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ABSTRACT Engineered recombinant viruses expressing reporter genes have been
developed for real-time monitoring of replication and for mass screening of antiviral
inhibitors. Recently, we reported using a reverse genetics system to develop the first
recombinant reporter rotaviruses (RVs) that expressed NanoLuc (NLuc) luciferase.
Here, we describe a strategy for developing stable reporter RVs expressing luciferase
and green or red fluorescent proteins. The reporter genes were inserted into the
open reading frame of NSP1 and expressed as a fusion with an NSP1 peptide con-
sisting of amino acids 1 to 27. The stability of foreign genes within the reporter RV
strains harboring a shorter chimeric NSP1-reporter gene was greater than that of
those in the original reporter RV strain, independent of the transgene inserted. The
improved reporter RV was used to screen for neutralizing monoclonal antibodies
(MAbs). Sequence analysis of escape mutants from one MAb clone (clone 29) identi-
fied an amino acid substitution (arginine to glycine) at position 441 in the VP4
protein, which resides within neutralizing epitope 5-1 in the VP5* fragment. Further-
more, to express a native reporter protein lacking NSP1 amino acids 1 to 27, the 5=-
and 3=-terminal region sequences were modified to restore the predicted secondary
RNA structure of the NSP1-reporter chimeric gene. These data demonstrate the util-
ity of reporter RVs for live monitoring of RV infections and also suggest further ap-
plications (e.g., RV vaccine vectors, which can induce mucosal immunity against in-
testinal pathogens).

IMPORTANCE Development of reporter RVs has been hampered by the lack of com-
prehensive reverse genetics systems. Recently, we developed a plasmid-based re-
verse genetics system that enables generation of reporter RVs expressing NLuc lucif-
erase. The prototype reporter RV had some disadvantages (i.e., the transgene was
unstable and was expressed as a fusion protein with a partial NSP1 peptide); how-
ever, the improved reporter RV overcomes these problems through modification of
the untranslated region of the reporter-NSP1 chimeric gene. This strategy for gener-
ating stable reporter RVs could be expanded to diverse transgenes and be used to
develop RV transduction vectors. Also, the data improve our understanding of the
importance of 5=- and 3=-terminal sequences in terms of genome replication, assem-
bly, and packaging.
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Reporter viruses that express reporter genes (i.e., chemiluminescent or fluorescent
proteins) are useful tools for studying replication and spread of diverse RNA viruses

in living cells or animals. In general, transgenes harbored by RNA viruses are
unstable; therefore, they are lost gradually over several replication cycles (1–6).
Moreover, insertion of transgenes into viral genes often attenuates the reporter
virus. Thus, a revertant virus that recovers its ability to replicate by deleting or
mutating the transgene(s) will replace the entire transgenic population within a few
replication cycles.
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Rotavirus (RV) is an intestinal pathogen that causes severe gastroenteritis in infants
and young children under 5 years of age (7, 8). RV belongs to the family Reoviridae,
which includes mammalian orthoreovirus (MRV), a highly tractable experimental model
for Reoviridae viruses, and bluetongue virus (BTV), which is an arthropod-transmitted
virus fatal to ruminants (9, 10). Viruses belonging to the family Reoviridae harbor a 9-
to 12-segment double-stranded RNA (dsRNA) genome within a nonenveloped capsid
(11, 12). The dsRNA genome of Reoviridae viruses comprises a minimum of two
components: a 5= and 3= untranslated region (UTR) and an open reading frame (ORF).
Therefore, insertion of foreign genes may compromise viral protein expression and
genome packaging signals by disrupting the ordered dsRNA structure; therefore, sites
for transgene insertion are limited. One prototype reporter MRV was generated by
replacing the �3 ORF in the S4 gene segment with the green fluorescent protein ORF;
infectious viruses were rescued and amplified only in cells stably expressing the �3
protein (13). Subsequently, autonomously replicating reporter viruses were generated,
including MRV expressing iLOV fluorescent protein and Nelson Bay orthoreovirus (NBV)
expressing yellow fluorescent protein (14, 15). The strategy for generating reporter
viruses has been used to develop a transduction vector expressing large foreign genes;
an example is an MRV expressing the simian immunodeficiency virus (SIV) Gag protein
(16).

RV has an 11-segment dsRNA genome encoding six structural and six nonstructural
proteins. Despite the importance of RV to public health, lack of a comprehensive
reverse genetics system has prevented development of reporter RVs or RV transduction
vectors harboring a foreign transgene. Recently, we developed a plasmid-based reverse
genetics system to generate a recombinant RV strain from 14 plasmids encoding 11
dsRNA RV genomes, a cell-cell fusion-inducing FAST (fusion-associated small transmem-
brane) protein, and vaccinia virus capping enzyme proteins D1R and D12L (17). The first
recombinant reporter RVs generated by a reverse genetics system harbored the
NanoLuc (NLuc) gene ORF within the NSP1 gene; in this system, NLuc was expressed as
a fusion protein with a 27-amino-acid segment of the NSP1 N-terminal region (17). RV
has significant advantages in terms of developing a transduction vector because the RV
NSP1 gene is not essential for viral replication, meaning that a whole gene segment is
available for insertion of a foreign gene. Thus, development of potentially useful RV
vectors, such as vaccine vectors, can be explored.

Further analysis of the prototype reporter RV-NLuc strain revealed that the NLuc
transgene was lost after long-term passage in cell culture. Here, we demonstrate that
deleting the UTR of the NSP1 gene from NSP1-NLuc chimeric viruses increases the
stability of reporter genes by preventing reconstitution of an intact NSP1 ORF. Using
the same strategy, we generated other reporter RV strains expressing green or red
fluorescent proteins. The stable RV-NLuc virus was used to screen for neutralizing
monoclonal antibodies (MAbs). Analysis of escape mutants from the neutralizing MAb
screen revealed that the neutralizing epitope resides within the VP5* fragment of the
VP4 protein. Furthermore, we modified the 5=- and 3=-terminal regions of the reporter-
NSP1 chimeric gene to enable expression of a native reporter protein by abolishing
unnecessary ATG codons and restoring the appropriate RNA secondary structure
generated by interaction between the 5= and 3= termini.

