
ORIGINAL ARTICLE

Biological properties of bovine viral diarrhea virus quasispecies
detected in the RK13 cell line

Mahmod Muhsen • Hiroshi Aoki • Hidetoshi Ikeda •

Akio Fukusho

Received: 27 July 2012 / Accepted: 4 October 2012 / Published online: 21 November 2012

� Springer-Verlag Wien 2012

Abstract The rabbit kidney cell line RK13 has been

reported to be contaminated with noncytopathogenic (ncp)

bovine viral diarrhea virus (BVDV). Persistent infection

was confirmed by demonstrating the stability of virus

titers (104.6±0.5 TCID50/ml) and BVDV positive cells

(71.9 ± 3.12 %), over six successive passages. Based on

the ‘‘exaltation of Newcastle disease virus’’ (END) and

reverse plaque formation methods, two types of ncp viruses

were isolated, END-phenomenon-positive and negative.

Isolates, RK13/E? and RK13/E-, demonstrated (1) dif-

fering levels of reproducibility in cell cultures, (2) similar

antigenicity against BVDV antisera, (3) identical 50-UTR

region nucleotide sequences, (4) four amino acid differ-

ences throughout the genomic open reading frame, and (5)

better growth ability in primary rabbit cells than other

laboratory strains when inoculated in parallel at an MOI of

0.01. Overall, the BVDV population in RK13 cells consists

of at least two different END characteristic quasispecies

that are adapted to cultures of rabbit origin, giving rise to

naturally attenuated BVDV strains that can be used in

vaccine development.

Introduction

Bovine viral diarrhea virus (BVDV) is an infectious agent

of cattle, causing diarrhea and mucosal disease, resulting in

economic losses to the livestock industry worldwide.

Along with classical swine fever virus (CSFV) and border

disease virus (BDV), BVDV belongs to the genus Pesti-

virus within the family Flaviviridae. All members of this

family are enveloped viruses, with a single-stranded posi-

tive-sense RNA genome, encompassing one large open

reading frame (ORF), flanked by 50 and 30 untranslated

regions (UTRs) [34, 50].

Under in vitro culturing conditions, BVDV exhibits two

biotypes that can be distinguished according to their lytic

effect in permissive cell cultures: cytopathogenic (cp) and

noncytopathogenic (ncp) [24, 50]. More than 90 % of

BVDV field strains are ncp BVDVs, which can multiply in

cell culture without inducing cytopathogenic effect (CPE)

and therefore go undetected [24]. This feature facilitates

adventitious virus contamination, posing serious risks to

virology diagnostics, research, and the production of vac-

cines [7]. Several types of cell culture have been reported

to be contaminated with BVDV through fetal bovine serum

(FBS) [32, 37], which is commonly used for promoting cell

growth [1, 32]. One such culture is the RK13 rabbit kidney

cell line from the American Type Culture Collection

(ATCC) [3, 18, 43].

Under in vitro conditions, BVDV’s ability to enter and

replicate is restricted to cells of host origin [40, 41].

However, its pattern of replication varies, within various

pestivirus host cell types [44]. For example, BVDV can

replicate in cultures of cells originating from natural hosts,

such as ruminants and swine, whereas it rarely occurs in

non-natural hosts, such as rabbits and cats [3, 44]. There-

fore, adaptation of BVDV strains to non-natural host cells
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can provide an opportunity for studying aspects of virus-

host cell interactions that are not readily observed in cell

cultures of bovine origin [12]. The ability of this virus to

multiply in cells of heterologous origin may be indicative

of a capacity for similar adaptation in vivo [33]. The exact

biological and genetic characteristics of BVDV that per-

sistently infects the RK13 cell line are unclear.

For identification of the biological features of BVDV,

all experimental procedures were first established for

CSFV and then applied to BVDV. It has been reported that

marked CPE was induced by superinfection with the

Miyadera strain of Newcastle disease virus (NDV) in pri-

mary swine testicle (ST) cells that had been previously

infected with CSFV, while no CPE was induced in normal

ST cells. This was referred to as the ‘‘exaltation of New-

castle disease virus’’ (END) phenomenon [27, 28]. In

addition, an END method based on this phenomenon was

developed for the titration of CSFV [27]. Subsequently, a

virus that did not show the END phenomenon but showed

interference against NDV and western equine encephalitis

virus (WEEV) was found in a CSFV population [49].

Interference and reverse plaque formation (RPF) methods

with vesicular stomatitis virus (VSV) based on this inter-

ference phenomenon were developed for the detection of

CSFV that does not show the END phenomenon [13, 22,

49]. Inaba et al. [19] determined that BVDV shows the

END phenomenon in primary bovine testicle (BT) cells in

a manner similar to that of CSFV.

