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ABSTRACT The use of overlapping open reading frames (ORFs) to synthesize more
than one unique protein from a single mRNA has been described for several viruses.
Segment 11 of the rotavirus genome encodes two nonstructural proteins, NSP5 and
NSP6. The NSP6 ORF is present in the vast majority of rotavirus strains, and there-
fore the NSP6 protein would be expected to have a function in viral replication.
However, there is no direct evidence of its function or requirement in the viral repli-
cation cycle yet. Here, taking advantage of a recently established plasmid-only-based
reverse genetics system that allows rescue of recombinant rotaviruses entirely from
cloned cDNAs, we generated NSP6-deficient viruses to directly address its signifi-
cance in the viral replication cycle. Viable recombinant NSP6-deficient viruses could
be engineered. Single-step growth curves and plaque formation of the NSP6-
deficient viruses confirmed that NSP6 expression is of limited significance for RVA
replication in cell culture, although the NSP6 protein seemed to promote efficient vi-
rus growth.

IMPORTANCE Rotavirus is one of the most important pathogens of severe diarrhea
in young children worldwide. The rotavirus genome, consisting of 11 segments of
double-stranded RNA, encodes six structural proteins (VP1 to VP4, VP6, and VP7) and
six nonstructural proteins (NSP1 to NSP6). Although specific functions have been as-
cribed to each of the 12 viral proteins, the role of NSP6 in the viral replication cycle
remains unknown. In this study, we demonstrated that the NSP6 protein is not es-
sential for viral replication in cell culture by using a recently developed plasmid-
only-based reverse genetics system. This reverse genetics approach will be success-
fully applied to answer questions of great interest regarding the roles of rotaviral
proteins in replication and pathogenicity, which can hardly be addressed by conven-
tional approaches.
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Group A rotavirus (RVA), a member of the family Reoviridae, is the leading pathogen
of severe diarrhea in young children worldwide, being responsible for an esti-

mated 215,000 deaths annually (1). The RVA virion encapsidates a genome of 11
segments of double-stranded RNA (dsRNA), which encode 12 proteins, six structural
proteins (VP1 to VP4, VP6, and VP7), and six nonstructural proteins (NSP1 to NSP6) (2).
All of the gene segments are monocistronic with the exception of segment 11, which
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encodes two nonstructural proteins, NSP5 and NSP6, in overlapping open reading
frames (ORFs) (2). The NSP6 protein (12 kDa) is expressed from a �1 alternative ORF in
segment 11, and its coding sequence lies entirely within that of NSP5 (3). This small
protein (92 amino acids) is the least studied among the 12 RVA proteins (4). In infected
cells, NSP6 has been reported to be localized to viroplasms, sites of viral genome
replication, and to mitochondria via its different conserved sequences (3–8). The NSP6
protein has been shown to interact with the NSP5 protein in viroplasms (7). In common
with most of the other RVA proteins found in viroplasms, NSP6 is an RNA binding
protein exhibiting binding activities toward both single-stranded RNA (ssRNA) and
dsRNA without sequence specificity (4, 9). Sequence analysis of segment 11 from
various RVA strains has revealed that few cell culture-adapted strains lack a 12-kDa
NSP6 protein (2). That is, human strain 512C (G3P[9]) (10) does not have the start codon
of NSP6, while lapine strain Alabama (G3P[14]) (11) and porcine strain OSU (G5P[7]) (12)
possess truncated NSP6 ORFs. This, together with its low level of expression in infected
cells (3), has suggested that the NSP6 protein plays a nonessential regulatory role in the
viral replication cycle (3, 7, 13). However, direct evidence of its role or requirement in
viral replication has remained to be obtained.

