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Bovine viral diarrhea virus (BVDV), strain NADL, was originally isolated from an animal with fatal mucosal
disease. This isolate is cytopathic in cell culture and produces two forms of NS3-containing proteins: uncleaved
NS2-3 and mature NS3. For BVDV NADL, the production of NS3, a characteristic of cytopathic BVDV strains,
is believed to be a consequence of an in-frame insertion of a 270-nucleotide cellular mRNA sequence (called
cIns) in the NS2 coding region. In this study, we constructed a stable full-length cDNA copy of BVDV NADL
in a low-copy-number plasmid vector. As assayed by transfection of MDBK cells, uncapped RNAs transcribed
from this template were highly infectious (>105 PFU/mg). The recovered virus was similar in plaque mor-
phology, growth properties, polyprotein processing, and cytopathogenicity to the BVDV NADL parent. Deletion
of cIns abolished processing at the NS2/NS3 site and produced a virus that was no longer cytopathic for MDBK
cells. This deletion did not affect the efficiency of infectious virus production or viral protein production, but
it reduced the level of virus-specific RNA synthesis and accumulation. Thus, cIns not only modulates NS3
production but also upregulates RNA replication relative to an isogenic noncytopathic derivative lacking the
insert. These results raise the possibility of a linkage between enhanced BVDV NADL RNA replication and
virus-induced cytopathogenicity.

Bovine viral diarrhea virus (BVDV), classical swine fever
virus (CSFV), and border disease virus are members of the
pestivirus genus, a group of important animal pathogens in the
family Flaviviridae (24, 32). The spread and maintenance of
BVDV in cattle involves two kinds of infections (1, 32). Most
infections are acute and self-limiting, with effective clearance
of the virus. In contrast, infection of pregnant animals early in
gestation can lead to efficient transplacental transmission of
the virus to the fetus and birth of a persistently infected,
BVDV-immunotolerant calf. Such animals are the main res-
ervoir for BVDV, shedding virus for the life of the animal.
Sporadically, these animals develop a uniformly fatal pathol-
ogy called mucosal disease (MD). Two types of BVDV, distin-
guishable by their ability to cause cytopathic effect (CPE) in
cell culture, can be isolated from animals with MD. Strains
responsible for establishing persistent infections are typically
noncytopathic (non-CP), whereas both non-CP and CP strains
can be isolated from animals exhibiting MD. Considerable
data suggest that CP strains are derived from non-CP strains by
rare RNA recombination events (17).

The typical non-CP pestivirus genome is approximately 12.5
kb in length and consists of a 59 nontranslated region (NTR),
a single open reading frame encoding all viral polypeptides,
and a nonpolyadenylated 39 NTR (17). Uncapped pestivirus
mRNA is translated via internal initiation (23, 26) to produce
a polyprotein that is cleaved into 11 to 12 polypeptides by host
and viral proteases (17). The first protein, Npro, possesses an

autoproteolytic activity responsible for cleavage at its own C
terminus. Downstream cleavages producing the structural
components of the virion, C, Erns, E1, and E2, are mediated
mainly by cellular signal peptidase (although the enzyme re-
sponsible for cleavage at the Erns/E1 junction has not been
defined). The nonstructural (NS) portion of the polyprotein is
processed at four sites (3/4A, 4A/4B, 4B/5A, and 5A/5B) by a
BVDV-encoded serine protease activity (29, 35, 36). The cat-
alytic domain of this enzyme resides in the NS3 region and
requires the NS4A protein as a cofactor for cleavage of at least
two sites (4B/5A and 5A/5B) (36).

