-morpholinoethanesulfonic acid) buffer and 0.1 ml of 10
mg/ml EDC [1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride] in MES buffer were added to the beads, and the mixture was
incubated for 30 min at room temperature on a Labquake shaker rotis-
serie (Thermo Scientific, Waltham, MA) rotating at 8 rpm. After incuba-
tion, the beads were separated from the PGM solution using a magnetic
attracter, followed by 3 washes with PBS. The PGM-MBs were finally
resuspended in 1 ml of PBS containing 0.05% sodium azide and stored at
4°C until use. The level of PGM incorporation was evaluated by measur-
ing the absorbance of the supernatant at 280 nm.

After HPP at 300 MPa to 450 MPa at an initial temperature of 0°C,
25°C, or 35°C, oyster homogenates (0.2 g) were blended with glycine
buffer (pH 9.5; 0.1 M glycine, 0.3 M NaCl) at room temperature (�21°C)
at a 1:9 ratio. The mixture was centrifuged at 15,000 � g for 15 min at
room temperature. Viral particles were precipitated from the supernatant
by an equal volume of 16% polyethylene glycol 8000 (PEG 8000; Sigma,
St. Louis, MO) with 0.525 M NaCl. After a 1-h precipitation on ice, the
mixture was centrifuged at 10,000 � g for 5 min at room temperature. The
pellet was suspended in 2 ml PBS by vigorous vortex mixing and pipetting
and incubated with 5 �l of RNase (20 U/�l; Life Technologies) for 30 min
at 37°C. All samples were transferred to 15-ml centrifuge tubes, and the
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volume was brought up to 5 ml with PBS before being subjected to
PGM-MB binding assays. PGM-MBs (500 �l) were added to the tube
containing the oyster homogenate sample. The tubes were incubated for
15 min at room temperature on a Labquake shaker rotisserie rotating at 8
rpm. The PGM-MBs were separated from the liquid after incubation us-
ing a magnetic separator (Qiagen, Valencia, CA), washed 3 times with
PBS, and resuspended in 140 �l of PBS. Human NoV RNA was extracted
by use of an RNeasy kit (Qiagen) and quantified by real-time RT-PCR.

Delivery of gnotobiotic piglets. The animal protocol used in this
study was approved by the Institutional Laboratory Animal Care and Use
Committee of The Ohio State University (IACUC-OSU; approval num-
ber IACUC-OSU-2013A00000098), and all animals were also handled in
accordance with the guidelines of the IACUC-OSU. A date-mated preg-
nant adult multiparous sow was purchased from a commercial pork pro-
duction unit (Shoup Brothers, Smithville, OH) and transported to the
Goss Laboratory at The Ohio State University. A litter of 12 gnotobiotic
piglets was delivered by cesarean section following the procedures de-
scribed previously (27, 28). Neonatal piglets were transferred and main-
tained in sterile isolator units containing six partitions and an exterior
heat source. The piglets were fed a liquid milk replacement diet (Parmalat)
three times daily (100 to 150 ml per feeding).

Inoculation of human NoV-seeded oyster homogenate into gnoto-
biotic piglets. Twelve 2-day-old gnotobiotic piglets from the same litter
were randomly assigned to three groups: piglets in group 1 received hu-
man NoV-inoculated oyster homogenate without pressure treatment
(n � 4), piglets in group 2 received human NoV-inoculated oyster ho-
mogenate treated at 350 MPa and 35°C for 2 min (n � 4), and piglets in
group 3 received human NoV-inoculated oyster homogenate treated at
350 MPa and 0°C for 2 min (n � 4). To neutralize stomach acids prior to
inoculation, piglets received 8 ml of 100 mM sodium bicarbonate orally.
Each gnotobiotic piglet in group 1 received one oral dose of 3 ml of un-
treated oyster homogenate containing 107 genomic RNA copies of human
NoV GII.4. Piglets in group 2 were orally inoculated with 3 ml of human
NoV-seeded oyster homogenate treated at 350 MPa for 2 min at 35°C.
Piglets in group 3 were orally inoculated with 3 ml of human NoV-seeded
oyster homogenate treated at 350 MPa for 2 min at 0°C. After inoculation,
fecal swabs were collected daily from each piglet for virus detection, and a
diarrhea/fecal consistency score was assigned using a subjective scale (0,
normal; 1, creamy; 2, pasty; 3, watery). All the piglets were euthanized on
postinfection day (PID) 7, and adjacent intestinal tissue segments (duo-
denum, jejunum, ileum, and colon) were collected from each piglet for
the examination of gross pathological and histopathological changes.

