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The correlation between the detection of murine norovirus 1 RNA by real-time reverse transcription-PCR
and the infectivity by plaque assay before and after heat exposure (80°C) was examined. No correlation was
found in the current study. Moreover, heat inactivation had a much stronger detrimental effect on virus
infectivity than on the integrity of the viral genome.

Human noroviruses (NoV) and hepatitis A virus (HAV) are
the most important causes of food-borne outbreaks in the
Western world (13). These viruses exhibit high particle stability
and infectivity, and they cause large and frequent outbreaks
that impose significant economic burdens (13). Despite numer-
ous efforts, no cell line is yet available for cultivation of human
NoV (5). Recently, a 3-dimensional cell culture model was
reported that could provide new avenues in the future (22).
The detection of human NoV nowadays relies on molecular
techniques and on the use of a surrogate that can be grown in
a cell line. Until recently, feline calicivirus (FCV) was almost
exclusively used as a surrogate. However, FCV is a vesivirus
that causes respiratory illness (10). In 2003, a novel NoV in-
fecting mice, murine norovirus 1 (MNV-1), was described (12).
Like human NoV, murine NoV are enteric pathogens that are
spread by the fecal-oral route. Moreover, these viruses belong to
the same genus (24). A recent report comparing the suitability of
MNV-1 and FCV as surrogates for studies of NoV stability and
inactivation demonstrated that MNV-1 was more acid tolerant
than FCV, making it a more suitable surrogate for human NoV
(3). Therefore, MNV-1 was chosen as a surrogate for human
NoV in the current study. The objective was to examine the
correlation between infective virus particles determined by a
plaque assay and genomic copies detected by real-time reverse
transcription-PCR (RT-PCR) before and after heat treatment.
Furthermore, the effect of heat on the integrity of the viral ge-
nome was tested through a transfection assay.

MNV-1 is rapidly inactivated by exposure to temperatures
higher than 60°C. MNV-1 lysate samples (400 �l), containing
around 7 log10 PFU/ml, were subjected to heat treatment in

microcentrifuge tubes in a heating block set at 80°C. The
MNV-1 lysate was prepared by infecting RAW 264.7 cells with
MNV-1.CW1, passage 5, at a multiplicity of infection of 0.05
for 2 days as described elsewhere (23).

The temperature profile was monitored in parallel in 400-�l
volumes of cell culture medium. At chosen time intervals, a
suspension of the virus lysate was taken from the heating block
and immediately stored on ice until all samples were collected and
the number of MNV-1 PFU could be analyzed by a plaque assay
(23). Untreated virus lysate served as a control. The inactivation
profile and the temperature profile are shown in Fig. 1. After
150 s (2.5 min), the internal temperature of the sample had
reached 80°C and the MNV-1 titer was reduced by 6.5 log10

units. These data demonstrate that MNV-1 is rapidly inacti-
vated at temperatures of 60°C or higher. The observed inacti-
vation at about 60°C is likely due to structural changes in the
capsid. Conformational alterations on the secondary, tertiary,
and quaternary protein levels were also observed for Norwalk
virus-like particles at temperatures above 60°C (1).

Development of a real-time PCR assay to detect MNV-1.
Due to the absence of a robust tissue culture system for human
NoV, molecular techniques are used to detect and to investi-
gate the behavior of human NoV. To determine the relation-
ship between the number of genomic copies and infectious
units (PFU/ml), a real-time PCR assay for the detection of
MNV-1 was first developed. A primer and probe set were
selected with Primer Express (Applied Biosystems, Foster City,
CA) in the ORF1/ORF2 junction region (Table 1). Eighteen
microliters of reaction mixture (GeneAmp buffer II [Applied
Biosystems], 2 mM MgCl2, 200 �M deoxynucleoside triphos-
phates [Invitrogen, Carlsbad, CA], 200 nM each primer, 200
nM probe, 50 nM ROX [Invitrogen], 0.5 U AmpliTaq Gold
[Applied Biosystems]) was added to 2 �l of cDNA. The real-
time PCR assays were performed in an ABI 7000 system (Ap-
plied Biosystems). The amplification profile included 10 min at
95°C and 40 cycles of 15 s at 95°C and 1 min at 60°C.

