
Chapter 3: Experimental section – Study 2 and 3 

 

3.2 Study of murine norovirus recombination in experimental conditions 
 

 

PRELUDE 

 

In the previous study, we have shown that natural HuNoV recombinants were frequently 

involved with gastro-enteritis outbreaks in Belgium. Furthermore, our results suggested that 

part of the viruses of the highly successful GII.4 lineage were in fact mosaics of former GII.4 

NoVs indicating that recombination could play a major in the divergent evolution of GII.4 

NoVs. Finally, the emergence of new GII.4 variants or GII recombinants could have had an 

impact on the magnitude of NoV epidemics suggesting that these strains may dispose of some 

selective advantages over other circulating NoV strains. 

 

The aim of the second and the third studies was to evaluate the impact of NoV recombination 

on viral fitness or virulence by setting up an experimental model for the generation and the 

evaluation of recombinant viruses using the murine model. 
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A first approach consisted in the set up of a system allowing the experimental generation of 

MNV recombinants in vitro after coinfecting permissive cells with two wild-type MNVs. The 

parental MNVs, to be used in the coinfection experiments, had to fulfil the following 

requirements: i) to grow in RAW cells; ii) to induce apparent cytopathic effect in RAW cell 

monolayers, enabling a plaque picking procedure for virus isolation; iii) to bear enough 

genomic similarity to favour homologous recombination; and iv) to allow discrimination 

based on sufficient genomic variability. Based upon these characteristics, previously 

published MNV isolates MNV-1.CW1 (MNV-1) and WU20 were selected for the study of 

recombination (Thackray et al., 2007). A discriminative protocol was developed based on 

PCR genotyping assays in 3 different regions across the genome. Using this model, a viable 

recombinant virus (Rec MNV) was recovered from co-infected cells and provided the first 

experimental evidence of recombination in NoVs. In order to evaluate the biological 

consequences incurred by recombination, the phenotypic characteristics of Rec MNV were 

investigated in cell culture by comparing the growth curves and plaque morphologies of Rec 

MNV to the parental ones. Results indicated that the recombination event yielded a 
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recombinant virus exhibiting biological properties that differed from the parental ones. Thus, 

recombination might interfere in the evolution of NoVs by creating novel viruses of 

unpredictable virulence. 

 

In vitro results suggested that Rec MNV was less fit than the parental viruses. In order to 

verify this finding, Rec MNV fitness was evaluated in vivo in comparison with the parental 

MNV-1 and WU20 viruses by estimating the viral loads of each virus in faeces and various 

tissues (small intestine, spleen, mesenteric lymph nodes (MLN), left lung) at 48 h and 72 

hours post-infection (hpi) by using plaque assay and RT-qPCR. After per oral infections of 

immunocompetent Balb/c mice with 5.106 pfu of MNV-1, WU20 or Rec MNV, mice infected 

with Rec MNV showed lower body weight losses at days 2 and 3 post-infection (2-3 dpi) 

compared to those infected with the parental viruses. In addition, Rec MNV was more rapidly 

cleared from faeces as no infectious viral loads were detected in faeces at 2-3 dpi. The 

presence of infectious viruses in all organs analysed suggest that, similarly to the parental 

viruses, Rec MNV can induce a systemic infection and disseminate beyond organs associated 

with the digestive tract. Significantly lower virus titres were observed for Rec MNV in faeces 

compared to MNV-1 and in the intestine and lung compared to WU20 at different times post-

infection. All together, the results suggested that Rec MNV causes milder infections than the 

parental viruses. Thus, results obtained in vivo for the biological characteristics of Rec MNV 

in comparison with the parental viruses seem to be in line with those obtained in vitro that 

suggest that recombination results in the creation of chimeric viruses whose properties differ 

from the parental ones. Interestingly, results obtained when using plaque assay were more 

coherent indicating RT-qPCR should be avoided for experimental virulence assessments. 

Furthermore, this study provides the first in vivo experimental data for the wild-type MNV 

strain WU20. 
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Based on sequencing data, norovirus (NoV) recombinants have been described, but no

experimental evidence of recombination in NoVs has been documented. Using the murine

norovirus (MNV) model, we investigated the occurrence of genetic recombination between two

co-infecting wild-type MNV isolates in RAW cells. The design of a PCR-based genotyping tool

allowed accurate discrimination between the parental genomes and the detection of a viable

recombinant MNV (Rec MNV) in the progeny viruses. Genetic analysis of Rec MNV identified a

homologous-recombination event located at the ORF1–ORF2 overlap. Rec MNV exhibited

distinct growth curves and produced smaller plaques than the wild-type MNV in RAW cells. Here,

we demonstrate experimentally that MNV undergoes homologous recombination at the previously

described recombination hot spot for NoVs, suggesting that the MNV model might be suitable for

in vitro studies of NoV recombination. Moreover, the results show that exchange of genetic

material between NoVs can generate viruses with distinct biological properties from the parental

viruses.