With respect to genetic characteristics, RNA viruses,

including BVDV, lack proofreading activity [4, 25, 42],

resulting in very high error rates during replication, leading

to highly diverse viral populations termed quasispecies, as

originally proposed by Eigen [9–11]. To date, no method

for the detection and quantification of variants in a quasi-

species has been developed, except for gene cloning and

sequencing. Therefore, there is a need for other detection

and titration approaches for small populations of variants in

order to detect live variants in a quasispecies. The RPF

method has been available for the detection and quantifi-

cation of nearly identical live viral variants in major het-

erologous populations of BVDV. Itoh et al. [21] and

Nakamura et al. [35] isolated a minor population of BVDV

that does not show the END phenomenon but shows

interference against VSV in the ncpBVDV laboratory

strain, which constitutes a major population, by using the

RPF method. Since then, ncpBVDV has been subdivided

into two groups: END-positive (END?) virus, which shows

the END phenomenon, and END-negative (END-) virus,

which shows heterologous interference phenomena [35,

36].

Several BVDV adaptation studies, conducted in rabbits

under in vitro and/or in vivo conditions with the purpose of

producing an attenuated live vaccine have been reported

previously [2, 6, 12]. Therefore, the main aim of this study

was to isolate and characterize BVDV biotypes found in

the RK13 cell line with different END characteristics,

focusing on the following parameters: virus persistence,

adaptation, in vitro amplification, infectivity, and genetic

affinity, which may have implications for potential vaccine

development. Identification of a naturally attenuated

BVDV strain, whose pathogenicity was reduced through

natural adaptation to cells of rabbit origin, would bypass

the normal arduous and time-consuming manual attenua-

tion procedure that is often required for virus vaccine

development.

Materials and methods

Cells

The RK13 cell line, originating from rabbit kidney, was

obtained from ATCC, USA. This cell line was at passage

89 when purchased from a distributor in Japan. The

MDBK-SY cell line, cloned from the MDBK cell line, was

provided by the Tochigi Prefectural Central Livestock

Hygiene Service Center (Tochigi, Japan). These cells were

grown as monolayers in Eagle’s minimum essential med-

ium (MEM) (Nissui, Japan) supplemented with 2 mM

glutamine, 0.295 % tryptose phosphate broth (TPB), 5 %

inactivated fetal bovine serum (FBS) free of pestiviruses

and BVDV antibodies, 1.125 mg/mL NaHCO3, and anti-

biotics (100 IU/mL penicillin and 100 lg/mL streptomy-

cin). Primary bovine testicle (BT) and rabbit kidney (RK)

cell cultures were prepared in MEM containing 10 %

inactivated FBS, 1.125 mg/mL NaHCO3, 2 mM glutamine,

and antibiotics.

Viruses

The virus that was isolated from the RK13 cell line was

named the parent RK13 strain and used for the isolation of

BVDV showing negativity for the END phenomenon, and

also for the cloning of BVDV showing positivity for the

END phenomenon. BVD viruses isolated from the parent

RK13 strain in this experiment were named the RK13/E-

strain and the RK13/E? strain, respectively, and were used

for the analysis of biological and genetic characteristics.

NcpBVDVs (No.12/E?, No.12/E-, Nose/E?, Nose/E- and

KZ91/E?) and cpBVDVs (Nose and KZ91CP strains) were

used as controls for comparison. The No.12/E?, Nose/E?,

and KZ91/E? strains of ncpBVDV show the END phe-

nomenon, while the RK13/E-, Nose/E-, and No.12/E-

strains of ncpBVDV do not show the END phenomenon but

do show the interference phenomenon. All BVDV strains

were propagated for stock virus, using MDBK-SY cells. The
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Miyadera strain of NDV and the New Jersey serotype of

VSV were used as the challenge viruses in the END and

interference methods, respectively. NDV was propagated in

the allantoic cavities of 9-day-old embryonated hens’ eggs,

with allantoic fluid being collected and stored as stock virus.

VSV was propagated using a Vero cell line.

END method

The END method was used for the titration and neutral-

ization test of END-phenomenon-positive viruses, parent

RK13 and No12/E? strains, according to the original

method [19, 27], with the exception of the cultured cells

used. This method is applicable only for detection and

titration of END-phenomenon-positive viruses. Briefly, after

each tenfold dilution of BVDV, 0.05 mL of dilution was

placed in 5 wells of a 96-well microplate, followed by

addition of 0.15 mL of MDBK-SY cell suspensions

(*2 9 103 cells) in each well. The plate was then incubated

at 37 �C in a 5 % CO2 humid incubator for 5 days before

aspiration of culture fluid from each well. Then, 0.1 mL of

NDV suspension (107 TCID50/mL) was added to each well,

and the plate was incubated again for 3 days at 37 �C in a

5 % CO2 humid incubator. Cells were examined for CPE

under a light microscope and were considered BVDV

positive when they showed a clear CPE. The virus titre was

estimated based on the highest dilution of BVDV/E?

yielding CPE by NDV, which will be referred throughout

the manuscript hereafter as the ‘‘limiting dilution’’. The

50 % tissue culture infectious dose (TCID50) was calculated

according to the method described by Kärber [30].