Surprisingly, processing of the NS2-3 region differs between
non-CP and CP BVDV isolates (see reference 17 for a review).
Cleavage at the NS2/NS3 junction is not observed for non-CP
BVDV. In contrast, a discrete NS3 protein is observed for all
CP BVDV strains studied to date (10, 11). Depending on the
CP isolate, processing at the NS2/NS3 junction is accomplished
by several different strategies, but most appear to involve RNA
recombinational events. These observations have led to the
hypothesis that MD pathogenesis is linked to the generation of
CP BVDV and, in particular, to the recombination events
which lead to NS3 production. RNA recombination events
linked to NS3 production include duplication and rearrange-
ment of pestivirus sequences, insertion of cellular sequences,
and large in-frame deletions resulting in subgenomic defective
interfering (DI) RNAs (see reference 17 for a review). For
some CP isolates, the mechanism by which NS3 is produced is
clear. In several strains, in-frame insertion of cellular ubiquitin
(Ub) sequences adjacent to the NS3 N terminus provides a
processing site for cellular Ub carboxyl-terminal hydrolase. In
other cases, a duplicated Npro autoprotease sequence fused to
NS3 mediates the cleavage producing the NS3 N terminus.
Recently, subgenomic (;7.5-kb) CP BVDV DI RNAs with
large in-frame deletions were identified (14, 31). These CP DI
RNAs require a non-CP helper virus for spread and/or repli-
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cation. For CP9, the sequences encompassing the coding re-
gion of C through NS2 have been deleted such that Npro is
fused directly to NS3 (31). In CP13, two deletions have re-
sulted in the fusion of 13 Npro residues and 10 E1 residues to
NS3, with the NS3 N terminus truncated by five residues rel-
ative to the Ub- and Npro-NS3 fusion junctions (14). A CP DI
RNA for CSFV in which all sequences between the methionine
initiating the open reading frame and NS3 have been deleted
has also been identified (18–20).

For two CP strains, CP7 and NADL, the mechanism(s) by
which NS3 is produced remains obscure. Both isolates contain
insertions in the NS2 region, apparently upstream of the NS2/
NS3 (2/3) cleavage site. For CP7, the insertion is a duplicated
viral sequence of 27 nucleotides which somehow promotes
processing at the 2/3 site, NS3 production, and cytopathoge-
nicity in cell culture (16, 30). In the case of the American
prototype CP BVDV strain, NADL, the insert is a 270-base
portion of a bovine mRNA of unknown function (called cIns
[cellular insertion]) that results in an in-frame insertion of 90
amino acid residues.

To investigate the mechanism of NS3 production and cyto-
pathogenicity by BVDV NADL, we constructed a stable, func-
tional cDNA clone for this virus. Using this clone, we have
gone on to engineer an isogenic derivative in which cIns has
been deleted. Virus production, NS2-3 protein processing, ac-
cumulation of virus-specific proteins and RNA, and cytopatho-
genicity were then assessed. Our results indicate that cIns is
necessary for NS3 production and the CP phenotype.

MATERIALS AND METHODS

Cells and viruses. MDBK cells were propagated in Dulbecco’s modified min-
imal essential medium (DMEM) supplemented with sodium pyruvate and heat-
inactivated 10% horse serum (HS). Cells were maintained at 37°C with 5% CO2.

The NADL strain of BVDV was obtained from the American Type Culture
Collection, plaque purified, and amplified by growth in MDBK cells. For infec-
tion of MDBK cells, virus dilutions made in DMEM-HS were adsorbed for 1 h
at 37°C; then the inoculum was removed and replaced with fresh DMEM-HS.
Cultures were incubated at 37°C for 48 h, or until CPE was observed. Virus
stocks were prepared by three freeze-thaw cycles of cells in their culture medium
and clarified by centrifugation at 1,000 3 g for 5 min.

BVDV plaque and focus-forming assays. MDBK cells (70 to 80% confluent)
were infected with 10-fold dilutions of virus as described above. Following 1 h of
adsorption at 37°C, cells were washed once with DMEM, overlaid with 1.5%
low-melting-point (LMP) agarose (Gibco-BRL) in MEM containing 5% HS, and
incubated at 37°C. To assay for plaque-forming virus, after 3 days monolayers
were fixed with 3.7% formaldehyde for 2 h at room temperature, the agarose
plugs were removed, and the monolayers were stained with crystal violet (25).
Foci produced by non-CP BVDV were visualized by immunostaining. After
fixation with formaldehyde, agarose plugs were removed, and cells were perme-
abilized with Triton X-100 (0.25% in phosphate-buffered saline [PBS]) for 10
min, washed once with PBS, and then incubated with a bovine polyclonal anti-
BVDV serum (a49; 1/1,000 dilution in PBS) (5) for 1.5 h. Monolayers were
washed two times with PBS, incubated with peroxidase-conjugated rabbit anti-
bovine immunoglobulin (1/1,000 dilution in PBS; catalog no. A-5295; Sigma
Chemical Co.). After 1.5 h, excess second antibody was removed by washing the
monolayer two times with PBS, and foci of BVDV-specific antigens were visu-
alized by using the peroxidase substrate 3-amino-9-ethylcarbazole (catalog no.
A-5754; Sigma).