Quantification of human NoV shedding in feces by real-time RT-
PCR. Fecal samples from the rectal swabs collected daily were eluted in
300 �l of PBS at a dilution of 1:10. All samples were vortexed and centri-
fuged at 6,000 � g for 15 min. The supernatants were collected for RNA
extraction using an RNeasy minikit (Qiagen, Valencia, CA), followed by
real-time RT-PCR. Primers for cDNA synthesis and real-time PCR were
designed on the basis of the published sequence for human NoV GII.4
strain 5M (GenBank accession number JQ798158). First-strand cDNA
was synthesized by the use of SuperScript III reverse transcriptase (Invit-
rogen) following the manufacturer’s protocol, using the primer VP1-P1
(5=-TTATAATACACGTCTGCGCCC-3=), which targets the VP1 gene of
human NoV GII.4. The VP1 gene was then quantified by real-time PCR
using custom TaqMan primers and probes (forward primer, 5=-CACCG
CCGGGAAAATCA-3=; reverse primer, 5=-GCCTTCAGTTGGGAAATT
TGG-3=; reporter, 5=-FAM-ATTTGCAGCAGTCCC-NFQ-3=, where
FAM is 6-carboxyfluorescein) on a StepOne real-time PCR machine (Ap-
plied Biosystems, Foster City, CA). Three technical replicates were run for
each sample, and the PCR and cycling parameters were those described in
the manufacturer’s protocol (Applied Biosystems). TaqMan Fast Univer-
sal master mix was used for all reactions. For cycling parameters, a holding
stage at 95°C was maintained for 2 min, prior to 40 cycles of 94°C for 15 s
for denaturation, 55°C for 30 s for annealing, and 72°C for 15 s for exten-
sion. A standard plasmid carrying human NoV was constructed by insert-

ing the sequence of the entire open reading frame 2 (ORF2; encoding viral
protein VP1) into the pGEM-T Easy vector (Promega, Madison, WI). The
plasmid of known concentration was 10-fold serially diluted to generate a
standard curve for real-time PCR. StepOne software (v2.1) was used to
quantify the genomic RNA copies. Viral RNA was expressed as the mean
log10 number of genomic RNA copies per milliliter � standard deviation.

Detection of human NoV antigen in intestine by IFA. An indirect
immunofluorescence assay (IFA) was performed on whole-mount sec-
tions of duodenum, jejunum, and ileum collected from the inoculated
pigs at PID 7. The fresh intestinal tissues were sectioned into small pieces
and fixed with 4% (vol/vol) paraformaldehyde– 0.2% (vol/vol) glutaral-
dehyde in 0.1 M potassium phosphate buffer (PPB), pH 7.4, for 2 h at
room temperature. After being washed 4 times with PPB, the sections
were quenched with PPB containing 50 mM glycine overnight at 4°C. The
tissues were permeabilized with 0.1% Triton X-100 in PBS for 1 h at room
temperature, washed twice with PBS, blocked with PBS containing 2%
bovine serum albumin–5% normal goat serum for 30 min at room tem-
perature, and incubated with 1:5,000-diluted human NoV VP1-specific
polyclonal antibody overnight at 4°C in incubation buffer (10 mM potas-
sium phosphate buffer containing 150 mM NaCl, 10 mM sodium azide,
and 0.2% bovine serum albumin). After 6 washes with PBS, the tissues
were incubated with a 1:1,200 dilution of secondary antibody (goat anti-
guinea pig IgG labeled with Alexa Fluor 488) in incubation buffer over-
night at 4°C. Nuclei and actin were counterstained with SYTOX orange
and Alexa Fluor 633-labeled phalloidin, respectively. The tissue samples
were then trimmed into small pieces, mounted onto slides, and examined
using an Olympus FV1000 confocal microscopy imaging system at The
Ohio State University.

Histologic examination. Tissues from the small intestine (duode-
num, jejunum, and ileum) and large intestine (colon) were examined
histologically. Sections of tissues collected from the inoculated pigs at PID
7 were fixed in 10% (vol/vol) phosphate-buffered formalin. Fixed tissues
were embedded in paraffin, sectioned at 5 �m, and stained with hematox-
ylin and eosin (H&E) for the examination of histological changes by light
microscopy. The severity of the intestinal histological change was scored
on the basis of the following criteria: grade 3, severe; grade 2, moderate;
grade 1, mild; and grade 0, no lesions.

