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Introduction

Human noroviruses (HuNoV), belonging to the genus

Norovirus in the Caliciviridae family, are associated with

person-to-person, food and waterborne outbreaks of gas-

troenteritis. Efforts to fully characterize their properties

are hampered because HuNoV has yet to be grown rea-

dily in cell culture and there is no animal model (Duizer

et al. 2004a; Straub et al. 2007). Because of these limita-

tions, various surrogate viruses have been used to predict

HuNoV behaviour following inactivation treatments by

heat, high pressure and disinfection. Previously, feline

calicivirus (FeCV) (Doultree et al. 1999; Thurston-

Enriquez et al. 2003a,b, 2005a,b; Duizer et al. 2004b;

Bae and Schwab 2008; Buckow et al. 2008), canine calici-

virus (CaCV) (De Roda Husman et al. 2004; Duizer et al.

2004b), hepatitis A virus (HAV) (Bidawid et al. 2000;

Mariam and Cliver 2000; Kingsley et al. 2002; Hewitt and

Greening 2004), poliovirus (Mariam and Cliver 2000;

Strazynski et al. 2002; Bae and Schwab 2008) and bacte-

riophages (Mariam and Cliver 2000; Dawson et al. 2005;

Bae and Schwab 2008) have been used as surrogates for

HuNoV. Some of these viruses have demonstrated their

unsuitability as HuNoV surrogates. For example, FeCV is

readily inactivated by heat (Slomka and Appleton 1998)

and loses significant viability when subjected to low pH

(Hewitt and Greening 2004), in contrast to HuNoV

which is resistant at pH 2Æ7 for 3 h at room temperature

(Dolin et al.1972).

In 2004, murine norovirus (MNV), a genogroup V cul-

turable norovirus that infects mice, was reported and

characterized (Karst et al. 2003). The virus is readily cul-

tured on the mouse dendritic cell line, RAW 264.7 and

can be quantified easily using a plaque assay. Because of

its taxonomic relationship to HuNoV, MNV is considered

a potential surrogate for increasing knowledge of HuNoV

properties and mode of replication (Wobus et al. 2004,

2006; Ward et al. 2007). Recently, MNV has been used as

a surrogate for HuNoV in studies of high pressure pro-

cessing (Kingsley et al. 2007; Buckow et al. 2008), UV,

pH, temperature, disinfection (Cannon et al. 2006; Belliot

et al. 2008; Lee et al. 2008) and in survival studies in
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Abstract

Aims: To determine the suitability of murine norovirus (MNV) as a surrogate

for human norovirus (HuNoV) in heat inactivation studies.

Methods and Results: MNV, hepatitis A virus (HAV) and HuNoV genogroup

I and II (GI and GII) specific real-time quantitative reverse transcription

(qRT)-PCR assays were used to determine the effects of heat exposure (63 and

72�C) for up to 10 min in water and milk. Using culture assays, MNV and

HAV showed similar reductions in infectivity over time. Both HuNoV GI and

GII showed lower log reductions in qRT-PCR titre following heat exposure

than either MNV or HAV. No significant protective effect of milk was observed

for any virus.

Conclusions: MNV is as suitable a surrogate for HuNoV as HAV. In heat inac-

tivation studies at 63 and 72�C, qRT-PCR results indicate that HuNoV is less

susceptible to heat than either HAV or MNV and so neither virus may be an

appropriate surrogate for HuNoV.

Significance and Impact of the Study: Caution should be used when extra-

polating surrogate virus data for HuNoV. Although not conclusive, our results

suggest that HuNoV may be more resistant to heat than either HAV or MNV.
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water (Bae and Schwab 2008) and shellfish (Kingsley et al.

2007). However, it is not certain that any results obtained

for MNV are truly representative of HuNoV. HAV is also

regarded as a potential surrogate for HuNoV as both

viruses share similar transmission pathways and are

known to be environmentally stable (Carter 2005; Boone

and Gerba 2007).

