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Abstract

Reverse genetics systems constitute one of the most important and powerful tools to study the
molecular biology of viruses. We developed a new strategy for the recovery of murine norovirus
from a single plasmid in which a bacteriophage T7 RNA polymerase (T7pol) promoter for
transcription and an EMCV IRES for efficient translation were engineered immediately upstream
of the viral genome. Infectious noroviruses were recovered following transfection of the newly
designed plasmid into nonpermissive BHK-21 and HEK293T cell lines that were engineered to
express T7pol constitutively. Recovery of the virus did not require the presence of a ribozyme at
the 3’-end of the virus genome. The strategy worked also for the efficient recovery of feline
calicivirus in these normally nonpermissive cell types. This simplified reverse genetics approach
may be broadly applicable to other caliciviruses.
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The family Caliciviridae is composed of viruses with medical and veterinary importance,
and is currently divided into five genera: Norovirus, Lagovirus, Vesivirus, Sapovirus and
Nebovirus (Carstens, 2010). The human noroviruses (HUNV) are the major cause of
gastroenteritis outbreaks worldwide (Patel et al., 2008). The study of HUNV has been
restricted due to the absence of a cell culture system and an efficient small animal model.
Therefore, cultivable animal caliciviruses, such as feline calicivirus (FCV) and murine
norovirus (MNV), have been used as surrogate models to study the molecular biology of
HUNV (Luttermann and Meyers, 2010; Wobus et al., 2006). The availability of reverse
genetics system (RGS) for these animal caliciviruses, along with their well-established
permissive cell culture systems, has further enhanced their importance as models (Chaudhry
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et al., 2007; Sosnovtsev and Green, 1995; Ward et al., 2007). Caliciviruses are non-
enveloped viruses with a 6.7-8.5 kb long single-stranded, positive-sense RNA genome
covalently linked to viral protein VPg at the 5’-end (Black et al., 1978; Herbert et al., 1997;
Schaffer et al., 1980)The VPg is required for the infectivity of viral RNA transfected into
cells, and interacts with host cellular factors involved in translation (Burroughs and Brown,
1978; Daughenbaugh et al., 2003; Dunham et al., 1998; Goodfellow et al., 2005; Herbert et
al., 1997).

Capped genomic RNA synthesized in vitro from a plasmid containing a full-length (FL)
cDNA of the FCV RNA genome under control of the T7pol promoter were shown to be
infectious in the absence of VPg when transfected into permissive Crandell-Rees feline
kidney (CRFK) cells (Sosnovtsev and Green, 1995). Infectious FCV particles could be also
recovered after transfection of the plasmid into cells infected with recombinant avian
vaccinia virus, MVA/T7, engineered to express T7pol (Sosnovtsev et al., 1997; Wyatt et al.,
1995). Infection of cells with the MVVA/T7 virus resulted in expression of the T7pol and
provided the MVA virus capping enzymes necessary for calicivirus recovery. Similar
approaches were employed to develop RGSs for other members of the Caliciviridae with an
available cell culture system such as Porcine Enteric Calicivirus (PEC), the reference strain
of genus Sapovirus (Chang et al., 2005), and Tulane virus, an unassigned calicivirus (Wei et
al., 2008). Successful recovery of the rabbit hemorrhagic disease virus (RHDV), a
calicivirus from the genus Lagovirus, showed that infectious virus could be generated in
permissive cells transfected with a plasmid carrying the virus genome engineered
downstream from the cytomegalovirus (CMV) promoter (Liu et al., 2008). Attempts to
develop an RGS for the genus Norovirus were unsuccessful until the discovery of MNV
(Karst et al., 2003), which is the only member of the genus that can be grown efficiently in
cell culture (Wobus et al., 2004). Ward et al. (2007) developed an RGS for MNV, dependent
on the co-transfection of two plasmids: one carrying the virus FL genome sequence under
control of TET-O/minCMV promoter and one encoding the transcriptional transactivator
TET-R/VP16 under control of a mammalian promoter. Expression of the TET-R/VP16 led
to activation of MNV genome transcription and to recovery of infectious virus particles
(Ward et al., 2007). Another RGS for MNV was developed using a single DNA plasmid
transfection and required infection with a helper virus expressing T7pol. In the same work,
co-infection with MVVA/T7 blocked the replication of MNV. However, use of a different
poxvirus, fowlpox virus, expressing T7pol, allowed the recovery of infectious MNV
particles (Chaudhry et al., 2007). The most recently developed RGS for MNV uses in vitro
transcription to generate the FL genomes capped with an optimized capping system,
followed by the transfection of the capped RNASs into permissive RAW264.7 cells (Yunus et
al., 2010).