INTRODUCTION

Noroviruses (NoVs) are an important cause of acute
gastroenteritis in humans worldwide. Since the first
description of NoVs in humans in 1968, NoV infections
have also been detected in domestic and captive wild animals
(Scipioni et al., 2008). The genus Norovirus belongs to the
family Caliciviridae. NoVs are non-enveloped viruses with a
single-stranded, positive-sense, polyadenylated RNA ge-
nome composed of around 7500 nt. Three overlapping
ORFs encode the non-structural (ORF1) and structural
(ORF2 and ORF3) viral proteins. The ORF1-encoded
polyprotein is cleaved further by the viral proteinase into
six mature products with the gene order N-term, NTPase,
p18–20/22, genome-linked virus protein (VPg), proteinase
and polymerase (Sosnovtsev et al., 2006). NoVs are divided
into five genogroups (GI–V) based on their genomic
composition (Zheng et al., 2006). Human NoVs are
classified into GI, GII and GIV, whereas bovine and murine
NoVs (MNVs) cluster respectively into GIII and GV. Other

NoVs detected in animals constitute distinct genotypes in
GII and GIV: porcine NoVs belong to GII and NoVs
detected in a lion cub and young dogs cluster into GIV
(Martella et al., 2007, 2008).

Little is known about human NoV biology, due to the lack
of a regular cell-culture system or small-animal model for
human NoVs. MNVs constitute a substitute for the in vitro
study of human and other animal NoVs (Wobus et al.,
2006), as it is possible for them to be grown in murine
macrophages and dendritic cell lines. Viruses can evolve
rapidly due to small-scale mutations and recombination.
Genetic recombination enables the creation of new
combinations of genetic materials, generating more
dramatic genomic changes than point mutations. This
phenomenon has been described for a large number of
RNA viruses (Lai, 1992). Predictive recombination tools
together with similarity plots between putative recombin-
ant genomes and the suspected parental genomes have
suggested recombination at breakpoints within ORF2 in
several MNV genomes (Thackray et al., 2007). Although
numerous human and animal recombinant NoVs have
been described by phylogenetic analysis (Bull et al., 2007),
there is no formal or prospective evidence of recombina-
tion occurring in co-infection experiments with two NoV
strains, either in vitro or in vivo.

The aim of this study was to provide experimental evidence
of NoV recombination between two genetically related,
cultivable MNV isolates, selected as parental isolates.

3Present address: Department of Veterinary Sciences, Physiology,
Embryology and Anatomy, Faculty of Sciences, FUNDP, 5000 Namur,
Belgium.

The GenBank/EMBL/DDBJ accession number for the consensus
nucleotide sequence obtained for Rec MNV covering the ORF1–ORF2
junction is HM044221.

A supplementary table showing primers and probes used in the TaqMan-
based discriminative PCR distinguishing between MNV-1 and WU20 is
available with the online version of this paper.
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Discriminative assays were set up to differentiate between
the parental viruses at three loci spanning the entire genome.
These assays were further used to analyse the progeny viruses
recovered from different co-infections in cell culture. The
biological features of the MNV recombinant generated were
assessed further in vitro in comparison with those of the
parental viruses.

RESULTS

Selection of distinguishable parental MNV isolates

Despite their biological diversity, MNV isolates described
hitherto cluster into a single genogroup (Thackray et al.,
2007). In order to be selected as accurate MNV parental
strains involved in co-infection experiments, MNV isolates
should: (i) be grown in RAW cells; (ii) induce an obvious
cytopathic effect in RAW cell monolayers, enabling a plaque-
picking procedure for virus isolation; (iii) be related
genetically to each other in order to favour homologous
recombination; and (iv) bear sufficient genetic variability for
discrimination. Based upon these characteristics, previously
published MNV isolates MNV-1.CW1 (MNV-1) and WU20
were selected here for the study of recombination. MNV-1 is
the reference MNV strain with pathogenic properties
described previously in a mouse model (Karst et al., 2003).
WU20 is a field isolate for which pathogenic properties have
not yet been determined (Thackray et al., 2007). The two
isolates share 87 % nucleotide sequence similarity in their
complete genomes, and alignment of their full-length ge-
nomes showed maximum sequence similarity at the ORF1–
ORF2 junction (Fig. 1a). To determine genetic markers
enabling discrimination between MNV-1 and WU20, five
RT-PCR fragments were amplified and sequenced (Table 1)
from the genes encoding the N-term (locus 1), p18/VPg
(locus 2), polymerase (locus 3), major capsid (locus 4) and
minor capsid (locus 5) proteins (Fig. 1a). When assembled,
these five fragments spanned 26.7 % of the entire genome.
Alignment of respective genomic stretches obtained for
MNV-1 and WU20 revealed a minimum of 11 point
mutations that were used further to differentiate the virus
isolates at each selected locus (Fig. 1b). Each discriminative
substitution was confirmed by the alignment of five sequences
of RT-PCR products obtained independently. Stability of the
mutations was further established by sequencing RT-PCR
fragments of MNV-1 and WU20 RNA obtained after four
successive passages in cell culture (Table 1). Genetic markers
were shown to be stable, as only two discriminative mutations
(of the 195 detected) between MNV-1 and WU20 were lost
after four passages in cell culture.

