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A B S T R A C T

Our previous study reported that persistently infected (PI) cattle of bovine viral diarrhea virus (BVDV) have co-
infected with BVDV/END− and /END+ that promote and inhibit host's type-I interferon (IFN) production, re-
spectively. However, the relationship between co-infection of immunologically distinct BVDVs and persistent
infection as well as the biological significance of END− viruses remains unknown. Experiments using cultured
cells revealed that END+ virus, which is unable to propagate in situations where the host's immune response is
induced by IFN-α addition, is able to propagate under those conditions when co-infecting with END− virus.
These results indicate that BVDV/END− can coexist with BVDV/END+ and that co-infection with END− viruses
supports the propagation of END+ viruses. Our in vitro experiments strongly suggest that co-infection with END−

virus is involved in the maintenance of persistent infection of BVDV.

1. Introduction

Bovine viral diarrhea virus (BVDV) is an enveloped, positive-
stranded RNA virus (genus, Pestivirus; family, Flaviviridae). BVDV in-
fection incurs crucial economic losses for cattle producers worldwide
(Fourichon et al., 2005; Richter et al., 2017). In general, acute BVDV
infections cause transient fever and diarrhea, nasal discharge, and re-
duced milk yield, and animals recover from these infections by
mounting their own immune response. However, clinical symptoms of
infected cattle are diverse, varying from subclinical to severe. Fur-
thermore, transplacental infection with BVDV can lead to spontaneous
abortions, fetal abnormalities, or the birth of persistently infected (PI)
calves. Although they exhibit only few clinical symptoms, PI calves
excrete large amounts of viruses throughout their lives and hence be-
come a chronic source of BVDV infection in cattle farms. Furthermore,

PI calves are at risk of developing fatal mucosal disease (MD) (Lanyon
et al., 2014).

Several studies have reported on the innate immune regulatory
mechanisms of both BVDV and classical swine fever virus (CSFV), also a
member of the genus Pestivirus. These studies indicated that the proteins
Npro and Erns of BVDV and CSFV play important roles as interferon (IFN)
antagonists (Gottipati et al., 2016; Mine et al., 2015; Tamura et al.,
2014; Magkouras et al., 2008; Seago et al., 2007). Other previous re-
ports have indicated that the protein Npro can block dsRNA-induced
apoptosis and induce proteasomal degradation of interferon regulatory
factor-3 in infected cells. This function of Npro causes transcriptional
inhibition of IFN-β production, leading to suppression of host innate
immune responses (Baigent et al., 2002; Ruggli et al., 2003; Hilton
et al., 2006). Because pestivirus Npro is nonessential for viral replication
(Tratschin et al., 1998), its functions may be specialized to suppress the
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host innate immune response. The pestivirus Erns protein has RNase
activity and inhibits viral ssRNA- and dsRNA-induced IFN production;
further, its inhibitory activity persists for several days, indicating it is a
potent IFN antagonist with an activity comparable with that of Npro

(Zurcher et al., 2014). Furthermore, the functions of Npro and Erns are
necessary for the establishment of persistent fetal infection (Meyers
et al., 2007). Therefore, Npro and Erns are thought to be key mediators of
innate immune evasion and persistent infection establishment
(Peterhans and Schweizer, 2013). The immunosuppressive function of
Npro and Erns alone may not be enough to explain the immune response
to BVDV infection. The immune response to BVDV infection in vivo and
in vitro has been reported to differ depending on the type of infected
cells and the infection pattern (i.e., acute or persistent infection)
(Brackenbury et al., 2005; Reid et al., 2016; Yamane et al., 2008; Van
Wyk et al., 2016). BVDV may have the complex immune regulatory
system in a way that cannot be explained by Npro and Erns functions.
The changes in host immune response are thought to be involved in the
onset of various symptoms as well as in the maintenance of persistent
infections in BVDV-infected animals.

BVDV is classified into the cytopathogenic (cp) and non-
cytopathogenic (ncp) biotypes based on morphological changes in
virus-infected cultured cells (Zhang et al., 1996). Most field strains are
ncpBVDVs, and only ncpBVDVs can establish persistent infections
(Harding et al., 2002). Both cp and ncp viruses can be isolated from
animals that have developed MD. Therefore, the presence of cpBVDV in
a PI animal is believed to be closely related to the progression to MD
(Brownlie, 1990). In addition, ncpBVDV and CSFV can be further di-
vided into two virus types (Table 1). The first type exhibits a phenotype
known as the exaltation of Newcastle disease virus (NDV) phenomenon
(END+) (Inaba et al., 1963, 1968; Kumagai et al., 1958). The second
type does not have this phenotype (END−). END− viruses interfere with
superinfection by vesicular stomatitis virus (VSV) and western equine
encephalitis virus (Fukusho et al., 1976; Itoh et al., 1984; Nakamura
et al., 1993; Shimizu et al., 1970). Nakamura et al. (1993, 1995) re-
ported that these two BVDVs, END+ and END‒, were isolated from
several BVDV strains such as NADL, Osloss, New York-1, No.12-43,
Indiana-46, Nose, and KS86. Previous reports have indicated that END−

and END+ viruses exhibit different immunological properties. In par-
ticular, END− and END+ viruses induce and inhibit the production of
type-I IFN in infected cells, respectively (Kozasa et al., 2015). END+

and END− viruses can be separately harvested either using cloning
methods after limiting dilution (based on the END-phenomenon) or
using reverse plaque formation (RPF) based on interference with VSV
(Inaba et al., 1963; Fukusho et al., 1976). Although these methods have
not yet been confirmed to yield viruses with homogeneous genetic
properties, they allow for the separation of viruses that share similar
immunological properties.

GPE−, an END− virus isolated from virulent CSFV ALD strain, has
been used as an attenuated vaccine strain and has greatly contributed to

the eradication of CSFV in Japan in past. The ability of END− viruses to
strongly induce host immune responses makes it suitable for use as a
vaccine strain but renders such viruses difficult to propagate. Therefore,
the biological significance of END− viruses remains largely unknown.
Our previous study revealed not only that BVDV/ END− are widely
distributed in the field of Japan, but also that both END＋ and
END－virus have been co-infected at various ratios in PI cattle (Nishine
et al., 2014). Co-infection with these BVDVs may contribute to the
development of disease, onset of MD, and maintenance of persistent
infection.

The present study aimed at clarifying the biological significance of
END− viruses and investigating their association with co-infection with
immunologically distinct BVDVs. BVDV can reportedly lead to persis-
tent infection even in in vitro experiments (using cultured cells)
(Durantel et al., 2004); hence, MDBK cells were co-infected with im-
munologically distinct BVDVs under various conditions, and the re-
sulting viruses were subjected to repeated passaging. Even when the
END+ virus was the dominantly propagating type, the END− virus was
observed to be continuously produced in the culture supernatant. Fur-
thermore, contrary to the END− virus, it was also reveal that the END+

virus was unable to propagate in the presence of IFN-α. However, we
observed that END+ virus was able to propagate even in the presence of
IFN-α if the END+ virus is co-infected with END− virus. Thus, co-in-
fection with the END− virus helped the END+ virus propagation even
in the presence of potent host innate immune responses, suggesting that
co-infection contributes to the evasion of host immunity and main-
tenance of persistent infection in vitro. Thus, the END− virus, which is
also detected in PI cattle, may play an important role in maintaining
persistent infection in vivo by supporting the growth of BVDV with
different immunological properties.

