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We compared the results of high-hydrostatic-pressure (HHP) inactivation of murine norovirus type 1 (MNV-1) and Tulane virus
(TV) obtained by a porcine gastric mucin binding assay followed by quantitative reverse transcription-PCR (referred to here as
the PGM-MB/PCR assay) and a plaque assay and evaluated HHP inactivation of a human norovirus (HuNoV) genogroup I geno-
type 1 (GI.1) strain and a HuNoV GII.4 strain by using the PGM-MB/PCR assay. Viruses were treated at different pressure levels
for 2 min at 4 or 21°C in culture medium of neutral pH and in culture medium of pH 4 at 21°C. The log reductions of infectious
MNV-1 and TV particles caused by HHP were assessed using the PGM-MB/PCR and plaque assays, while the log reductions of
HuNoVs were assessed by the PGM-MB/PCR assay only. For TV and MNV-1, the two pressure inactivation curves obtained us-
ing the plaque and PGM-MB/PCR assays were almost identical at <2-log-reduction levels regardless of the treatment tempera-
ture and pH. Further increasing the pressure over the 2-log-reduction level resulted in higher log reductions of TV and MNV-1,
as assessed by the plaque assay, but did not increase the log reductions, as assessed by the PGM-MB/PCR assay. HHP treatments
could achieve maximum reductions of �3 and 3.5 log units for GI.1 and GII.4, respectively, as assessed by the PGM-MB/PCR
assay. On the basis of these results, it can reasonably be concluded that the PGM-MB/PCR assay would very likely be able to esti-
mate HHP inactivation of HuNoV at <2-log-reduction levels. It would also likely conservatively quantify HHP inactivation of
the GI.1 strain at 2- to 3-log-reduction levels and the GII.4 strain at 2- to 3.5-log-reduction levels.

Human norovirus (HuNoV) is the leading cause of foodborne
illnesses in the United States (1). It has frequently been asso-

ciated with a variety of ready-to-eat foods, including berries, salsa,
and guacamole, and raw shellfish, such as oysters (2–4). Currently,
the lack of suitable cell culture systems and practical small-animal
models has been hindering research for developing and/or iden-
tifying effective processing methods to inactivate HuNoV (1, 5).
Therefore, evaluation of the efficacy of processing treatments
must rely on HuNoV surrogates. The accuracy of methods that
use these surrogates is questionable since direct comparison of
methods that use surrogates with methods that use HuNoV is not
possible. Molecular biology methods, mostly quantitative reverse
transcription-PCR (qRT-PCR), can be used for HuNoV quantifi-
cation. However, these methods can detect only the presence of
HuNoV RNA and cannot distinguish between infectious and non-
infectious virus particles.

HuNoVs are reported to bind to histo-blood group antigens
(HBGAs) in the human intestinal tract, and HBGAs are consid-
ered the attachment factors necessary for infection (6, 7). To ini-
tiate infection, HuNoVs need to be able to bind to HBGAs to enter
the host cells. Porcine gastric mucin (PGM) contains HBGAs and
has been shown to be able to bind to genogroup I (GI) and geno-
group II (GII) HuNoV strains (8–10). In addition, the partially
purified PGM powder used in this study contained 0.5 to 1.5%
sialic acid (Sigma-Aldrich), which was reported to be the receptor
for murine norovirus (MNV) (11). Utilizing the ability of PGM to
bind to HuNoV, Tian et al. (9, 12, 13) and Pan et al. (14) used
PGM-conjugated magnetic beads (PGM-MBs) to extract and
concentrate HuNoV from food matrices, such as fresh produce,
salad, and sewage. After binding, only bound virus particles can be
quantified using qRT-PCR. Dancho et al. (15) first used this
PGM-MB binding method followed by qRT-PCR assay (referred