Interference method with VSV

The interference method with VSV was carried out

according to Fukousho et al. [14] with the modification that

MDBK-SY cells were used. Briefly, after each tenfold

dilution of BVDV, 0.05 mL of dilution was placed in 5

wells of a 96-well microplate, followed by addition of

0.15 mL of MDBK-SY cell suspension to each well. After

incubation for 5 days, 0.1 mL of VSV suspension (107

TCID50/mL) was added to each well, and cells were

examined for inhibition of CPE after 2 days and were

considered BVDV-positive when showing no CPE. The

TCID50 was calculated according to the method described

by Kärber [30]. This method was used for the titration and

neutralization test of END-phenomenon-negative viruses,

and also for the cloning of the RK13/E- strain.

Reverse plaque formation (RPF) method

The RPF method was carried out according to the original

method [13] with some modifications. The stock virus of

parent RK13 strain was serially diluted tenfold with MEM,

and applied to 60-cm2 Petri dishes containing fully grown

monolayers of MDBK-SY cells. Dishes were incubated for

90 min at 37 �C in a humid 5 % CO2 incubator for virus

absorption. After 90 min, dishes were gently washed twice

with MEM and covered with 5 mL of methylcellulose

overlay medium (MEM with 5 % FBS and 1.5 %

methylcellulose). After 5 days of incubation, the overlay

medium was removed and washed out using warm MEM

(39-41 �C). The infected cell monolayer was challenged

with VSV (107 TCID50/mL) and incubated for 1 hour at

37 �C for absorption. The monolayer was washed twice

with MEM and covered again with methylcellulose overlay

medium with 3.5 % NaHCO3. Two days after incubation,

the overlay medium was removed and washed out using

warm MEM. The cells that formed reverse plaques were

collected using a penicillin cup with 0.1 % trypsin for

trypsinization. The collected sample was then suspended

with MEM and centrifuged for 5 min at 1,000 rpm. The

sedimented cells were resuspended in MEM containing

antiserum against VSV and BVDV and incubated at 37 �C

for 90 min. After neutralization with antisera, the cells

were washed three times with MEM and frozen at -80 �C

to release the intracellular viruses. The freeze-thaw process

was repeated three times, and the collected suspensions

were then centrifuged for 10 min at 2000 rpm. Superna-

tants were collected and serially diluted tenfold with MEM.

The interference method with VSV [14] was carried out for

virus cloning and confirmation of the existence of virus

showing intrinsic interference.

Immunoperoxidase assay

A microplate immunoperoxidase test was carried out

according to the instructions in the OIE manual [8]. Posi-

tive reactions of viral antigens with anti-BVDV NS3

monoclonal antibody (mAb) (JCU TropBio, Australia)

were shown by the development of a red-brown color. Over

six successive passages of RK13 cells, the proportion of

positively infected cells was calculated by dividing the

number of positive cells by the total cell number, as

observed in ten independent foci (n.10).

Serum neutralization (SN) test

A serum cross-neutralization test was performed between

RK13/E?, RK13/E-, Nose, and KZ91CP viruses and rabbit

RK13/E?, Nose and KZ91 antisera. Briefly, serial twofold

dilutions of inactivated antisera of RK13/E?, Nose, and

KZ91NCP were made in 96-well microplates using MEM.

Each dilution was mixed with an equal volume of 200

TCID50/0.1 mL of each virus: RK13/E?, RK13/E-, Nose,

and KZ91CP. After 1 hour of incubation at 37 �C, 0.1 mL
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of MDBK-SY cell suspension was mixed with 0.1 mL of

each dilution mixture per well. Microplates were then

incubated for up to 5 days at 37 �C in a 5 % CO2 incu-

bator. Fluids of RK13/E? and RK13/E- infected cultures

were removed from each well and subsequently challenged

with NDV and VSV, respectively. The SN titer against ncp

RK13 viruses was determined as the reciprocal of the

highest serum dilution capable of inhibiting CPE by NDV,

and exhibiting CPE by VSV. The SN titer against Nose and

KZ91CP was determined as the reciprocal of the highest

serum dilution capable of inhibiting CPE.

RNA extraction, RT-PCR, and sequencing

Total RNA was extracted from parent RK13, RK13/E?,

and RK13/E- strains propagated in MDBK-SY cells, using

a QIAamp MinElute Virus Spin Kit (QIAGEN, Germany).

RT-PCR was carried out using an RNA PCR Kit (AMV)

Version 3.0 (TaKaRa). The 50-UTR of each BVDV RNA

was amplified and sequenced using primers 324 and 326

[46, 51]. After amplification, the PCR products were

resolved on a Tris-borate-EDTA (TBE)-2 % agarose gel by

electrophoresis in TBE buffer. The PCR products were

extracted from the gel using a QIAquick Gel Extraction Kit

(QIAGEN, Germany). Nucleotide sequences were deter-

mined by direct sequencing of PCR products using a

BigDye Terminator v1.1 Cycle Sequencing Kit (Applied

Biosystems, USA) and an ABI PRISM 310 Genetic Ana-

lyzer according to the manufacturer’s instructions. All of

the sequences were confirmed by dual-strand sequencing.