Multilocus discrimination between MNV-1 and
WU20 by SYBR green- and TaqMan-based PCR
assays

Isolates were genotyped at three regions across the genome:
two located at the 59 (N-term locus) and 39 (ORF3 locus)

ends of the genome and one at the polymerase region. Loci
1, 3 and 5 have been chosen for the genotyping assays,
despite the fact that slight instability has been observed after
four passages in regions 3 and 5. Locus 5 was preferred over
locus 4 to allow the detection of potential crossovers within
ORF2 or between ORF2 and ORF3. Locus 3 allowed
discrimination by melt-curve analysis in SYBR green assays,
as the difference in G+C content between parental viruses
was sufficient (Table 1). A SYBR green genotyping assay

Fig. 1. Similarity plot of full-length genomes from the two parental
MNV strains and genetic markers based upon point mutations. (a)
SimPlot analysis. Query sequence, MNV-1; window size, 200 bp;
step, 20 bp. The ordinate indicates the similarity score between
MNV-1 (GenBank accession no. AY228235) and WU20
(EU004665) parental strains and the abscissa indicates the
nucleotide positions. A schematic diagram drawn to scale showing
the organization of MNV genome and location of the five fragments
amplified by RT-PCR is shown. (b) RT-PCR sequencing assays of
five amplicons accurately discriminated the two parental strains
along the complete genome. Polymorphisms differentiating MNV-1
from WU20 were identified within genes encoding non-structural
proteins (ORF1; N-terminal protein, p18/VPg and RNA-dependent
RNA polymerase) and structural proteins (ORF2 and ORF3; major
and minor capsid protein, respectively). Bars are drawn to scale
and represent the five RT-PCR amplicons obtained for each
genomic locus. Vertical black lines within the bars indicate the
position of the nucleotide polymorphisms between MNV-1 and
WU20. Areas filled in grey represent the absence of reliable
sequence information due to unidirectional direct sequencing and
primer sequences.
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offers the advantage of being more cost-effective and easier
to implement than a TaqMan-based assay. For MNV-1, the
melt-curve analysis yielded a characteristic sharp peak at
90.2 uC (variation range, 89.8–90.6 uC), whereas the peak
melting temperature for WU20 was 88.4 uC (variation
range, 88.0–88.6 uC) (Fig. 2a). A 100 % concordance
between results of DNA sequencing and Tm-shift genotyping
was observed. For the N-term and ORF3 loci, two duplex
TaqMan RT-PCR assays were set up for discrimination
between MNV-1 and WU20. Each genome-specific probe,
designed for hybridization to MNV-1 or WU20 parental
viruses, was labelled at the 59 end with a different fluorescent
reporter dye (FAM and Texas red/Cy3, respectively) (see
Supplementary Table S1, available in JGV Online). End-
point reading of the fluorescence generated during PCR
amplification demonstrated that the TaqMan assays were
efficacious at discriminating MNV-1 and WU20 specifically
at both loci, as shown in Fig. 2(b). DNA sequencing showed
a 100 % concordance with the TaqMan PCR assay results.
All real-time reactions were shown to be specific by the
absence of signal when cDNAs from mock-infected RAW
cells were submitted to the discriminative PCR assays. Up to
100-fold dilutions of cDNAs obtained from viral suspension
titres of 104 p.f.u. ml21 were detected successfully, showing
the sensitivity of the PCRs.

Analysis of progeny viruses after MNV-1/WU20
co-infections in vitro

Five experiments of co-infection between MNV-1 and
WU20 were performed. At least 30 progeny viruses were
analysed for each co-infection scenario and were each
characterized as either a parental or a recombinant virus by
discriminative real-time PCR (Fig. 3a–e). Although differ-
ences in the proportion of parental genomes for progeny
viruses were observed, none of the MNV-1/WU20 co-
infections generated recombinant progeny viruses (Fig. 3a–e).
Despite variations in the m.o.i. or the delay of infection,
co-inoculation of RAW cells did not allow us to identify
recombinant viruses, thereby questioning the ability of
MNV-1 and WU20 to recombine in RAW cells. As a basic
requirement for the exchange of genetic material between
viruses is that both viruses infect a single cell simulta-
neously, this point was investigated further for MNV-1
and WU20 in RAW cells.

Recombinant virus detection from a co-infected
cell by infectious-centre assay

An infectious-centre assay was used (i) to verify that the
two virus strains were able to co-infect the same host cell,
(ii) to allow further analysis of the progeny virions from a
co-infected cell and (iii) to avoid the issue of dominance of
one parental virus over the other. Infectious centres were
selected randomly in RAW cell monolayers inoculated with
a dilution of suspended RAW cells that had previously been
co-inoculated by MNV-1 and WU20 at a total m.o.i. of 100
(50 each). RNA extracts from each infectious centre wereT
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analysed further for the presence of parental genomes by
the TaqMan genotyping assay targeting ORF3. In 13 of the
20 (65 %) infectious centres analysed, both MNV parental

genomes were detected, indicating that single, suspended
RAW cells were co-infected by MNV-1 and WU20 (Figs 3f
and 4a). A total of 122 progeny viruses plaque-purified
from a co-infected cell were submitted to the PCR
genotyping assays at the three genomic locations described
above. One virus showed discordant genotyping at the
three loci (Fig. 4b–d). The WU20 signature was detected in
the N-term and polymerase regions, whereas the MNV-1
signature was found in the ORF3 region. According to
these observations, this progeny virion was generated
following recombination occurring between loci 3 and 5 of
the MNV genomes.

