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ABSTRACT The segmented 18.5-kbp dsRNA genome of rotavirus expresses 6 struc-
tural and 6 nonstructural proteins. We investigated the possibility of using the re-
cently developed plasmid-based rotavirus reverse genetics (RG) system to generate
recombinant viruses that express a separate heterologous protein in addition to the
12 viral proteins. To address this, we replaced the NSP3 open reading frame (ORF) of
the segment 7 (pT7/NSP3) transcription vector used in the RG system with an ORF
encoding NSP3 fused to a fluorescent reporter protein (i.e., UnaG, mRuby, mKate, or
TagBFP). Inserted at the fusion junction was a teschovirus translational 2A stop-
restart element designed to direct the separate expression of NSP3 and the fluores-
cent protein. Recombinant rotaviruses made with the modified pT7/NSP3 vectors
were well growing and generally genetically stable, and they expressed NSP3 and a
separate fluorescent protein detectable by live cell imaging. NSP3 made by the re-
combinant viruses was functional, inducing nuclear accumulation of cellular poly(A)-
binding protein. Further modification of the NSP3 ORF showed that it was possible
to generate recombinant viruses encoding 2 heterologous proteins (mRuby and
UnaG) in addition to NSP3. Our results demonstrate that, through modification of
segment 7, the rotavirus genome can be increased in size to at least 19.8 kbp and
can be used to produce recombinant rotaviruses expressing a full complement of vi-
ral proteins and multiple heterologous proteins. The generation of recombinant ro-
taviruses expressing fluorescent proteins will be valuable for the study of rotavirus
replication and pathogenesis by live cell imagining and suggest that rotaviruses will
prove useful as expression vectors.

IMPORTANCE Rotaviruses are a major cause of severe gastroenteritis in infants and
young children. Recently, a highly efficient reverse genetics system was developed
that allows genetic manipulation of the rotavirus segmented double-stranded RNA
genome. Using the reverse genetics system, we show that it is possible to modify
one of the rotavirus genome segments (segment 7) such that virus gains the capac-
ity to express a separate heterologous protein in addition to the full complement of
viral proteins. Through this approach, we have generated wild-type-like rotaviruses
that express various fluorescent reporter proteins, including UnaG (green), mRuby
(far red), mKate (red), and TagBFP (blue). Such strains will be of value in probing ro-
tavirus biology and pathogenesis by live cell imagining techniques. Notably, our
work indicates that the rotavirus genome is remarkably flexible and able to accom-
modate significant amounts of heterologous RNA sequence, raising the possibility of
using the virus as a vaccine expression vector.
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Rotaviruses, members of the Reoviridae family, are a major cause of acute gastro-
enteritis in children under 5 years of age (1). The incidence of rotavirus disease has

been significantly reduced in those countries that have introduced rotavirus vaccines
into their childhood immunization schedules (2). The most widely used vaccines,
Rotarix (GSK) and RotaTeq (Merck), are orally administered to infants during the first few
months of life and are composed of an attenuated human strain or a mixture of 5
human-bovine monoreassortant strains of rotavirus, respectively (3). The recent devel-
opment of robust rotavirus reverse genetics (RG) systems provides the opportunity not
only to explore rotavirus replication and pathogenesis through directed mutation of
the viral genome but also to create new vaccines that are more efficacious or capable
of inducing protective responses against other enteric pathogens (4–7). Towards the
latter goal, we are investigating whether rotaviruses can be molecularly engineered to
function as plug-and-play expression vectors capable of driving the production of a
separate heterologous protein without affecting the function of the rotaviral proteins.

The rotavirus genome consists of 11 segments of double-stranded RNA (dsRNA),
with a total size of �18.5 kbp for prototypic group A (RVA) strains (8). Most of the RVA
genome segments are monocistronic, encoding one of the six structural (VP1 to VP4,
VP6, and VP7) or six nonstructural (NSP1 to NSP6) proteins of the virus, with segment
11 encoding NSP5 and NSP6 from overlapping reading frames (ORFs) (9, 10). Notably,
RVA segment 7 contains a single ORF, which is translated to produce the rotavirus
translation enhancer protein NSP3 (11, 12). Although the homologous segment of
group C rotaviruses (RVC) also contains a single ORF, its translation gives rise to two
products: NSP3 and a dsRNA-binding protein (dsRBP) (13, 14). The ability of the RVC
NSP3/dsRBP segment to express two proteins is mediated by the presence of a
translational 2A stop-restart element interposed between regions of the ORF encoding
NSP3 and dsRBP (14, 15). Thus, rotaviruses naturally use 2A elements fused to NSP3 as
a means of increasing coding capacity. Many viruses use 2A elements to generate
multiple proteins from a single ORF (15, 16). Typically, the 2A element is 18 to 20 amino
acids in length, with a conserved PGP signature motif at its C terminus (16). The failure
of peptide bond formation between the PG and P residues during translation mediates
the formation of two proteins from a single ORF. Komoto et al. also showed that it was
possible to generate recombinant strains of SA11 rotavirus (rSA11) expressing Nluc
luciferase, and EGFP and mCHERRY fluorescent proteins (FPs), by inserting sequences
for these reporter genes immediately downstream of a 2A element within the NSP1
gene (6). Because the reporter sequences disrupted the ORF for the interferon antag-
onist NSP1, these viruses may lack the virulence of wild-type viruses (17, 18).

