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ABSTRACT Senecavirus A (SVA) is a reemerging virus, and recent evidence has empha-
sized the importance of SVA recombination in vivo on virus evolution. In this study, we
report the development of an infectious cDNA clone for the SVA/HLJ/CHA/2016 strain.
We used this strain to develop a reporter virus expressing enhanced green fluorescent
protein (eGFP), which we then used to screen for a recombination-deficient SVA by an
eGFP retention assay. Sequencing of the virus that retained the eGFP following passage
allowed us to identify the nonsynonymous mutations (S460L alone and I212V-S460L in
combination) in the RNA-dependent RNA polymerase (RdRp) region of the genome. We
developed a Senecavirus-specific cell culture-based recombination assay, which we used
to elucidate the role of RdRp in SVA recombination. Our results demonstrate that these
two polymerase variants (S460L and I212/S460L) have reduced recombination capacity.
These results indicate that the RdRp plays a central role in SVA replicative recombina-
tion. Notably, our results showed that the two recombination-deficient variants have
higher replication fidelity than the wild type (WT) and display decreased ribavirin sensi-
tivity compared to the WT. In addition, these two mutants exhibited significantly in-
creased fitness in vitro compared to the WT. These results demonstrate that recombina-
tion and mutation rates are intimately linked. Our results have important implications for
understanding the crucial role of the RdRp in virus recombination and fitness, especially
in the molecular mechanisms of SVA evolution and pathogenicity.

IMPORTANCE Recent evidence has emphasized the importance of SVA recombina-
tion on virus evolution in vivo. We describe the first assays to study Senecavirus A
recombination. The results show that the RNA-dependent RNA polymerase plays a
crucial role in recombination and that recombination can impact the fitness of SVA
in cell culture. Further, SVA polymerase fidelity is closely related to recombination
efficiency. The results provide key insights into the role of recombination in positive-
strand RNA viruses.
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Senecavirus A (SVA), formerly known as Seneca Valley virus (SVV), was first reported
in 2002 from a PER.C6 cell culture and belongs to the genus Senecavirus within the

family Picornaviridae (1). The virus has been sporadically circulating in pig herds in the
United States since the late 1980s. However, cases of SVA-associated vesicular disease
were reported in Canada in 2007 and in the United States in 2012 (2). After 2014, a
sudden increase in outbreaks of SVA affecting pigs was documented in Brazil, China,
Thailand, Colombia, and Vietnam (3–6), suggesting that the disease has become a
worldwide problem (7). The genome of SVA is a single-stranded positive-sense RNA
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that is �7,300 nucleotides (nt) in length. The genome organization is similar to that of
other picornaviruses, which have a large single open reading frame (ORF) flanked by
highly structured 5= and 3= untranslated regions (UTRs) encompassing cis-acting ele-
ments essential for viral transcription, translation, and replication (1). The ORF is
translated into a single polyprotein that is posttranslationally processed by the three
viral proteases Lpro, 2A, and 3C into the protein products P1 (VP4, VP2, VP3, and VP1),
P2 (2A, 2B, and 2C), and P3 (3A, 3B, 3Cpro, and 3Dpol) (1).

It is well established that the abundant genetic diversity observed in many RNA
viruses has important consequences for viral pathogenesis, host tropism, and evolution
(8, 9). Two predominant mechanisms contribute to the variability of RNA viruses, the
error-prone RNA-dependent RNA polymerase (RdRp) that lacks proofreading ability,
leading to high mutation rates (10–12), and recombination, where chimeric viruses can
be generated following coinfection of the same cell by two closely related viruses
(13–15). Indeed, recombination is proposed to be a key evolutionary mechanism in RNA
viruses that is required to purge the genome of deleterious mutations that accumulate
following error-prone replication (15, 16). From a public health perspective, it is known
that the recombination process has important implications, as it is associated with the
reemergence of new antigenic variants and the generation of new virus strains (9, 12,
17–19). For example, the live attenuated Sabin vaccine strain is known to recombine
with cocirculating species C enterovirus, where subsequent infection can lead to
pathogenic outcomes (20, 21). Further, intrahost recombination events in the related
foot-and-mouth disease virus (FMDV) play a significant role in increasing genetic
diversity in FMDV quasispecies (22–24). However, much less recombination is observed
when virus infection occurs in multiple wildlife species in southern Africa (25), while
recombination seems to dominate when FMDV infection occurs in a very narrow host
range (23).