We determined the effects of heat on HAV, MNV and

two strains of HuNoV using two common food process-

ing temperatures (63 and 72�C) over different time

periods. Inactivation experiments were carried out in

both water and a protein-rich matrix (milk) to determine

whether the protein protected the viruses from the

effects of heat. The results for all viruses were compared

using real-time quantitative reverse transcription PCR

(qRT-PCR) and culture where applicable.

Materials and methods

Viruses and cells

HuNoV suspensions (10% w ⁄ v) were prepared from faecal

specimens collected from cases of gastroenteritis cases as

previously described (Greening et al. 2001). Two HuNoV

strains of known genotypes (GI.2 and GII.4) were used.

HAV (cytopathic strain HM-175) and foetal rhesus

monkey kidney (FRhK-4) cells were kindly provided by

Professor M.D. Sobsey (University of North Carolina,

Chapel Hill, NC, USA). MNV (MNV-1 strain) was kindly

provided by Professor H. Virgin (Washington University

School of Medicine, MO, USA) and RAW 264.7 cells from

the Department of Microbiology and Immunology, Uni-

versity of Otago. Virus titres were determined by real-time

qRT-PCR titration of 10-fold dilutions of each virus stock

to the respective endpoint, which was designated as 1

RT-PCR unit (RT-PCRU). The titres of HuNoV GI and

GII were 2 · 108 RT-PCRU ml)1, and titres of HAV and

MNV were 108 RT-PCRU ml)1. MNV (plaque forming

units, PFU) and HAV (infectious units, IU) titres were

determined by culture assays as described below.

Heat inactivation

Water or milk was seeded with stock viruses (HuNoV GI,

HuNoV GII, HAV and MNV), diluted 1 ⁄ 10 (1 ⁄ 200 for

HuNoV) in cell growth medium (GM). Dilution of

viruses was necessary to give the required concentrations

and to dilute any possible effects from the different matri-

ces (faecal material for HuNoV and cell culture medium

for MNV and HAV). Final concentrations were 107

RT-PCRU ml)1 (3 · 105 PFU ml)1) for MNV, 107

RT-PCRU ml)1 (5 · 105 IU ml)1) for HM175 HAV, and

5 · 106 RT-PCRU ml)1 for both HuNoV GI and GII.

Samples were dispensed in 100 ll volumes in to 0Æ2 ml

PCR tubes and heated at 63 or 72�C for 0, 1, 2, 5 and

10 min. A PCR machine (GeneAmp PCR System 9700)

was used as a heating block to ensure good temperature

transfer. At each time point, samples were removed from

the heating block and immediately cooled on ice. Each

experiment was performed in triplicate.

Culture assays for MNV and HAV

For MNV, RAW 264.7 cells were cultured in GM consist-

ing of minimum essential medium (MEM; Gibco�;

Invitrogen Corp, Carlsbad, CA, USA) containing 10%

(v ⁄ v) low endotoxin foetal bovine serum (FCS) and 100

units penicillin G sulphate and 100 lg ml)1 streptomycin

sulphate (PS; Gibco). RAW 264.7 cells were plated out in

6-well plates (3Æ5 cm diameter) at a density of 3 · 106

cells per well in 3 ml of GM and incubated at 37�C with

5% CO2 for 24 h. Following heat treatment, all samples

were diluted in GM to give the desired MNV PFU number

(10–50 PFU per well) and the volume made up to 500 ll

per well with GM prior to inoculation on the confluent

cells. Plates were incubated at 37�C for 1 h in a shaking

incubator (60 rev min)1). The inoculum was then

removed and 2 ml of 2% (w ⁄ v) low melting point agarose

(Lonza, Rockland, ME, USA) in 2· complete MEM media

added to each well and incubated at 37�C with 5% CO2.

After 48 h, a second agar overlay with 1% (w ⁄ v) neutral

red (BDH, Poole, UK) was added to each well and plaques

counted after 6 h. Plates with between 10–50 PFU per well

were used to determine the virus titres. Results were

expressed as PFU ml)1. The amount of undiluted inocu-

lums (water and milk) that could be added to the cells

without toxicity occurring was also determined.