A number of naturally occurring RVA mutants have been described that possess one
or more genome segments of unusually large size due to the presence of intragenic
sequence duplications (8, 19). The most commonly affected are segments encoding
NSP1 and NSP3 (20, 21), but duplications have also been noted for segments encoding
NSP2, NSP4, NSP5, and VP6 (22–25). In most cases, the increased segment size results
from a head-to-tail sequence duplication that initiates immediately downstream of the
ORF and, thus, does not affect the segment’s coding capacity. Less often, the duplica-
tion begins within the ORF, causing the production of viral proteins of aberrant length
that may or may not be functional (19, 21). The sizes of duplications vary considerably
and are greater than 1.2 kbp for some NSP1 segments and 0.9 kbp for some NSP3
segments (20, 21), revealing that the rotavirus genome can accommodate significant
amounts of additional genetic material. Moreover, rSA11s have been made by RG with
genome segments of extended length through the directed introduction of sequence
duplications or heterologous sequences (26, 27). Notably, the heterologous sequences
have included internal ribosomal entry site elements and genes for all or portions of
reporter proteins, e.g., GFP11 and Nluc (4–7, 26–30).

Ideally, rotaviruses used as plug-and-play expression vectors for the study of rota-
virus biology or the generation of vaccines would retain the capacity to produce all 12
rotaviral proteins, in fully functional forms, while driving the efficient expression of
separate heterologous proteins (29, 30). In this study, we show that by introducing 2A
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elements into genome segment 7 downstream of the NSP3 ORF, it is possible to
engineer well-growing rSA11s that encode not only the complete complement of
rotavirus proteins but also one or even two heterologous proteins. The rSA11 isolates
are genetically stable during serial passage, encode functional NSP3 proteins, and
express levels of heterologous protein that are severalfold higher than those expressed
by the NSP1 segment. Moreover, the NSP3 segments can accommodate at least 1.3 kbp
of additional RNA sequence, indicating that rotaviruses are able to encode relatively
large heterologous proteins. These results raise the possibility that rotaviruses serve as
effective vector systems for making dual-functioning vaccines that induce protective
responses against not only rotavirus but also other enteric pathogens.

RESULTS
Inefficient translational stop-restart activity of the RVC 2A element. In initial

experiments, we evaluated the possibility of using the RVC 2A (R2A) stop-restart
element as a tool for generating rotavirus isolates able to express a separate heterol-
ogous protein in addition to the expected 12 viral proteins. This possibility was
examined through genetic modification of two of the pT7 transcription (pT7/NSP1 and
pT7/NSP3) vectors used in the rotavirus RG system (Fig. 1). The modifications replaced
the NSP1 and NSP3 ORFs in the pT7/NSP1 and pT7/NSP3 vectors, respectively, with
extended ORFs that encoded NSP1 and NSP3 fused to FLAG-tagged UnaG (fUnaG). RVC
2A elements were inserted in the modified vectors (pT7/NSP1-R2A-fUnaG and pT7/
NSP3-R2A-fUnaG) immediately upstream of the fUnaG sequence (Fig. 2A). A mutant
vector was also made [pT7/NSP3-R2A(P/G)-fUnaG] that contained a Pro-to-Gly mutation
in the canonical PGP signature motif (P¡G change underlined) of the RVC 2A element
(Fig. 2B). Such mutations prevent 2A stop-restart activity, causing a single fusion protein
to be made from the ORF.

The inclusion of the modified pT7/NSP1 and pT7/NSP3 vectors in a rotavirus RG
system containing an RNA capping plasmid (pCMV-NP868R) allowed the recovery of

FIG 1 Properties of rSA11 strains used in this study. Formal strain names were assigned according to Matthijnssens et al. (40). Names of the modified pT7
plasmids used to generate rSA11 strains and their fluorescent protein products are indicated. Sizes (base pairs) of genome segments and the complete genome
of rSA11 strains are also given. Sequences of viral cDNAs in pT7 vectors are provided by NCBI accession numbers.
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recombinant SA11 (rSA11) viruses (7, 31). The rSA11 isolates were plaque purified and
amplified in MA104 cells prior to characterization (7, 32). rSA11 made with the pT7/
NSP1-R2A-fUnaG vector contained a segment 5 dsRNA that, based on gel electropho-
resis, was much larger than that of wild-type rSA11 (rSA11/wt) (Fig. 3A). Sequencing
showed that the rSA11/NSP1-R2A-fUnaG segment 5 RNA matched that of the pT7/
NSP1-R2A-fUnaG vector. The length of rSA11/NSP1-R2A-fUnaG segment 5 dsRNA was
2.2 kbp, �0.5 kbp longer than the rSA11/wt segment 5 dsRNA. Likewise, gel electro-
phoresis showed that rSA11 viruses generated with the pT7/NSP3-R2A-fUnaG and
pT7/NSP3-R2A(P/G)-fUnaG vectors contained segment 7 dsRNAs that were larger than
the segment 7 dsRNA of wild-type rSA11 (Fig. 3A). Sequencing showed that the
segment 7 RNAs of rSA11/NSP3-R2A-fUnaG and rSA11/NSP3-R2A(P/G)-fUnaG were 1.7
kbp, instead of the 1.1-kbp length of rSA11/wt segment 7 dsRNA.

Plaque analysis showed that the rSA11/wt, rSA11/NSP1-R2A-fUnaG, rSA11/NSP3-
R2A-fUnaG, and rSA11/NSP3-R2A(P/G)-fUnaG strains grew to similar peak titers in
MA104 cells, ranging between 0.6 � 107 and 2.0 � 107. However, plaques formed by
rSA11/wt were larger than plaques formed by rSA11/NSP1-R2A-fUnaG, rSA11/NSP3-
R2A-fUnaG, and rSA11/NSP3-R2A(P/G)-fUnaG (Fig. 3B and C). This is consistent with
data reported previously, which indicated that rSA11/wt produced larger plaques than
recombinant strains expressing NSP1-UnaG and NSP3-UnaG fusion proteins (7).