Statistical analysis. All values are expressed as the means � standard
deviations. Samples in which RNA was undetectable (concentration, �2
log10 RNA copies/ml) during the shedding period were assigned a value of
0 for statistical analysis. Statistical analysis by one-way analysis of variance
was performed by using Minitab statistical analysis software (Minitab,
Inc., State College, PA). A P value of �0.05 was considered statistically
significant.

RESULTS
Estimation of survival of a human NoV GII.4 strain in oyster
homogenate determined by a PGM-MB binding assay and real-
time RT-PCR. Since human NoV cannot be cultivated, an in vitro
assay with porcine gastric mucin (PGM)-conjugated magnetic
beads (MBs) was developed to estimate the infectivity of human
NoV. This assay is based on the virus-receptor interaction. PGM
contains mixed type A, type H1, and Lewis B histo-blood group
antigens (HBGAs), which are the functional receptors of human
NoVs (29, 30). Intact viral particles that possess a receptor binding
capability bind to the PGM-MBs, and viral particles that have
disrupted capsids or alterations to the receptor binding protein
domain of the capsid are unable to bind to the PGM-MBs. After
binding to PGM-MBs and subsequent washing, only viral parti-
cles capable of receptor binding are collected, and their genomic
RNA is then quantified by real-time RT-PCR. Fecal filtrate con-
taining human NoV GII.4 was seeded into oyster homogenate to
reach a final concentration of 7 log10 RNA copies/ml. The samples
were treated by HPP at 350 MPa for 2 min at an initial temperature
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of 0, 20, or 35°C. After treatment, the inactivation of human NoV
in oyster homogenate was first estimated using the PGM-MB cap-
ture assay and real-time RT-PCR. The effect of the initial temper-
ature on the effectiveness of human NoV inactivation during HPP
is shown in Table 1. The efficiency of the inactivation of human
NoV GII.4 was enhanced as the pressure level was increased. For
example, at an initial temperature of 25°C, a 3.0-log10 reduction in
the number of viral genomic RNA copies was achieved at 350
MPa, whereas only a 0.9-log10 reduction was achieved at 300 MPa.
At an initial temperature of 0°C, a 3.7-log10 reduction in the num-
ber of viral genomic RNA copies was achieved at 350 MPa,
whereas only a 2.8-log10 reduction was achieved at 300 MPa. Ad-
ditionally, the initial temperature significantly impacted the effec-
tiveness of human NoV inactivation by HPP treatment. Specifi-
cally, the efficiency of inactivation was dramatically enhanced at
lower temperatures. For instance, at 300 MPa, a 2.8-log10 reduc-
tion was observed at 0°C. That treatment was significantly more
efficient than treatment with 300 MPa at 25°C (0.9-log10 reduc-
tion) and 35°C (0.5-log10 reduction). At 350 MPa, a 3.7-log10 re-
duction was observed at 0°C, whereas only a 1.0-log10 reduction
was achieved with 350 MPa at an initial temperature of 35°C. In
addition, there was a significantly greater (P � 0.05) reduction in
RNA levels by HPP at 350 MPa at an initial temperature of 25°C
(3.0-log10 reduction) than at an initial temperature of 35°C (1.0-
log10 reduction). Therefore, the survival of human NoV GII.4 in
oyster homogenate upon HPP can be estimated by the PGM-MB
binding assay and real-time RT-PCR.

Diarrhea scores for gnotobiotic piglets orally fed oyster ho-
mogenate seeded with GII.4 and treated by HPP. The oyster ho-
mogenates treated with HPP at 350 MPa and 0°C and 35°C for 2
min, which achieved 3.7- and 1.0-log10 reductions of a human
NoV GII.4 strain, respectively, were selected to feed gnotobiotic
piglets. The goal was to determine whether viral survival estimated
by an in vitro PGM-MB virus binding assay correlated with the in
vivo results obtained with a gnotobiotic pig model. To do this, 12
2-day-old gnotobiotic piglets were randomly divided into three
groups (n � 4 in each group) and inoculated orally with human
NoV in oyster homogenate that had been treated with 350 MPa for
2 min at 0°C or 35°C or that did not undergo HPP treatment. Viral
pathogenesis was evaluated by measuring the development of di-
arrhea in the piglets and the histopathological changes in the in-
testine. The diarrhea/fecal consistency score of stool samples ob-
tained from each pig daily was assigned using a subjective scale,
where 0 is normal, 1 is creamy, 2 is pasty, and 3 is watery. Only
mild (score � 1) to moderate (score � 2) diarrhea was observed in