For HAV, 104 FRhK-4 cells (100 ll) per well were pla-

ted in a 96 microtitre well plate in 2% (v ⁄ v) FCS in

MEM (Gibco) supplemented with 0Æ1 mmol l)1 nonessen-

tial amino acids (Gibco) and PS (Gibco). This was fol-

lowed immediately by the addition of serial dilutions of

virus (100 ll) per well, with at least eight replicates per

dilution. Plates were incubated for up to 21 days at 37�C

in a humidified 5% CO2 atmosphere and examined for

cytopathic effects (CPE) characteristic of HAV. Results

were expressed as infectious units (IU) ml)1. For MNV

and HAV, each experimental replicate (n = 3) was

assayed in duplicate.

Real-time qRT-PCR assays

Samples (200 ll) were extracted using the Roche High

Pure Viral Nucleic Acid Kit (Roche Molecular Biochemi-

cals Ltd, Mannheim, Germany) and eluted in 50 ll elu-

tion buffer as per manufacturer’s instructions. For all
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viruses, one-step real-time RT-PCR assays using the Plati-

num Quantitative RT-PCR ThermoScript One Step Sys-

tem (Invitrogen) were performed using primers and

probes specific for each virus. The primers for HAV and

HuNoV have been previously described (Kageyama et al.

2003; Hewitt and Greening 2004). MNV specific primers

and probes were designed using Genscript primer design

software (http://www.genscript.com) (Table 1).

Real-time qRT-PCR assays were carried out using the

Rotor-Gene� 3000 or 6000 real-time rotary analyzer

(Corbett Research Ltd, Sydney, Australia). Raw data were

analysed using Rotor-Gene� software. Data were trans-

formed to RT-PCRU using a standard curve generated

from serial dilutions of virus stock preparations. For

HuNoV GI ⁄ GII, MNV and HAV, each experimental repli-

cate (n = 3) was assayed in duplicate as for the culture

assays.

Data analysis

The average virus titre from the duplicate assays for each

experiment was determined, then the average from the

three replicate experiments calculated. Log10 reductions,

)log10 Nt ⁄ N0 ± SD, were determined, where Nt is the

virus titre detected at each time (t) point and N0 is the

initial titre. Statistical significance of the log reductions of

qRT-PCR titres for each virus was determined for each

condition using t-test analysis (Microsoft Excel; Micro-

soft, Redmond, WA, USA). Results with P-values of

<0Æ05 were considered significant.

The time required to reduce the virus titres by 1 log

(D-values) was determined by regression analysis (Excel)

and calculated as the negative reciprocal of the slope of

log titres (culture) of each virus following each treatment

vs time. The D-value calculations assume that inactivation

was constant for each virus and matrix in the first minute.

Results

The maximum detectable reduction in infectivity was 3Æ5
logs for both MNV and HAV. Similar log decreases in

infectivity and D-values were observed for MNV and

HAV in both milk and water (Tables 2 and 3). The

D-values ranged from 0Æ6–1Æ1 min at 63�C and £0Æ5 min

at 72�C, which represents a 3-log reduction over the first

minute (Table 2).

Table 1 Primers and probe used for the detection of murine norovi-

rus (MNV) by real-time qRT-PCR

Name Sequence (5¢–3¢) Location

MNV probe* CCTTCCCGACCGATGGCATC 6578–6597

MNV for primer TGCAAGCTCTACAACGAAGG 6520–6539

MNV rev primer CACAGAGGCCAATTGGTAAA 6626–6645

*Probe is FAM-BHQ1 labelled at the 5¢ and 3¢ ends respectively.