2. Results

2.1. Production of infectious vBVD12− and vBVD12−/P8L particles

Previous studies using the NADL strain of cpBVDV reported that a
Leu8Pro mutation in Npro resulted in dramatic changes in the innate
immune response induced by viral infection (Gil et al., 2006). The
proteins encoded by END− (accession no. LC068605) and END+ (ac-
cession no. LC068604) ncpBVDVs of the No. 12 strain differ at only five
amino acid positions (one of these is at position 8 in Npro, which is a Pro
in the END− virus and a Leu in the END+ virus). Therefore, we focused
on the potential roles of Npro in innate immune response and con-
structed a mutant of the END− virus encoding an Npro protein har-
boring a Pro8Leu substitution. The resulting mutant virus was desig-
nated vBVD12−/P8L and its properties were analyzed.

First, individual RNAs transcribed from the linearized plasmids
pBVD12− and pBVD12−/P8L encompassing the cDNA sequences of the
respective BVDVs were introduced into MDBK cells by electroporation.

Table 1
Properties of BVDV and CSFV phenotypes.

Virus Note END–phenomenon VSV interference Reference

CSFV GP attenuated to guinea pig cells (avirulence)
GPE+ cloned from GP Positivea Negative Kumagai et al. (1958)
GPE− cloned from GP Negativeb Positive Fukusho et al. (1975)

ALD cloned from field strain (high virulence)
ALD-E− cloned from ALD Negative Positive Aoki et al. (2004)

BVDV No.12 cloned from field strain

vBVD12– generated by reverse genetics in this study Negative Positive
vBVD12–/P8L generated by reverse genetics in this study Positive Negative

a END–phenomenon positive virus which dose not interfere with VSV is called END+.
b END–phenomenon negative virus which interferes with VSV is called END–.
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Three days after electroporation, a peroxidase-linked assay (PLA) was
used to confirm whether BVDV-positive cells were present. Although
BVDV-positive cells were present in almost all MDBK cell cultures
carrying RNA of BVD12−/P8L (Fig. 1A, upper panel), BVDV-positive
cells formed a small focus in MDBK cells carrying RNA of BVD12−

(Fig. 1A, lower panel). The distribution of BVDV-positive cells may
depend on the innate immune response induced by the produced vir-
ions. The culture supernatant was also collected from each RNA-
transfected MDBK cells at 3 days after electroporation (P.0 virus). To
compare growth kinetics, naïve MDBK cells were infected with parental

(caption on next page)
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virus or P.0 virus at a multiplicity of infection (MOI) of 0.01. The
vBVD12− and vBVD12−/P8L viruses showed similar growth kinetics as
the parent virus, and the viral titers obtained 5 days post-infection (dpi)
were nearly equivalent (Fig. 1B, upper panels). The titers of infectious
viruses within the vBVD12−- and vBVD12−/P8L-infected cells were
slightly higher than those of cells infected with the parent virus; how-
ever, the growth kinetics was nearly identical (Fig. 1B, lower panels). In
both the culture supernatants and infected cells at 5 dpi, vBVD12−/P8L
showed approximately 100-fold higher viral titers than vBVD12−

(P < 0.05).
Next, to investigate the immunological characteristics of these

viruses, an IFN bioassay was performed to determine whether type-I
IFN was produced in culture supernatants following infection by either
virus. Prior to the assay, supernatants were filtered to eliminate viral
particles. MDBK cells sensitized with filtered supernatants of vBVD12−-
infected cells inhibited the cytopathic effect (CPE) upon VSV super-
infection; in contrast, the filtered supernatants of vBVD12−/P8L-in-
fected cells did not inhibit CPE (Fig. 1C, left panel). Measurement of
optical density (OD) values indicated that the supernatant of cells in-
fected with vBVD12− contained sufficient IFN-α and IFN-β to inhibit
50% of the CPE induced by VSV infection even when diluted four-fold.
In contrast, the supernatant of vBVD12−/P8L-infected cells showed
that no detectable levels of type-I IFN were produced. To confirm
whether the factor inhibiting CPE by VSV infection was actually type-I
IFN, neutralization of type-I IFN was also performed for each filtered
fluid. The OD values of vBVD12− supernatants considerably decreased
upon IFN neutralization; this confirmed that the supernatant derived
from vBVD12−-infected cells contained type-I IFN (Fig. 1C, right
panel). These results suggested that the two BVDVs produced in this
study exhibited different immunological properties. To address this
observation, the abundance of Mx1 and ISG15 mRNAs in infected cells
was measured by quantitative reverse-transcription PCR (qRT-PCR). As
expected, expression of both mRNAs was significantly higher in
vBVD12−-infected cells; however, no significant increase was observed
in the vBVD12−/P8L-infected cells compared with mock-infected cells
(Fig. 1D). To confirm the biological types of both viruses, END and VSV-
interference assays were performed. In cells infected with vBVD12−/
P8L, enhancement of CPE upon NDV superinfection was observed;
however, CPE upon VSV superinfection was not inhibited. In contrast,
vBVD12−-infected cells completely blocked the CPEs induced by both
VSV and NDV superinfection (Fig. 1E). These results revealed that
vBVD12−/P8L and vBVD12− exhibited the same biological properties
as END+ and END− viruses (Table 1), respectively, demonstrating
successful production of these each BVDV with distinct immunological
properties using reverse genetics techniques.

2.2. vBVD12−/P8L was dominantly propagated during co-infection with
vBVD12− in vitro

To investigate the kinetics of infection with vBVD12− and
vBVD12−/P8L, MDBK cells were infected with each virus at an MOI of
1.0 (Fig. 2) and the culture supernatants were passaged 10 times (P.10).
We found that vBVD12−/P8L was propagated at a higher viral titer
than vBVD12− (Fig. 2, left and middle panels). We hypothesized that

this difference in infectious kinetics was due to the innate immune re-
sponse induced by infection with the respective viruses. Because
vBVD12− induces type-I IFN production in infected cells, the viral titer
was expected to decrease as passaging was repeated. However,
vBVD12− titers were not eliminated by immune responses elicited by
own infection and maintained its propagation (Fig. 2, left panel). A
recent publication reported that both BVDVs were detected in PI cattle
in the field (Nishine et al., 2014), and it was suggested the possibility
that these BVDVs were co-infected in PI cattle. Therefore, to examine
the influence of co-infection by immunologically contrasting BVDVs,
MDBK cells were co-infected by adjusting the MOI of each virus to 1.0,
and the culture supernatant was passaged 10 times. The total BVDV
titer varied between 105.88-7.8 50% tissue culture infectious dose
(TCID50)/mL, indicating stable growth kinetics (Fig. 2, right panel).