Construction of a full-length BVDV NADL cDNA clone in a low-copy-number
plasmid. Initial attempts to assemble stable full-length BVDV NADL cDNA
clones in medium-copy-number pBR322-derived vectors were unsuccessful. By
using the low-copy-number plasmid vector pACNR1180 (27), standard recom-
binant DNA techniques and a series of intermediate plasmids were used to
successfully assemble a full-length functional clone, called pACNR/NADL. De-
tails of the assembly steps are available upon request. The salient features of the
plasmid include a T7 promoter sequence fused to the BVDV 59 terminus and the
full-length BVDV cDNA sequence followed by an engineered Sse8387I site for
production of runoff RNA transcripts corresponding to the precise BVDV ge-
nome RNA 39 terminus. The T7-59 and 39-Sse8387I junction sequences are
shown in Fig. 1. The clone was assembled by using previously constructed and
sequenced NADL cDNA clones (5, 6, 35) or synthetic oligonucleotides and PCR
(59 and 39 ends and an internal region to correct a single-base deletion at
nucleotide 2702) (2). These regions and the clones from which they were derived
include 1 to 223 (pBV-B55; by PCR), 224 to 1291 (pBV-18; XhoI-MscI frag-

ment), 1292 to 2479 (pBV-116b; MscI-EcoRI), 2480 to 2826 (reverse transcrip-
tion-PCR [RT-PCR] of NADL RNA; EcoRI-RsrII), 2827 to 3200 (pBV-116b;
RsrII-MscI), 3201 to 4175 (pBV-D79; MscI-MunI), 4176 to 5173 (pBV-F2; MunI-
EcoRV), 5174 to 12537 (pBV-SD2-39; EcoRV-AatII), and 12538 to 12578 (pBV-
C37; by PCR). Regions amplified by PCR were verified by sequence analysis. At
nucleotide position 2653, a G residue was found in multiple independent clones
instead of the previously reported A residue (6). This change is silent and was
present in the BVDV NADL RNA preparation used for RT-PCR, as shown by
direct sequencing of the PCR product. The full-length BVDV cDNA is posi-
tioned (sense orientation) in the pACNR-DraIII2 backbone (created by filling in
the unique DraIII site in pACNR1180 and religating) between the AatII and
XhoI sites in the polylinker (which were treated with T4 DNA polymerase prior
to cloning).

We consistently found that bacterial colonies harboring the correct full-length
plasmid were tiny and required 18 to 20 h to become visible. Of several bacterial
hosts analyzed (see Results), Escherichia coli SURE cells (Stratagene) were most
reliable for pACNR/NADL propagation. This host was therefore used for sub-
sequent plasmid constructions. Large-scale DNA preparations were obtained
from bacterial cultures grown in Terrific broth with carbenicillin (28), and plas-
mids were purified either by CsCl banding or by using Nucleobond AX columns
(catalog no. 740-574; The Nest Group).

pACNR/cIns2NADL derivative. This deletion construct was produced by using
specific oligonucleotide pairs (Table 1) (based on the BVDV/NADL nucleotide
sequence [6]) to PCR amplify subregions of pACNR/NADL and produce a
convenient restriction site at or near the deletion breakpoint. These junctions are
detailed in Fig. 1B. Fragments were then subcloned into pACNR/NADL to
produce the desired deletion mutants. All regions amplified by PCR were veri-
fied by sequence analysis.

For pACNR/cIns2NADL, in which the cIns sequence between nucleotides
4994 and 5263 was deleted, oligonucleotides 343 and 346 were used to amplify
the 4509–4993 region; oligonucleotides 345 and 344 were used to amplify the
5264–5835 region. Oligonucleotides 345 and 346 contained silent nucleotide
changes (underlined in Fig. 1B) to create an ApaI site at the deletion breakpoint.
PCR-amplified fragments were digested with ApaI, ligated with T4 DNA ligase,
digested with BglII, purified by separation on an LMP agarose gel, and cloned
into BglII-digested pACNR/NADL that had been treated with calf intestinal
alkaline phosphatase. Potentially correct clones were first identified by super-
coiled plasmid size (28) and then by digestion with appropriate restriction en-
zymes and finally were verified by sequence analysis.