Table 2 Inactivation times (D-values) of murine norovirus (MNV), and

hepatitis A virus (HAV) in water and milk at 63 and 72�C

Matrix Temperature

D-value (min)

MNV HAV

Water 63�C 0Æ9 0Æ6

72�C £0Æ3 £0Æ3

Milk 63�C 0Æ7 1Æ1

72�C 0Æ5 £0Æ3

Table 3 Comparison of log reductions (±SD) in infectivity titres and RT-PCR titres for murine norovirus (MNV), and hepatitis A virus (HAV) in

water and milk at 63 and 72�C

Time

(min)

63�C 72�C

Log reduction in infectivity Log reduction in RT-PCR titre Log reduction in infectivity Log reduction in RT-PCR titre

MNV HAV MNV HAV MNV HAV MNV HAV

(a) Water

0 0Æ00 ± 0Æ04 0Æ00 ± 0Æ05 0Æ00 ± 0Æ13 0Æ00 ± 0Æ25 0Æ00 ± 0Æ01 0Æ00 ± 0Æ20 0Æ00 ± 0Æ21 0Æ00 ± 0Æ02

1 1Æ09 ± 0Æ04 1Æ26 ± 0Æ19 )0Æ01 ± 0Æ06 0Æ39 ± 0Æ04 ‡3Æ5 ‡3Æ5 0Æ21 ± 0Æ06 0Æ46 ± 0Æ02

2 3Æ43 ± 0Æ30 2Æ34 ± 0Æ22 0Æ18 ± 0Æ10 0Æ49 ± 0Æ15 ‡3Æ5 ‡3Æ5 0Æ44 ± 0Æ20 0Æ57 ± 0Æ03

5 3Æ13 ± 0Æ78 ‡3Æ5 0Æ41 ± 0Æ05 0Æ45 ± 0Æ02 ‡3Æ5 ‡3Æ5 0Æ88 ± 0Æ04 0Æ67 ± 0Æ01

10 3Æ28 ± 0Æ04 ‡3Æ5 0Æ99 ± 0Æ11 0Æ50 ± 0Æ03 ‡3Æ5 ‡3Æ5 1Æ02 ± 0Æ11 1Æ00 ± 0Æ09

(b) Milk

0 0Æ00 ± 0Æ02 0Æ00 ± 0Æ19 0Æ00 ± 0Æ03 0Æ00 ± 0Æ02 0Æ00 ± 0Æ02 0Æ00 ± 0Æ42 0Æ00 ± 0Æ04 0Æ00 ± 0Æ10

1 1Æ35 ± 0Æ34 1Æ60 ± 0Æ39 0Æ47 ± 0Æ15 0Æ54 ± 0Æ09 ‡3Æ5 2Æ22 ± 0Æ06 0Æ35 ± 0Æ20 0Æ47 ± 0Æ05

2 1Æ85 ± 0Æ27 2Æ72 ± 0Æ03 0Æ52 ± 0Æ12 0Æ60 ± 0Æ06 ‡3Æ5 ‡3Æ5 0Æ67 ± 0Æ04 0Æ50 ± 0Æ05

5 ‡3Æ5 3Æ35 ± 0Æ20 0Æ38 ± 0Æ07 0Æ65 ± 0Æ04 ‡3Æ5 ‡3Æ5 0Æ82 ± 0Æ06 0Æ57 ± 0Æ03

10 ‡3Æ5 ‡3Æ5 1Æ03 ± 0Æ07 0Æ65 ± 0Æ06 ‡3Æ5 ‡3Æ5 0Æ91 ± 0Æ02 0Æ72 ± 0Æ02
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At 63�C for 1 min, 1Æ09 ± 0Æ04 and 1Æ35 ± 0Æ34-log

reductions in infectivity were observed for MNV in water

and milk respectively, and 1Æ26 ± 0Æ19 and 1Æ60 ± 0Æ39-

log reductions for HAV (Table 3). These log reductions

were not significantly different between HAV and MNV

or between water and milk (P > 0Æ05). After 5 and

10 min exposure at 63�C, both MNV and HAV showed

reductions in infectivity titre of more than 3Æ0 logs.