Mutation and recombination are essential for RNA virus adaptation and evolution
(26–29). Both are primarily mediated by the RdRp, as indicated by recent studies of
recombination in enteroviruses and alphaviruses (30–32). Indeed, these recent studies
strongly indicate that polymerase fidelity is also associated with virus recombination
efficiency. For example, Sindbis virus, with a low-fidelity RdRp, is prone to recombine,
which results in the overproduction of defective interfering particles (31). In addition,
modification of polymerase fidelity impacted the rate of recombination in poliovirus
(32). Alternatively, studies in poliovirus have shown that recombination is necessary for
virus entry into the central nervous system, and recombination could elevate adapta-
tion without changing the optimal mutation rate (19). These observations led us to
investigate the role RdRp played in SVA recombination. To date, it is reported that pigs
are the only natural SVA host, and SVA recombination has been reported (33). In
addition, a second study identified an 11-nucleotide insertion in the 5= UTR region of
the SVV GD04/2017 strain (34). Both examples emphasize the currently poorly under-
stood role of SVA recombination in vivo.

We hypothesized that we could select for RdRp variants that may reduce SVA
recombination. In this study, SVA recombination-defective variants were isolated by
using an eGFP retention assay, analogous to one reported by the Andino laboratory
that used poliovirus as a model (19). Two variants that were further examined had
amino acid changes to the RdRp, S460L alone, and I212V-S460L in combination. To
characterize the impact of these RdRp mutants on virus recombination, we developed
the first reported SVA-specific recombination assay, based upon previous cell-based
approaches used for enteroviruses (30, 32, 35, 36). The SVA-S460L and SVA-I212V-S460L
variants were shown to be replication competent but recombination defective. The
defect in recombination was replication independent. Importantly, further investigation
showed that both variants have increased polymerase fidelity. Further, both of the
isolated recombination-deficient variants showed higher fitness than did the SVA wild
type (WT) in competition studies in cell culture. These findings and the results within
show that the RdRp and fidelity play a crucial role in the recombination and fitness of
SVA in cell culture.
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RESULTS
Generation of an infectious clone of SVA strain SVA/HLJ/CHA/2016. The full-

length genome of SVA/HLJ/CHA/2016 strain was sequenced (GenBank accession num-
ber KY419132), as described previously (4). The overall strategy to construct the
infectious clone of the SVA strain SVA/HLJ/CHA/2016 is shown in Fig. 1A and B.
Fragments A and B were synthetized and assembled (see Materials and Methods). The
full-length genome sequence of SVA was then engineered into the PCI vector, produc-
ing the pSVA16 clone.

To rescue the SVA virus, the plasmid pSVA16 was transfected into BHK-21 cells. After
48 hours, the BHK-21 cells displayed typical cytopathic effect (CPE) compared with the
negative-control groups (blank) (Fig. 2A). The cells and transfection supernatants were
then harvested and subjected to an immunofluorescence assay using polyclonal anti-
bodies against SVA capsid protein. A strong positive signal can be detected in the cells
infected with the infectious clone of SVA, indicating that the SVA virus was successfully
rescued from the BHK-21 cells (Fig. 2B). The average virus titer and one-step growth
curves indicated that the 10th passage of rescued SVA had similar replication kinetics
to its parental virus passaged in BHK-21 cells (Fig. 2C and D). Further, the morphology
of SVA particles was determined by phosphotungstate negative staining. Electron
microscopic observation revealed that the particles were spherical, with a diameter of
30 nm (Fig. 2E). Compared to the genome sequence of the parental virus, the DNA
sequence of pSVA16 contained a mutation at nucleotide 3305, G3305T, to activate the
MluI restriction enzyme site in the 2C region for differentiating the cloned virus from
the parental virus. The G3305T mutation is a silent mutation with no change to the
encoded amino acid sequence or impact on virus replication (Fig. 2C and D).

Isolation of recombination-deficient SVA mutants. To identify virus determinants
that modulate the recombination rate of SVA, we constructed a genetic system
composed of a replication-competent enhanced green fluorescent protein (eGFP)-
expressing virus. The recombinant SVA that encodes eGFP within the viral polyprotein
was constructed as described previously (37), with minor modifications. Here, the eGFP
is flanked by a cotranslational “ribosome skipping” FMDV 2A (F2A) (38) (Fig. 3A).
Typically, reporter-expressing viruses are known to be unstable and lose the nonvirus
sequence by a recombination mechanism (19). We used this knowledge to identify
recombination-deficient SVA mutants that retain the eGFP reporter signal following
serial passage, performed in a manner analogous to that shown for poliovirus (15).
Chimeric viruses were cloned by limiting dilution and screened for eGFP expression, as
described previously (19) (Fig. 3B). The clones expressing eGFP were isolated and
further propagated. This cycle was repeated until the ratio of eGFP-positive to CPE-
positive wells was greater than 0.7.