A standard curve (Fig. 2) was generated using 10-fold serial
dilutions (107 genomic copies to 1 genomic copy) of the plas-
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mid p20.3 containing a full-length cDNA clone of MNV-
1.CW1 (21). The standard curve shown in Fig. 2 is a result of
10 independent runs (y � �3.3865x � 40.31; R2 � 0.99). A
minimum of 10 copies of the MNV-1 genome were consistently
detected in the assay, while the detection of 1 genomic copy
occurred only one out of three times. This demonstrated that
the established assay was sensitive and robust.

Genomic copies of MNV-1 detected by real-time RT-PCR do
not correlate with the number of infectious particles after heat
treatment. In order to determine whether the number of
genomic copies correlates with the number of infectious virus
particles after heat treatment, real-time PCR and a viral
plaque assay were performed. RNA was isolated from 10-fold
serial dilutions of MNV-1 lysate using the RNeasy minikit
(Qiagen, Hilden, Germany) according to the manufacturer’s
recommendations, and cDNA was generated. For cDNA
synthesis, random hexamers (Invitrogen) were used with Im-
prom-II reverse transcriptase (Promega, Madison, WI) accord-
ing to the recommended protocol of the supplier in a Gene-
Amp PCR system 2400 (Perkin-Elmer, Foster City, CA).

The quantification of genomic copies by real-time RT-PCR
from 10-fold serially diluted virus lysate samples in the absence
of heat treatment demonstrated the presence of ca. 100 times
more genomic copies than PFU (data not shown). One reason
for this could be the presence of infective virus particles as well
as defective or noninfective virus particles in the sample. The
presence of distinct virus particles that could serve as a tem-

plate for real-time RT-PCR detection was also reported by
others for Nipah virus and enteroviruses (8, 14).

The effects of heat exposure on the numbers of infectious
MNV-1 particles and genomes were investigated. RNA was
isolated directly after exposure of the MNV-1 lysate to 80°C
for different times (0, 150, 900, 1,800, and 3,600 s), and cDNA
was generated as described above. Exposure of MNV-1 to 80°C
for 150 s resulted in PFU reductions of more than 6 log10 units
as determined by a plaque assay. At the same time, more than
9 log10 genomic copies were detected by real-time RT-PCR.
Even exposure times as long as 1 h at 80°C resulted in the
detection of more than 6 log10 genomic copies (Table 2). These
data demonstrate that the reduction in the number of infec-
tious virus particles after heat treatment does not correlate
with the number of genomes detected by real-time RT-PCR.

Since the use of molecular techniques for the detection of
NoV is a common practice in food safety settings, the inclusion
of a pretreatment with proteinase K (Prot K) and RNase A
prior to RNA extraction was investigated to determine if it
could result in a correlation between real-time detection of
genomic copies and plaque assay results. A combined treat-
ment of Prot K (20 U) and RNase (100 ng) was reported to
degrade viral RNA from inactivated poliovirus particles, while
infective virus particles were still detected (18). A Prot K
(Sigma, St. Louis, MO) solution of 2 U/�l was prepared in 0.01
M Tris-HCl (pH 7.5). An RNase A (Sigma) stock solution (1
mg/ml) was prepared in 1 M Tris–0.1 M EDTA. The effects of
enzymatic activity on an unheated virus lysate (aiming to main-
tain the integrity of RNA and maintaining RT-PCR detection
because infective particles are present as noted by the plaque
assay) and on a heat-treated virus lysate (aiming to degrade
RNA and eliminate RT-PCR detection in order to obtain a
correlation between RT-PCR and the loss of infectivity as
noted by the plaque assay) were studied. Both Prot K (20
U/100 �l; 90-min incubation) and RNase A (1 �g/100 �l;
60-min incubation) were tested alone or in combination, at
temperatures of 37°C and 56°C, in order to find an effective
enzyme treatment (Table 2). Finally the option was taken for
the combination of Prot K (30-min) and RNase A (60-min)
treatments at 37°C, because this combination reduced signifi-
cantly (Games-Howell test) and in a representative way (small

FIG. 1. Inactivation profile of MNV-1 exposed to 80°C (�, solid
line), shown as log10 PFU/ml versus time (in seconds). The tempera-
ture profile (‚, dashed line) is shown as temperature (°C) versus time
(in seconds). Experiments were done in duplicate. Error bars, standard
deviations (Microsoft Excel, version 2003).

FIG. 2. Standard curve of MNV-1 real-time PCR directed to the
ORF1/ORF2 junction region. The cycle threshold (CT) is plotted
against the log10 copy number of the plasmid containing a full-length
copy of the MNV-1 genome. Error bars, standard errors of the means
(SPSS 12.0 for Windows [SPSS Inc.]) from 10 independent runs.