to here as the PGM-MB/PCR assay) to discriminate between in-
fectious and noninfectious HuNoV treated by HHP, thermal, and
UV treatments, based on the assumption that only the infectious
virus could bind to PGM. Later, the same group (16) used the
same approach to assess the efficacy of chlorine, chlorine dioxide,
peroxyacetic acid, hydrogen peroxide, and trisodium phosphate
for the inactivation of HuNoV. However, the validity of their as-
sumption remains to be tested. It is possible that partially dam-
aged and inactivated HuNoV can still bind to PGM and can sub-
sequently be detected by qRT-PCR. Currently, it is impossible to
verify the assumption since no tissue culture-based method for
determination of HuNoV infectivity is available to generate data
that can be compared with those obtained using the PGM-MB/
PCR assay. Since a plaque assay is available for the two most com-
monly used HuNoV surrogates, MNV and Tulane virus (TV),
inactivation results for these two viruses could be obtained using
both the plaque assay and the PGM-MB/PCR assay and com-
pared. If the results of the two assays were comparable, such find-
ings would provide support for using the PGM-MB/PCR assay as
a means to quantify infectious HuNoV.
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HHP has been the most successfully and most widely used
nonthermal processing technology in the food industry over the
last 2 decades because treated foods retain their raw characteristics
after processing and because it minimizes the loss of the nutri-
tional value of the foods. It is commercially used to process various
kinds of foods mainly to increase their shelf life and enhance food
safety by inactivating pathogenic bacteria, such as Listeria mono-
cytogenes, Salmonella, and Escherichia coli O157:H7 (17, 18).
Sometimes it is commercially used as a processing aid; for exam-
ple, it has been used to facilitate oyster shucking. Commercially
HHP-treated foods include those that have been involved in
HuNoV outbreaks, such as oysters, salsa, and guacamole (4, 19).
Unfortunately, the HHP parameters designed for the processing
of those foods do not take HuNoV into consideration, and it is not
clear whether those HHP processing parameters would be able to
eliminate HuNoV. It has been well documented that HHP is able
to inactivate HuNoV and its surrogates, MNV, TV, and feline
calicivirus (20–23). For example, our previous study showed that
an HHP treatment of 350 MPa for 2 min at 21°C resulted in a
3.8-log reduction of TV at neutral pH and a 400-MPa treatment
under the same conditions resulted in a 4.5-log reduction of
MNV-1 (20). Using human volunteers for direct assessment of
HuNoV inactivation, Leon et al. (24) were able to demonstrate
that an HHP treatment of 600 MPa at 6°C for 5 min was able to
inactivate an HuNoV genogroup I genotype 1 (GI.1) strain inoc-
ulated into oysters and protect human subjects from infection.

The objectives of this study were to (i) compare the data on the
HHP inactivation of MNV-1 and TV obtained using both the
plaque assay and the PGM-MB/PCR assay under two different
HHP treatment temperatures and two different culture medium
pH values and (ii) determine whether the HuNoV GI.1 strain and
the GII.4 strain behaved similarly to the two surrogates under
HHP using the PGM-MB/PCR assay.

MATERIALS AND METHODS
Virus and cell lines. Detailed information about the viruses (HuNoV GI.1
and GII.4, MNV-1, and TV) and cell lines (RAW 264.7 cells for MNV-1
and LLC-MK2 cells for TV) used in this study was described in our pre-
vious studies (20, 21). For the two HuNoV strains, fecal suspensions were
centrifuged at 4,000 � g for 20 min, filtered through a 0.22-�m-pore-size
filter, aliquoted, and stored at �80°C until use. High-glucose Dulbecco’s
modified Eagle medium (DMEM; Life Technologies, Carlsbad, CA) sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS; Life Tech-
nologies) was used to culture RAW 264.7 cells, while M199 medium
(Corning, Manassas, VA) supplemented with 10% heat-inactivated FBS,
penicillin G (100 U/ml), and streptomycin (100 �g/ml) was used to cul-
ture LLC-MK2 cells. Both RAW 264.7 and LLC-MK2 cells were cultured
at 37°C under a 5% CO2 atmosphere. To grow the MNV-1 stock, conflu-
ent RAW 264.1 cells were infected with MNV-1 at a multiplicity of infec-
tion (MOI) of 1. After 1 h of incubation at 37°C under a 5% CO2 atmo-
sphere, 25 ml of DMEM supplemented with 2% FBS was added. MNV-1
was harvested 2 days after inoculation by the use of three freeze-thaw
cycles and centrifugation. Virus was stored at �80°C until use. The same
procedures were followed to grow TV, except that cells were infected with
TV at an MOI of 0.1 and 25 ml M199 medium supplemented with 10%
FBS was used after 1 h of incubation.