3 out of 4 gnotobiotic piglets inoculated with untreated oyster
homogenate, and none of the pigs scored a 3, suggesting that the
diarrhea caused by human NoV GII.4 strain 765 was limited in the
piglets during the 7-day observation period. HPP at 350 MPa and
35°C did not significantly affect the development of diarrhea in
pigs, and 3 out 4 piglets developed creamy feces (score � 1).
Among the four piglets inoculated with human NoV treated at 350
MPa and 0°C, 2 piglets had normal stools (score � 0), and the
other 2 piglets had creamy feces (score � 1). Overall, there was no
significant difference in the development of diarrhea in piglets fed
oyster homogenate treated at 350 MPa for 2 min at an initial
temperature of either 0°C or 35°C.

Histologic lesions in the small intestine of gnotobiotic pig-
lets caused by human NoV GII.4-seeded oyster homogenate
treated by HPP. The histological changes observed in the intes-
tines of gnotobiotic piglets due to inoculation with oyster homog-
enate seeded with HPP-treated and untreated human NoV GII.4
strain 765 were evaluated and are presented in Table 2. At day 7
postinoculation, all piglets were sacrificed and intestinal seg-
ments, including the duodenum, jejunum, ileum, and colon, were
collected for the examination of gross pathological and histo-
pathological changes. No significant gross pathological changes
were found in the intestines of any of the gnotobiotic piglets. Mild
to moderate histological changes were observed in the duodenum
(4/4 piglets), jejunum (4/4), and ileum (1/4) of piglets infected
with untreated oyster homogenate. The highest mean histological
score for piglets infected with untreated oyster homogenate was
1.3 � 0.5 for duodenum tissue (Table 2). These lesions included
an increase in inflammatory cell infiltrates within the lamina pro-
pria of the duodenum and jejunum and epithelial loss (necrosis or
apoptosis) of villous tips (Fig. 1). All four piglets inoculated with
oyster homogenate treated at 350 MPa and 35°C showed histolog-
ical changes in the duodenum and jejunum similar to those for the
control piglets inoculated with untreated oyster homogenate, with
the mean lesion scores being 1.4 and 0.9, respectively, and with no
lesions being found in the ileum or colon. Interestingly, signifi-
cantly lower (P � 0.05) mean histologic lesion scores for the du-
odenum and jejunum tissues of piglets fed oyster homogenate
treated at 350 MPa and 0°C for 2 min than for the duodenum and
jejunum tissues of the other piglets were observed, although no
significant difference for ileum tissues was observed (P 	 0.05).
Therefore, gnotobiotic piglets inoculated with human NoV-
seeded oyster homogenate treated at 350 MPa and 0°C for 2 min

TABLE 1 Reduction of human NoV GII.4 strain 765 in oyster
homogenate determined by PGM-MB binding assay and real-time RT-
PCR

Pressure (MPa)a

Mean reduction of log10 no. of RNA copies � SD
at initial temp ofb:

0°C 25°C 35°C

300 2.8 � 0.1A 0.9 � 0.1A 0.5 � 0.1A

350 3.7 � 0.3B 3.0 � 0.1B 1.0 � 0.3B

400 4.0 � 0.3B 3.8 � 0.2C ND
450 4.2 � 0.2B 4.0 � 0.1C ND
a Pressure treatment was held for 2 min.
b ND, not determined. Values within a column followed by different capital letters (A,
B, and C) are significantly different (P � 0.05).

TABLE 2 Histological changes in the small intestines of gnotobiotic
piglets fed human NoV GII.4-contaminated oysters with or without
HPP

Treatmenta

Mean severity of intestinal histological changes � SD
inb:

Duodenum Jejunum Ileum

None 1.3 � 0.5 (4/4)A 1.0 � 0.0 (4/4)A 0.3 � 0.5 (1/4)
350 MPa, 35°C 1.4 � 0.8 (4/4)A 0.9 � 0.3 (4/4)A 0.0 � 0.0 (0/4)
350 MPa, 0°C 0.6 � 0.5 (3/4)B 0.5 � 0.3 (4/4)B 0.0 � 0.0 (0/4)
a Pressure treatment was held for 2 min.
b All piglets were terminated at PID 7. The severity of the intestinal histological change
was scored as follows: 3, severe; 2, moderate; 1, mild; 0, no lesions. Values in
parentheses are the number of piglets with histological changes/total number of piglets
tested. Values within a column followed by different letters (A and B) are significantly
different (P � 0.05).
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had significantly lower mean lesion scores in duodenum and jeju-
num tissue than piglets fed untreated oyster homogenate or those
fed oyster homogenate treated at 350 MPa and 35°C.