TABLE 1. Primer and probe set used to detect MNV-1 by
real-time RT-PCR

Name Sequence (5�–3�)a Location

Fw-ORF1/ORF2 CAC GCC ACC GAT CTG
TTC TG

4972–4991

Rv-ORF1/ORF2 GCG CTG CGC CAT CAC TC 5064–5080
MGB-ORF1/ORF2 6FAM-CGC TTT GGA ACA

ATG-MGBNFQ
5001–5015

a 6FAM, the reporter dye 6-carboxyfluorescein; MGBNFQ, minor groove
binder with a 3� nonfluorescent quencher.
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standard deviations) the number of genomic copies of the
heat-treated virus lysate without decreasing the number of
genomic copies of the unheated virus lysate. In addition, the
combination of enzymes worked synergistically compared to
the effects of the enzymes tested separately. As a positive
control for RNase A activity, 1 �g enzyme was added to 10 �l
of RNA isolated from MNV-1. In this case no genomic copies
were detected, proving that RNase A was able to degrade free
viral RNA. Moreover, the fact that Prot K reduced infectivity
by 3 log units at 37°C (data not shown), while no decline in the
number of genomic copies was observed, indicated that Prot K
effectively attacked the capsid; no reduction was noticed when
the MNV-1 lysate was heated at 37°C without addition of Prot
K. The purpose of using Prot K was indeed to attack the
protein capsid in order to release the genomic RNA, with the
view that unprotected RNA would be more easily broken
down, because it would be available for the subsequent RNase
A treatment of inactivated virus particles. However, the num-
ber of genomic copies of unheated (and thus infective) virus
particles should not be affected. Therefore, the concentration
of Prot K was not further increased. In summary, these data
demonstrate that high numbers of genomic copies (�6 log10)
were still detected even after enzyme treatment in the absence
of infectious virus. Therefore, no correlation between the num-
ber of infectious particles and viral genomes was observed after
heat treatment regardless of the presence or nature of the
enzyme treatment.

The discussion concerning the correlation between infectiv-
ity and the detection of viral genomes has mostly been inves-
tigated with regard to viral contamination of water (4, 6, 7). A
lack of correlation is known for HAV (11), FCV, poliovirus
(7), and adenoviruses (4), demonstrating the limits of the use
of molecular techniques in determining the virological safety of
water and subsequently also foods. In contrast, others have
argued that the detection of genomic equivalents indicates the
presence of infectious particles because free RNA is not stable,
and therefore the detected genomic copies must originate from
encapsidated and thus infectious particles (20). However, the
current study represents another demonstration of the limits of
detecting infectious particles by molecular techniques.

Use of a transfection assay to assess the functional integrity
of viral RNA. Due to the large discrepancy between the num-
ber of genomic copies detected by real-time RT-PCR and the
number of infectious particles detected by a plaque assay, we
wanted to assess the integrity of the viral genome in noninfec-

tious MNV-1 samples. To determine whether viral RNA iso-
lated from heat-treated or untreated MNV-1 was still infec-
tious, a transfection assay was set up the following way. Five
microliters of viral RNA was mixed with 1 �g of yeast tRNA
(Invitrogen) as a stabilizer. RNA was 20 times diluted in Opti-
MEMI reduced serum medium (Invitrogen) and transfected
into RAW 264.7 cells (1 � 106 cells per 12 wells) using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
recommendations. After a 48-h incubation at 37°C under 5%
CO2, the freeze-thawed lysate was analyzed by a plaque assay
to determine the PFU of MNV-1 per milliliter (23). Viral RNA
isolated from the unheated MNV-1 lysate resulted in infec-
tious particles after transfection and was detectable by real-
time RT-PCR. A similar finding was recently reported for
Norwalk virus, where transfection of viral RNA resulted in the
generation of viral particles (9). This is in contrast to the
findings when RNA was isolated from noninfectious MNV-1
(heated for 150 s at 80°C) and transfected into RAW 264.7
cells. No particles could be recovered despite the detection of
the viral genome by real-time RT-PCR. Similarly, no particles
were recovered when RNA was isolated from heat-exposed
MNV-1 treated with Prot K-RNase A.