RESULTS
Stability of reporter genes in different RV expression systems. In a previous

study, we generated a recombinant strain SA11 (rsSA11)-NLuc-Full virus encoding the
NLuc protein fused a peptide consisting of amino acids 1 to 27 of the NSP1 N-terminal
region (NSP11–27) (Fig. 1A) (17). To increase the versatility of the RV reporter systems,
we attempted to generate an rsSA11-ZsG-Full virus expressing green fluorescent
protein (ZsGreen) using the same method (Fig. 1A). Expression of ZsGreen fused to the
NSP11–27 peptide was detected in MA104 cells infected with rsSA11-ZsG-Full (Fig. 1B).
To examine the stability of RV-expressing reporter genes, we serially passaged (10
times) rsSA11-NLuc-Full in MA104 cells. Examination of the electropherotypes of
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rsSA11-NLuc-Full viruses after five passages (P5) revealed emergence of a truncated
NSP1-NLuc gene in two of five clones (Fig. 1C, arrows). All five clones among P10
rsSA11-NLuc-Full viruses harbored the truncated NSP1-NLuc gene (Fig. 1C, arrows). In
addition, we detected the truncated NSP1-ZsGreen protein after 10 passages in MA104
cells (Fig. 1D, arrows). These results indicate that the NSP1 reporter gene is unstable
after long-term serial passage.

To examine the mechanisms underlying instability of reporter transgenes intro-
duced into the NSP1 gene segment, we analyzed the NSP1-NLuc and NSP1-ZsGreen
dsRNA genomes derived from P1 and P10 rsSA11-NLuc-Full and rsSA11-ZsG-Full vi-
ruses, respectively. Sequence analysis of P10 viruses revealed a deletion in both the
NLuc and ZsGreen genes, resulting in reconstitution of the NSP1 ORF (Fig. 2A and B).
Deletion of most nucleotides spanning bp 31 to 516 of the NLuc ORF and of those

FIG 1 Transgene stability of reporter RV SA11 expressing NanoLuc luciferase (NLuc) or ZsGreen (ZsG). (A)
Construction of the NSP1-NLuc-Full and NSP1-ZsG-Full genes. The NLuc or ZsG gene was inserted into
the SA11 NSP1 gene between nucleotides 111 and 112. (B) Fluorescence imaging of rsSA11-ZsG-infected
cells. MA104 cells were infected with rsSA11 or rsSA11-ZsG-Full, and ZsG expression was observed under
a fluorescence microscope. As a control, NSP4 was detected in an indirect immunofluorescence assay
using rabbit anti-NSP4 serum and a CF594-conjugated anti-rabbit IgG antibody. (C and D) Stability of the
NLuc and ZsG genes after serial passage of reporter RVs. Electrophoresis of the dsRNA genome purified
from rsSA11-NLuc-Full and rsSA11-ZsG-Full viruses, as indicated, after passages 5 and 10. Black arrow,
NSP1; white arrowheads, the NSP1-NLuc gene (C) or the NSP1-ZsG gene (D); white arrows, truncated
NSP1-NLuc (C) or NSP1-ZsG (D) gene.
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spanning bp 112 to 114 of the NSP1 ORF was noted in the NSP1 gene of the
rsSA11-NLuc-Full P10 virus (Fig. 2A). The entire NSP1-ZsGreen transgene and the
nucleotide sequences spanning bp 112 to 114 of the NSP1 ORF were lost from
the rsSA11-ZsG-Full P10 virus, leading to reconstitution of the NSP1 ORF (Fig. 2B). To
confirm reconstitution of the NSP1 ORF in these P10 viruses, we used an anti-NSP1
antibody to examine expression of NSP1 in MA104 cells infected with the rsSA11
(wild-type) virus or the P1 and P10 rsSA11-NLuc-Full and rsSA11-ZsG-Full viruses.
Western blot analysis showed that the rsSA11-NLuc-Full and rsSA11-ZsG-Full P10
viruses expressed the NSP1 protein, whereas the P1 viruses did not (Fig. 2C). Expression
of reconstituted NSP1 by both P10 viruses was significantly higher than that by the
wild-type SA11 virus although expression of the VP7 protein was comparable (Fig. 2C).

RV NSP1 functions as an antagonist of interferon-mediated responses (18). Recently,
we demonstrated that replication of an NSP1 deletion mutant virus (lacking the
C-terminal region of NSP1, which is associated with interferon regulatory factor 3 [IRF3]

FIG 2 Examination of revertant reporter viruses after 10 passages. (A and B) Schematic images of reporter
genes before and after serial passage. Nucleotide sequences of dsRNA genomes purified from rsSA11-
NLuc-Full (P10) and rsSA11-ZsG-Full (P10), as indicated, were analyzed. (C) Expression of NSP1 from
reporter SA11 virus-infected cells (P1 or P10). MA104 cells were infected with rsSA11 or rsSA11-NLuc-Full
(P1 and P10) or rsSA11-ZsG-Full (P1 and P10) at an MOI of 1 PFU/cell. NSP1 and VP7 in cell lysates were
detected using a rabbit anti-NSP1 antibody and a monoclonal antibody specific for VP7, followed by
appropriate HRP-conjugated secondary antibodies. An anti-�-actin antibody was used as a loading
control. (D) Replication of rsSA11-NLuc and rsSA11-ZsG P1 (P5 and P10) viruses. MA104 cells were
infected with each reporter virus at an MOI of 0.01 PFU per cell and incubated for 48 h. Infectious virus
titers were measured in a plaque assay. Data are expressed as the means � standard deviations (n � 3).
*, P � 0.05 (Tukey’s multiple-comparison test).
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degradation) was attenuated in cultured cells (17). Thus, we expected that both P10
viruses would replicate more efficiently than P1 viruses due to restoration of NSP1
expression. As expected, replication rates of rsSA11-NLuc-Full P10 and rsSA11-ZsG-Full
P10 viruses were higher than those of the respective P1 viruses and wild-type rsSA11
(Fig. 2D). These results suggest that the rsSA11-NLuc-Full and rsSA11-ZsG-Full viruses
that harbor the full-length NSP1 gene segment reconstituted NSP1 function by remov-
ing foreign genes and that selection of viral genomes expressing a functional NSP1
protein in the reporter gene cassette may be due to efficient viral replication during
long-term passage.