To determine which virus types were predominantly propagated
during co-infection, we analyzed the innate immune response occurring
in infected cells and virus titration using a biological method. END and
VSV-interference assays were performed to determine the dominant
virus type present in the P.10 supernatant. Upon infection with the P.10
supernatant, MDBK cells exhibited the END-phenomenon; the infected
cells showed enhancement of CPE upon NDV superinfection and did not
block CPE upon VSV superinfection (Fig. 3A). Therefore, it appeared
that vBVD12−/P8L was the dominant in the P.10 supernatant. IFN
bioassays also were performed, and the results indicated that MDBK
cells treated with each filtered supernatant (P.1, P.3, P.5, P.7, and P.10)
obtained from co-infected cells failed to block the CPE induced by VSV
superinfection. Moreover, the measured OD values were approximately
equal to those obtained from cells exposed to the filtered supernatant of
vBVD12−/P8L-infected cells (Fig. 3B). It was found that type-I IFN was
not detected in culture supernatant during co-infection. In addition, in
cells infected with the P.1, P.3, P.5, P.7, and P.10 supernatant, neither
intracellular Mx1 nor ISG15 mRNA expression was detected (Fig. 3C).
These results revealed that an innate immune response in infected cells
was not elicited during co-infection and that vBVD12−/P8L propagates
in a dominant fashion over vBVD12− during co-infection. Therefore,
we tried to measure the titer of vBVD12−/P8L by END assay using
limiting dilution. Consistently, vBVD12−/P8L exhibited a titer com-
parable with the total BVDV titer, albeit a difference was observed
between the vBVD12−/P8L and total BVDV titers (Fig. 3D).

2.3. END− virus continued to be produced during co-infection

The results shown in Fig. 3 indicate that the END+ virus was pro-
pagated as the dominant virus type during co-infection with the END−

virus; however, these data do not prove that the END− virus was not
propagating. In addition, based on data presented in Fig. 3D, there was
a difference between the END+ and total BVDV titers, which suggested
the possibility that the END− virus was present in the supernatant. To
confirm the presence of the END− virus, we attempted to detect
vBVD12− in the supernatant by performing PCR using HiDi DNA
polymerase and the RPF method. First, we confirmed whether the HiDi
DNA polymerase could be used to discriminate viruses differing by a
single nucleotide. Because vBVD12− and vBVD12−/P8L differ at a
single nucleotide (position No.410) in the genomic region encoding

Fig. 1. Characterization of vBVD12− and vBVD12−/P8L
(A) The distribution of BVDV-positive cells was assessed using PLA 3 days after electroporation of pBVD12−/P8L (top panel) or pBVD12− (bottom panel) viral RNA.
(B) Naïve MDBK cells were infected with P.0 virus (vBVD12− and vBVD12−/P8L) and parental virus (END− virus and END+ virus) at an MOI of 0.01, and the culture
supernatants and infected cells were harvested at 1–5 dpi. Four freeze–thaw cycles were used to prepare infectious particles from the infected cells. The upper panels
indicate the total BVDV titer in the supernatant, whereas the lower panels indicate the titer in the infected cells. The total BVDV titer was measured thrice using PLA.
(C) The supernatant recovered from vBVD12−- and vBVD12−/P8L-infected cells was filtered to eliminate viral particles and then used for the IFN bioassay. These
supernatants were used to sensitize naïve MDBK cells for 24 h, and the cells were then challenged with VSV. Twenty-four hours after VSV challenge, the cells were
stained with 0.25% crystal violet (left panel). The OD value was measured and compared for vBVD12− and vBVD12−/P8L. Each viral fluid after filtration was also
neutralized with an anti-IFN antibody and analyzed (right panel). (D) MDBK cells were infected with vBVD12− or vBVD12−/P8L, and intracellular Mx1 and ISG15
mRNA were quantified using qRT-PCR. Asterisks indicate significant differences (P < 0.05). (E) The biological properties of viruses produced in this study were
examined using END and VSV-interference assays.
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Npro, this mutation was designed to be located at the 3’ end of each
forward primer for PCR. RNA was extracted from viruses generated
through reverse genetics, and cDNA was synthesized and used as the
template for PCR. This pilot experiment confirmed that the primers
designed for the detection of vBVD12− yielded amplicons specifically
from vBVD12−, whereas the primer designed for the detection of
vBVD12−/P8L yielded amplicons specifically from vBVD12−/P8L
(Fig. 4A). Next, we attempted detection of each viral gene from su-
pernatants harvested from co-infected cells. We found that all the su-
pernatant samples yielded amplicons corresponding to both vBVD12−/
P8L and vBVD12− (Fig. 4B). However, the detection of the viral genes
did not prove the presence of infectious vBVD12− particles. Therefore,
we attempted to detect infectious vBVD12− particles from the super-
natants of P.1, P.5, and P.10 using the RPF assay. Reverse plaques re-
presenting vBVD12− infection were detected in each of these samples
(Fig. 4C), indicating that vBVD12− continued to be produced in the
culture supernatant even when vBVD12−/P8L was dominant propa-
gated during co-infection. The viral titer measured using the RPF
method was approximately 104.36-5.42 TCID50/mL (Fig. 4D). Even when
vBVD12−/P8L predominated, vBVD12− was still present in the su-
pernatant, indicating the END− virus could coexist with END+ virus.

2.4. END− and END+ viruses showed different sensitivities to IFN-α

To clarify the reason why the END− virus coexisted with END+

virus, the properties of the END− virus were examined in further detail.
To know how host innate immune responses affect the growth of the
END− virus, vBVD12− was passaged in the presence of IFN-α and viral
growth kinetics were examined. A previous study showed that human
IFN-α is also active in bovine cells (Peek et al., 2004); hence, human
recombinant IFN-α was used in this study. Supernatants of viral pas-
sages from P.1 to P.7 were supplemented with 3 ng IFN-α per 25-cm2

flask; however, no significant effects on viral propagation were ob-
served. Therefore, the passages after P.7 were performed in the pre-
sence of IFN-α at a concentration of 30 ng/flask. As assessed by PLA,
the viral titer of vBVD12− was reduced at P.11, after which vBVD12−

persisted at a titer of approximately 105.0 TCID50/mL (Fig. 5A). Thus,
we concluded that the END− virus was able to propagate even in the
presence of IFN-α, simulating host innate immune responses. To de-
termine the characteristics of repeatedly passaged virus in the presence
of IFN-α, the immunological characteristics of the P.25 virus were
evaluated. Of note, cells infected with the P.25 virus exhibited inhibi-
tion of VSV and NDV superinfection at levels similar to those seen in
cells infected with P.0 of vBVD12− (Fig. 5B). In addition, IFN-