In summary, this study demonstrates that exposure to 80°C
for 150 s was sufficient to inactivate MNV-1 and shows that
real-time RT-PCR did not distinguish between infectious and
noninfectious viral genomes. Furthermore, this study shows
that heat inactivation had a much stronger detrimental effect
on virus infectivity than on the integrity of the viral genome.
Because of the major contribution of NoV to viral gastroen-
teritis infections, quantitative data are urgently needed for the
assessment of the public health risks posed by NoV infections.
Previous studies have described the use of real-time RT-PCR
to screen shellfish (2, 15, 16, 17) and surface water (19) for the
presence of human NoV RNA in order to detect NoV con-
tamination. However, the lack of correlation between the pres-
ence of genomic copies (detected by real-time RT-PCR) and
infectivity (determined by a plaque assay), or even viral ge-
nome intactness (determined by a transfection assay), as shown
in the present study, should be taken into account in the in-
terpretation of NoV real-time RT-PCR-positive results with
relation to the risk to human health, especially when the sam-
ples investigated were heat treated.

We gratefully acknowledge Herbert W. Virgin for giving Leen Baert
the opportunity to stay for a short time at the Department of Pathology

TABLE 2. Real-time RT-PCR detection of MNV-1 exposed to heat, showing effects of enzyme treatments prior to RNA extraction

Treatment
Log genomic copies of MNV-1/ml (SD) after exposure to 80°C for:

0 s 150 s 900 s 1,800 s 3,600 s

Control (no prior enzyme treatment)a 9.39 (0.03) 9.31 (0.02) 9.16 (0.01) 8.77 (0.02) 7.83 (0.08)
Prot K (37°C) 9.36 (0.04) 9.05 (0.02) 8.97 (0.04) 8.69 (0.10) 7.80 (0.03)
RNase A (37°C) 9.30 (0.09) 9.00 (0.19) 8.26 (1.30) 8.12 (0.80) 7.23 (1.05)
Prot K (56°C) 9.37 (0.09) 9.05 (0.12) 8.23 (1.28) 7.81 (1.55) 6.91 (1.63)
RNase A (56°C) 9.20 (0.02) 8.82 (0.09) 7.71 (0.65) 7.06 (0.86) 6.07 (1.43)
Prot K (37°C) and RNase A (37°C) 9.32 (0.14) 9.08 (0.08) 7.58 (0.13) 6.82 (0.09) 6.01 (0.11)
Prot K (37°C) and RNase A (56°C) 9.36 (0.02) 9.11 (0.08) 7.75 (0.46) 6.85 (0.32) 5.91 (0.10)
Prot K (56°C) and RNase A (37°C) 9.35 (0.01) 9.14 (0.07) 7.85 (0.37) 6.56 (0.40) 5.78 (0.39)

a The concentrations of infective virus particles, determined by an MNV-1 plaque assay, were 7.87 (standard deviation, 0.13) PFU/ml for exposure to 80°C for 0 s
and �1.30 PFU/ml after exposure for 150, 900, 1,800, or 3,600 s.
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Vinjé. 2006. Surrogates for the study of norovirus stability and inactivation in
the environment: a comparison of murine norovirus and feline calicivirus. J.
Food Prot. 69:2761–2765.

4. Choi, S., and S. C. Jiang. 2005. Real-time PCR quantification of human
adenoviruses in urban rivers indicates genome prevalence but low infectivity.
Appl. Environ. Microbiol. 71:7426–7433.

5. Duizer, E., K. J. Schwab, F. H. Neill, R. L. Atmar, M. P. G. Koopmans, and
M. K. Estes. 2004. Laboratory efforts to cultivate noroviruses. J. Gen. Virol.
85:79–87.

6. Enriquez, C. E., M. Abbaszadegan, I. L. Pepper, K. J. Richardson, and C. P.
Gerba. 1993. Poliovirus detection in water by cell-culture and nucleic-acid
hybridization. Water Res. 27:1113–1118.

7. Gassilloud, B., L. Schwartzbrod, and C. Gantzer. 2003. Presence of viral
genomes in mineral water: a sufficient condition to assume infectious risk?
Appl. Environ. Microbiol. 69:3965–3969.

8. Guillaume, V., A. Lefeuvre, C. Faure, P. Marianneau, R. Buckland, S. K.
Lam, T. F. Wild, and V. Deubel. 2004. Specific detection of Nipah virus using
real-time RT-PCR (TaqMan). J. Virol. Methods 120:229–237.