With the exception of RHDV (Liu et al., 2006), capping of transcribed FL genome RNA
molecules has been required to recover infectious calicivirus particles. Because VPg was
known to be essential for the infectivity of native viral RNA, it was proposed that the
synthetic cap structure at the 5’-end of the transcribed calicivirus genome could substitute
for the viral VPg in the initiation of translation (Sosnovtsev and Green, 1995). Although
capped transcripts were infectious, a direct comparison later showed that the efficiency of
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translation of capped transcribed viral RNA was lower than that of the purified VPg-linked
viral RNA (Chaudhry et al., 2007). Furthermore, capped RNA yielded lower virus titers in
recovery experiments compared to VPg-linked RNA (Thumfart and Meyers, 2002; Yunus et
al., 2010). An IRES element from the EMCV genome has been routinely engineered into
calicivirus expression constructs upstream of the translated ORF to enhance viral protein
expression (Pletneva et al., 1998; Sosnovtsev et al., 1998). This study explored whether
IRES-driven expression from an infectious calicivirus FL clone could be used to increase the
efficiency and performance of the RGS. Recombinant plasmids where FL virus (MNV or
FCV) genome sequence was placed downstream of the EMCV IRES sequence were
constructed. To generate the MNV constructs, the genome of the MNV-1 strain CW1P3 was
amplified from p20.3 (Soshovtsev et al., 2006) using PfuUltra Il Hotstart PCR Master Mix
polymerase (Agilent Technologies, Inc., Wilmington, DE) and primers listed in Table 1.
Purified PCR fragments were treated with BsmBI and ligated into the pT7CFE1-His vector
(Thermo Scientific, Rockford, IL) treated with Bsmfl and Spel enzymes. The resulting
plasmids contained either FL (pT7CFE-MNV2T7 and pT7CFE-MNV5’) or truncated
(pT7CFE-MNVAS5’) virus genome placed downstream of the T7pol promoter and the
EMCYV IRES element in the pT7CFE1 (Fig. 1). The pT7CFE-MNV2T7 was engineered to
bear a second T7pol promoter between the 5’-end of the MNV genome and the IRES
sequence. The T7pol transcription of this plasmid would result in a synthesis of two RNA
species: a full-length virus genome alone and genome fused to the IRES sequence. While the
first RNA was expected to work as a template in the virus RNA replication, the second was
thought to serve as template for translation of the virus nonstructural proteins (Fig. 1). All
plasmids were verified by sequence analysis before evaluation in in vitro translation
reactions and recovery experiments. Expression and proteolytic processing of the MNV
nonstructural polyprotein were examined using an in vitro-coupled transcription-translation
system (TnT T7 Coupled Reticulocyte Lysate System, Promega, Madison, WI). Briefly, 2
ug of the plasmid DNAs were added to the TnT reaction mix assembled according to the
manufacturer’s instructions and reactions were performed at 30°C for 2 hrs. Proteins were
radiolabeled with [S3°] methionine (PerkinElmer, Waltham, MA) added to the mix at a
concentration of 0.4 mCi/ml. For all tested constructs, the TnT reaction produced similar
cleavage patterns yielding nonstructural proteins and precursors with molecular masses
ranging from approximately 16 to 110 kDa (Fig. 2a). The identities of the proteins generated
by autocatalytic processing of the MNV ORFL1 polyprotein synthesized from the virus FL
cDNA clone p20.3 (Fig. 2a) have been described previously (Sosnovtsev et al., 2006). The
plasmids were tested next for the production of infectious virions in cells expressing T7pol.
For this purpose, 1.5 x 108 BSR-T7 cells (Buchholz et al., 1999) were transfected with 4 g
of the plasmid DNA using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol. Twenty-four hours post transfection, cells were subjected to freeze-
thawing three times, and the recovery of virus was tested in the permissive RAW264.7 cells.
Virus was produced only in the BSR-T7 cells transfected with the plasmids pT7CFE-
MNV2T7 and pT7CFE-MNV5’. Transfection of cells with the plasmid pT7CFE-MNVA5’
(lacking the 5’-end of the genome) did not result in recovery of infectious virions as
evidenced by the absence of cytopathic effect and plaque formation in RAW?264.7 cells
inoculated with the pT7CFE-MNVAS’ transfection lysates (Fig. 2b). Similar negative results
were obtained for the FL cDNA clone of MNV genome placed directly under control of the
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T7pol promoter without an IRES sequence (p20.3*, data not shown). Differences in
intracellular levels of expression of the ORF1 between IRES and non-IRES constructions
were examined by means of a fluorescent reporter tag (mKate2, Evrogen, Moscow, Russia)
inserted at the border of the NS1-2 and NS3 protein (Fig. 1C, Sandoval et al. in preparation).
Transfection of the cells with p20.3*-mKate, pT7CFE-MNV2T7-mKate, pT7CFE-
MNVA5’-mKate and pT7CFE-MNV5’-mKate (Fig. 1C) showed a significantly higher level
of the ORF1-mKate protein expression in BSR-T7 cells transfected with the FL cDNA
clones with IRES-mediated expression (Fig. 3). Taken together, these results suggest that the
presence of the IRES element driving expression of the virus nonstructural proteins from the
T7pol-transcribed virus genomic RNA and stable expression of this enzyme in BSR-T7 cells
were sufficient for initiation of the virus replication in these cells.