Viral plaque assay. MNV-1 and TV were quantified by plaque assay
following the procedures published previously (20). Briefly, RAW 264.7
cells were seeded into six-well plates (Becton, Dickinson and Company,
Franklin Lakes, NJ) at a density of 2 � 106 cells per well. After 24 h of
incubation, cell monolayers were infected with 400 �l of a 10-fold dilution
series of MNV-1 and the plates were incubated for 1 h at 37°C in a 5% CO2

atmosphere with gentle agitation every 10 to 15 min. Cells were overlaid
with 2.5 ml of Eagle minimum essential medium (MEM) containing 0.5%
agarose, 5% FBS, 0.12% sodium bicarbonate, penicillin G (100 U/ml),
streptomycin (100 �g/ml), amphotericin B (0.25 �g/ml), 25 mM HEPES
(pH 7.7), and 2 mM L-glutamine (Life Technologies). The plates were
then incubated at 37°C in a 5% CO2 atmosphere for 2 days and fixed in
3.7% formaldehyde (37% formaldehyde [Fisher Scientific, Pittsburgh,
PA] diluted 10-fold in phosphate-buffered saline [PBS] solution [pH
7.4]), and the plaques were visualized by staining with 0.05% (wt/vol)
crystal violet in 10% ethanol. For the TV plaque assay, LLC-MK2 cells
were seeded in six-well plates at a density of 4 � 105 cells per well. Cells
were overlaid with 0.5 volume of M199 medium, 10% fetal bovine serum,
penicillin G (100 U/ml), streptomycin (100 �g/ml), amphotericin B (0.25
�g/ml), and 0.5% agarose. The plates were then incubated at 37°C in a 5%
CO2 atmosphere for 4 days before the cells were fixed with formaldehyde.

Preparation of PGM-MBs. PGM-MBs were prepared as described
previously (21). Briefly, 1 ml MagnaBind carboxyl-derivatized beads
(Thermo Scientific, Waltham, MA) was washed three times with 1 ml PBS
(pH 7.2), and a bead attractor (EMD Millipore) was used to separate the
beads after each wash. One milliliter of 10 mg/ml type III mucin from
porcine stomach (bound sialic acid, 0.5 to 1.5%; Sigma, St. Louis, MO)
and 0.1 ml of 10 mg/ml 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC), both in conjugation buffer (0.1 M MES [2-(N-
morpholino)ethanesulfonic acid], 0.9% NaCl, pH 4.7), were added to the
beads. The mixture was rotated for 30 min on a Labquake shaker rotisserie
(Thermo Scientific), washed three times with 1 ml PBS (pH 7.2), sus-
pended in 1 ml PBS (pH 7.2) containing 0.05% sodium azide, and stored
at 4°C.

PGM binding assay and RNA preparation. The procedure described
previously was used for the PGM binding assay (21). One hundred mi-
croliters of PGM-MBs was added to each sample, and each sample was
incubated at room temperature for 15 min on a Labquake shaker rotis-
serie. The PGM-MBs were then separated by the magnetic bead attractor
and washed three times with 1 ml PBS (pH 7.2). After that, the beads were
resuspended in 140 �l of molecular biology-grade H2O and put on ice
before the RNA was extracted with a QIAamp viral RNA minikit (Qiagen
USA, Valencia, CA, USA) as described previously (21).