A reverse genetics technology to engineer infectious viruses that contain specific
genomic sequence modifications from cloned cDNAs is a powerful tool for investigat-
ing virus replication and pathogenicity. For RVA, partial plasmid-based reverse genetics
systems that require a helper virus have been established (14–18). Although these
reverse genetics systems have been exploited to generate novel recombinant RVAs
possessing a cDNA-derived gene segment, the development of a versatile entirely
plasmid-based reverse genetics system for RVA has lagged significantly behind that for
other RNA viruses, including other members of the Reoviridae (19–25). Recently, a
long-awaited entirely plasmid-based reverse genetics system has been established (26).
In this system, recombinant RVAs are rescued following transfection of cells constitu-
tively expressing T7 RNA polymerase (BHK-T7 cells) with 14 plasmids (11 RVA cDNA
plasmids for 11 gene segments, flanked by the T7 RNA polymerase promoter and
hepatitis delta virus [HDV] ribozyme sequences, in combination with three expression
plasmids encoding the Nelson Bay orthoreovirus fusion-associated small transmem-
brane [FAST] protein and the two subunits of the vaccinia virus [VV] capping enzyme).
In this study, we took advantage of this technology to generate NSP6-deficient viruses
to directly address the significance of the NSP6 protein in viral replication.

RESULTS AND DISCUSSION
Generation of a mutant SA11 virus with a silenced NSP6 ORF. To determine the

significance of the NSP6 protein in the viral replication cycle, we employed an entirely
plasmid-based reverse genetics system (26) to generate recombinant RVAs capable or
incapable of expressing the NSP6 protein. Genetic manipulation was performed in a
T7-driven plasmid, pT7-NSP5SA11 (26), encoding the full-length segment 11 (NSP5/6
genes) of the SA11 virus (Fig. 1A). To generate plasmid pT7-NSP5SA11-delNSP6 for the
rescue of the NSP6 ORF-silenced virus, the start codon and three downstream AUG
codons in the NSP6 ORF were disrupted by introducing a silent mutation (AUG to ACG)
at nucleotide positions 80 to 82, 152 to 154, 257 to 259, and 326 to 328, respectively
(Fig. 1A). With these manipulations, the amino acid sequence of the overlapping NSP5
was not affected. Viable recombinant SA11 viruses capable or incapable of expressing
the NSP6 protein were rescued from BHK-T7 cells transfected with 12 plasmids (11
rescue T7 plasmids for 11 gene segments in combination with the FAST-expressing
plasmid), which contain the wild-type or NSP6 ORF-silenced segment 11 (rSA11 and
rSA11-delNSP6, respectively) (Fig. 1B). For the rescue of rSA11 and rSA11-delNSP6
viruses, cotransfection of expression plasmids encoding the two subunits of the VV
capping enzyme was not absolutely required. Therefore, we did not employ these two
expression plasmids throughout this study. PAGE analysis of viral genomic dsRNAs
extracted from the rescued viruses demonstrated that rSA11 and rSA11-delNSP6 ex-
hibited the expected migration patterns that are indistinguishable from that of the
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native SA11 virus (Fig. 1B). To confirm that the rescued viruses were generated from the
cloned cDNAs, pT7/VP4SA11-ΔPstI (15) was used as the segment 4 (VP4 gene) rescue
T7 plasmid, in which a unique PstI site was destroyed in the VP4 gene of SA11 by the
introduction of two silent mutations (T to C and A to C at nucleotide positions 1365 and
1368, respectively) (Fig. 1C). The full-length VP4 genes (2,362 bp) of native SA11, rSA11,
and rSA11-delNSP6 were amplified by reverse transcription-PCR (RT-PCR). The amplified
VP4 gene derived from native SA11 was digested to produce 1,368- and 994-bp
fragments, whereas the VP4 segments from rSA11 and rSA11-delNSP6 were not di-
gested (Fig. 1D). The full-length segment 11 (667 bp) of rSA11 and rSA11-delNSP6 were
amplified by RT-PCR. Direct sequencing of the RT-PCR products confirmed the presence
of the expected AUG-to-ACG mutations on segment 11 of mutant rSA11-delNSP6 and
the absence of unwanted mutations on segment 11 of both rescued viruses (data not
shown). The genetic stability of the introduced mutations remained unchanged after
five passages in MA104 cells (data not shown). Thus, these results demonstrated that
the rSA11 and rSA11-delNSP6 viruses originated from the cloned cDNAs, and viable and
genetically stable RVAs with the silenced NSP6 ORF could be generated by means of
reverse genetics.