The nucleotide sequences of 50-UTR were proofread using

GENETYX software (Genetyx Corp., Japan). Phylogenetic

analysis was performed using the sequence spanning

nucleotide positions 135 to 354 in the BVDV SD-1 genome

[5], employing the neighbor-joining method as reported

previously [52]. The elucidated sequences of RK13 cell

line-origin viruses were compared to the reported type

strains in the GenBank database and used for phylogenetic

analysis.

Comparison of virus growth in cells of bovine

and rabbit origin

Confluent monolayers of MDBK-SY and primary RK cells

were inoculated in parallel with RK13/E?, RK13/E-,

No.12/E?, and No.12/E- strains at a multiplicity of

infection (MOI) of 0.01. After 90 min of absorption, cells

were washed twice with medium and maintained in fresh

medium at 37 �C in a humid incubator with 5 % CO2

Supernatants and cells were harvested at 24-hour intervals

post-inoculation (pi) for up to 6 days. The virus titer was

estimated by the END and interference methods for all

supernatant and intracellular phases as described above.

Rabbit infection

Two 2-month-old Japanese white rabbits (1.84 to 1.89 kg)

were housed in individual cages in an animal isolation

room. Both animals were confirmed to be seronegative for

BVDV before initial injection. One rabbit was injected

intravenously with 1 mL of RK13/E? virus (106.4TCID50/

mL), whereas the other received 1 mL of RK13/E- virus

(105.8TCID50/mL). Body temperature and clinical signs

were observed daily. On day 6 post-injection, blood sam-

ples were collected and mixed with EDTA for virus iso-

lation from white blood cells (WBC). After collecting

blood samples, both rabbits were necropsied, and their

visceral organs (spleen, mesenteric lymph nodes [MLN],

kidney, liver, and pancreas) were collected for virus iso-

lation. The rabbit infection experiment was performed in

accordance with guidelines of the Nippon Veterinary and

Life Science University Animal Care and Use Committee.

Results

Identification of a virus persistently infecting the RK13

cell line

When the RK13 cell line was obtained from an ATCC

distributor in Japan, virus isolation was carried out directly,

without cell passage, using RK13 cell line culture fluid.

When the culture supernatant was applied to MDBK-SY

cells, no CPE was observed for 7 days. The virus was

detected by the END method and identified as BVDV by

immune staining against BVDV-NS3 protein. Overall, the

isolated virus was identified as having the characteristics of

BVDV and of being END-phenomenon-positive, and was

named the parent RK13 strain of BVDV.

Kinetics of BVDV replication in the persistently

infected RK13 cell line

When the RK13 cell line was passaged 31 times (from the

89th to 120th passages) in 25-cm2 culture flasks, 0.5 mL of

culture fluid was collected at 5 days after cell seeding at

each passage and stored at -80 �C. After harvesting the

culture fluid, cells were trypsinized and subsequently pas-

saged to the next generation, at a dilution of 1:3. BVDV

was detected in culture fluid at each passage by the END

method. Virus was retained in culture fluid at a titer of

104.5±0.7 TCID50/mL over 31 subsequent passages (pas-

sages 89 to 120) of the RK13 cell line.

In addition, six consecutive passages (passages 89 to 94)

were used to confirm the infection with BVDV by immune

staining with an anti-NS3 monoclonal antibody (mAb).

Virus was detected in the extracellular and intracellular
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fractions from the RK13 cell line at a titer of 104.6±0.5

TCID50/mL at each passage (Fig. 1). To determine the

population of BVDV-positive cells during passage of the

RK13 cell line, the proportion of positively infected cells

was determined by immune staining with anti-NS3 mAb

over six subsequent passages (89th to 94th passages). The

average proportion of BVDV-positive cells was

71.9 ± 3.12 % through all six passages, as shown in Fig. 1.

Isolation of END- virus from the parent RK13 strain

using the RPF method

As mentioned above, the parent RK13 strain isolated from

the RK13 cell line showed the END phenomenon and

could be titrated by the END method, but not by the

interference method. The RPF method was used to examine

whether a small number of viruses showing the interfer-

ence phenomenon were mixed together in the virus stock of

the parent RK13 strain showing the END phenomenon.

Consequently, BVDV that does not show the END phe-

nomenon was isolated from the parent RK13 strain virus

stock. This virus showed the interference phenomenon

against VSV, but no CPE or END phenomenon in MDBK-

SY cells and primary BT cells. After four repeats of

cloning by limiting dilution using the interference method

with VSV, the stock virus was propagated in MDBK-SY

cells, reaching a titer of up to 106 TCID50/mL. This virus

was designated as the RK13/E- isolate of BVDV.

The major population of virus in the parent RK13 strain

was cloned four times by the limiting dilution technique

using the END method with MDBK-SY cells. The cloned

virus showed the END phenomenon, but no CPE or any

interference phenomenon with VSV. The virus titer

reached up to 108TCID50/mL in MDBK-SY cells. This

virus was named the RK13/E? isolate of BVDV.