9. Guix, S., M. Asanaka, K. Katayama, S. E. Crawford, F. H. Neill, R. L. Atmar,
and M. K. Estes. 2007. Norwalk virus RNA is infectious in mammalian cells.
J. Virol. 81:12238–12248.

10. Hashimoto, M., F. Roerink, Y. Tohya, and M. Mochizuki. 1999. Genetic
analysis of the RNA polymerase gene of caliciviruses from dogs and cats. J.
Vet. Med. Sci. 61:603–608.

11. Hewitt, J., and G. E. Greening. 2006. Effect of heat treatment on hepatitis A
virus and norovirus in New Zealand greenshell mussels (Perna canaliculus)
by quantitative real-time reverse transcription PCR and cell culture. J. Food
Prot. 69:2217–2223.

12. Karst, S. M., C. E. Wobus, M. Lay, J. Davidson, and H. W. Virgin. 2003.
STAT1-dependent innate immunity to a Norwalk-like virus. Science 299:
1575–1578.

13. Koopmans, M., and E. Duizer. 2004. Foodborne viruses: an emerging prob-
lem. Int. J. Food Microbiol. 90:23–41.

14. Kopecka, H., S. Dubrou, J. Prevot, J. Marechal, and J. M. Lopezpila. 1993.
Detection of naturally occurring enteroviruses in waters by reverse transcrip-
tion, polymerase chain reaction, and hybridization. Appl. Environ. Micro-
biol. 59:1213–1219.

15. Le Guyader, F., L. Haugarreau, L. Miossec, E. Dubois, and M. Pommepuy.
2000. Three-year study to assess human enteric viruses in shellfish. Appl.
Environ. Microbiol. 66:3241–3248.

16. Loisy, F., R. L. Atmar, P. Guillon, P. Le Cann, M. Pommepuy, and F. S. Le
Guyader. 2005. Real-time RT-PCR for norovirus screening in shellfish. J. Vi-
rol. Methods 123:1–7.

17. Nishida, T., H. Kimura, M. Saitoh, M. Shinohara, M. Kato, S. Fukuda, T.
Munemura, T. Mikami, A. Kawamoto, M. Akiyama, Y. Kato, K. Nishi, K.
Kozawa, and O. Nishio. 2003. Detection, quantitation, and phylogenetic
analysis of noroviruses in Japanese oysters. Appl. Environ. Microbiol. 69:
5782–5786.

18. Nuanualsuwan, S., and D. O. Cliver. 2002. Pretreatment to avoid positive
RT-PCR results with inactivated viruses. J. Virol. Methods 104:217–225.

19. Rutjes, S. A., H. H. J. L. van den Berg, W. J. Lodder, and A. M. D. Husman.
2006. Real-time detection of noroviruses in surface water by use of a broadly
active nucleic acid sequence-based amplification assay. Appl. Environ. Mi-
crobiol. 72:5349–5358.

20. Slomka, M. J., and H. Appleton. 1998. Feline calicivirus as a model system
for heat inactivation studies of small round structured viruses in shellfish.
Epidemiol. Infect. 121:401–407.

21. Sosnovtsev, S. V., G. Belliot, K. O. Chang, V. G. Prikhodko, L. B. Thackray,
C. E. Wobus, S. M. Karst, H. W. Virgin, and K. Y. Green. 2006. Cleavage
map and proteolytic processing of the murine norovirus nonstructural
polyprotein in infected cells. J. Virol. 80:7816–7831.

22. Straub, T. M., K. H. Zu Bentrup, P. Orosz-Coghlan, A. Dohnalkova, B. K.
Mayer, R. A. Bartholomew, C. O. Valdez, C. J. Bruckner-Lea, C. P. Gerba,
M. Abbaszadegan, and C. A. Nickerson. 2007. In vitro cell culture infectivity
assay for human noroviruses. Emerg. Infect. Dis. 13:396–403.

23. Wobus, C. E., S. M. Karst, L. B. Thackray, K. O. Chang, S. V. Sosnovtsev,
G. Belliot, A. Krug, J. M. Mackenzie, K. Y. Green, and H. W. Virgin. 2004.
Replication of Norovirus in cell culture reveals a tropism for dendritic cells
and macrophages. PLoS Biol. 2:e432.

24. Wobus, C. E., L. B. Thackray, and H. W. Virgin. 2006. Murine norovirus: a
model system to study norovirus biology and pathogenesis. J. Virol. 80:5104–
5112.

546 BAERT ET AL. APPL. ENVIRON. MICROBIOL.