To confirm that the AUG-to-ACG mutations in segment 11 of rSA11-delNSP6 prevent
NSP6 expression, immunoblotting analysis was performed to assess the expression of
NSP6 using NSP6-specific antiserum in MA104 cells infected with the rescued viruses.
The expression of the NSP6 protein was detected in cells infected with wild-type rSA11
but not in cells infected with mutant rSA11-delNSP6 (Fig. 1E). Immunoblotting with

FIG 1 Generation of the rSA11-delNSP6 virus incapable of expressing the NSP6 protein. (A) Schematic presentation of the plasmids encoding segment 11
(NSP5/6 genes), used for rescue of the wild-type (wt) rSA11 and mutant rSA11-delNSP6 viruses (pT7-NSP5SA11 and pT7-NSP5SA11-delNSP6, respectively). To
generate plasmid pT7-NSP5SA11-delNSP6, the start codon and three AUG codons in the NSP6 ORF of SA11 were disrupted by replacing them with ACG codons.
The arrowheads indicate the ACG mutation sites. UTR, untranslated region; aa, amino acid. (B) PAGE of viral genomic dsRNAs extracted from the native SA11,
rSA11, and rSA11-delNSP6 viruses. Lane 1, dsRNAs from the native SA11; lanes 2 and 3, dsRNAs from the rescued rSA11 (lane 2) and rSA11-delNSP6 (lane 3)
viruses. The numbers on the left indicate the order of the genomic dsRNA segments of the native SA11. (C) Rescued rSA11 and rSA11-delNSP6 contain a
signature mutation in their VP4 genes as a gene marker. Nucleotide substitutions (T to C and A to C at nucleotide positions 1365 and 1368, respectively) were
introduced to eliminate a unique PstI site in the VP4 gene (15). (D) The VP4 gene RT-PCR products were digested with PstI, followed by separation in a 1.2%
agarose gel. Native SA11 (lanes 1 and 2), rSA11 (lanes 3 and 4), and rSA11-delNSP6 (lanes 5 and 6) are shown. The 2,362-bp fragments (lanes 1, 3, and 5) were
digested with PstI (lanes 2, 4, and 6). M, 1-kb ladder markers. (E) Expression of the NSP6 protein and other RVA proteins in MA104 cells infected with rSA11
or rSA11-delNSP6. Whole-cell lysates of infected cells were analyzed by immunoblotting using anti-NSP6 antiserum, anti-NSP5 antiserum, anti-VP6 antiserum,
or anti-�-actin monoclonal antibody. The anti-�-actin antibody was used as a loading control. Mock (lane 1), rSA11 (lane 2), and rSA11-delNSP6 (lane 3) virus
infection is shown.

Rotavirus NSP6 Is Not Essential for Viral Replication Journal of Virology

November 2017 Volume 91 Issue 21 e00695-17 jvi.asm.org 3

http://jvi.asm.org


other RVA-specific antisera demonstrated equivalent expression levels of other RVA
proteins (NSP5 and VP6) in cells infected with the wild-type and mutant viruses,
suggesting a similar level of infection by rSA11 and rSA11-delNSP6 (Fig. 1E). Thus, it was
demonstrated that the mutant rSA11-delNSP6 virus was viable and did not express the
NSP6 protein.

Growth properties of the NSP6-deficient virus in cell culture. To determine
whether the NSP6 protein influences RVA infectivity in cell culture, single-step growth
curves of rSA11 and rSA11-delNSP6 were determined after infection of MA104 cells at
a high multiplicity of infection (MOI) of 5 PFU/cell. The growth curves demonstrated
that the replication of the mutant rSA11-delNSP6 was slower (by about 8-fold) than that
of the wild-type rSA11 during the replication cycle but that comparable end titers were
reached (Fig. 2A). We then examined the plaque sizes in CV-1 cells for these viruses by
measuring the mean diameter of each of 25 plaques in two independent assays (Fig.
2B). The virus growth titers correlated well with the sizes of the plaques formed. That
is, the mutant rSA11-delNSP6 formed smaller-sized plaques (diameter, 1.39 � 0.21 mm)
than those of the wild-type rSA11 (diameter, 3.43 � 0.35 mm). Therefore, the results
confirmed that the NSP6 protein is not essential for viral replication in cell culture,
although the NSP6 protein appeared to promote efficient virus growth.