qRT-PCR quantification. The primers and TaqMan probes and their
concentrations used for qRT-PCR for HuNoV GI.1 and GII.4 were those
described previously, with minor modifications (21). The concentration
of the probe for the HuNoV GI.1 strain was 250 nM instead of 100 nM.
The primers and probe for MNV-1 were adapted from those described in
a previous publication (25), and the primers and probe for TV were de-
signed by Xi Jiang at Cincinnati Children’s Hospital Medical Center
through personal communication. Primer FW-ORF1/ORF2 (CACGCCA
CCGATCTGTTCTG; 200 nM), primer RV-ORF1/ORF2 (GCGCTGCGC
CATCACTC; 200 nM), and probe MGB-ORF1/ORF2 (FAM-CGCTTTG
GAACAATG-MGBNFQ [where FAM is 6-carboxyfluorescein]; 200 nM),
based on the sequence with GenBank accession number DQ285629,
were used for MNV-1, while primer p1888-F (TCGCGCAGCGCAC
TTA; 900 nM), primer p1889-R (CAAGAATCCAGAACAACCAATA
TCA; 400 nM), and probe TVRdRp-P (FAM-CACCTTCTTGTGGGC
CA-MGBNFQ; 175 nM), based on the sequence with GenBank
accession number EU391643, were used for TV. PCR conditions and
other PCR reagents were those described in a previous publication
(21). Viral RNA extracted directly from virus using a QIAamp viral
RNA minikit was serially diluted and applied as the standard for qRT-
PCR.

HHP treatment of viruses. The culture media for RAW 264.7 and
LLC-MK2 cells were adjusted to pH 4 using concentrated HCl (�12.1 M).
The original culture media with neutral pH (�pH 7.0 to 7.5) and culture
media adjusted to pH 4 were sterilized by being filtered through 0.22-�m-
pore-size filters (EMD Millipore, Billerica, MA). One volume of TV
(�5 � 105 to 5 � 106 PFU/ml) or MNV-1 (�107 to 108 PFU/ml) stock
was mixed with 9 volumes of the corresponding cell culture medium
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adjusted to pH 4 as well as the original medium. HuNoV GII.4 and GI.1
stocks were diluted 20 and 10 times, respectively, using the original
MNV-1 culture medium or the MNV-1 culture medium adjusted to pH 4.
Each of the four virus solutions (150 �l for HuNoVs and 1.5 ml for TV
and MNV-1) was double bagged and double sealed in a sterile polyethyl-
ene stomacher pouch (Seward, Port Saint Lucie, FL). MNV-1, TV,
HuNoV GI.1, and HuNoV GII.4 samples were pressurized at 150 to 550,
50 to 400, 250 to 575, and 100 to 450 MPa, respectively, using an Avure
PT-1 pressure unit (Avure Technologies, Kent, WA) with temperature
control and with water as a hydrostatic medium. Pressure treatments were
conducted at 4 and 21°C for samples in the original cell culture media and
21°C for samples in the culture media adjusted to pH 4. The treatment
time was 2 min for all the pressure treatments. The pressure come-up rate
was approximately 22 MPa/s, and the pressure release time was �4 s. The
pressurization times reported here did not include the pressure come-up
time or the release time. Control or untreated samples were prepared in
the same way as the pressure-treated samples. Negative controls contain-
ing all the reagents but not the viruses were also prepared. After the pres-
sure treatments, 100 �l of each sample was mixed with 800 �l PBS and the
mixture was incubated with 40 �g of RNase A (Life Technologies) at 37°C
for 30 min. Viruses were then assayed using the PGM-MB/PCR assay as
described above. TV and MNV-1 samples were also used directly for
plaque assay after pressure treatments.

Statistical analysis. Each experiment was replicated 3 times. Log re-
ductions were the differences between the untreated samples and the
treated samples. One-way analysis of variance (for comparison of more
than 2 groups) following Tukey’s post hoc comparisons or an indepen-
dent-samples t test (for comparison of 2 groups) using SPSS software,
version 22 (IBM SPSS Inc., Chicago, IL), was performed for statistical
analysis. A P value of �0.05 was considered statistically significant.