Viral shedding in feces of gnotobiotic piglets fed human NoV
GII.4-seeded oyster homogenate treated by HPP. After the gno-
tobiotic piglets were fed human NoV-contaminated oysters, fecal
samples were collected from each piglet until PID 7. Viral RNA
shedding in feces was quantified by quantitative real-time RT-
PCR. The presence and the average titer of viral RNA detected in
pig feces at each PID are summarized in Table 3. When the piglets
were fed untreated human NoV-inoculated oyster homogenate,
viral RNA shedding in feces was observed in 3 out of 4 pigs at PID

1 and all 4 pigs from PID 2 through PID 7. The average human
NoV RNA level in piglet feces gradually increased from 3.5 log10

copies of RNA/g feces at PID 1 to a peak value of 6.0 log10 copies of
RNA/g at PID 4. Similar levels of viral RNA shedding were ob-
served in gnotobiotic piglets orally inoculated with human NoV-
contaminated oysters treated at 350 MPa and 35°C, suggesting
that HPP treatment at 350 MPa and 35°C for 2 min did not affect
the replication of human NoV in a gnotobiotic pig model. Specif-
ically, at PID 1, 2 out of 4 pigs shed viral RNA at an average level of
2.0 log10 copies of RNA/g feces, and viral RNA was detected in all
4 pigs from PID 2 to PID 7, with titers ranging from 5.1 to 5.9 log10

copies of RNA/g feces. In contrast, when gnotobiotic piglets were

FIG 1 Histological changes in the duodenum of gnotobiotic pigs. Duodenum sections were embedded in paraffin, sectioned at 5 �m, and stained with H&E for
histological examination by light microscopy. Duodenum tissue from an uninfected piglet is shown at the upper left (Normal control).

TABLE 3 Quantification of human NoV RNA in feces of gnotobiotic piglets fed human NoV GII.4-contaminated oysters with or without HPP

Treatmenta

Mean log10 no. of RNA copies/g feces � SD on PIDb:

1 2 3 4 5 6 7

None 3.5 � 2.4 (3/4) 5.3 � 0.6 (4/4) 5.8 � 0.4 (4/4) 6.0 � 0.3 (4/4) 5.7 � 0.2 (4/4) 5.2 � 0.4 (4/4) 5.2 � 0.5 (4/4)
350 MPa, 35°C 2.0 � 2.5 (2/4) 5.6 � 0.7 (4/4) 5.9 � 0.4 (4/4) 5.8 � 0.3 (4/4) 5.1 � 0.8 (4/4) 5.2 � 1.1 (4/4) 5.1 � 0.2 (4/4)
350 MPa, 0°C 1.2 � 2.4 (1/4) 0.0 � 0.0 (0/4) 1.3 � 2.7 (1/4) 0.0 � 0.0 (0/4) 0.0 � 0.0 (0/4) 2.7 � 3.1 (2/4) 0.0 � 0.0 (0/4)
a Pressure treatment was held for 2 min.
b Fecal samples collected daily were examined by RT-qPCR. Values in parentheses are the number of virus-positive piglets/total number of piglets tested.
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fed human NoV-inoculated oyster homogenates processed at 350
MPa and 0°C, no viral RNA was detected in any of the pig feces at
PIDs 2, 4, 5, and 7, and only 1 or 2 pigs were positive for viral
shedding at PIDs 1, 3, and 6, with the average RNA level ranging
from 1.2 to 2.7 log10 copies of RNA/g feces. Thus, the gnotobiotic
piglets had minimal viral RNA shedding in feces when contami-
nated oyster homogenate was treated by 350-MPa HPP at an ini-
tial temperature of 0°C, demonstrating that this pressure condi-
tion substantially inactivates human NoV GII.4 strain 765,
limiting infection of gnotobiotic piglets.