Generation of stable recombinant RVs expressing reporter genes. To improve
the stability of transgenes by avoiding reconstitution of a functional NSP1 gene, we
generated truncated forms of the NSP1-NLuc chimeric gene by deleting several frag-
ments of NSP1 (nucleotides [nt] 134 to 465 [332 nt], 134 to 855 [722 nt], and 134 to 1243
[1,110 nt]) downstream of the NLuc gene (Fig. 3A). The three truncated NSP1-NLuc
cDNAs were used to generate rsSA11-NLuc-Δ332, rsSA11-NLuc-Δ722, and rsSA11-NLuc-
Δ1110, respectively, using an RV reverse genetics system. The three reporter SA11
viruses were passaged up to 10 times in MA104 cells. The electropherotypes of dsRNA
genomes purified from P5 and P10 viruses demonstrated that the NSP1-NLuc chimeric
genes were maintained and intact after serial passage (Fig. 3B). Consistent with this, we
found that the NLuc activities of rsSA11-NLuc-Δ332, -Δ722, and -Δ1110 were compa-
rable between P1, P5, and P10, indicating that these truncated reporter viruses did not
undergo genetic or phenotypic changes (Fig. 3C). Single-step and multistep replication
kinetics of the deletion mutant viruses were lower than those of the rsSA11 virus in
MA104 cells because of lack of functional NSP1 expression (Fig. 3D and E). There were
no significant differences in the replication kinetics of the rsSA11-NLuc viruses, indi-
cating that truncation of NSP1 genes did not affect viral replication. To confirm the
effect of deleting NSP1 gene segments on foreign gene stability, we prepared three
NSP1-ZsGreen chimeric gene cassette cDNAs, each harboring an NSP1 gene of a
different length. These were used to rescue rsSA11-ZsG-Δ332, rsSA11-ZsG-Δ722, and
rsSA11-ZsG-Δ1110 (Fig. 4A). To investigate the stability of the ZsGreen gene within the
NSP1 gene segment, we passaged rsSA11-ZsG-Δ332, rsSA11-ZsG-Δ722, and rsSA11-
ZsG-Δ1110 10 times in MA104 cells. The electropherotypes of the dsRNA genomes from
rsSA11-ZsG-Δ332, rsSA11-ZsG-Δ722, and rsSA11-ZsG-Δ1110 at P1, P5, and P10 revealed
that an NSP1-ZsGreen chimeric gene was maintained (Fig. 4B). To verify ZsGreen
activity in P10 viruses of each recombinant strain, MA104 cells were infected with P1
and P10 rsSA11-ZsG viruses. The number of cells expressing ZsGreen per total number
of virus-infected cells was measured in an indirect immunofluorescence assay using an
NSP4-specific antibody. After infection by prototype rsSA11-ZsG-Full virus, 100% of P1
virus-infected cells expressed ZsGreen, whereas only 8.4% of P10 virus-infected cells
expressed ZsGreen (Fig. 4C). In contrast, almost 100% of MA104 cells infected with P1
and P10 rsSA11-ZsG-Δ332, rsSA11-ZsG-Δ722, or rsSA11-ZsG-Δ1110 viruses displayed a
ZsGreen fluorescent signal (Fig. 4C). Using the same strategy, we generated another
reporter RV, rsSA11-AsR-Δ332, in which the NLuc gene in rsSA11-NLuc-Δ332 was
replaced with AsRed2 (Fig. 5A). Electropherotypic analysis of the dsRNA genome of
rsSA11-AsR-Δ332 confirmed the presence of the NSP1-AsRed2 chimeric gene segment
(Fig. 5B). As expected, MA104 cells infected with rsSA11-AsR-Δ332 exhibited a red
fluorescence signal (Fig. 5C). The multistep and single-step replication kinetics of the
three reporter viruses, rsSA11-NLuc-Δ332, rsSA11-ZsG-Δ332, and rsSA11-AsR-Δ332,
were comparable to each other, indicating that insertion of different reporter genes did
not affect the replication of the SA11 virus (Fig. 5D and E). These results suggest that
the strategy used to generate a stable recombinant RV vector using truncated forms of
the NSP1 gene may be extremely useful, regardless of the transgene inserted.

Use of the stable reporter RV to screen for NT MAbs specific for strain SA11
virions. To demonstrate the utility of this stable RV reporter expression system, we
used rsSA11-NLuc-Δ332 to screen for neutralizing (NT) antibodies. We generated 91
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FIG 3 Generation of reporter viruses with improved transgene stability. (A) NSP1-NLuc-Δ332, -Δ722, and
-Δ1110 were generated by deleting the NSP1 gene region downstream of the NLuc ORF. (B and C)
Stability of NSP1-NLuc reporter genes after serial passage. Panel B shows electropherotypes of
dsRNA purified from P1, P5, and P10 reporter viruses. Black arrow, wild-type NSP1; white arrowheads,
NSP1-NLuc gene. The kinetics of NLuc activity in rsSA11-NLuc viruses is shown in panel C. MA104
cells were infected with each rsSA11-NLuc virus (P1, P5, and P10) at an MOI of 0.01 PFU per cell and

(Continued on next page)
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hybridoma clones from the lymphocytes of mice immunized with wild-type SA11
virions. Next, rsSA11-NLuc-Δ332 was incubated with hybridoma culture supernatant
and used to infect MA104 cells. At 24 h postinfection, the NLuc titer in cell lysates from
infected cells was measured. Seven MAbs (clones 5, 26, 29, 47, 67, 68, and 91) inhibited
infection by rsSA11-NLuc-Δ332 (Fig. 6A). Among the seven NT clones, three (clones 26,
29, and 47) were purified and subjected to further analysis. One NT-negative clone
(clone 11) was also analyzed as a control. An NT assay performed with diluted purified
MAbs revealed that each MAb had a different NT titer (Fig. 6B). Clone 29, which showed
the strongest NT activity, was selected for further analysis. An indirect immunofluores-
cence assay revealed that clone 29 was specific for a recombinant VP4 protein ex-
pressed in cultured cells (Fig. 6C). To identify the neutralizing epitope recognized by
clone 29, we passaged the stable rsSA11-NLuc-Δ332 virus in the presence of subneu-

FIG 3 Legend (Continued)
incubated for various times. NLuc activity in the cell lysate was measured by luminometry. Data are
expressed as the means � standard deviations (n � 3). NLuc activity values at 72 h postinfection
were compared statistically. *, P � 0.05 (t test). (D and E) Replication kinetics of rsSA11-NLuc viruses.
MA104 cells were infected with rsSA11 and rsSA11-NLuc-Full -Δ332, -Δ722, or -Δ1110 viruses at an
MOI of 0.001 PFU per cell (D) and incubated for various times or at an MOI of 5 PFU per cell (E) and
incubated for 16 h. Infectious virus titers in cell lysates were determined by plaque assay. Data are
expressed as the means � standard deviations (n � 3). Statistical significance was determined by
one-way analysis of variance and Tukey’s multiple-comparison posttest. *, P � 0.05.