An interesting finding was recovery of viable virus from the pT7CFE-MNV5’ vector where
the 5’-end of the MNV genome was fused directly to the IRES sequence (Fig. 1b). Since the
only T7pol promoter in this construction was located upstream of the IRES sequence, the
T7pol transcripts corresponded to the chimeric IRES-FL genome sequence (Fig. 1b). The 5’-
RACE amplification (Invitrogen) and direct sequencing of the cDNA fragment
corresponding to the 5’-end of the recombinant virus genome showed the identity of the
recovered sequence as that of wild-type virus. This finding suggested that the MNV RNA
replication machinery could regenerate the precise 5’-end of the virus genome even in the
presence of additional nonviral sequences upstream of the 5’-end. To confirm that this new
reverse genetics approach allowed the recovery of genetically modified virus, several silent
mutations (Table 2, Fig. 4A) were introduced into predicted stem loop structures within the
NS1-2 gene of the MNV genome (Simmonds et al., 2008). Briefly, the genome sequence in
pT7CFE-MNV5’ was modified using the QuikChange Site-Directed mutagenesis kit
(Agilent Technologies) and primers containing the desired mutations (Table 1). The
resulting plasmids pSL1, pSL2 and pSL1/2 were sequenced to confirm the presence of the
introduced mutations and used in recovery experiments as described above. The recovered
viruses were plaque-purified and passaged in RAW264.7 cells before their NS1-2 regions
were sequenced to confirm the mutants’ identities and stability of the incorporated
mutations. Sequencing analysis showed that all of them retained the mutations after three
passages (Fig. 4b). RNA folding analysis of the mutagenized NS1-2 sequence revealed that
the suggested mutations could destabilize the stem-loop structures present in this part of the
MNV genome (Simmonds et al., 2008). The functional role of these stem-loop structures in
the MNV replication remains unknown; however, it has been proposed that these RNA
secondary structures might be recognized by virus and cellular host proteins involved in
virus replication (Carstens, 2010). To determine if the introduced mutations had an effect on
virus growth, the kinetics of virus production were examined. Confluent RAW264.7 cells
(approximately 1 x 108 cells) were incubated with each virus at a multiplicity of infection of
0.05 for 1 h at 37°C. The inoculum was removed, cells were washed, and fresh medium was
added. Cell culture fluid was harvested 1, 12, 24, 36, and 48 h post infection, and the titer
was determined by plaque assay. The mutant viruses showed growth kinetics similar to that
of the wild-type virus (Fig. 4c). To compare plaque-forming characteristics of the recovered
mutant viruses to that of the wild-type virus, the plaque assays were performed as described
above and the plaque sizes were calculated using the image analysis software GraphClick
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(http://www.arizona-software.ch/graphclick). The statistical significance in the different
plaque sizes was analyzed using the GraphPad Prism v.6 (GraphPad Software, La Jolla,
CA). Interestingly, the mutant virus SL2 formed plaques similar in size and morphology to
those of the wild-type virus, although the SL1 and SL1/2 plaques appeared to be smaller
(Fig. 4d). Altogether, these results demonstrated that the new MNV RGS could be
successfully used for the genetic manipulations of the virus genome and generation of
recombinant viruses with altered growth properties.