Generation of recombinant SA11-based monoreassortant viruses possessing a
KU-derived segment 11 capable or incapable of expressing the NSP6 protein. In
order to determine whether the effect of deletion of NSP6 expression differs among
RVA strains, we attempted to rescue recombinant monoreassortant viruses that possess
segment 11 from the human KU virus and the other 10 segments from the SA11 virus.
To construct rescue T7 plasmid pT7/NSP5KU, encoding the authentic segment 11 of KU,
the full-length cDNA of segment 11 was amplified by RT-PCR from viral genomic dsRNA
of KU. The amplified cDNA of KU segment 11 was inserted into a T7-driven plasmid,
pX8dT (Fig. 3A). To generate plasmid pT7/NSP5KU-delNSP6 for the rescue of the NSP6
ORF-silenced monoreassortant virus, the start codon and five downstream AUG codons
in the NSP6 ORF were disrupted by introduction of a silent ACG mutation at nucleotide

FIG 2 Infectivity of the rSA11-delNSP6 virus lacking NSP6 expression. (A) Single-step growth curves of
rSA11 and rSA11-delNSP6. MA104 cells were infected with rSA11 or rSA11-delNSP6 at an MOI of 5 and
then incubated for various times. Virus titers in the cultures were determined by plaque assay. The data
shown are the mean viral titers and standard deviations (SDs) from three independent cell cultures. (B)
Plaque formation by rSA11 and rSA11-delNSP6. rSA11 or rSA11-delNSP6 was directly plated onto CV-1
cells for plaque formation. The experiment was repeated three times with similar results, and represen-
tative results are shown.
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positions 80 to 82, 140 to 142, 158 to 160, 257 to 259, 272 to 274, and 278 to 280,
respectively, without an effect of the amino acid sequence of the overlapping NSP5
(Fig. 3A). Viable recombinant SA11-based monoreassortant viruses possessing KU-
derived segment 11, capable or incapable of expressing the NSP6 protein, were rescued
from the cells transfected with 12 plasmids (11 rescue T7 plasmids for 11 gene
segments in combination with the FAST-expressing plasmid), which contain the wild-
type or NSP6 ORF-silenced KU segment 11 (rSA11-s11KU and rSA11-s11KU-delNSP6,
respectively) (Fig. 3B). PAGE analysis of viral dsRNAs showed that segment 11 of the

FIG 3 Generation of recombinant SA11-based monoreassortant viruses having a KU-derived segment 11 capable
or incapable of NSP6 expression. (A) Schematic presentation of the plasmids encoding KU segment 11 (NSP5/6
genes) for rescue of the wild-type rSA11-s11KU and mutant rSA11-s11KU-delNSP6 viruses (pT7/NSP5KU and
pT7/NSP5KU-delNSP6, respectively). To generate plasmid pT7/NSP5KU-delNSP6, the start codon and five AUG
codons in the NSP6 ORF of KU were disrupted by replacing them with ACG codons. The arrowheads indicate the
ACG mutation sites. (B) PAGE of viral dsRNAs extracted from rSA11, rSA11-s11KU, rSA11-s11KU-delNSP6, and native
KU. Lane 1, dsRNAs from rSA11; lanes 2 and 3, rSA11-s11KU (lane 2) and rSA11-s11KU-delNSP6 (lane 3); lane 4,
native KU. The numbers on the left indicate the order of the genomic dsRNA segments of rSA11. (C) Expression of
the NSP6 protein and other RVA proteins in MA104 cells infected with rSA11-s11KU or rSA11-s11KU-delNSP6.
Whole-cell lysates of infected cells were analyzed by immunoblotting using anti-NSP6 antiserum, anti-NSP5
antiserum, anti-VP6 antiserum, or anti-�-actin monoclonal antibody. Shown are mock (lane 1), rSA11-s11KU (lane
2), and rSA11-s11KU-delNSP6 (lane 3) infection.
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rescued monoreassortant viruses migrated to the same position as the corresponding
segment 11 of the native KU virus, with an SA11 backbone (Fig. 3B). The authenticity
and genetic stability of mutations in segment 11 of the rescued monoreassortant
viruses was confirmed by nucleotide sequence analysis using extracted viral dsRNAs
(data not shown). To confirm that the mutant rSA11-s11KU-delNSP6 virus did not
express the NSP6 protein, as intended, immunoblotting analysis using NSP6-specific
antiserum was carried out. The expression of the NSP6 protein was detected in MA104
cells infected with wild-type rSA11-s11KU but not in cells infected with mutant rSA11-
s11KU-delNSP6 (Fig. 3C). Immunoblotting with other RVA-specific antisera demon-
strated equivalent expression levels of other RVA proteins (NSP5 and VP6) in cells
infected with the wild-type and mutant viruses, suggesting a similar level of infection
by rSA11-s11KU and rSA11-s11KU-delNSP6 (Fig. 3C). Thus, the mutant rSA11-s11KU-
delNSP6, which did not express the NSP6 protein, was viable, demonstrating that RVAs
that lack NSP6 expression can be rescued by means of reverse genetics without strain
dependence.