FIG 4 Generation of ZsG-expressing reporter viruses with improved transgene stability. (A) NSP1-ZsG-
Δ332, -Δ722, and -Δ1110 were generated by deleting the NSP1 gene region downstream of the ZsG ORF.
(B and C) Stability of NSP1-ZsG reporter genes after serial passage. (B) Electropherotypes of dsRNA
purified from P1, P5, and P10 reporter viruses. Black arrow, wild-type NSP1; white arrowhead, NSP1-ZsG
gene. (C) Quantitative examination of transgene stability after serial passage. MA104 cells were infected
with each rsSA11-ZsG virus (P1, P5, and P10). At 24 h postinfection, the viral NSP4 antigen was detected
in an indirect immunofluorescence assay using rabbit anti-NSP4 serum and a CF594-conjugated anti-
rabbit IgG antibody. The number of ZsG-positive cells within the total NSP4-positive cell population was
examined.
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tralizing concentrations (0.1 �g/ml) of clone 29. After serial passage, escape mutants
were purified using a plaque cloning method, and a single clone was obtained. The
escape mutant virus, named rsSA11-NLuc-esc29, was resistant to neutralization by
clone 29 (Fig. 6D). Sequence analysis of the VP4 gene segment of rsSA11-NLuc-esc29
revealed an amino acid substitution (arginine [R] to glycine [G]) at position 441 of the
VP4 protein. To confirm the effect of this R441G substitution, we generated a recom-
binant rsSA11 virus harboring the R441G amino acid mutation in the VP4 gene segment
(named rsSA11-R441G-NLuc). The rsSA11-R441G-NLuc virus was not neutralized by
clone 29 (Fig. 6D). Furthermore, clone 29 MAb showed markedly reduced activity
against VP4 proteins expressed in rsSA11-R441G-NLuc-infected cells (Fig. 6E). This
indicates that amino acid R441 in the VP4 protein of strain SA11 plays a critical role in
binding to clone 29. VP4 proteins on the mature virion surface are cleaved by enzymatic
digestion to yield VP8* and VP5* fragments. R441 is located in the loop structure of the
VP5* fragment within neutralizing epitope 5-1; this is one of five neutralizing domains
(5-1, 5-2, 5-3, 5-4, and 5-5) identified in the VP5* fragment (Fig. 6F) (19–25). Because

FIG 5 Generation of reporter RVs expressing AsRed2 (AsR). (A) Construction of the NSP1 gene containing
the AsRed2 gene. The AsRed2 gene was inserted into the SA11 NSP1 gene between nucleotides 111 and
112. NSP1-AsR-Δ332 was generated by deleting the NSP1 gene fragment after the AsRed2 ORF. (B)
Electropherotype of the dsRNA genome purified from rsSA11-AsR-Δ332. Viral dsRNAs were separated in
8% polyacrylamide gels and stained with ethidium bromide. (C) MA104 cells were infected with rsSA11
or rsSA11-AsR-Δ332. Expression of AsRed2 was observed under a fluorescence microscope. As a control,
NSP4 was detected in an indirect immunofluorescence assay using rabbit anti-NSP4 serum and an
anti-rabbit IgG antibody-CF488 conjugate. (D and E) Replication kinetics of reporter viruses. MA104 cells
were infected with rsSA11-NLuc-Δ332, rsSA11-ZsG-Δ332, or rsSA11-AsR-Δ332 virus at an MOI of 0.001
PFU per cell and incubated for various times (D) or at an MOI of 5 PFU per cell and incubated for 16 h
(E). Infectious virus titers in cell lysates were determined by plaque assay. Data are expressed as the
means � standard deviations (n � 3). Data were analyzed by one-way ANOVA and Tukey’s multiple-
comparison posttest. A P value of �0.05 was considered statistically significant.
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FIG 6 Screening for neutralizing monoclonal antibodies specific for SA11. (A) rsSA11-NLuc-Δ332 (1.0 � 102 PFU) was incubated at 37°C for 1 h with hybridoma
culture supernatant (1:5 dilution). The virus-antibody mixture was inoculated onto MA104 cells, and NLuc titers in cell lysates were measured at 24 h

(Continued on next page)
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R441 is located within the variable region of the VP4 gene (Fig. 6G), this result implies
that clone 29 may show specific neutralizing activity against particular RV strains.