Genetic and phenotypic characterization of the
recombinant virus

In order to confirm that recombination had occurred, the
predicted recombination breakpoint of the potential
recombinant MNV isolate (Rec MNV) and its parental
viruses was sequenced. Alignment of the Rec MNV
consensus sequence with the MNV-1 and WU20 sequences
showed that the recombination breakpoint is located at the
ORF1–ORF2 junction in the region of 123 bp where
complete sequence identity was observed between the
parental isolates (Fig. 5). Sequences of all five loci were
obtained by direct sequencing for the recombinant virus
and showed 100 % sequence identity to sequences from the
parental viruses, being identical to WU20 for the three loci
in ORF1 and to MNV-1 for loci in ORF2 and ORF3 (data
not shown). Viability and sequence identities of Rec MNV
were maintained during rounds of plaque purification and
amplification by three serial passages in RAW cells,
indicating that this study was able to generate a viable
and stable recombinant virus.

In order to investigate the effect of the recombination event
on viral fitness, phenotypic characteristics of Rec MNV
were investigated in cell culture. Single-step growth kinetics
of the recombinant and parental strains were established
from three independent series. Whilst the three viruses
showed similar growth curves when total and extracellular
virus titres were analysed, differences were observed for
intracellular virus production (Fig. 6a). For the parental
viruses, intracellular virions constituted the majority of
their total virus titres up to 18 h post-infection (p.i.) before
extracellular titres exceeded the intracellular titres, prob-
ably due to lysis of the infected cells. In contrast,
intracellular Rec MNV titres were maintained at a high
level up to 24 h p.i. (Fig. 6a). Phenotypic characterization
of Rec MNV was completed by plaque-size assays. In order
to determine the relevance of the differences in plaque size,
a non-parametric statistical method that would take into
account the variation in plaque size for each virus was
chosen and data were analysed with the Kolmogorov–
Smirnov statistic. Results obtained from 64 randomly
selected plaques for each virus indicated that Rec MNV
produced significantly smaller plaques than the parental
isolates, with P-values ,0.05 (Fig. 6b, c). Taken together,

Fig. 2. SYBR green- and TaqMan-based PCR assays discrim-
inating between MNV-1 and WU20. (a) Melt-curve analysis of
SYBR green-labelled PCR products, enabling the distinction
between MNV-1 (grey bars) and WU20 (black bars) genomes in
the polymerase region (locus 3). Mean melting temperatures (Tm)
for MNV-1 and WU20 were 90.1±0.15 and 88.3±0.18 6C,
respectively. (b) End-point reading of the fluorescence emitted
during PCR amplification of loci 1 and 5 discriminating between
MNV-1 (h) and WU20 ($). Intensities of Cy3/Texas red and FAM
fluorescent signals originating from WU20- and MNV-1-specific
probes are plotted on the x- and y-axes, respectively. UF, Units of
fluorescence; g, mixed RNA; –, non-template control and RNA
extracted from mock-infected cells.
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these results indicate that, although similar total virus titres
were obtained for all three viruses, Rec MNV seemed to be
sequestered longer inside the cell before release. This longer
cell association may reduce the spread of Rec MNV to
neighbouring cells, thus explaining the smaller plaques.

DISCUSSION

Although phylogenetic analyses have suggested genetic
recombination in NoVs (Bull et al., 2007), NoV recombi-
nants have not been identified previously from co-infected
cultured cells. Here, using the MNV model, we provide the
first experimental evidence of MNV-1 recombination by co-
inoculation of two distinguishable parental MNV isolates in
RAW cells. Similarly to what has been observed previously
for field NoV recombinant viruses (Bull et al., 2005), the
crossover region identified in Rec MNV was mapped to a
homologous region between the parental MNV-1 and
WU20 genomes located at the ORF1–ORF2 junction.
Furthermore, our data show that a NoV recombination
event yielded a recombinant virus exhibiting biological
properties that differ from the parental ones.

In order to provide experimental evidence of recombination
between two MNV isolates, we developed a new protocol

based on PCR genotyping assays targeting three regions
across the entire MNV genome. This tool constitutes a
highly sensitive, specific, rapid and robust method for
discrimination between the parental viral genomes. Single
nucleotide polymorphism (SNP) genotyping assays have
recently been validated for use as reliable recombination
markers for the study of recombination between two closely
related DNA viruses (Muylkens et al., 2009). Here, their use
enabled the detection of a recombinant MNV generated in
vitro and this type of assay would therefore be suitable for in
vivo MNV recombination studies.