At 72�C, a rapid decrease in infectivity of MNV and

HAV in both matrices with increased time was observed

(Table 3). There was at least a 3Æ5-log reduction in infec-

tivity observed after 2 min at 72�C for both viruses in

each matrix (Table 2).

The qRT-PCR titre decreased for all viruses over time in

both matrices at 63 and 72�C, although the maximum

decrease for any virus was 1Æ0 log, observed for both MNV

and HAV in water heated to 72�C for 10 min. For MNV

and HAV, the log reductions in qRT-PCR titre observed

were much lower than those observed by culture, particu-

larly at 72�C where the maximum measurable 3Æ5-log

reduction in infectivity titre was observed for both viruses

(Table 3). By comparison, a maximum 1Æ0-log reduction

in qRT-PCR titre was observed for both HAV and MNV at

72�C. HuNoV GI and GII strains showed lower reductions

in qRT-PCR titre over time compared with MNV and

HAV for both temperatures and matrices. This was partic-

ularly evident at 63�C, where the decrease in HuNoV titres

was less than 0Æ25 log over the time period (Figure 1).

Interestingly, in both matrices there was a rapid 0Æ5 log

reduction in HAV qRT-PCR titre at both 63�C and 72�C

Table 4. P-values for the effect of heat on human norovirus geno-

group I and II (GI and GII), murine norovirus (MNV), and hepatitis A

virus (HAV) at 63 and 72�C in water and milk over time. The condi-

tions where no significance difference was observed are shown in

bold (P > 0Æ05)

Time

(min)

GI and

MNV

GII and

MNV

GI and

HAV

GII and

HAV

GI and

GII

(a) Water at 63�C
1 0Æ66 0Æ72 <0Æ05 <0Æ05 0Æ92

5 <0Æ05 <0Æ05 <0Æ05 <0Æ05 0Æ88

10 <0Æ05 <0Æ05 <0Æ05 <0Æ05 0Æ48

(b) Water at 72�C
1 <0Æ05 <0Æ05 <0Æ05 <0Æ05 0Æ08

5 <0Æ05 <0Æ05 <0Æ05 <0Æ05 <0Æ05

10 <0Æ05 <0Æ05 <0Æ05 <0Æ05 <0Æ05

(c) Milk at 63�C
1 <0Æ05 <0Æ05 <0Æ05 <0Æ05 <0Æ05

5 <0Æ05 0Æ08 <0Æ05 <0Æ05 0Æ05

10 <0Æ05 <0Æ05 <0Æ05 <0Æ05 <0Æ05

(d) Milk at 72�C
1 0Æ18 0Æ97 <0Æ05 0Æ08 <0Æ05

5 <0Æ05 <0Æ05 <0Æ05 0Æ19 <0Æ05

10 <0Æ05 <0Æ05 <0Æ05 0Æ26 <0Æ05
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Figure 1 Effect of heat on qRT-PCR titre of HuNoV GI (s), HuNoV

GII (h), MNV (¤) and HAV ( ) in (a) water at 63�C, (b) water at

72�C, (c) milk at 63�C and (d) milk at 72�C.
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within the first minute of heating, followed by a slower

reduction in qRT-PCR titre thereafter. MNV showed a

similar inactivation profile, except in water at 63�C, where

no reduction was seen. This effect was not observed for the

HuNoV strains, both of which showed little or no reduc-

tion in qRT-PCR titre (£0Æ25 log) over 10 min at 63�C, and

showed a gradual reduction over time at 72�C (Fig. 1).

Significant differences (P < 0Æ05) in log reductions of

qRT-PCR titres were observed between both HuNoV GI

and HAV at both temperatures in both matrices, indicat-

ing that, by qRT-PCR, HuNoV GI and HAV do not share

the same heat sensitivity properties (Table 4). Similar

results were observed for NoV GII and HAV, except in

the milk matrix at 72�C, where no significant differences

were seen at any time point.

Significant differences in log reductions of MNV qRT-

PCR titres compared with both HuNoV GI and GII titres

were observed at most time points, especially with

increased heating time at 63�C in water and milk (Table 4).