Improving reporter gene expression systems by modifying the 5=- and 3=-
terminal sequences of the NSP1 gene segment. Although expression of the native
ZsGreen protein exhibited a uniform distribution throughout the cytosol and nucleus
of transfected cells (Fig. 7A), the NSP11–27-ZsGreen fusion protein was detected as
scattered and aggregated structures in the cytoplasm of cells after transfection with an
expression plasmid (Fig. 7A) and infection with rsSA11-ZsG-Full (Fig. 1B). These results
raise concerns that the N-terminal NSP11–27 peptide can affect the subcellular localiza-
tion and/or structural function of foreign reporter proteins. To improve reporter gene
expression systems without affecting the subcellular localization and/or function of the
targeted proteins, we attempted to generate recombinant reporter RVs lacking expres-
sion of the fused NSP11–27 peptide. The sequence encoding the NSP11-27 peptide
includes four ATG codons (ATG1, ATG2, ATG3, and ATG4), each of which can act as a
translation initiation codon (Fig. 7B). First, we tried to rescue two reporter viruses
encoding the NSP11–27 peptide sequence containing mutated versions of the ATG
codons (31ATG33 ¡ ATC, 47ATG49 ¡ ATC, 51ATG53 ¡ ATC, and 93ATG95 ¡ ATC) or a
virus harboring an NSP11–27 peptide in which only the first ATG start codon was
mutated (31ATG33 ¡ ATC); however, we failed to rescue any of them after five attempts
(Fig. 7B). In contrast, an NSP1-ZsGreen reporter virus harboring mutated 2nd and 3rd
ATG codons could be rescued, suggesting that mutations in the 2nd and 3rd ATG
codons do not affect RV propagation (Fig. 7B). Although the functions of the 5=- and
3=-terminal sequences, which include the UTRs and parts of the ORFs, are not entirely
clear, it is thought that they include cis-acting signals associated with genome repli-
cation and packaging and that complementary 5=- and 3=-terminal sequences of RV
mRNA form secondary structures, including a panhandle structure (26–29). The pre-
dicted RNA secondary structure of the NSP1 mRNA revealed the potential for high-
average base pairing between the 5=- and 3=-terminal sequences (positions 2 to 37 and
1552 to 1581; based on the numbering of wild-type NSP1), which include the NSP1 start
codon (Fig. 7C). This suggests that a mutation in the NSP1 initiation codon may disrupt
any putative and critical secondary structure formed between the 5= and 3= termini of
NSP1 mRNA during replication, transcription, and packaging. Therefore, to generate a
recombinant RV harboring a mutated NSP1 initiation codon that maintains the stem
structure formed by interaction between the 5= and 3= termini, we attempted to rescue
the rsSA11-ZsG-1556G virus harboring a C-to-G mutation in all four ATG codons within
the NSP11–27 peptide sequence (nt 1556 in the 3= terminus) (Fig. 7D). As expected, we
rescued NSP1-ZsGreen start codon-mutant viruses harboring compensatory mutations
that do not disrupt the base paring at positions 33 and 1556 in the stem structure (Fig.
7D). To better understand the importance of NSP1 5=-terminal gene sequences for viral
replication and genome assembly, we attempted to generate an NSP1-ZsGreen mutant
virus (rsSA11-ZsG-ΔN1556G) possessing the truncated NSP1 gene segment with further
deletions in the 5=-terminal sequences (Fig. 7D). The N-terminal deletion mutants were
rescued, demonstrating that the N-terminal nucleotide sequences (residues 1 to 40) of
NSP1 play an important role in viral replication and packaging. Finally, cells infected

FIG 6 Legend (Continued)
postinfection. PBS was used as a negative control. Candidate NT-positive hybridoma clones are indicated by asterisks. Murine anti-SA11 serum raised after oral
infection with SA11 virus was used as a positive control. (B) rsSA11-NLuc-Δ332 (1.0 � 102 PFU) was incubated with different concentrations of purified MAb
clones 26, 29, 47, and 11. The virus-MAb mixture was inoculated onto MA104 cells, and NLuc titers in the cell lysates were measured at 24 h postinfection. MAb
clone 11 was used as a negative control. (C) Hemagglutinin (HA)-tagged recombinant SA11 VP4 protein expressed in 293T cells was detected in an indirect
immunofluorescence assay using MAb clone 29 and a rabbit anti-hemagglutinin peptide antibody, followed by anti-mouse IgG-CF594 and anti-rabbit IgG-CF488
secondary antibodies, respectively. (D) rsSA11-NLuc-Δ332, rsSA11-NLuc-esc29, and rsSA11-R441G-NLuc were incubated with various concentrations of MAb
clone 29 and then inoculated onto MA104 cells. NLuc titers in the cell lysates were measured at 24 h postinfection. (E) MA104 cells were infected with
rsSA11-NLuc-Δ332 or rsSA11-R441G-NLuc, and viral antigens were detected in an indirect immunofluorescence assay using a rabbit anti-NSP4 antibody and
MAb clone 29, followed by an anti-rabbit IgG-CF488 conjugate or an anti-mouse IgG-CF594 conjugate, respectively. (F) Crystal structure of the trimeric VP5*CT
(VP4 residues N252-L523) from a rhesus rotavirus (RRV) strain (PDB accession number 1SLQ). R441 is indicated in red. (G) Alignment of amino acid residues 428
to 455 of the VP4 proteins of RV reference strains. The P genotypes of the VP4 gene of each strain are shown. Amino acids identical to the consensus sequence
(SA11) are indicated by dots. R441 is underlined.
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FIG 7 Modification of the reporter gene. (A) Cellular localization of a recombinant ZsG protein expressed with/without the
NSP11–27 peptide plasmid vector. (B) Partial nucleotide sequence of the NSP11–27-ZsG gene used for reverse genetics. Four ATG

(Continued on next page)
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with the rsSA11-ZsG-ΔN1556G virus showed normal subcellular localization of the
ZsGreen protein, similar to that in cells infected with wild-type ZsGreen (Fig. 7E).
Multistep and single-step growth of rsSA11-ZsG-ΔN1556G was comparable to that of
rsSA11-ZsG-Δ722, indicating that viral replication was not affected by G33C and
C1556G mutations (Fig. 7F and G). Therefore, the data suggest that the predicted
secondary structures formed by the 5= and 3= termini play critical roles in viral
replication, transcription, and packaging and demonstrate that genetic modification of
the 5= and 3= termini of NSP1 mRNA is a very powerful approach to stabilizing
expression of foreign genes.

DISCUSSION

Luciferase family proteins have been used to develop reporter viruses belonging to
various virus families; this is due to the high sensitivity of luciferase, which is especially
useful for reporter viruses developed for in vivo imaging (30–34). However, luciferase
requires an additional substrate for activation, so it is not suitable for tracking cell-cell
virus transmission under a microscope. To overcome these disadvantages, we con-
structed rsSA11-ZsG by expressing the ZsGreen protein as a fusion with the NSP11–27