neutralized P.25 virus also showed inhibition of CPE upon VSV and
NDV superinfection (data not shown). These results indicated that the
P.25 virus induced type-I IFN production in the culture supernatant
through its own infection and that the amount of IFN produced was
sufficient to inhibit VSV and NDV superinfection. Moreover, the ex-
pression of Mx1 and ISG15 mRNAs considerably increased in P.25-in-
fected cells compared with mock-infected cells (Fig. 5C). Upregulation
of these mRNAs was also observed when the experiment was conducted
using IFN-neutralized P.25 virus (data not shown). Using IFN bioassay,
we also confirmed that type-I IFN was produced in the supernatant of
cells infected with P.25 virus. The OD value decreased upon IFN neu-
tralization, confirming that the culture supernatant of P.25-infected
cells contained type-I IFN (Fig. 5D). These results revealed that the P.25
virus retained its ability to enhance host innate immunity and showed
the same biological properties as P.0 of vBVD12−. In addition, the
susceptibility of vBVD12−/P8L to IFN-α was examined, and we ob-
served that vBVD12−/P8L did not propagate in the presence of IFN-α
(Fig. 5E). These results indicate that during innate immune responses
induced in vitro, the END+ virus cannot maintain infection. In contrast,
the END− virus can maintain infection under these conditions.

2.5. Co-infection with END− virus allowed propagation of END+ virus in
situations where host innate immune responses were activated

PI cattle are reportedly co-infected with immunologically distinct
BVDVs (Nishine et al., 2014); however, the implications of this co-in-
fection have not yet been clarified. We found that these BVDVs ex-
hibited different sensitivities to IFN-α (Fig. 5A and E). Therefore, we
hypothesized that BVDV may maintain their infection by changing the
type of virus that propagates according to the host innate immune re-
sponse. To test this hypothesis, supernatant obtained from co-infected
cells was passaged in either the presence or absence of IFN-α until P. 25
was obtained. Thereafter, the type of virus contained in the supernatant
was determined.

First, we checked the total BVDV titer of all of the resulting super-
natants. Between P.1 and P.4 in the absence of IFN-α, the total BVDV
titer was high at approximately 107.0 TCID50/mL, but gradually de-
creased with the addition of IFN-α. However, although the titer de-
creased to 104.96 TCID50/mL at P.9, the titer subsequently increased
rapidly to 106.88 TCID50/mL at P.10. Thereafter, a titer of approxi-
mately 106.0 TCID50/mL was maintained even in the presence of IFN-α
during further passaging. When IFN-α was again removed, the BVDV
titer increased even more, reaching 108.3 TCID50/mL at P.16. IFN-α
was added again after P.20, but no significant decrease in titer was

Fig. 2. Viral growth kinetics during single- and co-infection
In single-infection studies, MDBK cells were infected with either vBVD12− (left panel) or vBVD12−/P8L (middle panel) at an MOI of 1.0. In co-infection studies,
MDBK cells were infected with both vBVD12− and vBVD12−/P8L (together) at an MOI of 1.0 (right panel). The supernatant was collected 4 days after the viral
infection, and the supernatant was passaged until the P.10 supernatant was obtained. The total BVDV titer was quantified thrice using PLA.
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observed (Fig. 6A). To assess the virus types contained in the super-
natants, genes encoding the Npro-encoding viral region were detected
using PCR with HiDi DNA polymerase. Unexpectedly, the level of
vBVD12− gradually decreased after P.5 and was undetectable in sam-
ples other than P.9, P.10, and P.18. Surprisingly, vBVD12−/P8L was
continuously detected regardless of the addition of IFN-α (Fig. 6B). We
performed deep sequencing analysis using supernatant samples (P.1, 3,
7, 10, 14, 18, 21, and 25) to confirm whether the type of propagating
virus changed before and after adding IFN-α. In the P.7, P.10, P.21, and
P.25 samples, which were collected from a culture maintained with
IFN-α, the nucleotide denoting vBVD12−/P8L (nucleotide No.410:T)
accounted for 92.55–98.54% of all nucleotides in position No.410. The
proportion of nucleotide “T” gradually increased as the passage was
repeated (Table 2). This result showed that vBVD12－/P8L was the
major population in the supernatant, even when the innate immune
responses were activated by IFN-α addition. The nucleotide denoting
vBVD12− (nucleotide No.410: C) was continuously detected from the
supernatants of co-infected cells even when vBVD12－/P8L was the
major population. When the consensus sequence of these samples was
confirmed, there were no mutations in bases other than that at position
No.410 (data not shown). Deep sequencing analysis showed that
vBVD12－/P8L is the major virus type in the supernatant regardless of
IFN-α addition, so we examined whether the END-phenomenon could
be observed using the supernatants of P.3, P.10, 18, and P.25. As a

result, enhancement of CPE induced by NDV superinfection was clearly
observed in cells infected with each of the filtered supernatants. These
samples were found to contain abundant vBVD12−/P8L (Fig. 6C).
Furthermore, the RPF assay revealed that vBVD12− was also produced
in these supernatants (Fig. 6D). Although the vBVD12− titer was lower
than that of vBVD12−/P8L, we confirmed that vBVD12− was reliably
produced in the supernatant (Fig. 6E). The results shown in Fig. 5E
demonstrated that a single infection with the END+ virus could not be
maintained in the presence of host innate immune responses. The data
shown in Fig. 6 and Table 2 show that, if cells infected with the END+

virus were co-infected with the END− virus, the END+ virus could
propagate even in the presence of a host innate immune response. Thus,
these data strongly suggest that co-infection with BVDV/END− sup-
ports the propagation of BVDV with different biological properties in in
vitro.

3. Discussion

At least two types of viruses with distinct immunological properties
are involved in ncpBVDVs (Nakamura et al., 1993, 1995), and both
types co-infect PI cattle in various ratios (Nishine et al., 2014). Here, we
artificially produced immunologically distinct BVDVs (vBVD12− and
vBVD12−/P8L). MDBK cells were co-infected with these viruses under
various conditions, and viral growth kinetics and host immune response

Fig. 3. Investigation of the major virus types contained in the supernatant obtained during BVDV co-infection
(A) The major virus types contained in the supernatant of P.10 of co-infected cells was confirmed using END and VSV-interference assay. Viruses obtained from P.0
were used as the positive control. (B) The supernatant samples collected from co-infected cells (P.1, P.3, P.5, P.7, and P.10) were filtered to eliminate viral particles
and then used for the IFN bioassay. CPE was confirmed at 24
h after VSV challenge, and the OD value was measured. Filtered supernatants derived from vBVD12− or vBVD12−/P8L were used as positive controls. (C) MDBK
cells were infected with the supernatants of co-infected cells (P.1, P.3, P.5, P.7, and P.10), and the cells were collected at 24 hpi. Intracellular Mx1 and ISG15 mRNAs
were quantified using qRT-PCR. vBVD12− or vBVD12−/P8L were used as positive controls. (D) The titers of vBVD12−/P8L contained in the supernatants of P.1, P.5,
and P.10 of co-infected cells were measured by limiting the dilution using the END assay (gray bars). The total BVDV titer (black bars) obtained in the PLA shows the
results as presented in right panel of Fig. 2.