In this study, a chimeric WU20–MNV-1 virus was
recovered from one of six permissive co-infection assays
in which a total of 332 plaque-isolated progeny viruses
were analysed. At an initial m.o.i. of 100 with equal
proportions of parental MNV genomes, in contrast to
results for whole-flask lysate, analysis by genotyping of
viruses from a co-infected infectious-centre lysate allowed
the detection of a recombinant virus. Thus, the use of an
infectious-centre assay may be required for the detection of
recombinant MNVs. Recombination frequencies estimated
for other RNA viruses need to be interpreted with care, as
there are great disparities between experimental set-ups of
in vitro RNA recombination studies, and rates vary between

Fig. 3. Experimental schedule of MNV-1
(black)/WU20 (grey) co-infections and results
of the screening of the progeny viruses based
upon discriminative real-time PCR at three loci
of the MNV genome. Numbers indicated above
arrows are the total number of progeny viruses
screened for each scenario. T0, Time zero. (a)
RAW cell monolayer co-infected at an m.o.i. of
10 with an equal proportion of MNV-1 and
WU20 (5/5) at room temperature (RT). (b)
RAW cells co-infected at an m.o.i. of 10
(MNV-1/WU20, 1/9) on ice. (c) Co-infection
at an m.o.i. of 0.1 (0.05/0.05) at RT; progeny
viruses were analysed at generation 5 (G5). (d)
RAW cells were infected at RT with WU20 at
an m.o.i. of 5 followed 1 h later (T1) by
superinfection with MNV-1 at an m.o.i. of 5.
(e) Co-infection at RT at an m.o.i. of 100 (50/
50). (f) Co-infection at RT at an m.o.i. of 100
(50/50) followed by an infectious-centre assay
(ICA) at T2. In all scenarios, progeny viruses
were analysed from whole-flask lysates at the
first generation (G1) except in (c), where
progeny viruses were analysed at G5, and (f),
where progeny viruses were analysed from a
co-infected infectious-centre lysate.
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0.13 and 2 % for picornaviruses (Cooper, 1968; Kirkegaard
& Baltimore, 1986; McCahon & Slade, 1981). Also, most
recombination experiments performed with RNA positive-
strand viruses have been designed under extreme positive
selection (e.g. with temperature-sensitive, guanidine-re-
sistant or poorly replicative viruses being used as parental
viruses) to allow the detection of rare recombination events
in vitro (Giraudo et al., 1988; Spann et al., 2003). In our
study, the MNV recombination frequency obviously
exceeded reversion rates and was sufficiently high for the
detection of a recombinant genome in the absence of
selection pressure. Therefore, NoV recombination rates
could be higher than those of other positive-sense RNA
viruses. This finding is consistent with the great amount of
data available for field NoV recombinant strains based
upon sequence analysis (Ambert-Balay et al., 2005; Bull
et al., 2007; Jiang et al., 1999; Martella et al., 2009; Mauroy
et al., 2009). We are aware that our results might not reflect
the actual frequency of crossover between the parental
genomes because our method relies upon multiple virus-
amplification steps, which only enable the identification of
replication-effective recombinants. Moreover, homologous
recombination involves genomic transfer between viruses

with significant sequence similarity (Kirkegaard &
Baltimore, 1986; Meurens et al., 2004), indicating that
co-infections of MNV genomes with higher nucleotide
identities than the parental genomes used in the present
study might yield more recombinant viruses. All in all, on
the proviso that the method is optimized further for the
generation of recombinants, MNV constitutes a valuable
study model for in vitro and in vivo NoV recombination.

Homologous recombination has been described for a wide
range of RNA and DNA viruses (Lai, 1992; Spann et al.,
2003; Thiry et al., 2005). A copy-choice mechanism in which
the viral RNA polymerase switches templates during RNA
synthesis seems to account for the majority of RNA virus
recombinants (Lai, 1992). In the present study, the
recombination crossover for Rec MNV has been shown to
lie near the ORF1–ORF2 junction, but we were unable to
define the point more precisely due to the perfect identity
between parental strains across 123 bp in this region.
Recombination hot spots have also been found in other
RNA viruses, including poliovirus, brome mosaic virus and
retroviruses (Fan et al., 2007; Nagy & Simon, 1997; Tolskaya
et al., 1987). Such hot spots are either sequence-dependent