RESULTS
Comparisons of results of plaque assay and PGM binding assay.
TV and MNV-1 in culture media with an approximately neutral
pH were pressure treated at 21°C. The pressure inactivation curves
of both viruses were obtained using the plaque and PGM-MB/
PCR assays (Fig. 1). For TV, the two pressure inactivation curves

obtained using the plaque and PGM-MB/PCR assays were almost
identical at �2-log-reduction levels. Increasing the pressure to
over 200 MPa resulted in higher log reductions for the plaque
assay but not for the PGM-MB/PCR assay. The maximum reduc-
tion achieved using the PGM-MB/PCR assay was �2 log units.
Similar pressure inactivation patterns were also observed for
MNV-1. We further compared the pressure inactivation results
between the plaque assay and the PGM-MB/PCR assay using a
lower pressure treatment temperature, 4°C (Fig. 1). Patterns sim-
ilar to those described above were again observed. The two pres-
sure inactivation curves obtained using the plaque and PGM-MB/
PCR assays were almost identical at �2-log-reduction levels, but
the curves differed above the 2-log-reduction level. We then de-
termined whether changing the medium pH to 4 would affect this
pattern (Fig. 1). For TV, patterns similar to those described above
were observed. However, the two pressure inactivation curves for
MNV-1 obtained using the plaque and PGM-MB/PCR assays
were identical only at �1-log-reduction levels but differed above
the 1-log-reduction level. This is possibly because the 2-log-re-
duction level was reached at a pressure between 400 and 450 MPa,
a range not included in the study.

Figure 1 also shows that a lower pressure treatment tempera-
ture significantly enhanced the pressure inactivation of TV and
MNV-1. For example, plaque assay results showed that a 2.3-log
reduction was achieved when TV was pressurized at 150 MPa and
4°C, but only a 0.2-log reduction was achieved at the same pres-
sure level at 21°C. Pressurization of MNV-1 at 300 MPa and 4°C
resulted in a 4.3-log reduction by the plaque assay, but only a
0.2-log reduction was noticed with the treatment at the same pres-
sure level at 21°C. The results also showed that both TV and
MNV-1 were more resistant to pressure at pH 4 than neutral pH.
For example, plaque assay results showed that a treatment of 200
MPa for 2 min at 21°C resulted in a 2.1-log reduction of TV at
neutral pH, but only a 0.1-log reduction was observed for the same
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FIG 1 Pressure inactivation of TV and MNV-1 assessed by plaque assay and the PGM-MB/PCR assay. Data are the means from 3 replicates. Error bars represent
1 standard deviation. *, the titers were below the detection limit for some or all of the replicates.
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treatment at pH 4. A treatment with 400 MPa for 2 min at 21°C
resulted in a 3.4-log reduction of MNV-1 at neutral pH, but only
a 0.9-log reduction was observed for the same treatment at pH 4.
The results also indicated that MNV-1 was more resistant to pres-
sure than TV. For example, a treatment of 200 MPa for 2 min at
21°C resulted in a 2.1-log reduction of TV. However, treatment at
a higher pressure, 250 MPa, for 2 min at 21°C caused only a 0.1-log
reduction of MNV-1.

HHP inactivation of HuNoVs. The pressure inactivation
curves for GII.4 obtained using the PGM-MB/PCR assay showed
patterns similar to those for the curves for TV and MNV-1 (Fig. 2).
There was no virus inactivation at low pressure levels, and rapid
inactivation was found after the pressure was increased above the
critical pressure level. The maximum reduction achieved was
�3.5 log units and was about 1.5 log units higher than that for TV
and MNV-1. Increasing the pressure did not result in greater re-
ductions, as assessed by the PGM-MB/PCR assay. Changing the
treatment temperature and pH of the suspending medium af-
fected the pressure sensitivity only of GII.4 and did not affect the
shapes of the pressure inactivation curves. The pressure inactiva-
tion curves for GI.1 also showed patterns similar to those of the
curves for GII.4, except that no maximum plateau was observed.
However, unlike the GII.4 strain, which had a higher titer, so that
the plateau was achieved when it was still above the detection
limit, due to the low initial titer of the GI.1 stock, a �3-log reduc-
tion was the maximum that could be achieved. It is not known
whether greater log reductions could be achieved by increasing the
pressure levels.