Fig. 4. END− virus continued to be
produced during co-infection in
vitro
(A) HiDi DNA polymerase could dis-
tinguish a single nucleotide differ-
ence. The primer designed for the
detection of vBVD12− yielded ampli-
cons only from vBVD12− (left panel),
and the primer designed for the de-
tection of vBVD12−/P8L yielded am-
plicons only from vBVD12−/P8L
(right panel). (B) Viral genes derived
from vBVD12− or vBVD12−/P8L in
the supernatant collected from co-in-
fected cells was detected using PCR
with HiDi DNA polymerase. (C)
Infectious particles of vBVD12− con-
tained in the supernatant of co-in-
fected cells (P.1, P.5, and P.10) were
detected using the RPF assay. The
supernatant was diluted 10,000-fold
and was used to inoculate BT cells.
(D) The titer of vBVD12− contained
in the supernatant of co-infected cells
(P.1, P.5, and P.10) was measured
using the RPF assay (white bars).
Total BVDV (black bars) and
vBVD12−/P8L titers (gray bars) can
be seen in the results presented in
Fig. 3D.
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Fig. 5. Susceptibility of vBVD12− and vBVD12−/
P8L to IFN-α and characterization of repeatedly
passaged virus (P.25) in the presence of IFN-α
(A) Naïve MDBK cells were infected with vBVD12−

at an MOI of 0.1, and IFN-α was added to the su-
pernatant. IFN-α (3 and 30 ng/flask) was added from
P.1 to P.7 and from P.8 to P.25, respectively. The
total BVDV titers of all supernatant samples were
measured using PLA. (B) The biological properties of
the P.25 virus were confirmed using the END and
VSV-interference assays. IFN-α contained in the su-
pernatant was filtered prior to the assay. (C) MDBK
cells were infected with P.0 of vBVD12− or the P.25
virus, and cells were collected at 12 and 24 hpi.
Intracellular Mx1 and ISG15 mRNAs were quantified
using qRT-PCR. Asterisks indicate significant differ-
ences (P < 0.05). (D) The supernatant collected
from the P.25 virus-infected cells (gray bars) was
filtered to eliminate the viral particles and used for
the IFN bioassay. In addition, the P.25 viral fluid
after filtration was also treated with the anti-IFN
antibody and analyzed (white bars). Filtered super-
natants of P.0 vBVD12−-infected cells (black bars)
were used as the positive control. (E) vBVD12−/P8L
was passaged in the presence of IFN-α. The passage
method and the IFN-α addition regimen were the
same as described in (A). The total BVDV titers of all
supernatant samples were measured using PLA.ND,
not detected.
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changes during co-infection were assessed. Co-infection with END−

virus was observed to support the propagation of END+ virus in the
presence of a host innate immune response. Thus, the END− virus may
play an important role in maintaining persistent infection of BVDV, not

only in vitro but also in vivo.
Previous studies employing the NADL strain of cpBVDV have re-

ported that the residue at position 8 of Npro is greatly involved in innate
immune regulation (Gil et al., 2006). The vBVD12−/P8L constructed in

Fig. 6. Co-infection with END− virus allows
END+ virus to propagate even in the presence of
IFN-α
(A) MDBK cells were infected with both vBVD12−

and vBVD12−/P8L at an MOI of 0.1, and the super-
natant was passaged until P.25 was reached. IFN-α
was added from P.5 to P.13 and from P.20 to P.25 but
not from P.1 to P.4 and from P.14 to P.19. The con-
centration of IFN-α added was 30 ng/flask. The total
BVDV titers of all supernatant samples were mea-
sured using PLA. (B) Each viral gene was detected
from the supernatants using PCR with HiDi DNA
polymerase. cDNA derived from vBVD12−/P8L
(P8L) or vBVD12− (12−) was used as the positive
control. Bulk Npro was detected using conventional
PCR, irrespective of the single base mutation in Npro.
(C) The biological properties of viruses contained in
the P.3, P.10, P.18, and P.25 supernatants were
confirmed using the END assay. The supernatant
samples were filtered to eliminate IFN-α. (D)
Infectious particles of vBVD12− could be detected in
the P.3, P.10, P.18, and P.25 supernatants using the
RPF assay. The supernatant samples were diluted
10,000-fold and used to inoculate BT cells. (E) The
titers of total BVDV (black bars), vBVD12−/P8L
(gray bars), and vBVD12− (white bars) were mea-
sured using PLA, the END assay, and RPF assay, re-
spectively.
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the present study suppressed the innate immune response in infected
cells, resulting in a dramatic changes in the immune response of
vBVD12− (Fig. 1C–E). Our results indicated that the residue at position
8 of Npro participates in innate immune regulation even in No.12 strain
ncpBVDV; other amino acid differences were not required for induction
of innate immune response by viral infection.

Although several studies have examined the relationship between
BVDV infection and host innate immune responses, no unified view of
the innate immune reactions caused by ncpBVDV infection is available
(Van Wyk et al., 2016; Charleston et al., 2001; Schweizer and
Peterhans, 2001). This confusion may indicate that nominally “pure”
laboratory BVDV strains are actually a mixture of BVDVs with different
immunological properties. Because biologically distinct BVDVs are
present in ncpBVDV in varying ratios, it is difficult to generalize the
innate immune response induced by ncpBVDV infection. Of note, the
host innate immune response may vary depending on which virus type
is dominating during propagation.

The results presented in Fig. 4 suggest that the END− virus can
coexist with END+ virus; however, the role of the END− virus remains
unclear. In addition, co-infection experiments using the END+ and
END− viruses were conducted at MOIs of 1.0 (END+): 0.001 (END−);
the experimental results indicated that despite the small amount of
initial infectious virus, the END− virus was also produced in the su-
pernatant (data not shown). These results suggest that the END− virus
plays a role in maintaining persistent infection in vitro. Therefore,
sensitivity to IFN-α was evaluated to better understand the properties of
the END− virus. The vBVD12− easily maintained its titer when cul-
tured in the presence of IFN-α; thus, the infection persisted even in the
presence of host innate immune response (Fig. 5A). In addition, deep
sequencing analysis revealed that the vBVD12－ of P.25 that repeatedly
passaged in the presence of IFN-α bore three amino acid mutations in
the viral sequence (data not shown). These mutations may help main-
tain the properties of the END− virus. In contrast, vBVD12−/P8L,
which suppresses host innate immune response, was unable to propa-
gate in the presence of IFN-α (Fig. 5E). Although BVDV can reportedly
acquire resistance to type-I IFN (Schweizer et al., 2006), our study re-
vealed that there is at least one BVDV type that cannot acquire IFN-α
resistance.