Biological and genetic characteristics of RK13/E?

and RK13/E- strains

Both RK13/E- and RK13/E? strains showed the charac-

teristics of BVDV, such as the END phenomenon (negative

or positive) and the interference phenomenon (positive or

negative) and were also identified as BVDV by immune

staining using mAb against the BVDV NS3 protein. The

results of the serum neutralization tests are shown in

Table 1. Identical antigenicity profiles were observed with

the RK13/E? and RK13/E- strains; SN titers were 1,024

with homologous serum. However, RK13 cell line-origin

viruses demonstrated a significant difference in antigenic-

ity compared with other BVDV isolates, with a neutralizing

Nose (BVDV-1) antiserum titer of 256, compared with a

KZ91CP antiserum titer (BVDV-2) of \8.

The nucleotide sequences of the 50-UTRs of parent

RK13, RK13/E? (accession number: JX419398), and

RK13/E- (accession number: JX419397) strains were

determined and aligned. Within a 250-base region of the

50-UTR, the homology between all strains was 100 %.

A preliminary phylogenetic tree was created using the

nucleotide sequence of the RK13 cell line-origin strain and

16 BVDV previously reported strains from the GenBank

database (Fig. 2). As a result, RK13 cell line-origin viruses

were classified as BVDV genotype 1b, along with BVDV

CP7 (accession number; AF220247) with high homology

(96.7 %).

To analyze the genetic characteristics of RK13/E? and

RK13/E- strains, nucleotide sequences of the ORF were

determined, in addition to partial sequences of the 50- and

30-UTRs. The lengths of the sequences were similar

between the strains, with a length of 12,061 bp at positions

Fig. 1 Estimated titers of contaminant BVDV in supernatant and

cellular fractions of the RK13 cell line and proportion of BVDV-

positive cells. The x-axis indicates the passage number, while the left

y-axis indicates virus titer, expressed as log10 TCID50/mL. The solid

circle (d) and open circle (s) represent the viral titer in the

supernatant and cellular fraction, respectively. The solid square (j)

represents the proportion of NS3-positive cells expressed as a

percentage, as determined by immunostaining. The right y-axis

indicates the proportion of BVDV-positive cells, expressed as a

percentage

Table 1 Cross-neutralization test of RK13/E?, RK13/E-, cp-Nose

and cp-KZ91 viruses and RK13/E?, Nose, and KZ91 antisera

Virus BVDV antiseruma

RK13/E? Nose KZ91

RK13/E? 1,024 256 \8

RK13/E- 1,024 256 \8

cp-Nose 32 1,024 128

cp-KZ91 4 32 1,024

The values shown are the reciprocal of the highest dilution producing

complete neutralization
a Antiserum (rabbit) against each virus
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130-12,190 in the BVDV SD-1 strain (accession number

M96751). There was a single large ORF spanning 11,694

nucleotides, which could encode a large protein of 3,898

amino acids. There was no subgenomic RNA, nor was

there an insertion of a cellular RNA sequence or duplica-

tion of a viral sequence in the genome, which are charac-

teristic of the genomes of cytopathogenic BVDV strains.

There were differences at 12 nucleotide positions within

the ORF between the RK13/E? and RK13/E- strains, only

four of which resulted in amino acid differences: His130-

Pro in Npro, Val760Ala in E2, Val2086Ala in NS3, and

Lys3757Gln in NS5B (Table 2).

Comparison of virus growth in bovine- and rabbit-

origin cells

The virus titers of collected samples from MDBK-SY are

shown in Fig. 3A and B. The titers of RK13/E? and No.12/

E? strains were higher than those of their respective E-

counterparts, starting from 3 and 4 days pi (dpi), respec-

tively. Under the same conditions, only the RK13/E? and

RK13/E- strains exhibited the ability to grow in primary

RK cells, reaching titers of up to C104.3 and C103.8

TCID50/mL, respectively (Fig. 3C). Neither the No.12/E?

strain nor the No.12/E- strain was detectable in primary

RK cells. Both RK13 cell line-origin viruses plateaued

after 48 h, with virus maintenance gradually decreasing

thereafter. Moreover, each RK13 cell line-origin virus

exhibited a similar growth curve pattern in the supernatant

and cellular fractions of MDBK-SY and primary RK cells.

Furthermore, primary RK cells infected with RK13

parent, RK13/E?, RK13/E-, No.12/E?, and No.12/E-

strains underwent five subsequent passages, and culture

fluids were titrated. Only cells infected with parent RK13,

RK13/E?, and RK13/E- strains supported BVDV main-

tenance, while No.12/E? and No.12/E- strains were

undetectable (Fig. 3D).

Comparison of cell susceptibility to RK13 cell

line-origin viruses and No.12 viruses

At a starting titer of 105 TCID50/mL, RK13/E?, RK13/E-,

No.12/E?, and No.12/E- viruses were prepared in tenfold

dilutions and inoculated, in parallel, onto monolayers of

MDBK-SY, primary BT, and primary RK cells in 96-well

plates. Virus titers were determined in a similar manner by

the END and interference methods. Primary BT and RK

cells exhibited the greatest and second greatest sensitivity

for RK13/E? and RK13/E- strains, respectively, exceeding

that of MDBK-SY cells (Fig. 4). Similarly, primary BT

cells were also the most sensitive to infection by No.12/E?

and No.12/E- strains, exceeding that of MDBK-SY cells.