To determine whether the new approach could be applied to the recovery of other members
of the Caliciviridae, we constructed a similar set of FL FCV cDNA clones starting with the
pTMEF-1 clone as template (Pletneva et al., 1998; Sosnovtsev et al., 1998). The resulting
cDNA clones had an FCV FL (pFCV2T7 and pFCV5’) or 5’-end-truncated (pFCVAS5)
genome sequences engineered into the pTM-1 vector (Moss et al., 1990) downstream of the
EMCYV IRES element similarly to that of the MNV constructs described above (data not
shown). The recombinant plasmids were verified by sequencing and by in vitro translation
assay. Next, the verified plasmids were transfected into BSR-T7 cells and their infectivity
was assayed in CRFK cells known to support FCV growth (Fig. 2b). The production of
infectious FCV particles was observed for the construct with two T7pol promoters
(FCV2T7), similar to MNV. In contrast to MNV, no FCV was recovered from the pFCV5’
vector (Fig. 2b) suggesting that FCV may differ in its ability to edit nonviral sequences
upstream of the genomic 5’-end.

To examine if the T7-IRES-dependent system could facilitate replication of norovirus in
human cells, we created HEK293T cells stably expressing T7pol. In order to make this cell
line, the T7pol gene was cloned into the pIRESpuro2 vector (Clontech, Palo Alto, CA) and
the resulting plasmid pIRESpuroT7pol was transfected into the HEK293T cells. Stably
transfected cells were selected by the addition of 4 pg/ml puromycin (Toku-e, Bellingham,
WA) to the cell culture medium, and several cell clones were isolated using a cloning discs
technique (Sigma-Aldrich, St.Louis, MO). The T7pol expression in cloned cells, designated
HEK?293T-T7, was verified using immunofluorescence assay. Briefly, cells were fixed with
cold methanol for 10 min, rinsed and then blocked with 1% normal goat serum in PBS for 1
hour at RT. Next, the fixed cells were incubated overnight with the T7pol-specific mouse
monoclonal antibodies (Novagen, San Diego, CA), and bound antibodies were detected with
Alexa Fluor 568-conjugated goat anti-mouse IgG (Invitrogen). Following washing, cells
were visualized using a Leica DMI14000 B microscope (Leica Microsystems, Buffalo Grove,
IL), and images were captured with a Retiga 2000R camera (Qimaging, Surrey, BC,
Canada) and processed using iVision 4.0.14 software (BioVision, Exton, PA). The
HEK?293T-T7 probed with anti-T7pol antibodies showed a diffuse staining consistent with
cytoplasmic localization of the expressed T7pol protein (Fig. 5a). To assess the enzymatic
activity of the T7pol, the HEK293T-T7 cells were transfected with 2 ig of pT7CFEGFP
plasmid (Thermo Scientific) that encodes the GFP gene downstream of the IRES under
control of the T7pol promoter. The GFP synthesis was visualized directly by fluorescence
microscopy (Fig. 5b) confirming the expression of the active T7pol. Once the HEK293T-T7
cell line was established, we attempted the recovery of MNV using the FL cDNA clones
described above. Transfection of the HEK293T-T7 cells with the MNV constructs pT7CFE-
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MNV2T7 and pT7CFE-MNV5’ plasmids resulted in recovery of infectious MNV that was
confirmed by plaque formation assay in RAW264.7 cells (Fig. 6). The virus titers produced
in HEK293T-T7 were comparable to those of BSR-T7 (Fig. 6).

In summary, we report the development of a simplified RGS for MNV and FCV that
bypasses the need for costly in vitro transcription with cap analogs, multiple plasmids, or
helper viruses. The intracellular T7pol transcription of plasmids carrying the EMCV IRES
sequence placed upstream of these calicivirus genomes allowed the expression of virus
proteins and virion assembly in nonpermissive cells stably expressing T7pol. The recovered
viruses were indistinguishable from the parental virus when analyzed in permissive cells,
and silent mutations could be introduced to generate phenotypically distinct mutants. The FL
constructs in our new system lacking the 5’-NTR failed to allow virus recovery, which
confirms that an intact RNA template at the 5’-end is required in a calicivirus RGS.
Remarkably though, MNV was able to bypass all additional sequences (up to 514 extra
nucleotides) engineered upstream of the intact 5’-end (pT7CFE-MNV5’) to consistently
generate progeny with authentic 5’-termini. This suggests the presence of a strong
recognition site or promoter for the MNV polymerase that insures the generation of a precise
5’-end that is covalently linked to the VVPg. Failure to recover FCV from a similar construct
might indicate differences in the recognition and interaction of the replication machinery
with the 5’-end between these two groups of caliciviruses, but additional investigation is
needed.