It has been reported that PI cattle have been co-infected with BVDVs
having different immunological properties (Nishine et al., 2014) and
that innate immune responses are induced even in PI cattle (Shoemaker
et al., 2009; Yamane et al., 2008; Smirnova et al., 2012, 2014). Given
these previous reports and the results shown in Fig. 5, we hypothesized
that BVDV can maintain persistent infection while changing the type of
propagating virus based on host innate immune response. To test this
hypothesis, we investigated the changes in growth dynamics when host
innate immune reaction was induced during co-infection with im-
munologically distinct BVDVs (resembling the case in PI cattle). How-
ever, contrary to our hypothesis, vBVD12−/P8L was found to

dominantly propagate when IFN-α was added during co-infection
(Fig. 6B, C, E, and Table 2). In addition, vBVD12− was also produced in
the supernatant (Fig. 6B, D, E, and Table 2). The result of HiDi PCR
shown in Fig. 6B shows that the vBVD12‒ gene was not detected at
many passage points, which was likely to be related to the detection
sensitivity of the HiDi PCR. In fact, this method cannot detect a viral
gene unless it is present at 104.0 TCID50 or more in 1mL (data not
shown). It is possible that low-titer vBVD12‒ was present at the passage
point where the viral gene was not detected by HiDi PCR. Of note, co-
infection with the END− virus allowed the END+ virus to propagate
under conditions wherein host immune response was activated. Thus,
co-infection with the END− virus may be necessary to permit the eva-
sion of host innate immune responses; this evasion would contributes to
the maintenance of persistent infection both in vitro and in vivo. How-
ever, we could not clarify the mechanism via which the END− virus
supports END+ virus propagation. To unravel this mechanism, it will be
necessary to estimate the genetic diversity of each virus in detail. For
example, via viral gene mutation and recombination studies, we will
need to investigate whether the END− or END+ virus is likely to gen-
erate the END+ or END− virus.

Our co-infection experiments conducted using cultured cells de-
monstrated that infection with the BVDV/END− can support the pro-
pagation of BVDV/END+ in the presence of host innate immune re-
sponses. Co-infection with the END− virus contributes to the evasion of
innate immunity, which may permit persistent infection of BVDV.
Moreover, our results also strongly suggest that the END− virus, with
previously unknown biological significance, acts as a helper virus and
supports the propagation of other virus types. Further detailed char-
acterization of the END− virus will help elucidate the pathogenesis and
the complex immune regulatory mechanisms caused by BVDV.

4. Materials and methods

4.1. Cells and viruses

MDBK cells were cultured as a monolayer in Eagle's Minimum
Essential Medium (MEM; Nissui, Tokyo, Japan) containing 0.295%
tryptose phosphate broth, 1% inactivated anti-BVDV antibody-free fetal
bovine serum (FBS; Japan Bio Serum, Hiroshima, Japan), 1% horse
serum (Thermo Fisher Scientific, Rockford, IL), 1.125mg/mL NaHCO3,
2mM L-glutamine, and antibiotics (100 IU/mL penicillin and 100 μg/
mL streptomycin). Bovine testicle (BT) cells were prepared from a
pestivirus-free animal and cultured in MEM containing 10% inactivated
FBS, 1.125mg/mL NaHCO3, 2mM L-glutamine, and antibiotics. The
No.12 strain of ncpBVDV-1/ END+ and the END− virus were prepared
using virus cloning methods employing an END assay based on limiting
dilution and RPF assay, respectively. NDV (Miyadera strain) and VSV
(New Jersey strain) were used as challenge viruses. VSV was obtained
from the National Institute of Animal Health (Tsukuba, Japan) under

Table 2
Proportion of nucleotide at the position No.410 in Npro of generated contigs.

sample IFN addition Total read counts BVDV < read conts Depth of position No.410 Position No.410 (%)

T C A G

P.0 (vBVD12‾) 10,85,374 2,77,904 2803 0.14 99.71 0.14 0.00
P.0 (vBVD12‾/P8L) 18,89,560 8,49,362 7233 99.00 0.90 0.03 0.07

P.1 ‒ 35,51,596 16,69,138 21,556 80.82 18.94 0.12 0.12
P.3 ‒ 11,15,312 6,31,127 6113 84.10 15.74 0.03 0.13
P.7 + 29,79,156 1,13,269 1531 92.55 6.92 0.39 0.13
P.10 + 13,59,010 3,93,232 4287 96.34 3.48 0.02 0.16
P.14 ‒ 31,28,852 9,15,648 11,358 96.99 2.60 0.19 0.22
P.18 ‒ 30,39,096 4,84,335 5261 97.68 2.07 0.10 0.15
P.21 + 35,75,050 2,02,296 2505 98.28 1.40 0.04 0.28
P.25 + 27,44,856 5,05,269 6855 98.54 1.20 0.06 0.20
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approval from the Ministry of Agriculture, Forestry and Fishery, Japan.
NDV was propagated in the allantoic cavities of 9-day-old embryonated
hens' eggs. VSV was propagated in the Vero cell line.

4.2. Antibodies and reagents

Mouse monoclonal antibody (#46/1), raised against the pestivirus
NS3 protein, was generated as described previously (Kameyama et al.,
2006). Horseradish peroxidase-conjugated sheep antibody against
mouse IgG (SurModics, Eden Prairie, MN) was used as the secondary
antibody for PLA. Human recombinant IFN-α (Acris Antibodies GmbH,
Herford, Germany) was adjusted to 10 ng/μL. Human type-I IFN neu-
tralizing antibody mixture (PBL assay science, Piscataway, NJ) was
used for neutralizing IFNs within the viral fluid. IFN neutralization was
performed following the manufacturer's protocol.

4.3. Plasmids

PCR to amplify the complete BVDV genome was performed using
cDNA synthesized from ncpBVDV-1 strain No. 12 END− viral RNA. A
BVDV cDNA clone was inserted between the MluI and SmaI sites of a
modified pA187-1 vector (Ruggli et al., 1996) using DNA ligation and
In-Fusion cloning (Takara Bio, Shiga, Japan), and the resulting plasmid
was designated pBVD12−. The plasmid carrying the Pro8Leu substitu-
tion in the Npro-encoding region (i.e., carrying a mutation at nucleotide
410) of pBVD12− was constructed using a Mutagenesis kit (Takara Bio)
and appropriate oligonucleotide primers, and the resulting plasmid was
designated pBVD12−/P8L. The sequences of the plasmids used in the
current study were confirmed by Eurofins Genomics (Tokyo, Japan).
The nucleotide sequences were analyzed using GENETYX software
(version 9.0.7; Genetyx, Tokyo, Japan).