Fig. 4. Detection of a recombinant MNV from a co-infected cell determined by an infectious-centre assay. (a) Twenty infectious
centres were selected randomly from RAW cell monolayers previously co-infected by MNV-1 ($) and WU20 (&) at a total
m.o.i. of 100 (50 each). m, Mixed RNA; NTC, non-template control (–). Both parental genomes could be detected in 13 of 20
infectious centres. Of 122 progeny viruses from one co-infection scenario that were genotyped by PCR in three genomic
regions [N-term (b), polymerase (c) and ORF3 (d)], only one virus (Rec MNV; �) showed discordant genotyping in the three
regions. Ct, Threshold cycle; UF, units of fluorescence.
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or associated with RNA secondary structures. Sequence
analysis of field NoV, sapovirus and feline calicivirus
recombinants has stipulated the ORF1–ORF2 junction to
be a preferential breakpoint for recombination (Bull et al.,
2005; Coyne et al., 2006; Hansman et al., 2005). Indeed, this
region has been shown to exhibit a marked suppression of
synonymous variability that coincides precisely with stem–
loop RNA secondary structures on the anti-genomic strand
upstream of a subgenomic transcript within each genus of
the family Caliciviridae, including MNV (Simmonds et al.,
2008). In the present study, when the anti-genomic RNA
sequence of the homologous region, including the crossover
point between MNV-1 and WU20, was submitted for RNA
secondary-structure prediction, a similar stem–loop struc-
ture was observed (data not shown). This suggests that viral
RNA secondary structures in this region may enhance RNA
recombination in MNV, as they are predicted either to hold
recombination sites in close proximity, acting as a ‘handle’
for the RNA-dependent RNA polymerase to grab the
acceptor strand, or to contribute to polymerase pausing.
Thus, our data provide some experimental evidence in
support of the recombination model for NoVs proposed by
Bull et al. (2005). Phylogenetic shifts, probably due to
recombination events, have been described previously in
MNV genomes (Thackray et al., 2007). In contrast to our
observation, most of the predicted crossover sites were
located in ORF2 or at the ORF2–ORF3 junction. One
explanation for this discrepancy could be that recombina-
tion hot spots might differ depending on experimental or
field conditions. Also, convergent evolution could be
responsible for phylogenetic disagreement among MNV
sequences. Additional experimental and field data will be
needed to identify MNV recombination hot spots.

RNA recombination is thought to be a major driving force
in virus evolution (Worobey & Holmes, 1999). In this
study, phenotypic characteristics of Rec MNV were
investigated in cell culture in order to understand the
biological benefits caused by recombination. Plaque-size
analysis together with intracellular growth-curve kinetics of
Rec MNV, in comparison with those of the parental
viruses, indicated a reduction in fitness in vitro, probably
due to less efficient virus egress. However, an effect due to a
different cell-passage history could not be ruled out
because changes in virus phenotypes have previously been
observed throughout subsequent cell passaging (Wobus
et al., 2004). The altered phenotype of Rec MNV could be
explained by the fact that viral processes could be
influenced by suboptimal interactions between the non-
structural proteins and the structural proteins acquired
from each parental virus. Evidence based on recombinants
generated from a small, ssDNA virus, maize streak virus,
demonstrated that fragments of genetic material only
function optimally if they reside within genomes similar to
those in which they evolved (Martin et al., 2005).
Observations made for field NoV recombinants may
indicate that shifts between NoV genomic materials could
generate viruses with increased virulence in hosts. From
2000 to 2002, sporadic cases as well as outbreaks of
gastroenteritis were linked with recombinant NoV GIIb
variants throughout Europe (Ambert-Balay et al., 2005;
Reuter et al., 2006). Later, GIIb recombinants were
identified in a wide range of countries, indicating their
widespread distribution across continents (Bruggink &
Marshall, 2009; Fukuda et al., 2008; Gomes et al., 2007). It
is possible that recombination was able to give rise to novel
NoV strains capable of epidemic spread in human

Fig. 5. Sequence alignment of a 1530 bp fragment covering the ORF1–ORF2 junction of MNV recombinant (Rec MNV) and
parental (MNV-1 and WU20) viruses. Nucleotide identities with the upper sequence are represented by dots. The boxed grey
area represents the region (123 bp) that potentially served as breaking point in the RNA recombination event. Sequences
corresponding to the 39 end of ORF1 and the 59 end of ORF2 are indicated by a continuous and a dashed line, respectively.
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populations. This study provides experimental proof for
the acquisition of novel biological properties of an MNV
that had undergone recombination. The effect of recomb-
ination upon the virulence of recombinant viruses needs be
evaluated through in vivo studies in mice, the natural host
of MNV.

In conclusion, a recombinant virus was generated by co-
inoculation of RAW cells with two distinguishable MNV
isolates in the absence of selection markers. The MNV
model appears to be suitable for the study of NoV
recombination in cell culture in the absence of available
culture systems for human NoVs. Additional in vitro and in
vivo studies would enable further insights into NoV
genetic-diversifying mechanisms such as recombination.

METHODS

Viruses and cells. MNV isolates [MNV-1.CW1 and WU20 (Thackray
et al., 2007)] were propagated in RAW 264.7 cells (ATCC TIB-71)

grown in Dulbecco’s modified Eagle’s medium (Invitrogen) comple-

mented (DMEMc) with 10 % heat-inactivated FCS (BioWhittaker),

2 % penicillin (5000 U ml21) and streptomycin (5000 mg ml21) (PS;

Invitrogen) and 1 % HEPES buffer (1 M; Invitrogen).

Virus stocks were produced by infection of RAW cells at an m.o.i. of

0.05. Two days p.i., cells and medium were harvested and clarified by

centrifugation for 20 min (1000 g) after two freeze/thaw cycles.

Supernatants were purified by ultracentrifugation on a 30 % sucrose

cushion in an SW28 rotor (Beckman Coulter) at 25 000 r.p.m. for 4 h

at 4 uC. Pellets were resuspended in PBS, aliquotted and frozen at

280 uC.