FIG 1 Schematic diagram of the full-length SVA genome and construction of the full-length cDNA clones. (A)
Genome organization of SVA. The ORFs are flanked by 5= and 3= UTRs, followed by the poly(A) tail at the 3= end.
The arrow showing a mutation at nucleotide G3305T to activate the MluI restriction enzyme site in cloned virus in
panel B. (B) Two separate genomic fragments were synthesized and assembled into the PCI vector using the unique
restriction enzyme sites. The full-length viral genome is under the control of a CMV promoter and followed by a
hammerhead ribozyme.
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After selection, the supernatants of the wells that were positive for eGFP expression
were sequenced by TA cloning. All 10 cloned viruses that were selected had nonsyn-
onymous mutations to the 3Dpol. Nine of the 10 viruses contained the serine-to-leucine
substitution at nucleotide 460 (Table 1). In addition, three of the isolates contained a
substitution of valine to alanine at nucleotide 218, isoleucine to valine at nucleotide
212, or histidine to arginine at nucleotide 79 (Table 1). These observations strongly
suggested that one or more of these substitutions negatively impacted the recombi-
nation rate of the SVA. Interestingly, the S460L, I212V, and V218A mutations were
located in regions of the RdRp that would be near the RNA channel of the polymerase.
In contrast, the H79R mutation appears to be located on the surface of the RdRp and
away from any region that would interact with the viral RNA (Fig. 3C). To validate our
observations, the identified mutations were introduced into the SVA-eGFP infectious

FIG 2 Generation of an infectious clone of SVA/HLJ/CHA/2016. (A) CPE of the parental and cloned viruses in BHK-21 cells, mock control without virus infection.
(B) Immunofluorescence assay of the parental and cloned viruses in BHK-21 cells and mock control without virus infection. (C) Growth characteristics of the
parental and cloned viruses in BHK-21 cells. The viruses were passaged 10 times in BHK-21 cells, and the titers of progeny viruses were determined by a TCID50

assay. The standard deviations (n � 3) of mean virus titers are shown. n.s., nonsignificant. (D) Replication ability of the parental and cloned virus. BHK-21 cells
were infected with the parental or cloned viruses at an MOI of 0.01. The virus harvested at different times was titrated and expressed as the TCID50. The mean �
standard deviation (SD) values are shown (repeated-measures ANOVA, n � 3). (E) Electron micrograph visualization of cloned viruses. Scale bar � 200 nm.
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clone individually or in combination to test for eGFP retention. All variants were
infectious and were designated SVA-eGFP-S460L, SVA-eGFP-V218A-S460L, SVA-eGFP-
I212V-S460L, and SVA-eGFP-H79R-S460L. Compared to wild-type eGFP-expressing virus
at passage 5, SVA-eGFP-S460L showed a significant increase, to �70%, in the eGFP-
positive proportion. The SVA-eGFP-I212V-S460L double mutant showed a further increase

FIG 3 Isolation of recombination-deficient SVA variants. (A) A scheme of the reporter virus genome with an eGFP-F2A fusion gene inserted between 2A and
2B. F2A, foot-and-mouth disease virus 2A peptide. (B) The gene of eGFP was cloned into SVA genome. The resulting recombinant virus was used to infect
BHK-21 cells, and eGFP retention was measured between passages by limiting dilution. Two mutations, I212V and S460L, within 3Dpol confer an increase in
eGFP retention. (C) The structure of RNA-dependent RNA polymerase of the SVA. Colors show locations of mutations affecting recombination, as follows: yellow,
S460L; red, I212V; blue, V218A; green, H79R. (D) eGFP retention of SVA and SVA mutants was measured by limiting dilution in BHK-21 cells. SVA-eGFP,
SVA-eGFP-S460L, SVA-eGFP-V218A/S460L, SVA-eGFP-I212V-S460L, and SVA-eGFP-H79R/S460L were passaged five times in BHK-21 cells with the eGFP ratio
quantified. Mean � SD values are shown (repeated-measures ANOVA, n � 3).

TABLE 1 Mutations identified in the 3D polymerase regions of the SVA in passage 10

Clone

Mutation in 3D polymerase regions of viral population

H79R V94A I212V V218A S460L

M1 X X
M2 X
M3 X X
M4 X
M5 X
M6 X
M7 X
M8 X X
M9 X
M10 X
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in the eGFP-positive proportion, to �80%, indicating that I212V had an additive effect. In
contrast, the SVA-eGFP-H79R-S460L and SVA-eGFP-V218A-S460L mutants showed a de-
crease in the eGFP-positive ratio compared to that with S460L mutation alone (Fig. 3D).
Based upon these observations, the S460L and I212V-S460L mutants were chosen from this
screen for further investigation.