To probe the stop-restart activity of RVC 2A elements inserted in the rSA11 viruses,
MA104 cells were infected with rSA11/wt, rSA11/NSP1-R2A-fUnaG, rSA11/NSP3-R2A-
fUnaG, and rSA11/NSP3-R2A(P/G)-fUnaG. At 8 h postinfection (p.i.), lysates were pre-
pared from the infected cells and analyzed by immunoblot assay (Fig. 3D). Blots probed
with anti-NSP3 antiserum identified a single protein in the rSA11/NSP3-R2A-fUnaG
lysate with a molecular weight of 57 kDa. This size corresponds to that expected for
fused NSP3-R2A-fUnaG protein (see Table S1 in the supplemental material). A protein

FIG 2 Plasmids used to generate rSA11 strains expressing UnaG fluorescent proteins. (A) Organization of
modified segment 5 (NSP1) and 7 (NSP3) cDNAs in pT7 plasmids, noting positions (nt) of coding
sequence for NSP1 or NSP3, R2A, 3�FLAG (FL), and UnaG. Red arrow identifies the putative stop-restart
site of the RVC 2A (R2A) element, and asterisk identifies the end of the ORF. T7, T7 RNA polymerase
promoter sequence; Rz, HDV ribozyme; UTR, untranslated region. Sizes of protein products are given in
Table S1. (B) Sequences of 2A elements present in rSA11 strains are indicated. The slash represents the
stop-restart site. The P¡G mutation in R2A (P/G) inactivates 2A stop-restart activity, and the GAG
insertion in the porcine teschovirus 2A (P2A) element provides a flexibility linker.
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FIG 3 Properties of rSA11 strains with an R2A stop-restart element. (A) Electrophoretic profiles of the dsRNA
genome of plaque-purified rSA11 strains. Blue arrow, segment 5 (NSP1); red arrow, segment 7 (NSP3). Genome
segments of rSA11/wt are labeled 1 to 11, and sizes (kbp) of segment 5 and 7 dsRNAs are shown. (B) Plaques
were generated on MA104 monolayers and detected at 6 d p.i. by crystal violet staining. Peak titers (complete
cytopathic effect [CPE]) reached by recombinant viruses in MA104 cells are indicated. (C) Mean diameter
values of plaques, noting 95% confidence intervals (black lines). Significance values were calculated using an
unpaired Student’s t test (GraphPad Prism v8). ***, P � 001; ****, P � 0.0001. (D) Immunoblot analysis of
proteins present at 8 h p.i. in rSA11-infected MA104 cells detected with anti-NSP1 (�NSP1), �NSP3, �VP6,
�FLAG, and �PCNA antibodies. Positions of molecular weight markers are shown. (C) UnaG fluorescence
detected in rSA11-infected MA104 cells with a Bio-Rad Zoe live cell imager. Identical settings were used in
capturing images.
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of this same size was also detected with anti-NSP3 antiserum in lysates infected with
rSA11/NSP3-R2A(P/G)-fUnaG (Fig. 3D and Table S1). Unlike lysates from rSA11/wt- and
rSA11/NSP1-R2A-fUnaG-infected cells, lysates from rSA11/NSP3-R2A-fUnaG- and rSA11/
NSP3-R2A(P/G)-fUnaG-infected cells did not contain a protein recognized by anti-NSP3
antiserum of the size approximating that of wild-type NSP3 (36 kDa) or NSP3-R2A
(39 kDa). Similar results were observed when immunoblots were probed with anti-FLAG
antiserum. The predominant protein recognized by FLAG antibody in rSA11/NSP3-R2A-
fUnaG- and rSA11/NSP3-R2A(P/G)-fUnaG-infected cell lysates was approximately 57 kDa
in size, corresponding to a fused NSP3-R2A-fUnaG product. In contrast, the FLAG
antibody detected little of the 18-kDa fUnaG product expected to be produced by a
functional R2A element (Fig. 3D). Together, these results indicated that the RVC 2A
element of rSA11/NSP3-R2A-fUnaG had low levels of translation stop-restart activity.

Immunoblot assays with anti-NSP1 (C19) antiserum failed to identify a 61-kDa
protein in the rSA11/NSP1-R2A-fUnaG lysate, the size expected for NSP1-R2A. Rather, a
large 79-kDa product was detected with a size expected for fused NSP1-R2A-fUnaG (Fig.
3D and Table S1). In contrast, anti-NSP1 antiserum recognized a 59-kDa NSP1 product
in rSA11/wt, rSA11/NSP3-R2A-fUnaG, and rSA11/NSP3-R2A(P/G)-fUnaG lysates. Immu-
noblot assays with anti-FLAG antibody identified low levels of two proteins in the
rSA11/NSP1-R2A-fUnaG lysate, a large 79-kDa protein of the size expected for fused
NSP1-2A-fUnaG, and a small 18.5-kDa protein of the size expected for an fUnaG product
(Fig. 3D and Table S1). The fact that both the anti-NSP1 and -FLAG antisera revealed the
presence of little or no NSP1-R2A-fUnaG or NSP1-R2A in the rSA11/NSP1-R2A-fUnaG
lysate suggests that these products are unstable. Indeed, previous studies have re-
ported that NSP1 is subject to rapid turnover by the ubiquitin-proteasome degradation
machinery (33). Live cell imagining indicated that the UnaG green fluorescent signal
generated by rSA11/NSP1-R2A-fUnaG-infected cells was lower than the signal
generated by rSA11/NSP3-R2A-fUnaG- and rSA11/NSP3-R2A(P/G)-fUnaG-infected
cells (Fig. 3E). The difference may reflect the reduced levels of UnaG product
present in rSA11/NSP1-R2A-fUnaG-infected cells.