Detection of human NoV antigen in small intestines of gno-
tobiotic piglets following oral inoculation with human NoV
GII.4-seeded oyster homogenate treated by HPP. Finally, we de-
termined whether human NoV antigens could be found in intes-
tinal tissues. To do this, a whole-mount tissue indirect immuno-
fluorescence assay (IFA) was performed on fresh duodenum,
jejunum, and ileum tissues at PID 7 using a polyclonal antibody
against the VP1 protein of human NoV. The presence of human
NoV VP1 antigens was visualized by confocal fluorescence mi-
croscopy. As shown in Fig. 2, all duodenum and jejunum tissues
from gnotobiotic piglets fed untreated virus-contaminated oyster

homogenate were IFA positive. Human NoV-positive staining
(green) of cells at villous tips and the adjacent sides of individual
villi indicated the presence of human NoV antigen in enterocytes
and the replication of human NoV in these cells. An IFA-positive
signal was also detected in the ileum of 2 pigs in the untreated
group (Fig. 2). When piglets were fed the virus-contaminated oys-
ter homogenate treated at 350 MPa and 35°C for 2 min, a large
number of human NoV-positive cells were observed in all of the
duodenum and jejunum sections, indicating that human NoV
survived this treatment and was able to replicate in the gnotobiotic
piglets. However, no IFA-positive cells were detected in any intes-
tinal segments from piglets orally fed oyster homogenate treated at
350 MPa and 0°C for 2 min. Collectively, HPP treatment at 350
MPa and an initial temperature of 0°C for 2 min prevented human
NoV replication in gnotobiotic piglets, as demonstrated by the
lack of a viral structural protein in intestinal epithelial cells of the
piglets.

DISCUSSION

In this study, we determined the susceptibility of a human NoV
GII.4 strain to high pressure using a receptor binding assay and a

FIG 2 Detection of human NoV antigen-positive cells in the intestine by IFA. Fresh intestinal tissues collected from inoculated piglets at PID 7 were sectioned
into small pieces, fixed, quenched, and permeabilized. The tissues were incubated with NoV-specific polyclonal antibody, followed by incubation with goat
anti-guinea pig IgG labeled with Alexa Fluor 488. Nuclei and actin were counterstained with SYTOX orange and phalloidin labeled with Alexa Fluor 633. The
stained tissues were mounted onto slides and examined using an Olympus FV1000 confocal microscopy imaging system. The number of IFA-positive samples/
total number of samples tested is indicated beneath each panel. A green signal represents human NoV antigen, a red signal is actin, and a blue signal is the nucleus.
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gnotobiotic pig model. We have shown that treatment of oyster
homogenate inoculated with human NoV GII.4 strain 765 at 350
MPa and an initial temperature of 0°C for 2 min resulted in a
3.7-log10 reduction in the number of RNA copies using an in vitro
PGM-MB binding assay. Gnotobiotic piglets fed this oyster ho-
mogenate had minimal viral shedding in feces and no viral repli-
cation in intestinal cells and did not have significant histologic
lesions in duodenum tissues. These results suggest that pressure
conditions of 350 MPa at 0°C for 2 min are sufficient to inactivate
human NoV and, thus, prevent infection in gnotobiotic piglets. In
contrast, pressure conditions of 350 MPa at an initial temperature
of 35°C for 2 min, which achieved only a 1-log10 reduction in the
number of viral RNA copies, as determined by the PGM-MB
binding assay, were not sufficient to prevent human NoV infec-
tion in piglets. These data suggest that the rate of human NoV
survival following HPP treatment is consistent when it is esti-
mated by the PGM-MB binding assay and by use of the gnotobi-
otic pig model.

Currently, the infectivity/survival of human NoV is poorly un-
derstood because it cannot be grown in cell culture. Traditional
methods of human NoV detection, such as RT-PCR and quanti-
tative real-time RT-PCR, are widely used to detect the presence of
human NoV (29, 31). However, a major disadvantage of these
nucleic acid-based methods is that they cannot discriminate be-
tween the RNAs from infectious viruses and those from noninfec-
tious viruses. For example, it was recently reported that a human
NoV GII.4 strain (isolated from clinical samples from an out-
break) was inactivated by cold atmospheric pressure plasma
(CAPP), as determined by real-time RT-PCR (32). The initial
starting quantity was 2.36 �104 genomic equivalents/ml, and
sample exposure to CAPP reduced the RNA level by 1.23 log10 and
1.69 log10 genomic equivalents/ml after 10 and 15 min exposure,
respectively (32). However, a major concern is that the results of
real-time RT-PCR do not accurately reflect the level of viral infec-
tivity. We previously found that the mechanism of viral inactiva-
tion by HPP is the disruption of the viral capsid and not the deg-
radation of genomic RNA, and this capsid disruption would
directly affect the receptor binding ability (14, 33). Thus, intact
virus particles that possess receptor binding activity should be able
to bind to PGM-MBs and subsequently be detected by real-time
RT-PCR. Using this novel assay, we found that human NoV GII.4
strain 765 in oyster homogenate was readily inactivated at a lower
initial temperature. The effectiveness of temperature on human
NoV inactivation by HPP can be ranked 0°C 	 25°C 	 35°C. For
instance, HPP at 350 MPa and 0°C for 2 min led to a 3.7-log10