Recombination rates of SVA-S460L and SVA-I212V-S460L mutants are signifi-
cantly decreased. Based on previous studies of recombination in enteroviruses (35,
36), a cell culture-based recombination assay was developed and performed to further
examine the effect of S460L and I212V-S460L on SVA replicative RNA recombination.
This assay utilized the two following parental viral RNAs that are independently unable
to generate viable progeny: SVA-3DpolΔGDD, where the deletion of three amino acids
from the 3Dpol active site renders the polymerase inactive so no replication can occur;
and SVA-ΔVP2/3, a replicon that does not encode areas of the structural proteins
rendering the SVA RNA noninfectious (Fig. 4A). Only following cotransfection of the two
noninfectious RNAs can recombination be observed. Single transfections produced no
virus, as expected (Fig. 4A and B). We subsequently introduced the S460L and I212V-
S460L mutations into the SVA-ΔVP2/3 template and carried out a cotransfection.
Following incubation, recombinant virus was isolated and the titer determined (see
Materials and Methods). Our data showed that introduction of the S460L and I212V-
S460L mutations into the 3Dpol of SVA-ΔVP2/3 significantly reduced the number of
viable recombinant progeny compared to the wild type by 5.62- and 31.62-fold,
respectively (Fig. 4C). This result strongly suggested that the two mutations had an
additive effect upon recombination in support of our observations in the eGFP reten-
tion assay.

Recombination-defective variants show a high-fidelity phenotype with reduced
ribavirin sensitivity. Mutations in the viral polymerase are known to influence fidelity
and have been associated with the rate of recombination (28, 32, 39). We therefore set
out to determine if the fidelity of SVA-S460L and SVA-I212V-S460L were different from

FIG 4 Replicative RNA recombination of SVA variants. (A) Schematic of the viral RNAs used in the SVA recombi-
nation assay. Their genotypic and phenotypic differences are depicted. A lethal GDD deletion in the 3Dpol active
site and a lethal capsid deletion make them noninfectious, only a recombination event between the two following
cotransfection will produce viable progeny (B) Yields of virus produced in Ad293 cells. Cells were transfected with
individual viral RNAs (replication controls) or two noninfectious RNAs (recombination). The titers of progeny viruses
were determined by a TCID50 assay. The standard deviations (n � 3) of mean virus titers are shown. (C) Frequencies
of RNA recombination in Ad293 cells cotransfected with capsid donor containing 3Dpol mutations and 3Dpol ΔGDD
RNAs. The titers of progeny viruses were determined by a TCID50 assay. The standard deviations (n � 3) of mean
virus titers are shown (Student’s t test, n � 3; **, P � 0.01; ***, P � 0.001).
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that of the WT. We sequenced an area of the P1 coding region to determine the relative
frequency of mutation (see Materials and Methods). Our data show that the SVA-S460L
and SVA-I212V-S460L mutants produced significantly fewer mutations than does the
WT, with fidelity increased by 1.27- and 1.50-fold, respectively (Fig. 5A). Previous studies
have shown that enhanced polymerase fidelity confers resistance to mutagens (40–42).
To further confirm viral replication fidelity, we evaluated the sensitivity of each mutant
to ribavirin. The results showed that the SVA-S460L and SVA-I212V-S460L mutants were
significantly less sensitive than the WT when exposed to a 200 �M concentration of
ribavirin (Fig. 5B). Together, these results demonstrated that SVA-S460L and SVA-I212V-
S460L are high-fidelity mutants. As the recombination rates of the two mutants were
significantly different from that of the WT, we interpret that SVA fidelity and recombi-
nation rate are linked, and the extent of reduction of recombination rate correlates
positively with replication fidelity.

Recombination-defective virus does not exhibit reduced fitness in cell culture.
We examined the growth characteristics of SVA-S460L and SVA-I212V-S460L over a
single replication cycle in BHK-21 and PK-15 cells. In BHK-21 and PK-15 cells, no
significant differences in the production of infectious particles were observed between
each mutant and the WT. In addition to infectious virus yield, we quantified total
genomic RNA by real-time PCR. The two polymerase mutants and the WT virus
produced similar levels of RNA in the two cell types (Fig. 6A and B). Together, these
results indicate that the mutations had no impact on virus replication. To assess
whether the substitutions result in a subtle fitness change for the variants in vitro, a
comparison of fitness between the SVA-S460L, SVA-I212V-S460L, and SVA WT was
performed via competition assays in both BHK-21 and PK-15 cells. In direct competition
assays (Fig. 6C), after three successive passages, the 460L chromatogram peaks were
higher than the 460S peaks, and the 212V chromatogram peaks were higher than the
212I peaks, indicating that the recombination-deficient variants had a fitness advantage
over the SVA WT in both types of cells when competed. However, the fitness of
SVA-I212V-S460L is slightly lower than that of the SVA-S460L in BHK-21 cells. Taken
together, these results indicated that recombination-defective variants do not hamper
virus replication in BHK-21 cells culture and the recombination-defective variants are
able to outcompete the SVA WT in both types of cells.