In contrast, primary RK cells showed a titer of up to 102.1

TCID50/mL for the No.12/E- strain, but nothing for the

No.12/E? strain (Fig. 4).

Recovery of virus from rabbits experimentally infected

with RK13/E? and RK13/E- strains

The detection of virus was demonstrated by RT-PCR and the

END and interference methods from rabbit samples inocu-

lated with the RK13/E? and RK13/E- strains, respectively

(Table 3). The RT-PCR results were positive for the presence

of virus in all organs of rabbits inoculated with the RK13/E?

strain, and all organs except for WBC of rabbits inoculated

with the RK13/E- strain. Alternately, viruses were detected

by the END method in spleen, MLN, and liver, but not in

kidney, pancreas, and WBC of samples infected with the

RK13/E? strain. The virus titer was approximately 102.1

TCID50/mL in all detected samples. Active viruses were

undetectable in all rabbit samples except for MLN infected

with the RK13/E- strain by the interference method.

Fig. 2 Phylogenetic analysis of the 50-UTR of RK13 strains:

Sequences of 12 strains of BVDV, 3 strains of CSFV, and 1 strain

of BDV. The phylogenetic tree was constructed by the neighbor-

joining method and bootstrap test (n = 500)

Table 2 Amino acid sequence differences between the RK13/E? and

RK13/E- strains

Virus Virus protein

Nproa E2 NS3 NS5B

130b 760 2086 3757

RK13/E? His Val Val Lys

RK13/E- Pro Ala Ala Gln

a Location within the virus genome where amino acid substitutions

were determined
b Position of the amino acid substitution, counting from the start

codon, corresponding to BVDV NADL (accession number M31182)
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Discussion

The RK13 cell line (ATCC) has been reported previously

to be persistently infected with BVDV [3, 17, 18, 43]. In

this study, we investigated BVDV quasispecies in the

RK13 cell line by means of active virus isolation and

analyzed their characteristics.

The BVDV isolated from the RK13 cell line showed the

END phenomenon and could be titrated by the END

method, but not by the interference method with VSV. This

indicated that the virus persistently propagating in the RK13

cell line is the only virus showing the END phenomenon,

but not the interference phenomenon. It was designated as

the parental RK13 strain of BVDV. Unlike previous reports

of BVDV contamination, which mostly focused on avoid-

ance of contamination and reported detectable traces of virus

RNA or defective particles [3], BVDV detected by the END

method in the RK13 cell line appears to have developed the

ability to grow in the RK13 cell line, which was demon-

strated throughout 31 passages, and stability in terms of

reproductive virus titer (104.5±0.7 TCID50/m) and proportion

of positively infected cells (71.9 ± 3.12 %).

At first glance, the parent RK13 virus did not appear to

contain any END- virus, while sharing the same END?

Fig. 3 Growth kinetics of BVDV/E? and BVDV/E- viruses in

MDBK-SY and RK cells. Titers of BVDV/E? and BVDV/E- were

estimated using MDBK-SY cells by the END and interference

method, respectively. The lowest estimated BVDV titer by either

method was 101.8 TCID50/mL. Extracellular and intracellular viruses

were harvested at 0, 1, 2, 3, 4, 5, and 6 days pi. The x-axis represents

the number of days of sample collection, whereas the y-axis

represents the virus titer expressed as log10 TCID50/mL.

(A) Growth curve of RK13/E? and E- strains inoculated at an MOI

of 0.01 onto MDBK-SY cell monolayers. The symbols d and s

represent RK13/E? titers in the supernatant and cellular fraction,

whereas . and D represent RK13/E- titers in the supernatant and

cellular fraction, respectively. (B) Growth curve of No.12/E? and E-

strains inoculated at an MOI of 0.01 onto MDBK-SY cell monolayers.

The symbols d and s represent No.12/E? titers in the supernatant

and cellular fraction, whereas . and D represent No.12/E- titers in

the supernatant and cellular fraction, respectively. (C) Growth curve

of RK13/E?, /E-, No.12/E? and /E- strains at an MOI of 0.01 in RK

cell monolayers. RK13 isolates demonstrated growth, as represented

by solid lines. The symbols d and s represent RK13/E? titers in the

supernatant and cellular fractions, whereas . and D represent RK13/

E- titers in supernatant and cellular fraction, respectively. Mean-

while, No.12/E? and /E- strains (represented by crossed and dotted

lines) were not detected by the conventional END and interference

method, respectively. (D) Persistence of parent RK13, RK13/E?,

RK13/E-, No.12/E?, and No.12/E- strains in RK cells over five

passages. The x-axis represents the passage number in RK cells. The

symbols j, d, and s represent the titers of parent Rk13, RK13/E?,

and RK13/E- strains in the supernatant of infected RK cells,

respectively. No.12/E? and No.12/E- strains, represented by crossed

and dotted lines, were not detected by conventional methods
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characteristics as END? virus. However, END- virus was

isolated from the parent RK13 virus by employing the RPF

method, a unique tool for the detection of active quasi-

species and isolation of a minor population of virus

showing intrinsic interference [13] from the major popu-

lation of virus showing the CPE or END phenomenon. This

result indicates that the END- virus most likely exists at

low levels within the parent RK13 virus stock. The END-

and END? viruses derived from parent RK13 virus were

named the RK13/E- and RK13/E? strain, respectively.