While our manuscript was under review, we became aware of two novel RGSs developed
for FCV and human norovirus (Katayama et al., 2014; Oka et al., 2014). Both systems are
based on transfection of cells with plasmids encoding FL virus genomes placed under
control of an EF1a promoter and, similar to the system described above, do not require the
presence of helper virus or plasmid in the transfected cells. Single-step RGSs will
significantly simplify functional analyses of the calicivirus genome. In addition, they will
allow analysis of calicivirus individual protein functions in an environment that is helper
virus free and in context of authentic virus-host interactions.
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Figure 1.
Graphic representation of the MNV genome and description of the T7-IRES plasmid

constructs used in this study. (A) Organization of the MNV genome showing the location of
the virus nonstructural and structural protein genes. (B) Schematic diagrams of the T7-IRES
clones carrying the MNV genome sequence: pT7CFE-MNV2T7 (FL MNV genome placed
downstream of two T7pol promoters separated by the EMCV IRES sequence), pT7CFE-
MNV5’ (FL MNV genome placed downstream of the T7pol promoter and the EMCV IRES
sequence), pT7CFE-MNVAS5’ (similar to the pT7CFE-MNV5’ construction with the MNV
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genome lacking the 5’-end NTR). Plasmids were engineered as described in text. First ATG
codon of ORF1 is shown in bold. (C) Schematic diagram showing the site of the mKate2
gene insertion in the constructs: p20.3*-mKate, pT7CFE-MNV2T7-mKate, pT7CFE-
MNVA5’-mKate and pT7CFE-MNV5’-mKate.

J Virol Methods. Author manuscript; available in PMC 2016 June 01.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Sandoval-Jaime et al.

Page 12
A.
| <— NS4-5-6-7
<«— NS7
<«<— NSI1-2
<— NS3
B.

1T7 promoter 2T7 promoter 1T7 promoter AS’

Murine norovirus B8

Feline calicivirus ‘

Figure 2.
Analysis of the protein expression and virus recovery from the T7-IRES genomic clones.

(A) Comparison of the in vitro translation products derived from the FL MNV genome
constructs and from clones pCINterm, pCINTPase, and pClPol encoding sequences of
NS1-2, NS3 and NS7 proteins (Sosnovtsev et al., 2006). The plasmids were translated in the
TnT system (Promega) in the presence of [3°S]-methionine. The synthesized radiolabeled
proteins were resolved in a 4-20% gradient Tris-Gly polyacrylamide gel and visualized by
autoradiography. Translational products corresponding to MNV nonstructural proteins
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NS1-2, NS3, NS4-5-6-7, and NS7 are indicated with arrows. (B) Plaque formation assay of
the recovered MNV and FCV viruses. The BHK-T7 cells were transfected with T7-IRES-FL
MNV or FCV clones as described in text, and production of infectious virus particles was
assayed on RAW264.7 and CRFK cells, respectively.
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Figure 3.

Expression of the fluorescent protein, mKate2 in BSR-T7 cells transfected with p20.3*-
mKate, pT7CFE-MNV2T7-mKate, pT7CFE-MNVA5’-mKate and pT7CFE-MNV5’-mKate.
(A) Fluorescence microscopy analysis of the BSR-T7 cells transfected with the indicated
plasmids. Images of fluorescent cells were collected 18 hrs post transfection using a Leica
DMI4000 B microscope (Leica Microsystems, Buffalo Grove, IL), and a Retiga-2000R
camera (QImaging, Surrey, BC, Canada). (B) Fluorescence of the transfected cells at
588/633 nm was measured and analyzed using Synergy Neo Plate Reader and Gen5 Data
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Analysis Software (Biotek, Winooski, VT). Fluorescence of mock-transfected cells was
considered as a background. Data represent mean values of measurements (n=3) normalized
to the fluorescence of pT7CFE-MNV2T7-mKate-transfected cells.
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Figure 4.
Generation of genetically-modified MNV. (A) Site-directed mutagenesis was employed to