Expression of separate UnaG fluorescent protein using a teschovirus 2A ele-
ment. Although rSA11/NSP3-R2A-fUnaG supported the efficient expression of protein
product from its modified segment 7 dsRNA, the R2A element functioned poorly in
directing the expression of the product as the two separate proteins, NSP3-R2A and
fUnaG. To circumvent its poor function, we replaced the R2A element in pT7/NSP3-
R2A-fUnaG with a porcine teschovirus 2A stop-restart element (P2A). A flexible (GAG)
linker, previously reported to improve stop-restart activity of the P2A element, was
inserted into the segment 7 ORF immediately between the NSP3 and P2A coding
sequences (Fig. 4) (15, 34). Recombinant virus containing the P2A element (rSA11/
NSP3-P2A-fUnaG) was generated using the rotavirus RG system and plaque isolated
(Fig. 1). Gel electrophoresis and sequencing showed that rSA11/NSP3-P2A-fUnaG con-
tained a 1.7-kbp segment 7 dsRNA instead of the 1.1-kbp segment 7 dsRNA of rSA11/wt
(Fig. 5A). The function of the P2A element was examined by immunoblot analysis of
rSA11/NSP3-P2A-fUnaG-infected cell lysates. Assays with anti-NSP3 antiserum identified
a single major protein in the rSA11/NSP3-P2A-fUnaG lysate, with a size (38 kDa)
corresponding to that of NSP3 (36 kDa) linked to remnant residues of the P2A (2 kDa)
element (Fig. 5B). A protein of the size predicted for fused NSP3-P2A-fUnaG (76 kDa)
was not detected with the anti-NSP3 antiserum, suggesting that the P2A element in
rSA11/NSP3-P2A-fUnaG had efficiently directed the production of NSP3-P2A-fUnaG into
NSP3-P2A and fUnaG as separate products (Table S1). Indeed, immunoblot assay
performed with anti-FLAG antibody identified a major protein of the size predicted for
fUnaG (18 kDa), supporting the idea that the P2A element was functional (Fig. 5B, lane
3). Notably, the FLAG antibody also detected minor amounts of a 57-kDa protein in the
rSA11/NSP3-P2A-fUnaG-infected cell lysate, a size corresponding to that of fused
NSP3-P2A-fUnaG (Fig. 5B, red asterisk). Thus, although the activity of P2A was much
more efficient than that of R2A, the stop-restart activity of P2A did not reach 100%.
Nonetheless, these results indicated that the P2A element could be used to increase the
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number of proteins encoded by rotavirus from 12 to 13, raising the possibility of using
rotavirus as a vector system for expressing a heterologous protein without compro-
mising viral proteins.

rSA11 viruses accommodating RNA sequences of larger FPs. The genome of
rSA11/NSP3-P2A-fUnaG is 0.5 kbp larger than that of rSA11/wt and expresses a separate
18-kDa heterologous protein. To examine whether the rotavirus genome could be
further increased in size and engineered to express larger heterologous proteins, the
0.5-kbp UnaG sequence in pT7/NSP3-P2A-fUnaG was replaced with sequences encod-
ing larger fluorescent proteins (FPs) (Fig. 1). Specifically, the FLAG-tagged UnaG se-
quence was replaced with the 0.8-kbp sequence of FLAG-tagged mRuby (fmRUBY, far
red), mKate (fmKate, red), or TagBFP (fBFP, blue) (Fig. 1 and 4). rSA11 isolates containing
segment 7 RNAs encoding mRuby (rSA11/NSP3-P2A-fmRuby), mKate (rSA11/NSP3-P2A-
fmKate), and BFP (rSA11/NSP3-P2A-fBFP) were recovered by RG, plaque isolated, and
characterized. As expected, gel electrophoresis showed that the segment 7 RNAs of
these viruses were larger than the segment 7 RNAs of rSA11/wt and rSA11/NSP3-P2A-
fUnaG, migrating at a position intermediate of the 2.4-kbp segment 4 and 1.6-kbp
segment 5 RNAs (Fig. 5A). Sequencing confirmed that rSA11/NSP3-P2A-fmRuby, rSA11/
NSP3-P2A-fmKate, and rSA11/NSP3-P2A-fBFP contained 2.0-kbp segment 7 RNAs and
that their sequences matched those of the modified pT7/NSP3 vectors used in their
construction.

Function of the P2A element in the rSA11/NSP3-P2A-fmRuby, rSA11/NSP3-P2A-
fmKate, and rSA11/NSP3-P2A-fBFP viruses was tested by immunoblot assay of infected
cell lysates using anti-NSP3 and anti-FLAG antisera. Mirroring results described above
for rSA11/NSP3-P2A-fUnaG lysates, assays with anti-NSP3 antiserum identified a single

FIG 4 Plasmids with modified segment 7 (NSP3) cDNAs used to generate rSA11 strains expressing
fluorescent proteins. Organization of modified segment 7 (NSP3) cDNAs in pT7 plasmids, noting
positions (nt) of coding sequence positions for NSP3, P2A, 3�FLAG (FL), and fluorescent protein. The red
arrow identifies the stop-restart site of the porcine teschovirus 2A (P2A) element, and the asterisk
identifies the end of the ORF. T7, T7 RNA polymerase promoter sequence; Rz, HDV ribozyme; UTR,
untranslated region. Sizes of protein products are given in Table S1.
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major protein in rSA11/NSP3-P2A-fmRuby, SA11/NSP3-P2A-fmKate, and rSA11/NSP3-
P2A-fBFP lysates, with a size (39 kDa) corresponding to that of NSP3-P2A (Fig. 5B, lanes
4 to 6). In contrast, proteins of the size predicted for fused NSP3-P2A-fmRuby, -fmKate,
or -fBFP (68 kDa) were not detected with anti-NSP3 antiserum, suggesting that the P2A