peptide. Here, we improved the stability of the foreign gene inserted into the RV NSP1
gene by truncating the UTR of the NSP1 gene. Sequence analysis of prototype reporter
viruses (rsSA11-NLuc-Full and rsSA11-ZsG-Full) after the 10th passage revealed that
almost the entire foreign gene ORF was removed, leading to reconstitution of the NSP1
ORF. Because NSP1 functions to impede interferon (IFN) signaling (35), a revertant virus
harboring the intact NSP1 ORF would propagate more rapidly than the original reporter
viruses; therefore, the entire virus population would be replaced by revertant viruses
during long-term passage. In contrast, a modified reporter virus lacking almost all of the
NSP1 nucleotide sequence harbored the foreign gene in a stable manner. Even if a
mutant reporter virus that lacked a foreign gene was generated, it would not replace
the whole population unless it had a marked replication advantage over the original
virus. Furthermore, rsSA11-AsR-Δ332 (which expresses the AsRed2 fluorescent protein)
was based on the stable rsSA11-ZsG-Δ332 virus. The green and red fluorescent protein-
expressing viruses enable live imaging of coinfection by different RV strains, which is an
important process during evolution of segmented RNA viruses through gene reassort-
ment (36). Increasing the total genome size is a concern when a stable reporter virus
is generated. The 9- to 12-segment dsRNA genomes of the viruses belonging to the
Reoviridae family are packed tightly within single-, double-, or triple-layered viral
capsids, suggesting that there is a maximum limit to the size of genome that can be
contained within the virion (37, 38); increasing the total genome size may affect
genome packaging efficiency. This is one of the reasons why we used a small reporter
gene (NLuc luciferase, ZsGreen, or AsRed2; all, 516 to 699 bp in length) and reduced the
length of the NSP1 reporter genes by truncating the untranslated region (39). A
previous study obtained a natural NSP1 mutant gene segment from an immunocom-
promised patient; this segment possessed an additional 1,800 bp due to gene rear-
rangement, indicating that a transgene of up to 1,800 bp could be inserted into the
genome (40, 41).

FIG 7 Legend (Continued)
triplets (bold) and ATG-to-ATC substitutions (red, underlined) in the NSP11–27 coding sequence are shown. The results of virus
rescue and the rescue efficiencies of recombinant viruses harboring each reporter gene are shown. Data represent the mean
values of five independent rescue experiments. (C) Predicted secondary structure of wild-type NSP1 mRNA. Double-strands
formed by the 5=- and 3=-terminal regions are shown in the insets. Base paring at positions 33 and 1556 within the stem
structure are shown in the square. Nucleotide positions are numbered according to the wild-type NSP1 gene sequence. (D)
Schematic showing the NSP1-ZsG-1556G and NSP1-ZsG-ΔN1556G constructs. Nucleotide positions are numbered according
to the wild-type NSP1 sequence. (E) MA104 cells were infected with rsSA11-ZsG-Δ722 or rsSA11-ZsG-ΔN1556G. Viral NSP4 was
detected using rabbit anti-NSP4 and an anti-rabbit-IgG-CF594 conjugate. Nuclei were stained with 4=,6-diamidino-2-
phenylindole. (F and G) Replication kinetics of rsSA11-ZsG-ΔN1556G. MA104 cells were infected with rsSA11, rsSA11-NLuc-
Δ722, or rsSA11-ZsG-ΔN1556G virus at MOI of 0.001 PFU per cell and incubated for various times (F) or at an MOI of 5 PFU
per cell and incubated for 16 h (G). Infectious virus titers in cell lysates were determined by the plaque assay. Data are
expressed as the means � standard deviations (n � 3). Statistical significance was determined by one-way ANOVA and Tukey’s
multiple-comparison posttest. *, P � 0.05.
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Here, we showed that a reporter RV could be a useful tool for screening neutralizing
antibodies. The escape mutant virus from MAb clone 29 harbored an amino acid
substitution in the VP5 fragment. The VP4 spike protein on the surface of the synthe-
sized virion is cleaved by trypsin to yield VP8* and VP5* fragments. VP8* forms the
globular domain of the spike protein and mediates virus-cell attachment via cell surface
sialic acids; therefore, VP8* harbors a number of serotype-specific domains. VP5* plays
a role in integrin binding and membrane penetration. The function of VP5* is both
essential and common among RV strains; therefore, the amino acid sequences of VP5*
are conserved and rich in cross-neutralizing domains (25). However, the VP5* loop
region containing R441G is relatively variable among RV group A strains. Further
investigation of the cross-reactivity of MAb clone 29 with other RV strains would help
to develop a diagnostic tool for particular RV genotypes.

The effect of transgene insertion on packaging of the native genome must also be
considered in engineering the genome of segmented RNA viruses. cis-acting elements,
including the packaging signal, are thought to contain sequences necessary for inter-
gene segment interaction, which enables packaging of complete sets of gene segments
into progeny virions. Although the mechanisms underlying packaging of RV gene
segments are poorly understood due to lack of an in vitro packaging assay, a prediction
based on sequence and structural analysis and on interactions between RV and BTV
gene segments (36, 42) suggests that segment-specific packaging signals are located
within several hundred nucleotides, including the 5= and 3= untranslated terminal
regions and part of the ORF of each gene segment. Therefore, we left 150 bp of the
5=-terminal region, including the NSP11–27 peptide, to maintain the packaging signal of
the NSP1 gene segment even though addition of the NSP11–27 peptide clearly affected
localization of the reporter proteins. To generate the reporter SA11 expressing a native
reporter protein without the NSP1 peptide at the N terminus, we developed improved
reporter viruses harboring not only the ATG-to-ATC substitution but also a comple-
mental substitution in the 5=- and 3=-terminal regions (in accordance with the predicted
secondary structure of the wild-type NSP1 gene). This demonstrated the importance of
the predicted RNA secondary structure formed between the 5= and 3= termini and the
importance of the 5=-terminal region of NSP1 consisting of residues 1 to 40 for rescuing
recombinant viruses. Further mutational studies of the 5=- and 3=-terminal regions will
help to define the molecular mechanisms underlying RV genome replication and
packaging.

The current strategy for generating stable reporter RVs could be used to develop RV
transduction vectors. Since RV infection induces strong mucosal immunity in the
intestine (43, 44), reporter RVs could be used to generate vaccine vectors for intestinal
pathogens, including norovirus, Vibrio cholerae, and human immunodeficiency virus
(which can infect subjects via the intestinal mucosa). NSP1 antagonizes IFN and
IFN-stimulated gene expression by interacting with IRF3 and/or �-TrCP at the
C-terminal region of NSP1, leading to degradation of these molecules. Thus, improved
strategies to express foreign genes using attenuated NSP1 mutant viruses will provide
a platform for developing useful vaccine vectors. However, to better understand the
functions of NSP1 during viral replication and pathogenesis, other strategies to develop
different types of RV vector systems that express both a reporter gene and an intact
NSP1 protein should be considered in the future.