introduce silent mutations in the beginning of the NS1-2 gene. The corresponding positions
are indicated with bold circles and the beginning of the NS1-2 gene (ORF1) is marked with
arrow. The introduced changes could alter the RNA secondary structure predicted for this
part of the MNV genome (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). (B) Comparison
of the genome sequence (nts 17-41) determined for the recovered SL1, SL2, and SL1/2
mutant viruses at passage 3. Mutations at positions 20 and 23 (SL1), 32 and 35-37 (SL2)
and 20, 23, 32, and 35-37 (SL1/2) are shown in bold. (C) Growth properties of mutant
viruses were compared with those of the wild-type (wt) virus. Confluent monolayers of
RAW264.7 cells were infected with wt or mutant viruses at a multiplicity of infection of
0.05. Cell culture fluid was harvested 1, 12, 24, 36, and 48 h post infection. Virus titer was
determined by end point titration in a plaque assay. (D) Recovered mutant viruses were
assayed for their ability to form plaques in RAW264.7 cells. The relative size of 32
randomly selected plaques was plotted.
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Figure 5.

Expression of the T7pol protein in the HEK293T-T7 cells. (A) Immunofluorescence staining
of the HEK293T-T7 cells was performed using a mAb specific to T7pol (red). The nuclei
were counterstained with DAPI (Sigma). (B) Active T7pol drove the expression of the GFP
protein when the HEK293T-T7 cells were transfected with pT7CFEGFP as described in
text. Original HEK293T cells were included as a negative control.
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pT7CFE-MNVS’ pT7CFE-MNV2T7 pT7CFE-MNVAS’
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BHK-T7 1.4x10° 2.6x103 No recovery é g‘
Figure 6.

Comparative analysis of the MNV recovery in HEK293T-T7 and BHK-T7 cells. Both cells
were transfected with the T7-IRES-FL MNV clones as described in text and infectious virus
titers were determined at 24 h post transfection. No virus recovery was detected following
transfection of pT7CFE-MNVA5S’.
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Table 1

PCR primers used in generation of FL MNV clones and site-directed mutagenesis of the MNV genome.

Name

Sequence 5°-3’

MNV sense pT7CFE2T7

5’ATATATATATCGTCTCTTTTGAAAAACACGATGATAATACGACTCACTATAGTGAAATGAGGATGGCAACGCC 3’

MNV sense pT7CFE5

5’ATATATATATCGTCTCTTTTGAAAAACACGATGATAATGTGAAATGAGGATGGCAACGCCATCTTCTGC &

MNYV sense pT7CFEAS

5’ATATATATATCGTCTCTTTTGAAAAACACGATGATAATATGAGGATGGCAACGCCATCTTCTGC 3’

MNYV reverse 5’ ATATATATATCGTCTCACTAGTTTTTTTTTTTTTTTTITTITTTTTTTTTTTTTAAAATGCATCTAACTACCAC 3’
Mutant SL1 5" CGATGATAATGTGAAATGAGGATGGCAACACCTTCTTCTGCGCCCTCT GTGC 3’
Mutant SL2 5" GGATGGCAACGCCATCTTCTGCACCAAGTGTGCGCAACACAG AGAAACGC &

Mutants SL1/2 5" CGATGATAATGTGAAATGAGGATGGCAACACCTTCTTCT GCACCAAGTGTGCGCAACACAGAGAAACG

The viral sequences of the oligonucleotides MNV sense pT7CFE2T7, MNV sense pT7CFE5, MNV sense pT7CFEDS5 and MNV reverse are shown
in bold. The T7pol promoter sequence is in italics and recognition sequence of the BsmBI restriction enzyme is underlined. For oligonucleotides
Mutant SL1, Mutant SL2 and Mutant SL1/2 used for site-directed mutagenesis of the MNV genome, the introduced mutations are shown in bold

and underlined.
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Mutations introduced into the genome of the MNV mutants pSL1, pSL2 and pSL1/2.

Table 2

Mutant | Genome position | WT/Mut

SL1 20 G/IA
23 AlU
32 GIA
35 CIA

SL2
36 U/A
37 CIG
20 GIA
23 AU
32 GIA

SL1/2

35 CIA
36 U/A
37 CIG
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