As shown in Table 1, an identical antigenicity profile

was observed between RK13/E? strains and RK13/E-

strains. However, both strains demonstrated a significant

difference in antigenicity compared with those of Nose

(genotype 1) and KZ91CP (genotype 2). The antigenicities

of Nose and KZ91CP strains were estimated as described

previously [48].

The nucleotide sequences of the 50-UTR in parent

RK13, RK13/E?, and RK13/E- strains were determined,

and phylogenetic analysis was performed. As a result, the

nucleotide sequences of the 50-UTRs of all of the strains

were found to be completely identical (100 % homology),

and all RK13 cell line-origin strains were classified as

BVDV1b, along with the BVDV Osloss and CP7 strains

(Fig. 2). Although there are clear biological differences

between the RK13/E? and RK13/E- isolates, these results

suggest that each quasispecies might be derived from the

same parental strain.

The conserved 50-UTR of pestivirus has been widely

used in studies in evolution, epidemiology, and taxonomy

[15, 23, 46]. From a phylogenetic analysis of 34 strains,

previously classified as BVDV1b, RK13 cell line-origin

strains were subdivided into the same cluster as Argen-

tinean and American field strains that were isolated in

outbreaks [23, 53], and they were distinct from the

Japanese isolates used in this study (data not shown).

Complete nucleotide sequences of the ORF region in

RK13/E? and RK13/E- strains were determined, and it

was found that the genome constructions of both strains

were consistent, with the characteristics of noncytopatho-

genic BVDV genomes. Although each strain had different

biological characteristics, surprisingly, only four amino

acid differences were discovered, located in Npro, E2, NS3,

and NS5B (Table 2). Substitutions were located in (1) Npro,

the BVDV autoprotease; (2) E2, an epitope region that

plays a significant role in mediating receptor binding and

virus entry, although both strains demonstrated similar

growth ability in rabbit cells; (3) NS3, a highly conserved

region in BVDV, responsible for helicase, protease and

RNase activity; and (4) NS5B, the region encoding the

RNA-dependent RNA polymerase. Of these, only the

substitution in Npro is expected to have a potential effect

Fig. 4 Susceptibility of MDBK-SY, BT and RK cells to BVDV

(RK13/E? and /E-, No.12/E? and /E- viruses). Virus titers were

determined by the END and interference method for BVDV/E? and

BVDV/E- viruses, respectively. The lowest estimated BVDV titer

detection limit, by either method, was 101.8 TCID50/mL. The y-axis

represents virus titer expressed as log10 TCID50/mL, whereas the

x-axis represents cell culture types. The order of cell sensitivity for

RK13 strains, from high to low, was BT, RK, and MDBK-SY cells.

RK cells were not susceptible to No.12/E?, whereas low sensitivity

(about 102.1TCID50/mL) was observed for No.12/E- virus

Table 3 Detection of RK13/E ? and RK13/E- in necropsied rabbit organs

Rabbit organ

Virus Method Spleen MLNc Kidney Liver Pancreas WBCd

RK13/E? PCR ? ? ? ? ? ?

ENDa ? ? - ? - -

RK13/E- PCR ? ? ? ? ? -

Interferenceb - ? - - - -

? Detection of virus, - Undetectable virus
a RK13/E? was detected and isolated by the END method
b RK13/E- was detected and isolated by the Interference method
c MLN: mesenteric lymph node
d WBC: white blood cells
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with regard to interference of heterologous viruses. Several

reports have shown that Npro can interfere with interferon-b
(IFN-b) synthesis by inducing proteasomal degradation of

INF regulatory factor 3 during CSFV and BVDV infection

[34–42]. In the case of CSFV, END? strains suppress the

induction of IFN in cell cultures, whereas END- strains

lose this ability, which may be attributed to Npro amino

acid substitutions at positions 112 and 136 [45]. Therefore,

one of the main differences between BVDV END? and

END- strains should be the latter strain’s ability to induce

interferon in cell cultures. We speculate that the key dif-

ference between the RK13 END? and END- strains,

located in the Npro region, may be similar to those observed

in CSFV strains, and further studies should therefore be

carried out.

Since BVDV can naturally infect ruminants and swine,

RK13 cells might have been contaminated with BVDV

present in biological materials that were used when cul-

turing the cells. Not only has a high rate of detection

(57 %) of pestivirus genes in FBS samples been reported,

but it has also been reported that infectious BVDV can be

isolated from commercially available FBS [26]. Therefore,

the results in this study support the hypotheses that BVDV

in FBS most likely (1) contaminated a rabbit kidney cell

line long before it was first reported [3], and (2) maintained

persistent infections in different host cell lines for more

than 20 years.

There appears to be evidence for the greater propagation

ability of the RK13/E? strain and the predominance of the

/E? quasispecies over its /E- counterpart. Inaba et al.