Growth properties of the NSP6-deficient monoreassortant virus in cell culture.
To confirm the significance of the NSP6 protein in viral replication, MA104 cells were
infected with the rSA11-s11KU and rSA11-s11KU-delNSP6 monoreassortant viruses at a
high MOI of 5 PFU/cell to determine their single-step growth curves. The growth curves
showed that both viruses reached 108 PFU/ml at 14 h after infection, although the
mutant rSA11-s11KU-delNSP6 grew somewhat less (�10-fold lower titers) than the
wild-type rSA11-s11KU (Fig. 4A), and the titers were almost the same as those seen with
the rSA11 and rSA11-delNSP6 viruses (Fig. 2A). We then determined the plaque sizes in
CV-1 cells for these monoreassortant viruses by measuring the mean diameter of each
of 25 plaques in two independent assays (Fig. 4B). A reduction in the size of plaques
formed by the mutant rSA11-s11KU-delNSP6 (diameter, 1.38 � 0.49 mm) compared to
that of the wild-type rSA11-s11KU (diameter, 3.38 � 0.42 mm) was observed, which was
compatible with the reduction seen with the mutant rSA11-delNSP6 compared to that
of the wild-type rSA11 (Fig. 2B). Based on these results, we conclude that the NSP6

FIG 4 Infectivity of the rSA11-s11KU-delNSP6 monoreassortant virus lacking NSP6 expression. (A) Single-
step growth curves of rSA11-s11KU and rSA11-s11KU-delNSP6. MA104 cells were infected with rSA11-
s11KU or rSA11-s11KU-delNSP6 at an MOI of 5 and then incubated for various times. Virus titers in the
cultures were determined by plaque assay. The data shown are the mean viral titers and SDs for three
independent cell cultures. (B) Plaque formation by rSA11-s11KU and rSA11-s11KU-delNSP6. rSA11-s11KU
or rSA11-s11KU-delNSP6 was directly plated onto CV-1 cells for plaque formation. The experiment was
repeated three times with similar results, and representative results are shown.
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protein is dispensable for viral replication in cell culture, although the NSP6 protein
appeared to promote efficient virus growth.

Growth properties of NSP6-deficient viruses in Vero E6 cells. As RVAs actively
suppress induction and signaling of type I interferons (IFN), i.e., IFN-� and IFN-� (27–29),
we wondered whether the reduction in replication of the NSP6-deficient viruses in cell
culture is due to IFN-�/� effects. To address this question, we infected Vero E6 cells that
lack the IFN-�/� genes (30–32) with the rSA11 and rSA11-delNSP6 viruses at a high MOI
of 5 PFU/cell to determine their single-step growth curves in IFN-�/�-deficient cells. The
growth curves showed that the mutant rSA11-delNSP6 replicated less efficiently than
the wild-type rSA11 (Fig. 5A), as seen for IFN-�/�-competent MA104 and CV-1 cells (33,
34) (Fig. 2A and 4A). The same tendency was found between the mutant rSA11-s11KU-
delNSP6 and the wild-type rSA11-s11KU (Fig. 5B), suggesting that the reduced viral
replication of the NSP6-deficient viruses is type I IFN independent, thereby pointing to
a potentially different pathway.