DISCUSSION

Recombination is an event that occurs during virus replication that in some circum-
stances generates chimeric viruses that are more fit than either parental strains (15).
SVA is a reemerging virus, and recombinant forms of SVA are known to appear in
nature (33). In this study, we established a reverse genetics system for an SVA strain,

FIG 5 Recombination-defective variants show a high-fidelity phenotype. (A) A mean of 70 partial P1
sequences (approximately 35,000 nucleotides per replicate) were obtained. The mean mutation frequen-
cies (number of nucleotide mutations per 10,000 nt sequenced) � SD represent all replicates. The same
pattern of reduced mutation frequency for other polymerase mutants compared to the WT was observed
for each replicate (two-tailed Mann-Whitney test, n � 3; *, P � 0.05; **, P � 0.01). (B) RNA virus mutagen
sensitivity assay of viral strains. BHK-21 cells, treated with different concentrations of ribavirin or mock
treated, were infected at an MOI of 0.01; at 72 h postinfection, the infectivity in the progeny virus was
determined by TCID50 assay. Mean � SD virus titers are shown (Student’s t test, n � 4; ***, P � 0.001).
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SVA/HLJ/CHA/2016, that has emerged in China. More importantly, by the development
of two recombination-specific assays, we have identified two important residues in the
SVA RdRp that decreased the efficiency of viral RNA recombination. Our data further
show that these two SVA recombination-defective variants are high-fidelity mutants.
Furthermore, the polymerase mutations that reduce recombination render the virus
more resistance to the antiviral drug ribavirin. Our data strongly support the interpre-
tation that polymerase fidelity and replicative recombination efficiency are linked.

FIG 6 Recombination-deficient mutations do not exhibit reduced fitness in cell culture. (A and B) Replication ability of SVA high-fidelity mutants.
BHK-21 cells and PK-15 cells were infected with the mutants or SVA WT at an MOI of 0.01. The virus harvested at different times was titrated and
expressed as the TCID50, and the genome copy numbers were measured for the same samples by real-time reverse transcription-PCR (RT-PCR).
Mean � SD values are shown (repeated-measures ANOVA, n � 3; ns for all mutants compared with WT). (C) The SVA-S460L or SVA-I212V-S460L
mutant was mixed with the WT at a ratio of 9:1, 1:1, or 1:9 to inoculate BHK-21 cells at an MOI of 0.1 for three passages, after which the 3Dpol

region was sequenced. The abundance of each competitor was measured as the height of the nucleotide peak for the mutant (T nt) or the WT
(C nt) in sequencing chromatograms.
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In principle, recombination can occur in all RNA viruses and in many cases is not site
specific, suggesting that there are either different mechanisms for this process or strong
selection pressures for proteome functionality after recombination has occurred (36).
For mechanisms of viral RNA recombination, two major models have been suggested.
The commonly accepted replicative model involves template switching of the viral
RdRp during negative-strand RNA synthesis, also known as copy-choice recombination
(19, 36, 43–45). The nonreplicative model involves breakage and rejoining of viral RNA,
albeit at a much lower frequency than with copy-choice recombination (28, 46–48). By
using an eGFP retention assay, similar to that of Xiao et al., who used PV as a model (19),
we were able to identify nonsynonymous mutations to the SVA RdRp. Further charac-
terization showed that two of the variants identified (S460L and I212V-S460L) did
significantly increase the level of eGFP retention following serial passage. This strongly
suggested that these mutations inhibited the template-switching event(s) that occur to
remove the nonviral gene by homologous recombination. The cell culture-based
recombination-specific assay that we developed was also based upon the successful
assays developed for PV and enterovirus A71 (EV-A71) (31–33, 35). When we introduced
the two identified mutations, we showed that the replicative RNA recombination rates
of SVA-S460L and SVA-I212V-S460L were significantly decreased compared to that of
the WT. Unlike the observations of Xiao et al., we show that these variants were of
higher fidelity than the WT (Fig. 5A). The high-fidelity SVA-I212V-S460L variant led to an
approximately 31.62-fold decrease in recombinant yield, suggestive that for SVA, a
high-fidelity polymerase decreases the rate of template switching, a result in agree-
ment with studies in PV and other RNA virus species groups, like the Togaviridae and
Orthomyxoviridae (32, 36, 49).