Consistent with the results for TV and MNV-1 and our previ-
ously published results (21), both the GI.1 and the GII.4 strains
were more sensitive to pressure at 4°C than at 21°C and at neutral
pH than at pH 4. For example, results showed that a 2.6-log re-
duction was achieved when the GI.1 strain was pressurized at 400
MPa and 4°C, but only a 0.1-log reduction was achieved at the
same pressure level at 21°C. Pressurization of the GII.4 strain at
300 MPa and 4°C resulted in a 3.8-log reduction, but only a 1.8-log
reduction was noticed for the treatment at the same pressure level
at 21°C. In addition, at pH 4, treatment at the same pressure level
resulted in only a 0.1-log reduction for the GII.4 strain. Similarly,
treatment at 500 MPa for 2 min at 21°C resulted in a 1.8-log
reduction of the GI.1 strain at neutral pH, but only a 0.2-log re-
duction was achieved at pH 4 with the same treatment conditions.

These results also show that the GI.1 strain was more resistant to
pressure than the GII.4 strain that we tested. Considering the re-
sults obtained for MNV-1 and TV (Fig. 1), it is likely that the order
of pressure resistance for the virus strains that we used in this
study was GI.1 � MNV-1 � GII.4 � TV.

DISCUSSION

Since qRT-PCR quantifies only the total amount of RNA in a virus
sample and is not able to distinguish between infectious and non-
infectious viruses, PGM was used in this study to bind and collect
potentially infectious HuNoV and exclude inactivated virions
with capsids that had been rendered unable to bind to PGM by
HHP. To test whether the PGM-MB/PCR assay would be able to
provide accurate inactivation results, we used this assay to test the
pressure inactivation of MNV-1 and TV, which are currently con-
sidered the most appropriate HuNoV surrogates, and compared
the inactivation results with those obtained using the plaque assay.
MNV belongs to the genus Norovirus and has biochemical fea-
tures, a genome size, and a gene organization similar to those of
HuNoV (1, 26, 27). However, MNV is still different from HuNoV
in its pathogenesis. MNV infection in mice does not cause the
same symptoms that HuNoV does in humans (1, 26, 27). Al-
though MNV uses sialic acid as a functional receptor while
HuNoV uses HBGAs as attachment factors (7), our results dem-
onstrate that MNV-1 was still able to bind to PGM. Since the PGM
used in this study contained 0.5 to 1.5% sialic acid, it is possible
that MNV-1 specifically bound to the sialic acid contained in
PGM. However, it is also possible that the binding of MNV-1 to
PGM was unspecific. Nevertheless, the results are in agreement
with those reported by Hirneisen and Kniel (28), who used a
monoclonal anti-MNV primary antibody (IgG) to show that the
level of MNV-1 attachment to PGM was significantly greater than
its level of attachment to sialic acid, the receptor for MNV-1. The
reason for this is not clear but is possibly due to different binding
mechanisms (28). TV, a monkey calicivirus isolated at the Tulane
National Primate Research Center, has a genomic sequence that
closely resembles that of HuNoV, and more importantly, it recog-
nizes the type A and B HBGAs, similar to HuNoV (29). Even
though at this point it is not clear that the binding to PGM was
specific for TV, as well as MNV, both TV and MNV-1 behaved
similarly, with the results obtained by the PGM-MB/PCR assay
agreeing well with those obtained by the plaque assay at approxi-

FIG 2 Pressure inactivation of HuNoV GI.1 and GII.4 strains assessed by PGM-MB/PCR assay. Data are the means from 3 replicates. Error bars represent 1
standard deviation.
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mately �2-log-reduction levels. It is likely that HHP treatment
probably did not preferentially destroy specific binding sites on
the virus capsids but more likely damaged the whole virus capsid.
Due to the uncertainty of the specificity of PGM binding to differ-
ent viruses, no conclusion regarding the details of the damage to
virus particles caused by HHP can be drawn from this study.