In the present study, we exploited a recently developed plasmid-based reverse
genetics system to determine the significance of the NSP6 protein in the viral replica-
tion cycle. The generated NSP6-deficient viruses were viable and genetically stable.
Single-step growth curves and plaque formation of the NSP6-deficient viruses con-
firmed that the NSP6 protein is not essential for viral replication in cell culture. Thus, the
finding of few cell culture-adapted strains possessing defective or truncated NSP6 ORFs
as well as the present results showed that the NSP6 protein is not essential for viral
replication, at least in cell culture. However, the presence of the NSP6 ORF is highly
conserved among RVA isolates from natural infections, suggesting an important but
unknown role of the NSP6 protein in the viral replication cycle. In fact, the NSP6-
deficient viruses in this study showed somewhat impaired growth properties in cell
culture. Therefore, NSP6 expression is of limited significance for RVA replication in cell
culture, but it may be important for viral replication in vivo where there are much more
complex situations compared to those in cultured cells. Further studies using animal
models will be important to confirm the role(s) of the NSP6 protein in viral replication
and pathogenicity.

An entirely plasmid-based reverse genetics system can now be used for studying the
mechanisms of RVA replication and pathogenesis. Here, we employed this approach to
generate recombinant RVAs with engineered segment 11 to determine the significance
of the NSP6 protein, since the current partial plasmid-based reverse genetics system
has been successfully applied to only 3 of the 11 gene segments (VP4, NSP2, and NSP3
genes) (23). Two efficacious and safe live attenuated RVA vaccines (Rotarix and
RotaTeq) are currently available; however, the molecular bases for the attenuation of
these vaccine strains remain unknown. Therefore, it is expected that this reverse
genetics approach will contribute to our understanding of the molecular bases of RVA
replication and pathogenicity, as well as to the development of novel next-generation
RVA vaccines with known attenuating mutations.

FIG 5 Single-step growth curves of the NSP6-deficient viruses in IFN-�/�-deficient Vero E6 cells. Vero E6
cells were infected with rSA11 or rSA11-delNSP6 (A) or with rSA11-s11KU or rSA11-s11KU-delNSP6 (B) at
an MOI of 5 and then incubated for various times. The virus titers in the cultures were determined by
plaque assay. The data shown are the mean viral titers and SDs from three independent cell cultures.
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MATERIALS AND METHODS
Cells and viruses. Baby hamster kidney cell lines, BHK/T7-9 (35) and BHK-T7/P5 (26), stably express-

ing T7 RNA polymerase (BHK-T7 cells) were cultured in Dulbecco’s modified Eagle medium (DMEM)
(Nissui) supplemented with 5% fetal calf serum (FCS) (Gibco) (complete medium) in the presence of 600
ng/ml hygromycin (BHK/T7-9) (Invitrogen) or 4 �g/ml puromycin (BHK-T7/P5) (Sigma-Aldrich). Monkey
kidney cell lines, MA104, CV-1, and Vero E6 (CRL-1586; American Type Culture Collection), were cultured
in complete medium. Simian RVA strain SA11-L2 (SA11) (G3P[2]) (36) and human RVA strain KU (G1P[8])
(37) were propagated as described previously (15). Briefly, the SA11 and KU viruses were pretreated with
trypsin (type IX, from porcine pancreas) (10 �g/ml; Sigma-Aldrich) and then propagated in MA104 cells
in Eagle’s minimum essential medium (Nissui) without FCS (incomplete medium) but containing trypsin
(1 �g/ml).