Recombination is proposed to be crucial for viruses to build up beneficial mutations
and suppress deleterious mutations that may occur during error-prone replication (16).
This ensures that the viruses take maximal advantage of a few beneficial mutations
without being overwhelmed by an accumulation of deleterious mutations. All of this is
dependent on the interplay between mutation rate and recombination (50). Since
recombination and mutation rate seem to be functionally linked, it was interesting to
see that the high-fidelity SVA-S460L and SVA-I212V-S460L mutants showed slightly
increased fitness when competed against WT. This was consistent in two different cell
lines. It would seem that, in cell culture at least, those viruses that are reduced/unable
to recombine may have a subtle growth advantage. This phenomenon has also been
observed in PV, where a recombination-deficient virus outcompeted the WT in cell
culture but was attenuated in vivo (51). Acevedo et al. reported that the bottlenecks
that are observed in vivo seem to be far more severe than in the cell culture plate and
may explain the need for recombination in the wild (51). Indeed, previous studies have
shown that the diversity of the quasispecies is essential for viruses adapting to and
surviving new selective pressures in changing environments (11, 52–54). These reports,
along with this study reinforce the idea that in addition to RdRp fidelity, the interplay
between recombination and mutation rate are connected to virus fitness. In further
support of this, a previous study has shown that the FMDV high-fidelity variant R84H
has increased fitness in vitro, but the virus with this mutation showed an attenuated
phenotype (55, 56). Work is ongoing to characterize whether the recombination-
deficient variants in this study could be attenuated in pigs.

Previous cell-based assays for recombination have suggested that recombination
may be a biphasic replicative process involving the generation of greater-than genome
length for poliovirus and coxsackievirus B3 (CVB3) (32, 36, 57). The subsequent deletion
of genome duplications generated recombinants of the correct genome length. Inter-
estingly, recombinants containing sequence duplications have been observed from in
vivo samples of a bovine viral diarrhea virus (BVDV)-infected animal (58). These results
indicated that an initial recombination event with cellular RNA sequences takes place,
confirming that the generation of imprecise recombinants may be a natural step of the
recombination process. Recently, we developed a serum-free BHK-21 cell suspension
culture platform for the production of an inactivated SVA vaccine. However, exogenous
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sequence insertion was observed for FMDV-infected suspension cells, suggesting that
promiscuous recombination between the FMDV genome and host cell mRNA produced
the recombinant virus (59). Here, the SVA recombination-deficient virus variant could
be considered for a suitable vaccine seed virus to reduce the possibility of virus
recombination with cellular sequence.

In summary, we have developed two recombination-specific assays for SVA and
explored the modulation of SVA recombination and its correlation with mutation rate
and fitness. Our results fit with the majority of current observations found in many RNA
virus groups and further support the recently observed phenomenon that RdRp fidelity
and template-switching efficiency are linked. The results provide key insights into the
role of recombination in the evolutionary dynamics of RNA viruses, and the assays
developed here can be used by the scientific community to understand the mecha-
nisms of this biologically and economically important process.

MATERIALS AND METHODS
Cells and viruses. BHK-21 (baby hamster kidney cell line) cells were grown in Dulbecco’s modified

Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS; HyClone Laboratories,
Inc., South Logan, UT) and 1% penicillin-streptomycin at 37°C in 5% CO2. The wild-type SVA/HLJ/CHA/
2016 virus (GenBank accession number KY419132) was obtained from finishing pigs on a farm in
Heilongjiang Province in northeast China in 2016, as described previously (4). The isolated virus was
cultured on BHK-21 cells.

Plasmid construction. In order to construct a full-length cDNA clone, the 5=-end genomic sequence
of SVA/HLJ/CHA/2016 was further determined using a 5=-rapid amplification of cDNA ends (5=-RACE) PCR,
followed by TA cloning. Here, a full-length SVA/HLJ/CHA/2016 genomic cDNA clone was constructed
using the strategy shown in Fig. 1B. A hammerhead ribozyme sequence (HamRbz; 5=-TGT TAA GCG TCT
GAT GAG TCC GTG AGG ACG AAA CTA TAG GAA AGG AAT TCC TAT AGT C-3=) was inserted upstream of
fragment A, while a hepatitis D virus (HDV) ribozyme element (5=-GGG TCG GCA TGG CAT CTC CAC CTC
CTC GCG GTC CGA CCT GGG CAT CCG AAG GAG GAC GCA CGT CCA CTC GGA TGG CTA AGG GAG GGC
G-3=) was fused to the 3= terminus of the viral genome (fragment B) to create synthetic runoff transcripts
that contained a 3= terminus identical to that of the viral RNA. The two separate fragments under the
control of the eukaryotic RNA polymerase II (Pol II) cytomegalovirus (CMV) promoter were chemically
synthesized at Tsingke Biological Technology Company and assembled. To create a molecular marker for
differentiating cloned virus from the parental virus SVA/HLJ/CHA/2016, a MluI restriction endonuclease
site was introduced with a G3305T synonymous mutation (Fig. 1A). The full-length cDNA clone of
SVA/HLJ/CHA/2016 was assembled and cloned into vector PCI, and the resulting full-length cDNA clone
was designated pSVA16 (Fig. 1B). To construct a full-length cDNA clone expressing eGFP, the eGFP gene
fused with a foot-and-mouth disease virus 2A element (F2A) at its C terminus. The eGFP-F2A fusion gene
was inserted between the SVA genes 2A and 2B using overlap extension PCR method (60). This
full-length cDNA clone was designated pSVA-eGFP (Fig. 1C).