[19, 20] previously reported that most BVDV isolates are

END? viruses. The isolated RK13/ E? and RK13/E-

strains, replicating in MDBK-SY bovine-origin cell cul-

tures, demonstrated different growth curve patterns and

virus titers (Fig. 3A). The RK13/E? strain demonstrated

greater growth ability than the RK13/E- virus, which was

clearly evident after day 3 in a growth curve comparison, at

an MOI of 0.01. Moreover, inoculation of RK13/E? and

RK13/E- strains, at a 100-fold higher MOI of 1, onto

MDBK-SY and primary BT cells, in parallel, resulted in a

Ctenfold higher level of the RK13/E? strain than RK13/E-

strain after 1 dpi in all cells (data not shown). Additionally,

serving as controls, the level of the No.12/E? strain was

also higher than that of the No.12/E- strain in terms of

growth curves, which is yet another indicator of the greater

amplification ability of the BVDV-END? virus. All of

these results support the predominance of the END?

characteristic observed for parent RK13 virus, which may

be primarily due to the majority of RK13/E? quasispecies

in the virus population. They maintain different virus-cell

interactions, demonstrating the ability to make the infected

cell block homologous viruses only, or both homo- and

heterologous viruses.

It is known that there is a significant difference in the

growth abilities among BVDV in terms of their replication

in various cell types [38]. The ability of BVDV to enter and

replicate in vitro in cell cultures from different host species

is relatively or strictly limited [40, 41, 44]. Only RK13 cell

line-origin viruses, amongst the BVDV isolates examined

in this study (No.12/E? and No.12/E-, Nose/E? and Nose/

E-, and KZ91NCP/E?) demonstrated growth ability and

reproducibility in primary RK cells, and this may be an

indicator of their adaptability to rabbit cell culture in vitro.

It is possible that this adaptation occurred and was acquired

at the infection persistence stage during establishment of

the RK13 cell line. Fernelius et al. [12] managed to obtain

growth adaptability for BVDV (NADL and C24V) strains

after more than 10 passages in a mixture of human and

rabbit cells, but only after frequent passages in other cul-

tures. However, it is also possible that, amongst the BVDV

strains, such as No.12/E?, No.12/E-, Nose/E?, Nose/E-,

and KZ91NCP/E? strains, deemed unable to grow in rab-

bit-origin cultures, there might have been a very low titer.

A slight difference (B2-fold) between the RK13/E? and

RK13/E- strains was noted in the cell susceptibility test in

MDBK-SY and primary RK cells. This would indicate that,

although virus infectivity may be similar between the two

strains, there may be other factors inhibiting or limiting the

ability of RK13/E- virus to replicate to high levels.

To examine the infectivity of RK13 cell line-origin

viruses in rabbits, the RK13/E? and RK13/E- strains were

each used to infect a rabbit. The RT-PCR results were

positive for the presence of virus in all organ samples of the

rabbit inoculated with the RK13/ E? strain, and in all

organ/tissue samples except for WBC of the rabbit inocu-

lated with the RK13/E- strain. However, since only one

rabbit was used for each strain, the overall result is pre-

liminary. The results of this animal experiment have to be

viewed with caution, and future studies with more animals

are needed to confirm these preliminary results.

However, infectious viruses were detected by the END

method in spleen, MLN, and liver, but not in kidney and

pancreas, of the rabbit inoculated with the RK13/E? strain.

On the other hand, infectious viruses were not detected by

the interference method, except in the MLN, of the rabbit

inoculated with the RK13/E- strain. It has been confirmed

that the RK13/E? strain propagates well in rabbits, but the

RK13/E- strain does not propagate as well as in cell

culture.

In conclusion, RNA viruses have long been known to

adapt by producing quasispecies, and this phenomenon has

been utilized for decades in important biological applica-

tions such as the production of attenuated live-virus vac-

cines [16, 31]. Our results demonstrate that the BVDV

quasispecies detected in the RK13 cell line is not composed

of an individual variant with a single serological
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characteristic. Instead, the RK13 cell line contains RK13/

E? and RK13/E- strains, exhibiting different biological

properties such as END and interference phenomena and

virus-cell interactions but identical antigenicity and iden-

tical 50-UTR nucleotide sequences. These viruses are able

to replicate in vitro by transient and/or persistent infection

of rabbit cell cultures, unlike other BVDVs that have been

examined. Therefore, these quasispecies isolated from the

RK13 cell line, especially the RK13/E- strain, may pro-

vide key insights and have potential future use for the

process of generating a BVD-MD vaccine, perhaps in a

similar manner to the GPE- strain, which has been shown

to induce competent protection against classical swine

fever [39, 47, 49]. Further studies on these virus quasi-

species may also have benefit for elucidating the mecha-

nism behind the diversity of BVDV and development of a

live attenuated BVDV vaccine. In addition, The RPF

method might be useful as a tool for the detection of an

active minor population of viruses when researching

quasispecies of not only pestiviruses but also other RNA

viruses such as dengue virus [29] and other viruses in the

genus Flavivirus.
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