Construction of rescue T7 plasmids encoding full-length segment 11 (NSP5/6 genes). To
generate a construct for the rescue of the NSP6 ORF-silenced SA11 virus, T7-driven plasmid pT7-
NSP5SA11 (26) was modified using a QuikChange II site-directed mutagenesis kit (Agilent Technologies)
according to the manufacturer’s instructions. To generate plasmid pT7-NSP5SA11-delNSP6, the start
codon and three downstream AUG codons in the NSP6 ORF of SA11 were disrupted (AUG to ACG) at
nucleotide positions 80 to 82, 152 to 154, 257 to 259, and 326 to 328 in pT7-NSP5SA11. The coding
sequence of the overlapping NSP5 ORF was not affected.

To construct T7-driven plasmid pT7/NSP5KU, which encodes the authentic segment 11 of the KU
virus, the cDNA was amplified by RT-PCR from its genomic dsRNA with ReverTra Ace reverse transcriptase
(Toyobo), PrimeStar HS DNA polymerase (TaKaRa Bio), and specific primers. As described previously (15),
the forward primer contains the T7 RNA polymerase promoter sequence and a sequence corresponding
to the 5= terminus of the viral gene. The primer sequences will be provided on request. After digestion
with restriction enzymes, the cDNA was ligated into the corresponding restriction enzyme site of T7
expression plasmid pX8dT (38). The constructed plasmid, pT7/NSP5KU, contains the full-length segment
11 cDNA of KU (GenBank/EMBL/DDBJ accession no. LC309019), flanked by the T7 RNA promoter and HDV
ribozyme sequences, followed by the T7 RNA polymerase terminator sequence. To generate a construct
for the rescue of the SA11-based monoreassortant virus having KU segment 11 incapable of NSP6
expression, pT7/NSP5KU was modified using a QuikChange II site-directed mutagenesis kit as described
above. To generate plasmid pT7/NSP5KU-delNSP6, the start codon and five downstream AUG codons in
the NSP6 ORF were disrupted (AUG to ACG) at nucleotide positions 80 to 82, 140 to 142, 158 to 160, 257
to 259, 272 to 274, and 278 to 280 in pT7/NSP5KU. The coding sequence of the overlapping NSP5 ORF
was not affected. The nucleotide sequences of all of the constructed plasmids were sequenced to ensure
the presence of the intended mutations and the absence of unwanted mutations.

An entirely plasmid-based reverse genetics system. Recombinant RVAs entirely derived from
cloned cDNAs were generated with a plasmid-only-based reverse genetics system (26), with some
modifications. Briefly, monolayers of BHK-T7 cells in 6-well plates (Falcon) were cotransfected with 11
rescue T7 plasmids representing the cloned cDNAs of RVA 11 gene segments and FAST-expressing
plasmids pT7-VP1SA11 (0.75 �g), pT7-VP2SA11 (0.75 �g), pT7-VP3SA11 (0.75 �g), pT7/VP4SA11-ΔPstI
(0.75 �g) (15), pT7-VP6SA11 (0.75 �g), pT7-VP7SA11 (0.75 �g), pT7-NSP1SA11 (0.75 �g), pT7-NSP2SA11
(0.75 �g), pT7-NSP3SA11 (0.75 �g), pT7-NSP4SA11 (0.75 �g), and pCAG-FAST (0.02 �g), in combination
with 0.75 �g of pT7-NSP5SA11, pT7-NSP5SA11-delNSP6, pT7/NSP5KU, or pT7/NSP5KU-delNSP6. Follow-
ing 1 day of incubation, the transfected BHK-T7 cells were washed with incomplete medium and then
cocultured with overlaid CV-1 cells for 3 days in incomplete medium containing trypsin (0.3 �g/ml). After
incubation, the cultures were subjected to two cycles of freezing and thawing and then treated with
trypsin (10 �g/ml) for RVA activation, followed by inoculation on MA104 cells. After 1 or 2 days of
incubation, recombinant RVAs were rescued and then plaque purified in CV-1 cells as described
previously (39).

Electrophoretic analysis of viral genomic dsRNAs. Viral genomic dsRNAs were extracted from cell
cultures using a QIAamp viral RNA minikit (Qiagen). The extracted viral dsRNAs were used for PAGE
analysis. The dsRNAs were electrophoresed in a 10% polyacrylamide gel for 16 h at 20 mA at room
temperature, followed by silver staining (15) to determine the genomic dsRNA profiles.