A 9-base deletion in 3Dpol (6825GGU GAC GAC6833) was engineered using site-directed mutagenesis,
resulting in a RNA replication-incompetent derivative of SVA (Fig. 4A, pSVA-3DpolΔGDD). An in-frame
deletion of VP2 and VP3 capsid gene sequences (nucleotides [nt] 1119 to 2687) was used to make an RNA
replication-competent subgenomic replicon (Fig. 4A, pSVA-ΔVP2/3). 3Dpol substitution mutations (SVA-
S460L and SVA-I212V-S460L) were engineered into full-length infectious pSVA16 and pSVA-ΔVP2/3 cDNA
clones.

Recovery of recombinant viruses. BHK-21 cells seeded in 6-well plate were transfected with
pSVA16, pSVA-S460L, and pSVA-I212V-S460L. Transfection was conducted using the Lipofectamine 3000
reagent, following the manufacturer’s instructions (Life Technologies, NY, USA). Cytopathic effect (CPE)
was monitored daily after infection. Recombinant viruses were harvested when significant CPE was
observed. The recovered viruses were passaged 10 times in BHK-21 cells, and the stability of the
introduced mutations was confirmed by sequencing of the 3Dpol-coding region.

Indirect immunofluorescence assay. BHK-21 cells in 96-well plates were infected with SVA, fixed
with ice-cold anhydrous ethanol for 15 min at 4°C, and air-dried. Fixed cells were treated with 50 �l/well
of the SVA-positive serum from pig at a 1:200 dilution in phosphate-buffered saline (PBS) and incubated
for 1 h at 37°C. After washing with PBS, 50 �l/well of fluorescein isothiocyanate (FITC)-conjugated goat
anti-pig IgG (Sigma, St. Louis, MO, USA) at a 1:200 dilution was added and incubated for 1 h at 37°C.
Plates were washed three times with PBS and examined under an Olympus microscope connected to a
Leica DFC490 digital color camera.

Virus purification and transmission electron microscopy. BHK-21 cells infected with the rescued
SVA were collected and subjected to three freeze-thaw cycles. Cellular debris was removed by centrif-
ugation at 6,000 � g for 30 min at room temperature. The pH of the supernatant was adjusted to 7.4, and
the virus was precipitated with 8% polyethylene glycol 8000 (PEG 8000) and 0.3 M NaCl for 16 h at 4°C
while constantly rotating. Precipitated virus was centrifuged at 6,000 � g for 30 min at room tempera-
ture. Subsequently, the resuspended pellet in TNE buffer (50 mM Tris, 10 mM NaCl, EDTA, 1 mM [pH 7.6])
was centrifuged through 30% sucrose cushion in NTE buffer at 100,000 � g for 120 min in an SW41 rotor.
The pellet was resuspended in 100 �l of TNE buffer. The purified virus was negatively stained.
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Transmission electron microscopy images were collected with a JEM-1200EX transmission electron
microscope.

TCID50 assay and growth curve. Tenfold serial dilutions of virus were prepared in 96-well round-
bottom plates in DMEM. Dilutions were performed in octuplicate, and 50 �l of the dilution was
transferred to 104 BHK-21 cells plated in 100 �l of DMEM with 2% FBS. After 3 days, 50% tissue culture
infective dose (TCID50) values were determined by the Reed-Muench formula (61).

To determine viral replication kinetics, growth experiments in BHK-21 cells were performed as
follows. First, cell monolayers in 6-well tissue culture plates were washed with phosphate-buffered saline
(PBS) and inoculated with different viruses at a multiplicity of infection (MOI; equal to PFU number/cell)
of 0.01. The plates were incubated for 1 h at 37°C. Then, the cells were washed three times with PBS to
remove unbound virus particles and covered with DMEM supplemented with 2% FBS. The infected cells
were incubated at 37°C and harvested at different times. The plates were subjected to three consecutive
freeze-thaw cycles, and cell debris was removed by centrifugation. The viral titers of the supernatants
were determined by a TCID50 assay. Mean values and standard deviations were calculated from the
results from three independent experiments.