4.4. Production of vBVD12− and vBVD12−/P8L

The plasmids pBVD12− and pBVD12−/P8L were digested with
SmaI (near the 3′-end) and the resulting linearized plasmids were
transcribed in vitro using either the MEGAscript T7 kit (Life
Technologies, Grand Island, NY) or the T7 RiboMAX<SUP>TM</
SUP>Express Large Scale RNA Production System (Promega,
Madison, WI) following manufacturers' instructions. MDBK cells (cell
density, 5× 106 cells’ volume, 0.5mL) were electroporated with the in
vitro transcribed RNA (10 μg) using a 0.4-mm gap electroporation
cuvette (NEPA GENE CO., LTD., Chiba, Japan). The electroporation
conditions were 360–380 V for 10ms and 20 V for 50ms and 50ms× 5
using a CUY21 Vitro-EX (BEX, Tokyo, Japan). The cells were allowed to
recover in MEM containing 5% FBS. Post incubation for 3 days, the
culture supernatants of vBVD12− or vBVD12−/P8L were harvested as
passage 0 (P.0). To increase the viral titers, the P.0 culture supernatants
were subjected to further rounds of passaging in MDBK cells. It has been
confirmed that neither vBVD12− nor vBVD12−/P8L shows CPE in
cultured cells.

4.5. IFN bioassay

The viral particles in each culture supernatant were eliminated
using an Amicon Ultra 0.5-mL filter (Merck KGaA, Darmstadt,
Germany). Each filtered supernatant (flow-through) was used as a
sample for the IFN bioassay. Each sample was serially diluted two-fold,
and 100 μL of each resulting dilution was added to the MDBK cell
monolayer in each well of a 96-well culture plate (Figs. 1C and 6D). The
filtered supernatant was used without dilution (Fig. 3B). The plates
were then incubated at 37 °C under 5% CO2 for 24 h. After supernatant
removal, the cells were superinfected with VSV at an MOI of 2. After
incubation for 2 days, a solution of 0.25% crystal violet in 10% me-
thanol and 7.5% formalin was added to each well. OD values were
measured at a wavelength of 595 nm using a Multiskan FC plate reader

(Thermo Fisher Scientific). The bioassay was performed twice, and the
average OD value for each sample was calculated. The sum of half of
the negative (VSV-infected cells) and positive (mock-infected cells)
control OD values was taken as the 50% OD value; samples that yielded
a value higher than this value were inferred to contain IFN-α/β at levels
sufficient to block the CPE of VSV by≥ 50% (Ogiso et al., 2005).

4.6. Virus titration and peroxidase-linked assay (PLA)

The virus samples were serially diluted 10-fold, and 50 μL of each
dilution was added to four wells of a 96-well microplate. MDBK cells
(100 μL) were seeded at a density of approximately 2.5×104 cells/
well. The plate was then incubated for 5 days. The infected cells were
fixed at 75 °C for 60min after washing once with phosphate-buffered
saline (PBS) (−). The monoclonal antibody against the pestivirus NS3
protein was diluted in dilution buffer (0.05% Tween-20 and 1% bovine
serum albumin in PBS) and then added (50 μL/well) to the fixed cells.
The plates were then incubated at 37 °C for 60min. After removal of the
primary antibody, the cells were washed once with PBS (−). The sec-
ondary antibody was diluted in dilution buffer and added to the cells,
and the plates were again incubated at 37 °C for 60min. The cells were
washed once with PBS (−), and substrate buffer (5 mM acetate buffer,
3-amino-9-ethylcarbazole [Sigma-Aldrich, St. Louis, MO] solution, 30%
H2O2 [FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan]) was
then added to each well. Successful reaction between the enzyme and
substrate was indicated by red staining in the cytoplasm of BVDV-po-
sitive cells. The TCID50 was calculated following the method described
by Kärber (1931). The titration was performed thrice, and the average
value was calculated as the viral titer. The virus detection sensitivities
of the END and RPF assays has been confirmed to be equivalent to that
of PLA (data not shown).

4.7. END assay

The END assay, which was used for END+ virus titrations, was
performed following the original method (Inaba et al., 1963). If the
supernatant sample contained exogenous IFN-α, it was eliminated by
filtration prior to infection experiments. Briefly, after each 10-fold se-
rial dilution of BVDV, 50 μL of each dilution was added to four wells of
a 96-well microplate. Cells were added to the wells by distributing
MDBK cell at 0.1mL (approximately 2.0×104 cells) per well. The plate
then was incubated for 5 days before aspiration of culture fluid from
each well. Then, 100 μL of NDV suspension (107.0 TCID50/mL) was
added to each well and the plate was incubated for another 2 days. The
cells were examined for CPE using a light microscope; cells were con-
sidered BVDV/END+-positive if CPE was enhanced. The viral titer was
estimated based on the highest dilution of END+ yielding CPE upon
NDV superinfection (limiting dilution). The TCID50 was calculated
following the method described by Kärber (1931). Titration of END+

viruses was performed thrice, and the average value was calculated as
the viral titer. When the END assay was used to confirm the biological
properties of BVDV, MDBK cells grown in six-well plates were infected
with appropriate viral samples and incubated for 4–5 days. After su-
pernatant removal, the cells were superinfected with 1mL of an NDV
suspension (106.0 TCID50/mL), and the plate was incubated for another
1–2 days prior to evaluation.

4.8. VSV interference assay

The VSV interference assay was performed following the method
described by Fukusho et al. (1975); however, MDBK cells were used. In
case the supernatant sample contained exogenous IFN-α, it was elimi-
nated by filtration and then used for infection experiments. In brief,
MDBK cells grown in six-well plates were infected with the indicated
virus samples and incubated for 4–5 days. After supernatant removal,
the cells were superinfected with VSV at an MOI of 2. The sample was
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regarded as BVDV/END−-positive for VSV interference if no CPE was
observed upon VSV superinfection in BVDV-infected cells.

4.9. RPF assay

The RPF assay was performed following the original method by
Fukusho et al. (1976), but with slight modifications. In case the su-
pernatant sample contained exogenous IFN-α, it was eliminated by
filtration and then used for infection experiments. The virus samples
were serially diluted 10-fold with MEM prior to inoculating each well of
the six-well plates containing confluent monolayers of BT cells. The
plates were incubated at 37 °C under 5% CO2 for virus absorption. After
90min, the wells were washed with PBS (−) and the contents of each
well were overlaid with approximately 5mL of methylcellulose overlay
medium (MEM containing 7% FBS and 3% methylcellulose). After in-
cubation for 5 days, the overlay medium was removed and the wells
were washed with warm PBS (−). The infected cell monolayer was
challenged with VSV at an MOI of 2, and the plates were then incubated
for 60min at 37 °C for absorption. The monolayer was washed with PBS
(−) and again covered with methylcellulose overlay medium. After
incubation for 2 days, the cells were fixed with methanol and stained
with 0.25% crystal violet. Staining of reverse plaques indicated the
presence of cells infected with the END− virus. For END− virus titer
measurements, the RPF assay was performed thrice, and the average
value was taken as the viral titer. The titer calculated by the RPF
method (PFU/mL) was then converted into TCID50/mL.