It should be noted that for the PGM-MB/PCR assay to accu-
rately quantify the RNA copies of infectious HuNoV, the follow-
ing criteria must be met: (i) 100% of the infectious virus must bind
to PGM-MB, (ii) 100% of the inactivated virus may not bind to
PGM-MB, and (iii) no loss of infectious virus may be achieved
during the whole assay process, from PGM-MB binding to final
qRT-PCR quantification. Any deviations from those criteria could
affect the accuracy of the results. Apparently, some inactivated TV
and MNV-1 virions with damaged capsids could still bind to
PGM-MBs, since there were differences between the log reduc-
tions of the RNA copy numbers assessed using the PGM-MB/PCR
assay and the log reductions of the titers assessed using the plaque
assay. It was surprising to observe that the log reduction of RNA
copy numbers for TV and MNV-1 reached a maximum plateau of
�2 log units. Further increasing the pressure over the 2-log-re-
duction level could inactivate more virus particles but did not
further decrease their ability to bind to PGM. It seems that the
capsids of a fraction of inactivated TV and MNV-1 were still able
to bind to PGM, regardless of the treatment conditions used in the
study. Since many factors are involved in the process of viral rep-
lication, which includes the initial step of attachment to host cells,
and details on the damage incurred by the virions are unclear, it is
difficult to speculate why only a �2-log reduction of TV and
MNV-1 was achieved by HHP when the reductions were evaluated
using the PGM-MB/PCR binding assay. Interestingly, greater
than 2 log unit reductions of the RNA copy numbers could be
achieved for HuNoV GI.1 and GII.4. HHP mainly targets the cap-
sids and not the genomes of the viruses (22, 30, 31). A previous
study has shown that HHP disrupts the structure of the viral cap-
sid of MNV-1 and not the primary or secondary structure of the
VP1 protein, which plays a role in viral attachment (22). A few
studies have demonstrated that the pressurized capsid protein is
still antigenic (22, 31). Interestingly, our results did not totally
agree with some results of Lou et al. (22), who showed that no
RNA was detected after HHP and RNase treatment. On the other
hand, our results agree with those reported in a recent study by
Cromeans et al. (32). In that study, it was found that the RNA copy
number of TV was reduced by 1 log unit with treatment with 200
MPa of pressure, with no further reduction of the RNA copy num-
ber occurring up to a pressure of 800 MPa, while the RNA copy
numbers of semipurified preparations of HuNoV GI.5 and GII.13
were reduced by 2 log units by treatment with 300 MPa of pressure
and by 1 log unit by treatment with 400 MPa of pressure, respec-
tively, with no further reductions of the RNA copy numbers oc-
curring at a pressure of up to 800 MPa (32). Their results suggest
that some of the capsids of the viruses, which were probably dam-
aged to some extent, were still able to protect the RNA inside the
capsids after pressure treatment. On the basis of our PCR results
with the tested viruses, particularly for MNV-1 and TV, a portion
of the damaged capsids was able to not only protect the RNA
inside the capsids but also bind to PGM after the pressure treat-
ments. Even though damage to the capsid binding sites can cer-
tainly lead to viral inactivation, for some virions, it is also possible
that some of their other parts but not the binding sites were dam-

aged, which consequently caused them to lose infectivity. In addi-
tion, it is still not clear if the binding to PGM of any of the viruses
tested in this study was specific or unspecific. Therefore, some of
the noninfectious viruses could still bind to PGM and be further
quantified by the PGM-MB/PCR assay.