FIG 5 Properties of rSA11 strains containing a P2A element. (A) Electrophoretic profiles of the dsRNA genome of
plaque-purified rSA11 strains. Red arrow, segment 7 (NSP3). Genome segments of rSA11/wt are labeled 1 to 11, and sizes
(kbp) of segment 7 dsRNAs are shown. (B) Immunoblot analysis of proteins present at 8 h p.i. in rSA11-infected MA104
cells with �NSP3, �VP6, �FLAG, and �PCNA antibody. The red asterisk identifies the fused product (NSP3-P2A-fFP). (C)
Fluorescence detected in rSA11-infected MA104 cells with a Bio-Rad Zoe live cell imager. Panels are identified with the
name of the FP expressed by the rSA11 strain. The lower row of panels represents fluorescence from rSA11/NSP3-
fmRuby-P2A-fUnaG-infected cells detected in the red channel (left), green channel (middle), and overlay of red and
green channels images. (D) Plaques were generated on MA104 monolayers and detected at 6 d p.i. by crystal violet
staining. Peak titers (complete CPE) reached by recombinant viruses in MA104 cells are indicated. (E) Mean diameter
values of plaques, noting 95% confidence intervals (black lines). **, P � 0.01; ***, P � 001; ****, P � 0.0001.
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element was efficient in directing the translation of the segment 7 product into
separate proteins, NSP3-P2A and an FP (Table S1). This conclusion was further sup-
ported by immunoblot assays using anti-FLAG antibody, which identified a dominating
protein of the size (29 kDa) predicted for fmRuby, fmKate, and fBFP (Fig. 5B, lanes 4 to
6). The FLAG antibody also detected low levels of a 68-kDa protein in the rSA11/NSP3-
P2A-fmRuby, SA11/NSP3-P2A-fmKate, and rSA11/NSP3-P2A-fmBFP lysates, a size sug-
gesting residual levels of fused NSP3-P2A-fmRuby, -fmKate, or -fBFP (Fig. 5B, lanes 4 to
6, red asterisks). Live cell imagining of MA104 cells infected with rSA11/NSP3-P2A-
fmRuby, SA11/NSP3-P2A-fmKate, and rSA11/NSP3-P2A-fBFP demonstrated that these
viruses efficiently expressed their corresponding FPs (Fig. 5C).

rSA11 viruses expressing two heterologous proteins. To test for the possibility of
generating recombinant viruses able to express multiple heterologous proteins from a
single genome segment, we constructed a modified pT7/NSP3 vector (pT7/NSP3-
fmRuby-P2A-fUnaG) in which the NSP3 ORF had been replaced with an ORF encoding
NSP3 and the two FPs, mRuby and UnaG (Fig. 4). Addition of the modified vector to the
rotavirus RG system allowed recovery of rSA11/NSP3-fmRuby-P2A-fUnaG, which con-
tained a segment 7 RNA that comigrated near the 2.6-kbp segment 3 RNA upon gel
electrophoresis (Fig. 5A). Sequencing showed that rSA11/NSP3-fmRuby-P2A-fUnaG
contained a 2.4-kbp segment 7 RNA matching that of the modified pT7/NSP3 vector
used to make the virus. rSA11/NSP3-fmRuby-P2A-fUnaG represents the largest virus
made in this study, with a genome (19,891 bp) that was 1.3 kbp larger than that of
rSA11/wt (18,559 bp). Immunoblot analysis of MA104 cells infected with rSA11/NSP3-
fmRuby-P2A-fUnaG showed that anti-NSP3 antiserum recognized a protein (68 kDa) of
the size expected for NSP3-fmRuby-P2A, indicating the P2A element was functional.
Immunoblot analysis with anti-FLAG antibody confirmed that NSP3-fmRuby-P2A was a
major product formed in rSA11/NSP3-fmRuby-P2A-fUnaG-infected cells (Fig. 5B, lane 7).
In addition, the anti-FLAG antibody immunoblot assay showed that a 18-kDa fUnaG
product was also formed in infected cells, indicating that both FPs encoded by the
modified segment 7 RNA of the recombinant virus were expressed (Fig. 5B, lane 7).
Notably, the immunoblot assay also detected an 86-kDa product, the size predicted for
fused NSP3-fmRuby-P2A-fUnaG, suggesting (as above) that although P2A activity is
efficient, it is less than complete (Fig. 5B, lane 7, red asterisks).

Quantitation of the peak titers reached by rSA11/NSP3-P2A-FP viruses, including
rSA11/NSP3-fmRuby-P2A-fUnaG, in infected MA104 cells showed they were similar to
rSA11/wt (2 � 107 to 3 � 107 PFU/ml). However, as described above with the rSA11/
NSP1-R2A-UnaG and rSA11/NSP3-R2A viruses (Fig. 3B and C), the plaque diameters of
the rSA11/NSP3-P2A-FPs viruses were smaller than those of the rSA11/wt viruses (Fig.
5D and E).

Genetic stability of rSA11 strains expressing separate FPs. To analyze the
genetic stability of the rSA11 strains expressing FPs, three (rSA11/NSP1-R2A-fUnaG,
rSA11/NSP3-P2A-fUnaG, and rSA11/NSP3-P2A-fmRuby) were subjected to 10 rounds of
serial passage at low multiplicity of infection (MOI). Gel electrophoresis showed no
difference in the viral dsRNA recovered from passage 1-, 5-, and 10-infected cell lysates,
suggesting the viruses were genetically stable (Fig. 6). For further evaluation, six rSA11
isolates were recovered by plaque assay from the passage 10 rSA11/NSP1-R2A-fUnaG,
rSA11/NSP3-P2A-fUnaG, rSA11/P2A-mRuby virus pools and further characterized. Live
cell imagining showed that all the isolates supported the expression of FPs, indicating
that they retained functional FP ORFs. Sequencing of the segment 6 and 7 dsRNAs of
each of the plaque-isolated isolates revealed no changes during 10 rounds of serial
passage. Thus, rSA11 strains containing close to 1 kbp of extra sequence are genetically
stable, a finding consistent with those of earlier studies (7).