4.10. Quantitative reverse transcription PCR (qRT-PCR)

MDBK cells were treated with the appropriate supernatant samples
(or virus produced by reverse genetics) and incubated for 12 or 24 h.
For quantification of bovine Mx1 and ISG15 mRNAs, total RNA was
extracted from the cells using the RealTime ready Cell Lysis Kit (Roche,
Mannheim, Germany). First-strand cDNA synthesis was performed
using the Transcriptor Universal cDNA Master Kit (Roche) following the
manufacturer's instructions. qRT-PCR was performed using the
PowerUP SYBR Green PCR Master Mix (Thermo Fisher Scientific) fol-
lowing the manufacturer's instructions. Fluorescent signals were de-
tected using the StepOnePlus< SUP>TM</SUP>Real-time PCR
system (Thermo Fisher Scientific). The expression level of each mRNA
was normalized to the amount of GAPDH mRNA in each sample and
quantified using gene-specific primers as described previously (Yamane
et al., 2008; Liu et al., 2009). Calculations were performed using the
ΔΔCt method.

4.11. Conventional PCR and PCR with HiDi DNA polymerase

Conventional PCR, performed to amplify the Npro-encoding region,
was conducted using PrimeSTAR GXL DNA polymerase (TaKaRa Bio)
(forward primer: 5′-AGGGCATGCCCAAAGCACATCTT-3′; reverse
primer, 5′-CCTGGTATTTGACTCCATCTACCACTAT-3′). These primers
were used to amplify an 802-bp fragment of the BVDV genome ex-
tending from the 5′-untranslated region (UTR) through the region en-
coding Npro. The PCR conditions were as follows: 1 cycle at 94 °C for
1min followed by 35 cycles at 98 °C for 10 s, 55 °C for 15 s, and 68 °C
for 1min. HiDi DNA polymerase (myPOLS Biotec GmbH, Konstanz,
Germany) efficiently amplifies sequences from primers that match the
template at the 3′-end of the primer, discriminating primers that are
mismatched to the template. Because vBVD12− and vBVD12−/P8L
differ only by a one-base mutation in the region encoding Npro (at nu-
cleotide 410), it is possible to discriminate the sequences of the re-
spective viruses using HiDi DNA polymerase. The templates used for
PCR were cDNAs reverse transcribed from total RNA extracted from the
culture supernatant samples. Total RNA extraction and cDNA synthesis
were performed using the TRIzol LS Reagent (Thermo Fisher Scientific)
and the PrimeScript RT-PCR Kit (TaKaRa Bio), respectively, following

the respective manufacturers' instructions. Total RNA was extracted
from a quantity of viruses with their titers adjusted to 105.0 TCID50/
mL. Specific primers were designed following the HiDi DNA polymerase
manufacturer's recommendations. For the amplification of the desired
region of the Npro-encoding gene from vBVD12− or vBVD12−/P8L,
PCR was performed using the forward primers 5′-ACATGGAGTTGATT
ACAAATGAACC-3′ or 5′-ACATGGAGTTGATTACAAATGAACT-3′, re-
spectively, in combination with the universal reverse primer 5′-TCGT
TTTGGTAAAGAAGCCAAATTG-3′. These primer pairs were expected to
amplify a 200-bp fragment of the BVDV genome extending from the 5′-
UTR through the region encoding Npro. The PCR conditions for the
amplification of the vBVD12− sequence were as follows: 1 cycle at
95 °C for 2min followed by 27 cycles at 95 °C for 15 s, 55 °C for 10 s,
and 72 °C for 30 s. The PCR conditions for the amplification of the
vBVD12−/P8L sequences were as follows: 1 cycle at 95 °C for 2min
followed by 35 cycles at 95 °C for 15 s, 54 °C for 10 s, and 72 °C for 30 s.
The PCR products were electrophoresed on 2% agarose gels, stained
with ethidium bromide, and visualized under ultraviolet light.

4.12. Virus passage

Culture flasks (surface area, 25 cm2) were used for supernatant
passaging.

4.12.1. Supernatant passaging during infection with a single virus (Fig. 2,
left and middle panels)

MDBK cells were separately infected with either vBVD12− or
vBVD12−/P8L at an MOI of 1 at the time of cell seeding; the cultures
were then incubated for 4 days. After incubation, the culture super-
natant was collected and centrifuged at 400×g for 10min at 4 °C to
remove debris. An aliquot of the culture supernatant was stored at
−80 °C. Approximately 3× 105 naïve MDBK cells were inoculated with
0.5 mL of the supernatant at the time of cell seeding; the cultures were
then incubated for 4 days. This passaging procedure was repeated 10
times, and the culture supernatant collected at each step was designated
as P.1–P.10.

4.12.2. Supernatant passaging during co-infection studies (Fig. 2, right
panel)

MDBK cells were infected with both vBVD12− and vBVD12−/P8L
at an MOI of 1. The culture supernatant was passaged following the
protocol for passaging following infection with a single virus.

4.12.3. Supernatant passaging during infection with a single virus with
addition of exogenous IFN-α (Fig. 5A and E)

MDBK cells were seeded in flasks and separately infected with
viruses at an MOI of 0.1; the flasks were then incubated for 60min to
allow virus absorption. The inoculum was removed and replaced with
5mL of fresh medium containing 3 ng (P.1–P.7) or 30 ng (P.8–P.25) of
IFN-α; the flasks were then incubated for 4–5 days. After incubation,
the culture supernatants were collected and centrifuged at 400×g for
10min at 4 °C. A 1mL-aliquot of the supernatant was inoculated onto a
monolayer of MDBK cells in a flask; the flask was then incubated for
60min. The inoculum was removed and replaced with 5mL of fresh
medium containing IFN-α. This passaging procedure was repeated until
P.25 was reached.

4.12.4. Supernatant passaging during co-infection studies with addition of
exogenous IFN-α (Fig. 6A)

MDBK cells were seeded in flasks and then infected with BVDVs at
an MOI of 0.1. The cultures were incubated for 60min to allow virus
absorption. Passaging of the supernatant and addition of IFN-α were
performed in the manner described above for supernatant passaging
during infection with a single virus with addition of exogenous IFN-α.
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4.13. Deep sequencing and genome analysis

The supernatants were collected and stored at −80 °C until further
analysis. Viral RNA was extracted from the culture supernatants using
the TRIzol LS Reagent (Thermo Fisher SCIENTIFIC) and subsequently
treated with DNase I (Takara Bio). For deep sequencing, cDNA libraries
were constructed using the NEBNext Ultra RNA Library Prep Kit for
Illumina (New England Biolabs, Ipswich, MA), as described previously
(Nagai et al., 2015). Deep sequencing was conducted using the MiSeq
Reagent Kit v2 (300 cycles; Illumina, San Diego, CA) on a MiSeq bench-
top sequencer (Illumina). The sequence data were analyzed using CLC
Genomics Workbench 6.5.1 (Qiagen). Raw reads were trimmed ac-
cording to sequence quality, and variant detection was performed using
the quality-based variant detection command. Contigs were generated
from trimmed sequence reads with default parameter setting in CLC
Genomics Workbench.

4.14. Statistical analysis

The averages of three independent experiments were taken as the
data for statistical analyses. Results were expressed as means ±
standard deviations. The significance of the differences between group
means was determined using unpaired or paired Student's t-tests.
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