In addition to PGM, other binding agents in combination
with qRT-PCR have also been evaluated for their ability to
distinguish between infectious and inactivated viruses. Li et al.
(33) used RAW 264.7 cells and ganglioside GD1a (the binding
receptor of MNV-1) to bind MNV-1 and further quantified the
bound virus by qRT-PCR to evaluate the inactivation of MNV-1
by heat and hydrogen peroxide. No correlation between the re-
sults of the PCR assay and those of the plaque assay was found. A
recent study used an in situ capture qRT-PCR to determine the
inactivation of TV and found that this method reflected inactiva-
tion of the virus by chlorine or ethanol treatment but not UV
irradiation (34). The UV irradiation used in that study did not
reduce the ability of TV to bind to its receptor, and subsequent
PCR was still able to amplify the target fragment, even though the
genome was damaged by UV irradiation and the virus was not
able to replicate, as indicated by the results of a cell culture-based
assay (34). Taken together, the effectiveness of using a binding
method followed by PCR to distinguish between infectious and
inactivated viruses might depend on the binding agents and pro-
cessing methods. Therefore, before a cell culture system is avail-
able for HuNoV, it is important to carefully evaluate molecular
biology-based methods when they are used to quantify the effec-
tiveness of different inactivation methods.

The results from this study show that for the tested viruses, all
of them were more sensitive to pressure at a refrigeration temper-
ature than room temperature and at neutral pH than pH 4, in
agreement with the findings of our previous studies (20, 21). Since
the results of the plaque assay for both MNV-1 and TV matched
those of the PGM-MB/PCR assay, the PGM-MB/PCR assay could
provide some basic information on the HHP inactivation of
HuNoVs. Although it is understandable that HuNoVs are acid
tolerant because they are enteric viruses and need to be able to
survive in the acidic environment of the stomach to infect the
intestine, there is still no knowledge of why the viruses are more
resistant to pressure at a lower pH from the biophysical point of
view of the virus. Due to the influence of temperature and pH, the
pressure treatment temperature and the formulations of different
food products need to be taken into consideration when designing
HHP treatments.

The human challenge trial is the only study available in the
literature which roughly defined the pressure inactivation profile
of HuNoV GI.1 (24). In that study, human subjects were chal-
lenged with pressure-treated and untreated oysters inoculated
with HuNoV GI.1. When human volunteers were challenged
with untreated oysters, 7 out of 15, or 47%, of the subjects became
infected with HuNoV (24). Conversely, none of the 10 subjects
challenged with oysters treated with 600 MPa of pressure at 6°C
for 5 min became infected (24). Since the study was an endpoint
study in which subjects were either infected or not infected with
HuNoV, the extent to which HuNoV was inactivated was not
clearly defined (20). Recently, it was found in our laboratory (35)
that the same pressure treatment condition (600 MPa at 6°C for 5
min) could achieve �4-log reductions in the number of RNA
copies of the same GI.1 strain inoculated into oysters, as assessed
using the PGM-MB/PCR assay, which roughly agreed with the
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results from the human challenge study. Taking together the re-
sults from the study by Ye et al. (35) and the results from this
study, it can be concluded that the PGM-MB/PCR assay would
very likely be able to estimate the level of HHP inactivation of
HuNoV at �2-log-reduction levels. It would also likely be able to
conservatively quantify the level of HHP inactivation of the GI.1
strain at 2- to 3-log-reduction levels and the GII.4 strain at 2- to
3.5-log-reduction levels. Therefore, the PGM-MB/PCR assay is an
important tool for studies of HHP inactivation of HuNoV until a
cell culture system is developed. The results from this study also
suggest that MNV-1 is probably a good surrogate for some GII.4
strains for use in HHP inactivation studies, since it was more
pressure resistant than the GII.4 strain that we tested, but is not a
good surrogate for the GI.1 strain, since it was more pressure
sensitive than the GI.1 strain. In addition, MNV-1 behaved simi-
larly to the GII.4 and the GI.1 strains under different HHP treat-
ment conditions (conditions that differed by treatment tempera-
ture and pH). It should be noted that the PGM-MB/PCR assay
may not be suitable for the evaluation of other processing meth-
ods. Therefore, the use of surrogates, such as MNV-1, has its mer-
its in certain types of inactivation studies.
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