Function of NSP3 produced by rSA11 expressing FPs. Several cellular proteins
play critical roles in the efficient translation of poly(A) mRNAs, including the
poly(A)-binding protein (PABP) (35). Although PABP primarily accumulates in the
cytoplasm of uninfected cells, the protein traffics back and forth between the
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cytoplasm and nucleus, functioning as a chaperone of newly made poly(A) mRNAs.
In cells infected with wild-type SA11 virus, NSP3 antagonizes the function of PABP,
causing the protein to accumulate instead in the nucleus (36). To determine
whether the NSP3 product of rSA11 strains expressing NSP3-P2A-FPs remained
functional, we contrasted the localization of PABP in rSA11/wt and rSA11/NSP3-
P2A-fUnaG-infected cells by immunofluorescence. The results showed that unlike
mock-infected cells, where PAPB accumulated in the cytoplasm, a large portion of
PABP localized to the nucleus of rSA11/wt- and rSA11/NSP3-P2A-fUnaG-infected
cells (Fig. 7). Thus, although rSA11/NSP3-P2A-fUnaG-infected cells produce a mod-
ified form of NSP3, ending with residues derived from the P2A element (NSP3-
GAGATNFSLLKQAGDVEENPG), the protein remains functional in inducing nuclear
PABP localization. Unexpectedly, a previously described rSA11 strain (rSA11/NSP3-
fUnaG), with a modified segment 7 RNA expressing NSP3 fused to UnaG (7), was not
able to cause nuclear accumulation of PABP. The reason why NSP3-P2A is functional
while NSP3-fUnaG is not is not clear at present.

DISCUSSION

We have demonstrated that through modification of the segment 7 (NSP3) ORF,
recombinant rotaviruses can be used as a plug-and-play expression platform capable of
producing a separate heterologous protein in addition to the 12 proteins normally
encoded by the virus. Indeed, we report for the first time that it is possible to produce
recombinant rotaviruses that express two different heterologous proteins from seg-
ment 7 while retaining the capacity to express NSP3. Key to producing a separate
heterologous protein is the placement of a translational 2A stop-restart element
between the coding sequence for NSP3 and the coding sequence for heterologous
protein (or the plug). We have found that the simplest approach for introducing the
plug into segment 7 is through recombinational cloning, which enables directed
insertion of the heterologous sequence between the 2A element and the segment 7
3=-untranslated region (UTR) without the use of restriction enzymes or ligase.

Consistent with previous reports, our analysis indicates that the stop-restart activi-
ties of 2A elements can vary (15). We found the porcine teschovirus 2A (P2A) element

FIG 6 Genetic stability of rSA11 strains expressing fluorescent proteins. The genomes of recombinant
SA11 strains NSP1-R2A-fUnaG, NSP3-P2A-fUnaG, and NSP3-P2A-fmRuby, serially passaged for 10 cycles
(P1 to P10) in MA104 cells, were analyzed by gel electrophoresis. Genome segments of rSA11/wt are
labeled 1 to 11. Positions of modified segment 5 (NSP1) and 7 (NSP3) dsRNAs are denoted with arrows.
wt, rSA11-wt virus.
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to be more active than the RVC 2A (R2A) element, although this may have been
influenced in part by the addition of a GAG hinge upstream of the P2A element. In this
study, we provide data indicating that the NSP3 protein of recombinant rotaviruses
expressing separate heterologous proteins is functional, retaining the ability to induce
nuclear localization of PABP (20). As reported previously for the fused NSP3-UnaG
product (7), NSP3-P2A also retains the ability to dimerize like wild-type NSP3 (12 and
data not shown). We conclude that rSA11 strains that express separate heterologous
proteins from segment 7 are also able to express a complete complement of functional
viral proteins.

The amount of heterologous sequence that the rotavirus genome can accommo-
date as a whole, or per individual genome segment, has not been experimentally
determined and is unknown at present. However, sequencing of rotavirus strains with
spontaneously occurring sequence duplications have shown that a 1.1-kbp segment 7
RNA can be increased in size to 2.0 kbp, almost a 2-fold increase (20). In generating
rSA11/NSP3-fmRuby-P2A-fUnaG, the segment 7 RNA was increased by 1.3 kbp, bringing
the total size of the rSA11 genome to 19.9 kbp. This is the largest recombinant rotavirus
made to date and, with its added sequence, has the capacity to encode a nearly 50-kDa
heterologous protein. In this study, we have made a collection of rSA11s that express
various fluorescent reporter proteins (37), reagents that will be particularly valuable for
examining aspects of rotavirus biology by live cell imaging. Indeed, the rSA11/NSP3-
2A-mRuby virus has been used in studies examining calcium dysregulation during
rotavirus infection (38). In addition to the rSA11s described in this report that express
UnaG, mRuby, mKate, and BFP, rSA11s have been made that express the yellow
fluorescent protein and cyan fluorescent protein (29), FPs that have been used to

FIG 7 Localization of PABP in rotavirus-infected cells expressing NSP3-P2A-fUnaG and NSP3-fUnaG.
MA104 cells were mock infected or infected with recombinant SA11 viruses: wt, NSP3-P2A-fUnaG, or
NSP3-fUnaG (29). At 9 h p.i., cells were fixed with formaldehyde, which results in quenching of the UnaG
epifluorescent signal. Afterwards, all cells were incubated with guinea pig anti-NSP3 serum and anti-
PABP monoclonal antibody, followed by Alexa 488-conjugated anti-guinea pig IgG (green) and Alexa
594-conjugated anti-mouse IgG (red) to detect locations of NSP3 and PABP. Nuclei were detected by
staining with DAPI. Cells were analyzed with an Olympus fluorescence microscope (100� oil immersion
objective) using fluorescein isothiocyanate and tetramethyl rhodium isothiocyanate windows.
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examine protein-protein interactions via fluorescence resonance energy transfer. Our
work also raises the possibility of using rotaviruses as vectors systems for the devel-
opment of next-generation neonatal vaccines that, through the expression of antigens
of other enteric pathogens, can induce protective immune responses against multiple
diseases. In fact, rSA11s are being developed that express all, or portions of, the capsid
proteins of noroviruses, astroviruses, and hepatitis E virus (39).