Different methods have been used to generate recombinant Reoviridae viruses that
express transgenes (13–15, 45–47). A more robust method is the bi-cistronic expression
system based on the self-cleaving Thosea asigna virus (TaV) 2A-like peptide. In this
system, a recombinant MRV transduction vector harboring the SIV Gag protein was
inserted into the MRV L1 gene encoding the �3 protein. Insertion of the TaV 2A-like
peptide between �3 and the SIV Gag ORF enabled expression of both intact �3 and the
SIV Gag protein (16). Theoretically, these methods could be used to insert any trans-
gene into RV gene segments. The recent development of comprehensive reverse
genetics systems for RV has enabled arbitrary modification of viral genes. The reporter
RVs expressing NanoLuc, ZsGreen, and AsRed2 allow us to monitor viral replication and
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transmission both in vitro and in vivo. The strategy of inserting a foreign gene into the
NSP1 gene segment provides a general platform for developing not only reporter RVs
expressing different reporter genes but also RV transduction vectors.

MATERIALS AND METHODS
Cells, viruses, and antibodies. Epithelial monkey kidney MA104 cells were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) (Nacalai Tesque) supplemented with 5% fetal bovine serum (FBS)
(Gibco). Murine myeloma PAI cells were cultured in RPMI 1640 medium (Nacalai Tesque) supplemented
with 10% FBS. Baby hamster kidney BHK-T7 cells (17, 48) stably expressing T7 RNA polymerase were
cultured in DMEM supplemented with 5% FBS. Recombinant strains of simian RV strain SA11 (rsSA11),
rescued by a reverse genetics system using cDNA from a wild-type SA11 strain (G3P[2]), were propagated
in MA104 cells cultured in DMEM supplemented with 0.5 �g/ml trypsin (Sigma-Aldrich). Infectious titers
of RVs were determined in a plaque assay using MA104 cells, as previously described (49). Rabbit
anti-NSP1 antiserum was prepared as described previously (17). Rabbit anti-NSP4 antiserum was raised
against a synthetic SA11 NSP4 peptide spanning amino acid residues 158 to 171 (Eurofins Genomics,
Tokyo, Japan).

Plasmid construction. RV rescue plasmids pT7-VP1SA11, pT7-VP2SA11, pT7-VP3SA11, pT7-VP4SA11,
pT7-VP6SA11, pT7-VP7SA11, pT7-NSP1SA11, pT7-NSP2SA11, pT7-NSP3SA11, pT7-NSP4SA11, and pT7-
NSP5SA11 were prepared as described previously (17). The pT7-NSP1-NLuc-Full plasmid, which expresses
a fusion protein consisting of NSP1 amino acids 1 to 27 (NSP11–27) and NLuc, was prepared as described
previously (17). The pT7-NSP1-ZsG-Full plasmid was generated by replacing the NLuc ORF region of
pT7-NSP1-NLuc-Full with the ZsGreen gene (GenBank accession number JQ071441). Truncated forms of
the pT7-NSP1-NLuc and pT7-NSP1-ZsG plasmids were generated by deleting 332 nt (positions 134 to
465), 722 nt (positions 134 to 855), and 1,110 nt (positions 134 to 1243) from the NSP1 regions in
pT7-NSP1-NLuc (ZsG)-Full to yield pT7-NSP1-NLuc (ZsG)-Δ332, pT7-NSP1-NLuc (ZsG)-Δ722, and pT7-
NSP1-NLuc (ZsG)-Δ1110, respectively. pT7-NSP1-AsR-Δ332 was generated by replacing the NLuc gene of
pT7-NSP1-NLuc-Δ332 with the AsRed2 gene (Clontech). The gene encoding the NSP11–27-ZsG fusion
protein was amplified by PCR and inserted into the EcoRI site of the pCAGGS vector (50) using an
In-Fusion HD cloning kit to create pCAG-NSP1-ZsG. The NSP2 and NSP5 genes from SA11 were amplified
by reverse transcription-PCR (RT-PCR) and inserted into the EcoRI site of the pCAGGS vector to yield
pCAG-NSP2SA11 and pCAG-NSP5SA11, respectively. Primers and plasmid sequences are available upon
request.

Recovery of reporter RVs from cloned cDNAs. To rescue recombinant strain SA11 (rsSA11),
monolayers of BHK-T7 cells (4.0 � 105) cultured in 12-well plates were cotransfected with plasmids using
2 �l of TransIT-LT1 transfection reagent per microgram of plasmid DNA. Each mixture consisted of
0.25 �g of each SA11 rescue plasmid (pT7-VP1SA11, pT7-VP2SA11, pT7-VP3SA11, pT7-VP4SA11, pT7-
VP6SA11, pT7-VP7SA11, pT7-NSP1SA11, pT7-NSP2SA11, pT7-NSP3SA11, pT7-NSP4SA11, and pT7-
NSP5SA11), 0.001 �g of pCAG-FAST, and 0.25 �g of pCAG-D1R, pCAG-D12L, pCAG-NSP2SA11, and
pCAG-NSP5SA11 expression plasmids. pCAG-NSP2SA11 and pCAG-NSP5SA11 encoding SA11 NSP2 and
NSP5 proteins, both of which are required for viral inclusion formation, were cotransfected to increase
rescue efficiency (47, 51). To rescue reporter RVs, reporter plasmids encoding chimeric NSP1-reporter
genes were used instead of pT7-NSP1. At 24 h posttransfection, cell culture medium was replaced with
FBS-free medium. At 48 h posttransfection, MA104 cells (5.0 � 104 cells) were added to transfected cells
and cocultured for 5 days in FBS-free medium supplemented with trypsin (0.5 �g/ml). After incubation,
transfected cells were lysed by freeze-thawing, and the lysates were transferred to fresh MA104 cells.
After adsorption at 37°C for 1 h, cells were washed and cultured at 37°C for 3 days in FBS-free DMEM
supplemented with 0.5 �g/ml trypsin. Recombinant viruses were isolated and cloned by plaque purifi-
cation using MA104 cells.

Serial passage of reporter viruses. To examine the stability of the transgene, a monolayer of MA104
cells was infected with reporter SA11 viruses at a multiplicity of infection (MOI) of 0.001 PFU/cell and
cultured for 48 h (passage 1 [P1]). Virus-containing culture supernatants (diluted 1:1,000 in culture
medium) were transferred to fresh MA104 cells and cultured for another 48 h (P2). Serial passage was
continued up to P10. The dsRNA genomes of each reporter virus at P1 and P10 were purified and
subjected to electropherotyping and sequence analysis as described previously (17).