reduction in the human NoV RNA titer, whereas only a 1.0-log10

reduction was achieved when the initial temperature was 35°C.
This temperature-dependent inactivation of virus by HPP was
also observed with other cultivable animal caliciviruses, including
MNV-1, FCV, and TV, all of which were more easily inactivated at
0°C than at 25°C (14, 17, 19, 34). Clearly, a combination of the
PGM-MB virus binding assay and real-time RT-PCR is an im-
proved strategy to estimate the survival of human NoVs. In our
subsequent study with piglets, we chose HPP treatment levels
based on the level of human NoV survival/inactivation deter-
mined by the PGM-MB binding assay.

It is generally believed that HBGAs are functional receptors for
human NoV and determine host specificity. Swine have HBGA
phenotypes similar to those of humans, making gnotobiotic pig-
lets an excellent model with which to study human NoVs (23–25,

35, 36). Previous studies have shown that gnotobiotic piglets are
susceptible to oral infection with several human NoV GII.4
strains, and this animal model has been used for evaluation of the
efficacy of vaccine candidates and antiviral therapies against hu-
man NoVs (23–25, 37). We found that gnotobiotic piglets inocu-
lated with human NoV GII.4 strain 765 exhibited mild diarrhea,
viral RNA shedding in feces, histologic lesions in the intestines,
and viral replication in the proximal small intestine. Viral shed-
ding in pig feces was detected by real-time RT-PCR to PID 7. The
average viral RNA level gradually increased from 3.5 log10 copies
of RNA/g feces at PID 1 to a peak level of approximately 6.0 log10

copies of RNA/g feces at PID 4. On average, each piglet produced
more than 100 g of feces per day. Thus, the total amount of virus
that was shed was substantially more than the original amount of
virus that was input (7 log10 RNA copies). In addition, all of the
piglets inoculated with human NoV-seeded oyster homogenate
that had not been treated with HPP had detectable norovirus an-
tigens in the duodenal and jejunal enterocytes, as determined by
an indirect immunofluorescence assay. Also, histologic lesions
were found in the intestinal segments from infected piglets, and
these were characterized by the epithelial loss of villous tips, vil-
lous shortening, atrophy, and edema in the lamina propria. These
data provide compelling evidence that human NoV GII.4 strain
765 replicated in the gnotobiotic piglets.

Using this unique model, we found that the pressure condition
of 350 MPa at 35°C for 2 min was not sufficient to inactivate
human NoV GII.4 strain 765. Viral RNA was detected in all the
inoculated pigs from PID 2 to PID 7 at levels ranging from 5.1 to
5.9 log10 copies of RNA per gram of fecal matter, which was not
significantly different from the RNA level in piglets fed untreated
human NoV-contaminated oyster homogenate. In addition, these
piglets exhibited histologic lesions similar to those in the un-
treated control piglets, and antigen was detected in the small in-
testines of these piglets and untreated control piglets. Interest-
ingly, the pressure condition of 350 MPa at 0°C for 2 min
sufficiently blocked human NoV GII.4 infection in gnotobiotic
piglets. Under this pressure condition, no viral RNA was detected
in any of the inoculated pig feces at PID 2, 4, 5, or 7. No or minimal
histologic lesions were found in the duodenum tissue, and no
antigen expression was found in the small intestine. These data
suggest that HPP at 350 MPa and 0°C for 2 min is capable of
effectively inactivating a human NoV GII.4 strain to a level which
does not cause infection in the gnotobiotic pig model. Although
there was no significant difference in the rates of development of
diarrhea between piglets fed oyster homogenate treated with pres-
sure at the two temperatures (0°C and 35°C), viral shedding in
feces, histologic lesions in the intestine, and the presence of viral
antigen in enterocytes can be used as evidence of human NoV
replication in gnotobiotic piglets. Overall, the infectivity of hu-
man NoV determined in the gnotobiotic pig model was consistent
with that estimated by the PGM-MB binding assay and real-time
RT-PCR. Therefore, the loss of HBGA binding of human NoV
detected by the in vitro PGM-MB binding assay accurately reflects
the inability of the virus to cause infection in vivo.