MATERIALS AND METHODS
Cell culture. Embryonic monkey kidney cells (MA104) were propagated in medium 199 (M199)

containing 5% fetal bovine serum (FBS) and 1% penicillin-streptomycin (32). Baby hamster kidney cells
expressing T7 RNA polymerase (BHK-T7) were a gift from Ulla Buchholz, Laboratory of Infectious Diseases,
NIAID, NIH, and were propagated in Glasgow minimum essential medium (GMEM) containing 5%
heat-inactivated fetal bovine serum (FBS), 10% tryptone-peptide broth, 1% penicillin-streptomycin, 2%
nonessential amino acids, and 1% glutamine (30). BHK-T7 cells were grown in medium supplemented
with 2% Geneticin (Invitrogen) every other passage.

Plasmid construction. Recombinant strains of SA11 rotavirus were generated using the plasmids
pT7/VP1SA11, pT7/VP2SA11, pT7/VP3SA11, pT7/VP4SA11, pT7/VP6SA11, pT7/VP7SA11, pT7/NSP1SA11,
pT7/NSP2SA11, pT7/NSP3SA11, pT7/NSP4SA11, and pT7/NSP5SA11 (4), which were obtained from
the Addgene plasmid repository (https://www.addgene.org/Takeshi_Kobayashi/). The plasmid pCMV/
NP868R was constructed as described by Philip et al. (7). The Ronin plasmid, containing a P2A-3xFL-UnaG
sequence, was generated as described by Eaton et al. (31). Plasmids containing coding regions for the
FPs mKate (mKate-H4-23; number 56061; Addgene), mRUBY (GCaMP6f-mRUBY; number 98920; Add-
gene), and TagBFP-N1 (Envrogen) were kindly provided to us by Joe Hyser, Baylor College of Medicine.

The plasmid pMR-RQ-Bb/SA11g72AFLUnaG was obtained from ThermoFisher and contained a mod-
ified synthetic cDNA of SA11 segment 7 (NSP3). Inserted between the 3= end of the NSP3 ORF and the
segment 7 3=-UTR was a sequence for the group C rotavirus 2A element (R2A) (13), 3�FLAG tag, and
UnaG. Inserted downstream of the 3=-UTR was a hepatitis D virus (HDV) ribozyme and a T7 transcription
termination element. To produce pBSmod-g7-R2A-3xfUnaG, pMR-RQ-Bb/SA11g72AFLUnaG was digested
with SphI and SacII, releasing a fragment that contained the entire NSP3-R2A-3�FLAG-UnaG insert
sequence. The insert was ligated into Bluescript SK(�) vector (https://www.addgene.org/vector
-database/1946/) similarly digested with SphI and SacII. To produce pT7/NSP3-R2A-fUnaG, pBSmod-g7-
R2A-3xfUnaG was digested with the restriction enzyme NsiI, generating a DNA fragment extending
from a site in the NSP3 ORF to a site in the transcription terminator. This fragment was gel purified and
ligated into pT7/NSP3SA11 digested with NsiI. The pT7/NSP3-R2A(P/G)-fUnaG plasmid, which contains a
Pro¡Gly mutation in the R2A coding sequence, was made with an Agilent QuikChange II mutagenesis
kit using the primer pair mtR2AF and mtR2AR, with pT7/NSP3-R2A-fUnaG as the template DNA. See Table
S2 in the supplemental material for all primer sequences. pT7/NSP1-R2A-fUnaG was produced by fusing
a DNA fragment containing the R2A-3xFL-UnaG ORF to the 3= end of the NSP1 ORF in pT7/NSP1SA11
using a TaKaRa In-Fusion HD cloning kit. The R2A-3xFL-UnaG DNA fragment was amplified from
pT7/NSP3-R2A-fUnaG using the primer pair RfUF and RfUR, and the pT7/NSP1SA11 plasmid was amplified
using the primer pair NSP1-RfUF and NSP1-RfUR.

pT7/NSP3-P2A-fUnaG was generated by fusing a DNA fragment containing the ORF for P2A-3xFL-
UnaG to the 3= end of the NSP3 ORF in pT7/NSP3SA11 by In-Fusion cloning. The P2A-3xFL-UnaG DNA
fragment was amplified from the Ronin plasmid using the primer pair RonF and RonR, and the
pT7/NSP3SA11 plasmid was amplified using the primer pair NSP3-RonF and NSP3-RonR (Table S2). The
plasmids pT7/NSP3-P2A-fmRuby, pT7/NSP3-P2A-fmKate, and pT7/NSP3-P2A-fBFP were made by replac-
ing the UnaG ORF in pT7/NSP3-P2A-fUnaG with ORFs for mRuby, mKate, and BFP, respectively, by
In-Fusion cloning. DNA fragments containing mRuby, mKate, and BFP ORFs were amplified from the
plasmids GCaMP6f-mRUBY, mKate-H4-23, and TagBFP-N1 using the primer pairs mRubyF and mRubyR,
mKateF and mKateR, and BFPF and BFPR, respectively, and the pT7/NSP3-P2A-fUnaG plasmid was
amplified using the primer pair NSP3-FPF and NSP3-FPR. pT7/NSP3-fmRuby-P2A-fUnaG was generated by
inserting a 3xFL-mRuby sequence into pT7/NSP3-P2A-fUnaG at the junction between NSP3 and P2A. The
DNA fragment containing a 3xFL-mRuby ORF was amplified from pT7/NSP3-P2A-fmRUBY using the
primer pair DbRubF and DbRubR and inserted into pT7/NSP3-P2A-fUnaG amplified with NSP3-DbRubF
and NSP3-DbRubR. Transfection-quality plasmids were prepared commercially (www.plasmid.com) or
using Qiagen plasmid purification kits. Primers were provided and sequences determined by EuroFins
Scientific.