Plaque assay and plaque purification of MNV isolates. Titres of

each virus production were determined by plaque assay as described

by Hyde et al. (2009). MNV isolates were plaque-purified three times

following a plaque-picking method adapted from the plaque-assay

method.

Co-infection experiments. Monolayers of RAW cells prepared in

25 cm2 flasks (6.56106 cells) were infected by MNV-1, WU20 or

both viruses at an m.o.i. of 10. Further co-infections were performed

under different conditions. Briefly, co-infections were carried out

Fig. 6. In vitro growth properties of Rec MNV. (a) Single-step growth kinetics of MNV-1 ($), WU20 (&) and Rec MNV (m).
Data for total, intracellular and extracellular MNV virions were obtained after infection of RAW 264.7 cells at an m.o.i. of 5. Virus
titres, expressed as p.f.u., are means+SD of triplicates. (b) RAW cell monolayers were infected with dilutions of MNV-1, WU20
and Rec MNV (passages 5, 4 and 3, respectively) and processed by plaque assay. Cells were fixed by adding 4 %
formaldehyde and plaques were visualized with crystal violet staining. Pictures were taken of wells with dilutions showing
individual plaques. (c) Plaque sizes of Rec MNV were compared with the parental ones by Kolmogorov–Smirnov statistic. From
a total of 64 randomly selected plaques measured in each virus population, the cumulative percentage of plaques within
increasing diameter ranges was calculated. Data were plotted with the diameter values of plaque size on the x-axis and the
cumulative percentage on the y-axis. Rec MNV was compared with its parental strains by calculating maximum absolute
difference (Dmax) between the cumulative percentage of Rec MNV and its parental strains MNV-1 and WU20 (referred to as D

and D9, respectively). Two-tailed P-values were used to determine the level of significance between the compared populations
(Muylkens et al., 2006). The D calculated for Rec MNV/MNV-1 gave a P-value ,0.0001, and the D9 for Rec MNV/WU20 gave
a P-value ,0.0011. For MNV-1/WU20, the Dmax value gave a P-value of 0.9497.
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either at room temperature or on ice. Different m.o.i.s of each
parental virus for co-infection were used and supernatants were
collected for analysis either after 24 h or after five serial passages.
Finally, superinfection of MNV-1 upon WU20 with a 1 h delay was
performed. After 1 h infection, inocula were removed and cells were
washed thoroughly with sterile PBS before the addition of fresh
medium. Forty-eight hours after infection, cells and medium were
harvested and clarified after two freeze/thaw cycles.

Isolation and screening of progeny viruses. A plaque assay for
virus isolation was set up by modifying the protocol described by
Hyde et al. (2009). Briefly, RAW 264.7 monolayers cultured in six-
well plates (1.56106 cells per well) were infected with 1 ml of the
appropriate dilution per well at room temperature. After 1 h, the
inoculum was removed and cells were overlaid with 2 ml medium
containing 70 % DMEM-Glutamax (4.5 g glucose l21 and 15 mM
sodium hydrogen carbonate), 2.5 % FCS, 2 % PS, 1 % HEPES and
0.7 % SeaPlaque agarose (Lonza). After 2 days incubation at 37 uC
with 5 % CO2, cells were stained for visualization by adding 2 ml
minimum essential medium (Invitrogen)/1 % low-melting-point
agarose containing 0.01 % neutral red. Individual plaques were
picked and propagated by inoculation onto RAW cells grown in 24-
well plates. After 72 h (a time corresponding to the cytopathic effect
generated by plaque-purified isolates), supernatants were collected
and frozen at 280 uC before further analysis.

Infectious-centre assay. In order to determine whether RAW cells
were infected by both MNV strains, an infectious-centre assay was
carried out with a 50 : 50 mixture of MNV-1 and WU20 at an m.o.i. of
100 as described by Chuang & Chen (2009). After 2 days, viruses from
infectious centres (plaques) were isolated and virus infection was
verified by genome amplification by a discriminative TaqMan-based
PCR as described below.

Viral RNA preparation, RT-PCR and sequencing. Viral RNA from
parental and progeny viruses was extracted from 100 ml supernatant
of MNV-infected RAW cells with an RNeasy mini kit (Qiagen)
according to the manufacturer’s instructions. RNA extracts were
stored at 280 uC until use. Five fragments of 300–600 bp were
amplified with hybrid primers, specific to the viral sequence and
harbouring the sequence of the M13 forward and reverse primers at
their 59 end (Vende et al., 1995) (Table 1). First-stranded cDNA was
generated by an iScript cDNA Synthesis kit (Bio-Rad). PCRs were
carried out on 3 ml cDNA in 50 ml nuclease-free water containing
300 nM of both forward and reverse primers, 0.1 mM dNTPs, 2.5 %
DMSO, 20 mM Tris/HCl, 10 mM (NH4)2SO4, 10 mM KCl, 2 mM
MgSO4, 0.1 % Triton X-100 and 1 U Taq DNA Polymerase (New
England Biolabs). Two successive PCR-amplification cycles with
distinct annealing temperatures were performed as described by
Vende et al. (1995). Amplicons were visualized by electrophoresis and
purified by ethanol precipitation. Direct sequencing of PCR products
was carried out by GATC Biotech sequencing facilities (Konstanz,
Germany) with reverse primer M13 using an ABI 3730xl DNA
Analyzer (Applied Biosystems). In order to obtain sequences covering
the ORF1–ORF2 junction, PCR was performed with the forward
primer from locus 3 and the reverse primer from locus 4 in order to
amplify a 1578 bp long fragment. The reaction was carried out with
iProof High Fidelity DNA polymerase (Bio-Rad) on 2 ml cDNA in a
reaction volume of 50 ml according to the manufacturer’s instruc-
tions. After purification, fragments were cloned into a pGEM-T Easy
cloning vector (Promega) before being sequenced in both directions
at GATC Biotech sequencing facilities (Konstanz, Germany).