Recently, Richards suggested that the priority of research on
human NoVs needs to be shifted from human NoV surrogates to
human volunteer studies in order to identify practical processing
approaches that may be used to eliminate this pathogen (38). This
argument is based on the fact that the ability of surrogates to
validly represent the inactivation profile of human NoV has been
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seriously questioned. To date, only one human challenge study to
determine the effectiveness of HPP to reduce human NoV levels in
oysters has been performed (21). In that study, the infection
caused by human NoV GI.1 (Norwalk virus) was judged by the
symptoms of volunteers and the presence of viral RNA in stool, as
determined by traditional RT-PCR (21). It was shown that the
higher pressure condition (600 MPa, 6°C, 5 min) but not the lower
pressure condition (400 MPa, 6 or 25°C, 5 min) completely inac-
tivated human NoV GI.1 in oysters and prevented human NoV
infection among all of the subjects challenged with HPP-treated
oysters (21). The inactivation of Norwalk virus by HPP has also
been evaluated using the PGM-MB binding assay (29). It was
found that HPP treatment of Norwalk virus RNA at 600 MPa
reduced the number of RNA copies by 4.7 log10 units using the
PGM-MB assay, which was comparable to the results obtained in
the human volunteer study (29).

Although the results obtained from the human clinical trials
are of great value, there are many obstacles associated with studies
with human subjects. It is estimated that the overall expense of
even a limited volunteer study may approach $500,000, including
compensation for participants, hospital costs, labor, etc. (38).
Also, there are potential health risks to human subjects in these
types of studies. Although human NoVs cause self-limiting infec-
tions, lethal cases, particularly in developing countries, have been
reported (39). In addition, it could be difficult to rule out the
possibility that unknown and, thus, undetected pathogens are
present in challenge materials to be administered to human vol-
unteers, posing another potential risk. Thus, volunteer studies
need to be performed under strictly controlled conditions to avoid
any unforeseen complications. As a consequence, studies with hu-
man subjects take years to be approved and executed. However,
the gnotobiotic pig model is not without limitations. Cost is also a
factor that may limit the use of the gnotobiotic pig model for
human NoV research, with the estimated cost of a study with one
litter of piglets reaching $25,000. Another limitation is the sample
size, with the capacity of the experimental facility and also the
number of piglets delivered by the sow dictating the number of
piglets available for a particular study. However, despite the limi-
tations of the gnotobiotic pig model, studies with gnotobiotic pigs
are easier to perform, more cost-effective, and more convenient to
execute than studies with human subjects. As demonstrated in this
study, the gnotobiotic pig model provides valuable information
about the infectivity of human NoVs following HPP treatment.

We used oysters as a food matrix because human NoV is fre-
quently associated with the consumption of shellfish, especially
oysters. The practical application of HPP to human NoV-contam-
inated shellfish will require the process to be economical, viable
for current commercial units, and, most importantly, acceptable
to consumers. The 2-min HPP treatments ranging from 300 MPa
to 450 MPa at 0°C, 25°C, and 35°C used in this study are econom-
ical for high-throughput operations. In fact, pressures of approx-
imately 300 MPa have been used in the shellfish industry to facil-
itate fresh shell oyster shucking, extend the shelf life, and reduce
total bacterial counts, including those of pathogenic Vibrio species
(15). Moreover, it has been shown that HPP causes minimal
changes to the appearance of the oyster and the pressure-treated
oysters were acceptable to consumers (15, 21). In addition, our
data demonstrate that a lower initial temperature significantly fa-
vors human NoV inactivation in oysters by HPP. The processing
of oysters at lower temperatures will likely enhance the freshness

and quality of the oysters. Therefore, the use of HPP to safely
process oysters in a manner that would meet industry require-
ments and consumer needs is economically and practically fea-
sible.

In summary, our study addresses a major gap in our under-
standing of whether HPP can effectively inactivate a strain of hu-
man NoV GII.4, the most prevalent human NoV genotype world-
wide. Using a novel receptor binding assay and a unique
gnotobiotic pig model, we found that HPP is capable of inactivat-
ing a human NoV GII.4 strain at a commercially acceptable pres-
sure level. Application of HPP in the oyster industry would signif-
icantly improve food safety and public health.
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