Recombinant viruses. rSA11 isolates were recovered by following the protocol detailed by Philip et
al. (30). In brief, BHK-T7 cells were transfected with 11 T7 (pT7) transcription vectors, each directing
synthesis of a unique SA11 (�)RNA and pCMV-NP868R, a support plasmid directing expression of the
African swine fever virus (ASFV) NP868R capping enzyme, using Mirus TransIT-LT1 transfection reagent.
In the transfection mixtures, levels of pT7 NSP2 and NSP5 plasmids were 3-fold higher than those of the
other nine pT7 plasmids (6, 30). Two days later, the transfected cells were overseeded with MA104 cells
and the growth medium adjusted to 0.5 �g/ml trypsin. Three days later, the BHK-T7–MA104 cell mixture
was freeze-thawed 3 times and the lysates clarified by low-speed centrifugation. Recombinant virus in
lysates was amplified by a single round of passage in MA104 cells in 0.5 �g/ml trypsin (porcine pancreatic
type IX; T0303; Sigma-Aldrich) and isolated by plaque purification (30, 32). Plaque-picked viruses were
typically amplified by 1 or 2 rounds in MA104 cells prior to analysis. Viral dsRNAs were recovered from
infected-cell lysates by TRIzol extraction, resolved by electrophoresis on Novex 8% polyacrylamide gels
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(Invitrogen), and detected by staining with 1 �g/ml ethidium bromide. Viral dsRNAs in gels were
visualized using a Bio-Rad ChemiDoc MP imaging system. The genetic stability of plaque-isolated rSA11
viruses was assessed by serial passage as described in detail elsewhere (7).

Plaque assays were performed as described by Arnold et al. (32). To visualize plaques formed by
rSA11 viruses on MA104 cells, cell monolayers with agarose overlays were incubated overnight with PBS
containing 3.7% formaldehyde. The next day, the agarose overlays were removed, and the monolayers
stained for 3 h with a solution of 1% crystal violet dissolved in 5% ethanol. Monolayers then were gently
rinsed with water and air dried. Plaque diameters were measured using ImageJ software and results
analyzed with GraphPad Prism, version 8. Statistical significances of plaque size differences were
determined using an unpaired Student’s t test, including 95% confidence intervals.

Immunoblot assays. For immunoblot assays, proteins in lysates prepared at 8 h p.i. from MA104 cells
infected with RVA at an MOI of 5 were resolved by electrophoresis on Novex linear 8 to 16%
polyacrylamide gels and transferred to nitrocellulose membranes. After blocking with phosphate-
buffered saline containing 5% nonfat dry milk, blots were probed with guinea pig polyclonal NSP3 (lot
55068, 1:2,000) or VP6 (lot 53963, 1:2,000) antisera (20) or with mouse monoclonal FLAG M2 (1:2000;
F1804; Sigma) or rabbit monoclonal PCNA (1:1000; 13110S; Cell Signaling Technology [CST]) antibody.
Primary antibodies were detected using 1:10,000 dilutions of horseradish peroxidase (HRP)-conjugated
secondary antibody: horse anti-mouse IgG (CST), anti-guinea pig IgG (KPL), or goat anti-rabbit IgG (CST).
Signals were developed using Clarity Western ECL substrate (Bio-Rad) and detected using a Bio-Rad
ChemiDoc imaging system.

Immunofluorescence analysis. MA104 cells were grown on poly-L-lysine-coated glass coverslips in
12-well culture dishes and infected with 5 PFU of trypsin-activated rSA11 per cell. At 9 h p.i., the cells
were fixed with 3.7% formaldehyde in PBS for 30 min at room temperature and then washed twice with
PBS containing 1% Triton X-100 (PBS-TX). Coverslips were transferred to a Parafilm-lined petri dish and
washed an additional 3 times with PBS-TX for 2 min each time. The cells were incubated in PBS
containing 5% �-globulin-free bovine serum albumin (BSA) for 15 min at room temperature and then
incubated with guinea pig NSP3 polyclonal antiserum (lot 55068; 1:500) or mouse PABP-specific
monoclonal antibody (1:100; 10E10; Santa Cruz Biotechnology) in PBS containing 3% BSA for 1 h at room
temperature (20). The cells were washed thrice with PBS-TX, followed by coincubation with goat
anti-guinea pig IgG (1:1,000) and anti-mouse IgG (1:1,000) conjugated to Alexa 488 and Alexa 594
(Molecular Probes), respectively, in PBS containing 3% BSA for 30 min at room temperature. Cells were
washed thrice in PBS-TX, and coverslips were mounted with ProLong antifade reagent containing
4,6-diamino-2-phenylindole (DAPI) (Invitrogen). Fluorescence was detected with an Olympus micro-
scope.

Live cell imaging. Live cell imaging was performed as described by Philip et al. (7). Confluent
monolayers of MA104 cells in cell culture plates were infected with 3 PFU per cell of trypsin-activated
rSA11 virus in M199 medium free of fetal bovine serum. At 7.5 h p.i., the monolayers were washed and
overlaid with low-fluorescence medium (FluroBrite; ThermoFisher). At 8 h p.i., the monolayers were
analyzed using the red (556/615) and green (480/517) channels of a Bio-Rad Zoe imager.

Data availability. The GenBank accession numbers of the modified segment 5 and 7 cDNAs
inserted into pT7 transcription vectors are MN184669, MN184670, MN184672, MK851037 to
MK851039, and MK851042 (Fig. 1). Plasmid pCMV-NP868R is available under GenBank accession number
MH212166.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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