Replication kinetics of reporter viruses. A monolayer of MA104 cells was infected with rsSA11 or
reporter SA11 viruses at an MOI of 0.001 PFU/cell for multistep growth curves or at an MOI of 5 PFU/cell
for single-step growth curves. After adsorption for 1 h at 37°C, cells were washed twice with phosphate-
buffered saline (PBS), and the medium was replaced with DMEM supplemented with 0.5 �g/ml trypsin.
After incubation at 37°C for various times, cells were disrupted by freeze-thawing. The virus titer in the
cell lysates was measured in a plaque assay. NLuc activity in the cell lysates after freeze-thawing was
measured using a Nano-Glo luciferase assay system (Promega).

Immunofluorescence assay. To analyze transgene stability, a monolayer of MA104 cells was infected
with rsSA11, rsSA11-ZsG-Full, -Δ332, -Δ722, or -Δ1110 at an MOI of 0.1 PFU/cell, overlaid with 0.5%
agarose gel, and incubated for 48 h. Cells were fixed with 10% formalin, and virus-infected foci were
visualized in an indirect immunofluorescence assay using a rabbit anti-NSP4 antibody (1:3,000) and an
anti-rabbit IgG antibody-CF594 conjugate (Nacalai Tesque). The number of cells emitting green, red, and
green-red fluorescent signals was counted. To observe expression of AsRed2, MA104 cells were infected
with rsSA11-AsR-Δ332 at an MOI of 0.1 PFU/cell. At 24 h postinfection, cells were fixed with 10% formalin,
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and virus-infected foci were visualized in an indirect immunofluorescence assay using a rabbit anti-NSP4
antibody (1:3000) and an anti-rabbit IgG antibody-CF488 conjugate (Nacalai Tesque).

Western blotting. MA104 cells were infected with rsSA11-NLuc or rsSA11-ZsG (P1 or P10) at an MOI
of 1 PFU/cell. Twenty-four hours later, cells were lysed, and proteins were size fractionated by SDS-PAGE
and electroblotted onto polyvinylidene difluoride membranes. Viral proteins were detected using
anti-NSP1 antiserum (1:2,000), followed by horseradish peroxidase (HRP)-conjugated anti-rabbit IgG
(1:2,000; Sigma). Proteins were detected using Super Signal West Femto Maximum Sensitivity Substrate
(Pierce) and an Amersham imager 600 (Amersham/GE Healthcare).

Generation of monoclonal antibodies. ICR mice (Japan CLEA) were immunized in the footpads with
purified rsSA11 virions conjugated to an alhydrogel adjuvant (Invivogen). Immunization was repeated six
times at 5- to 10-day intervals. At 2 days after the final immunization, popliteal lymph nodes were removed.
Lymphocytes were fused with PAI myeloma cells using 50% polyethylene glycol (Hybri-Max; Sigma-Aldrich).
Hybridoma cells were cultured in RPMI 1640 medium supplemented with 10% FBS and 1� hypoxanthine-
aminopterin-thymidine (HAT) medium (Hybri-Max; Sigma-Aldrich). Ninety-one hybridoma clones derived
from a single cell colony were used for the experiment. MAbs from hybridoma clones 11, 26, 29, and 47 were
purified from hybridoma culture supernatant using HiTrap protein G columns (GE Health Care) and used for
further analysis. To examine viral proteins targeted by MAb clone 29, MA104 cells were transfected with an
SA11 VP4, VP6, or VP7 expression plasmid vector. At 24 h posttransfection, cells were fixed in 10% formalin
and incubated with 1 �g/ml of MAb clone 11, 26, 29, or 47, followed by an anti-mouse IgG-CF488 conjugate
(Nacalai Tesque). Green fluorescence signals were observed under a fluorescence microscope. MAb clone 11
which recognized the VP7 protein, was used for Western blot analysis.

Neutralization assay. Equal volumes of hybridoma culture supernatant (1:5 dilution) and 1.0 � 102

PFU of rsSA11-ZsG-Δ332 were mixed and incubated at 37°C for 1 h. The MAb-virus mixture was inoculated
onto MA104 cells. After absorption for 30 min, cells were washed with PBS and cultured in DMEM–5% FBS.
At 24 h postinfection, cells were lysed, and NLuc activity measured using a Nano-Glo luciferase assay system
(Promega) and a microplate reader (PowerScan HT; DS Pharma Biomedical, Osaka, Japan).

Generation of escape mutants. MA104 cells were infected with rsSA11-NLuc-Δ332 at an MOI of
0.001 PFU/cell and cultured in the presence of 1 ng/ml neutralizing MAb clone 29. After 3 to 5 days, the
culture supernatant (1:1,000 dilution) was transferred to fresh MA104 cells and cultured in the presence
of the MAb. The MAb concentration was increased gradually up to 100 ng/ml by the 5th passage. The
escape mutant virus from SA11-MAb clone 29 was purified by plaque purification, and cDNA was
generated from genomic dsRNA using primers specific for the determined genome sequences to identify
the responsible gene segment. The mutant VP4 gene (which harbored an R441G substitution) from the
escape mutant virus was amplified, cloned into an RV rescue plasmid, and subjected to RV reverse
genetics to generate rsSA11-R441G-NLuc.

Prediction of the secondary structure of the NSP1 gene segment. The secondary structure of the
NSP1 gene segment was predicted by the RNAfold web server (http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAfold.cgi) (52). The nucleotide positions of the NSP1-ZsGreen genes (Fig. 7) were based
on the numbering of the wild-type NSP1 gene.

Ethics statement. The study was approved by the Animal Research Committee of the Research
Institute for Microbial Diseases, Osaka University (approval number Bi-Dou-28-05-0). The experiments
were conducted according to the guidelines for the Care and Use of Laboratory Animals of the Ministry
of Education, Culture, Sports, Science and Technology, Japan.

VP4 sequences of the RV reference strains. The amino acid sequences of the VP4 protein deduced
from representative RV reference strains were retrieved from GenBank, as follows: rhesus rotavirus (RRV)
(AY033150), neonatal calf diarrhea virus (NCDV) (JF693029), L26 (EF672591), DS-1 (HQ650119), WC3
(AY050271), ST3 (L33895), US1205 (AF079356), OSU (KR052770), Hochi (AB008295), Wa (KT694942), AU-1
(D10970), 69 M (M60600), I321 (L07657), 116E (FJ361204), EDIM (AF039219), and L338 (KR086410).

Availability of data. Nucleotide sequences of plasmid constructs and primer sequences are available
upon request.
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