Selection of recombination-deficient virus. Titers of SVA-eGFP in BHK-21 cells in an initial viral
stock were determined and expressed as a TCID50. Plates were scanned on an EnSpire multimode plate
reader using the following settings: measurement mode, fluorescence bottom; excitation wavelength,
475 nm; emission wavelength, 512 nm; plate type, 96 wells; measurement height, 9.5 nm; number of
flashes, 500. Supernatant from wells positive for eGFP was collected, combined, and then the titer
determined by TCID50. This cycle was repeated until the ratio of eGFP-positive to CPE-positive wells was
greater than 0.7. SVA RNA was extracted using a Simply P total RNA extraction kit (BioFlux, Hangzhou,
China), and cDNA was generated by reverse transcription of total RNA using PrimeScript reverse
transcriptase (TaKaRa, Dalian, China). To identify recombination-deficient SVA variants, the 3Dpol-coding
region was amplified by PCR with the Easy-A high-fidelity PCR cloning enzyme (Stratagene, Foster City,
CA). The PCR product was purified and cloned into the pMD18-T vector (TaKaRa) for sequencing. The
sequencing data were analyzed using the Lasergene software package (DNAStar, Inc., Madison, WI).
Variants fixed in this population were recloned into the SVA-eGFP vector, in vitro transcribed, and then
transfected into BHK-21 cells. To measure the rate of retention of eGFP, virus from these cells was diluted
into 96-well plates at 0.25 TCID50 per well, and fluorescence and CPE were monitored (19).

Cell-based recombination assay. In vitro-transcribed RNA from either pSVA-3DpolΔGDD plus
pSVA-ΔVP2/3 or pSVA-3DpolΔGDD plus pSVA-ΔVP2/3-S460L or pSVA-3DpolΔGDD plus pSVA-ΔVP2/3-
I212V/S460L was cotransfected (500 ng each per well in a 6-well plate) into Ad293 cells using the
Lipofectamine 3000 reagent, following the manufacturer’s instructions (Life Technologies, NY, USA), as
described previously (35). Plates were harvested at 72 h posttransfection, and virus was recovered after
three rounds of freezing and thawing and cleared of cellular debris by centrifugation at 3,000 rpm.
Recombinant virus in the supernatant was quantified by the TCID50 in BHK-21 cells.

Sequencing for mutational frequency. SVA RNA was extracted using a Simply P Total RNA
extraction kit (BioFlux, Hangzhou, China), and cDNA was generated by reverse transcription of the total
RNA using PrimeScript reverse transcriptase (TaKaRa, Dalian, China). To determine mutation frequencies,
a part of the P1 structural gene was amplified by PCR with the Easy-A high-fidelity PCR cloning enzyme
(Stratagene, Foster City, CA). The PCR product was purified and cloned into the pMD18-T vector (TaKaRa)
for sequencing. The sequencing data were analyzed using the Lasergene software package (DNAStar,
Inc., Madison, WI). The number of mutations per 104 nucleotides sequenced was determined as the total
number of mutations identified in each population divided by the total number of nucleotides se-
quenced for that population multiplied by 104. For each population, 60 to 80 partial P1 structural gene
sequences of approximately 500 nt per replicate (primers flanking genome positions 2800 to 3300) were
sequenced. Mutation frequencies (mutations per 10,000 nt) were determined as described previously
(62).

RNA mutagen assays. BHK-21 cell monolayers were pretreated with various concentrations of
ribavirin or 5-fluorouracil (5-FU; Sigma, USA) for 3 h. These mutagen concentrations were not highly toxic
to the cells over the 72-h incubation period. The cells were infected with the rescued SVA variants at an
MOI of 0.01 for 1 h and were subsequently treated with the same mutagen concentration as that during
the pretreatment. The infected cell cultures were then incubated at 37°C in 5% CO2 for 72 h. For the final
stage of the experiment, virus was released from the cells by three cycles of freeze-thaw, and the lysate
was clarified by centrifugation at 6,500 � g for 5 min. The titer of the lysate was determined using a
TCID50 assay on BHK-21 cells. Mean values and standard deviations were calculated from the results from
three independent experiments.

Direct competition fitness assay. For the direct competition fitness assay, each of the rescued SVA
mutants was mixed with its parent virus at a ratio of 9:1, 1:1, or 1:9 to infect BHK-21 cells in triplicate wells
at an MOI of 0.1 over three passages. Viral RNA was extracted, and the region corresponding to the 3Dpol

gene was amplified by reverse transcription-PCR (RT-PCR) for sequencing. The abundance of each
competitor was measured as the height of the peak for the nucleotide corresponding to the WT or
mutant sequence in the sequencing chromatogram.

Statistical analysis. The mutation frequency was evaluated using a two-tailed paired t test. The
growth curves and RNA synthesis profiles of each mutant and SVA WT were compared using repeated-
measures analysis of variance (ANOVA). Drug resistance was assessed using Student’s t test. All statistical
tests were conducted using the GraphPad Prism software. P values of �0.05 were not significant.
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