Significant differences in log reductions of qRT-PCR titre

were observed between HuNoV GI and GII under all con-

ditions except in water at 63�C. In all cases, HuNoV GI was

more resistant to heat inactivation than HuNoV GII.

Discussion

The aim of this study was to investigate the suitability of

MNV as a surrogate for HuNoV in heat inactivation

studies and to compare MNV properties with HAV. As

HuNoV cannot be quantified by culture methods, we

used qRT-PCR to compare the HuNoV response with

MNV and HAV.

The qRT-PCR results suggest that neither HAV nor

MNV reflect the response of the selected HuNoV strains

(GI.2 and GII.4) to heat inactivation at the temperatures

evaluated in this study. The apparent differences in the

reductions of HuNoV qRT-PCR titre compared with

MNV and HAV may be explained by differences in their

susceptibility to heat at 63 and 72�C. On heating, changes

in the virus capsid structure occur, resulting in loss of

infectivity. It is possible that in some viruses RNA may also

be destroyed which will result in a lower qRT-PCR titre.

For HuNoV, we observed that the reduction in qRT-PCR

titre was greater at 72�C than at 63�C, since presumably

more damage was occurring at 72�C. Although qRT-PCR

results do not fully reflect the degree of damage on the

infectivity status (Richards 1999), they may provide some

indication of the extent of capsid damage. These results

are in agreement with our previous studies (Hewitt and

Greening 2006) and that of other researchers who also

found heat inactivation affected the infectivity more than

the integrity of the viral genome (Baert et al. 2008). From

the qRT-PCR results, we can hypothesize that loss of

HuNoV infectivity may be lower than for HAV and MNV,

although currently this cannot be confirmed by culture.

Significant differences in log reduction were observed

between HuNoV GI and GII, with GI being less affected by

heat than HuNoV, MNV and HAV.

Our results show that MNV and HAV exhibited similar

log reductions in infectivity with heat. Both viruses

showed inactivation of greater than 3Æ5 logs after 2 min

at 72�C, and approximately 1–2 log reduction in infecti-

vity at 63�C over the first minute. Cannon et al. (2006)

and Lee et al. (2008) also report significant reductions in

MNV titres at similar temperatures.

We conducted our experiments in water and milk to

determine whether milk would have a protective effect.

Other researchers have demonstrated the protective effects

of milk on viruses such as HAV (Parry and Mortimer

1984; Bidawid et al. 2000) and poliovirus (Strazynski

et al. 2002). We did not demonstrate any detectable pro-

tection from inactivation for any of the viruses in the

milk matrix over the time periods studied, similar to the

findings of Mariam and Cliver (2000).

For MNV, the reduction in qRT-PCR titre mirrored

the decrease in infectivity, albeit by a lesser amount.

However the reduction in qRT-PCR titre for HAV, com-

pared with the other viruses used in this study, was inter-

esting. The initial decrease of HAV qRT-PCR titre in the

first minute with little further decrease thereafter was

similar to the effect reported for HAV infectivity by Bida-

wid et al. (2000) who noted that rapid inactivation with

the first minute was followed by a slower inactivation rate

(‘plateau’ effect). It was postulated that this may have

been due to the effect of the presence of nonaggregated

virus particles that would be inactivated quickly and

aggregates that would take longer to be inactivated. If this

is correct and the qRT-PCR titre does give some indica-

tion of capsid damage, then it does not explain why

MNV and HuNoV did not follow the same trend, as it is

reasonable to assume that aggregates and nonaggregated

virus particles would also be present in MNV and Hu-

NoV preparations.

In summary, caution should be used when extrapolating

surrogate virus data for HuNoV. Although not conclusive,

our results suggest that HuNoV may be more resistant to

heat than either HAV or MNV. In this study, MNV has

been shown to have similar heat inactivation properties to

HAV and may be suitable as HAV as a surrogate for other

studies of enteric virus survival. However, neither HAV

nor MNV may be appropriate surrogates for HuNoV.
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