Generation of RVA-specific antisera. Rabbit polyclonal anti-NSP6 serum was generated by BioGate.
Two RVA-seronegative rabbits were immunized subcutaneously five times with mixed synthetic peptides
(corresponding to 1-MNRLLQRQLFLENLLVGTN-19 of KU NSP6 and 74-HQHNHDLQVMSDAIKWISP-92 of
SA11 NSP6) conjugated to keyhole limpet hemocyanin.

Rabbit polyclonal anti-NSP5 serum was generated by immunizing rabbits with the recombinant NSP5
protein. To construct an NSP5 expression plasmid, the full-length NSP5 ORF of SA11 was amplified by
RT-PCR with specific primers containing restriction enzyme sites. The sequences of the primers will be
provided on request. After digestion with restriction enzymes, the resultant PCR product was ligated into
the corresponding site of the pGEX6P-3 vector (GE Healthcare) to yield plasmid pGEX-NSP5 expressing
the entire NSP5 as a fusion protein with glutathione S-transferase (GST) at the N terminus. Escherichia coli
XL1-Blue cells were transformed with pGEX-NSP5. The GST-NSP5 fusion protein was purified by gluta-
thione Sepharose 4B column chromatography (GE Healthcare) as described previously (40). Two RVA-
seronegative rabbits were immunized subcutaneously five times with the purified GST-NSP5 protein
using standard procedures (Medical and Biological Laboratories).

Rabbit polyclonal anti-VP6 serum was generated by Medical and Biological Laboratories. Two
RVA-seronegative rabbits were immunized subcutaneously five times with mixed synthetic peptides
(corresponding to 134-EYIENWNLQNRRQRTGF-150 and 366-NWTDLITNYSPSREDNL-382 of SA11 VP6)
conjugated to keyhole limpet hemocyanin.
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The antisera were evaluated for sensitivity and specificity by enzyme-linked immunosorbent assay
(ELISA) and immunoblotting against their respective RVA antigens and whole-cell lysates of RVA-infected
cells.

Immunoblotting. Immunoblotting was performed as described previously (41, 42). Briefly, mono-
layers of MA104 cells in 12-well plates (Falcon) were infected with trypsin-pretreated recombinant RVAs
at an MOI of 3. Sixteen hours after infection, the infected cells were washed twice with phosphate-
buffered saline (PBS) and then lysed in SDS-PAGE sample buffer (63 mM Tris-HCl [pH 6.8], 2% SDS, 5%
sucrose, 5% 2-mercaptoethanol, and 0.002% bromophenol blue). Protein expression was assessed by
SDS-PAGE (15%) and immunoblotting using RVA-specific polyclonal antiserum (anti-NSP6, -NSP5, or
-VP6) or �-actin-specific monoclonal antiserum (Sigma-Aldrich). The antigen-antibody complexes were
detected using a 1-step Ultra TMB blotting solution system (Thermo Fisher Scientific).

Single-step virus replication. Monolayers of MA104 and Vero E6 cells in 12-well plates (Falcon) were
infected in triplicate with trypsin-pretreated recombinant RVAs at an MOI of 5, washed twice with
incomplete medium, and then incubated for various times in incomplete medium without trypsin. The
infected cells were frozen and thawed twice before determination of virus titers by plaque assay.

Plaque assay. The plaque assays were performed as described previously (43). Briefly, monolayers of
CV-1 cells were infected with trypsin-pretreated recombinant RVAs, washed twice with incomplete
medium, and then cultured with trypsin (1 �g/ml) in primary overlay medium (0.7% agarose). After 2
days, the infected cells were stained with secondary overlay medium containing 0.7% agarose and
0.005% neutral red (Sigma-Aldrich). Plaque sizes were determined by measuring the mean diameters of
25 plaques in two independent assays.

Accession number(s). The sequence determined in the course of this work was deposited in
GenBank/EMBL/DDBJ under accession number LC309019.
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