Virus discrimination. For locus 3, a SYBR green assay with the
hybrid primer pair 3 in the polymerase region was implemented
(Table 1). One microlitre of cDNA was added to a 20 ml reaction
volume containing 10 ml iQ SYBR Green Supermix (Bio-Rad),

10 pmol each of forward and reverse primers and 9.5 ml nuclease-

free water. The PCR-amplification protocol consisted of 3 min at

95 uC, followed by 35 cycles of 10 s at 95 uC, 45 s at 50 uC and 45 s at

72 uC.

For the N-term and ORF3 regions (loci 1 and 3), a multiplex TaqMan

real-time PCR was developed for discrimination between MNV-1 and

WU20 based upon SNPs in the sequences targeted by fluorogenic

TaqMan oligoprobes (Supplementary Table S1). One microlitre of

cDNA was added to a 20 ml reaction volume containing 10 ml of iQ

Supermix (Bio-Rad). Final concentrations of primers and probes are

indicated in Supplementary Table S1. Amplification cycles were

performed as follows: 5 min at 95 uC, followed by 30 cycles of 10 s at

95 uC and 40 s at 60 uC.

Bioinformatics. Sequence analyses and alignments were carried out

in the BioEdit Sequence Editor software version 7.0.9.0 (Hall, 1999).

Complete-genome sequence-similarity analysis was performed by

using SimPlot software, available at http://sray.med.som.jhmi.edu/

SCRoftware/simplot (Lole et al., 1999). G+C content analysis was

performed using CPGPLOT software (http://bioweb.pasteur.fr/docs/

EMBOSS/cpgplot.html) (Larsen et al., 1992).

One-step virus growth analysis and plaque-size determination.
RAW cells cultured in 24-well plates were infected by the respective

viruses at an m.o.i. of 5. After 1 h incubation on ice, the inoculum

was removed and the cells were washed three times with PBS to

remove unbound virus, followed by the addition of DMEMc. Plates

were incubated at 37 uC for the stated length of time; time zero

indicates the time at which the medium was added. After 0, 1, 4, 8, 12,

18 and 24 h incubation, an aliquot of the culture medium was

removed and, together with infected cell monolayers, frozen at

280 uC. Virus titres were determined by plaque assay as described by

Hyde et al. (2009). Plaque surfaces and diameters were determined

with the ImageJ Java-based image-processing program (http://rsb.

info.nih.gov/ij/).

Statistical analysis. The plaque sizes of Rec MNV were compared

with the parental ones by the Kolmogorov–Smirnov statistic

(Lilliefors, 1967; Muylkens et al., 2006).

GenBank accession number. The consensus nucleotide sequence

obtained for Rec MNV covering the ORF1–ORF2 junction was

deposited in GenBank/EMBL/DDBJ under the accession no.

HM044221.
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Supplementary Table S1. Primers and probes used in the TaqMan-based discriminative PCR 

distinguishing between MNV-1 and WU20 

 

The GenBank accession no. for MNV-1 is AY228235. F, Forward; R, reverse; p, probe; BHQ, black hole 
quencher. Mixed bases in primers are as follows: Y=C or T; M=A or C; R=A or G. 
 

Target region Primer and probe sequence (5′–3′)* Product length (bp) 
(position in MNV-1) 

Final concentration 
(nM) 

ORF 1 N-term CGCTATGGATGCMAAGGA (F) 84 (399–472) 100 
 CCGATGTAGACAGAGTAATGGTA (R)  100 
 FAM-TGTGATCGGCTCTATCTTGGA-BHQ (p) (410–430) 200 
 Texas red-CGTAGTGGGGTCCATTCTTGA-BHQ (p)  400 
ORF 3 CCAACTCTTTYAAGCACG (F) 82 (6883–6964) 100 
 ATRTTGATGGCRTTCTCC (R)  100 
 FAM-TTGGAAATGCTTGGCG-BHQ (p) (6903–6918) 200 
 Cy3-ATTGAGATGCTTGGCG-BHQ (p)  400 

*LNA oligonucleotides are indicated in bold type. Nucleotides differentiating MNV-1 and WU20 are underlined. 
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