Standard in vitro transcription reaction. pACNR/NADL or pACNR/
cIns2NADL were digested to completion with Sse8387I, extracted with phenol
and then chloroform, and precipitated with ethanol. One microgram of linear-
ized plasmid DNA was transcribed in 20 ml, using the T7-MEGAscript kit
(Ambion) with 0.5 mCi of added [3H]UTP (Dupont). Reaction mixtures were
incubated at 37°C for 2 h in the absence of the cap analog. After transcription,
the template DNA was degraded by using DNase I (2 U per 20-ml reaction; 37°C
for 20 min) followed by extraction and precipitation as described above. RNAs
were quantified on the basis of [3H]UTP incorporation and resuspended at a
concentration of 2 mg/ml. The fraction of full-length RNA transcripts was
checked by agarose gel electrophoresis, and aliquots for transfection were stored
at 280°C.

Transfection of MDBK cells. MDBK cells (70 to 80% confluent) were
trypsinized, washed three times with ice-cold RNase-free PBS, and resuspended
at 2 3 107 cells/ml in PBS. Unless otherwise indicated, 1 to 5 mg of transcribed
RNA was mixed with 0.4 ml of the cell suspension and immediately pulsed with
a Bio-Rad Gene Pulser (1.5 kV, 25 mF, infinite resistance, 2 pulses) or a BTX
ElectroSquarePorator (0.9 kV, 99-ms pulse length, 10 pulses). The electropo-
rated mixture was diluted with 10 ml of DMEM-HS. Depending on the particular
experiment, samples were diluted further and plated in multiple wells or tissue
culture dishes. An infectious center assay (12), with slight modifications, was
used to quantify RNA specific infectivity. Tenfold dilutions of electroporated
MDBK cells (in DMEM-HS) were plated (2 ml per 35-mm-diameter well) on
monolayers of MDBK cells grown to 50 to 60% confluence. To permit recovery
and attachment of the electroporated cells, plates were incubated for 4 h at 37°C,
after which the medium was replaced with a 1.5% LMP agarose overlay as
described above. Plates were incubated for 3 days at 37°C, and infectious centers
were visualized and counted by staining for plaques or foci as described above.

Radioimmunoprecipitation and SDS-PAGE. Rabbit polyclonal antiserum spe-
cific for BVDV NS3 (G40) or bovine anti-BVDV antiserum (a49) have been
described elsewhere (5, 7). Depending on the antiserum, sodium dodecyl sulfate
(SDS) (G40)- or Triton X-100 (a49)-solubilized cell lysates were used for im-
munoprecipitations. Following labeling of MDBK cells, the medium was re-
moved, cells were washed twice with ice-cold PBS, and cell extracts were pre-
pared by lysis (0.3 ml per 35-mm-diameter well) with either 0.5% SDS or 0.5%
Triton X-100 in TNE (50 mM Tris-Cl [pH 7.5], 1 mM EDTA, 0.15 M NaCl, 20
mg of phenylmethylsulfonyl fluoride). SDS-solubilized lysates were sheared,
heated to 75°C for 10 min, and clarified by centrifugation at 12,000 3 g for 10
min. Triton X-100-solubilized lysates were also clarified. Clarified lysates were
diluted 1:5 in TNE containing 0.5% Triton X-100, 2.5 ml (G40) or 5 ml (a49) of
antiserum was added, and then the mixture was incubated overnight at 4°C with
rocking. Protein A-agarose (Sigma), washed five times with TNE containing
0.1% Triton X-100, was added, and incubation was continued for 2 h at 4°C.
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Immunoprecipitates were washed three times with the same solution and then
finally once with TNE lacking Triton X-100. Washed immunoprecipitates were
resuspended in Laemmli sample buffer, heated to 85°C for 10 min, and centri-
fuged at 12,000 3 g for 1 min. Immunoprecipitated proteins were separated by
SDS-polyacrylamide gel electrophoresis (PAGE) on an 8% polyacrylamide gel
and visualized by fluorography (15).

Analysis of the cIns genetic marker. Virus (culture media and freeze-thaw
lysates) from ACNR/cIns-NADL- and control virus-infected MDBK cells was
treated with 2 U of DNase I (RQI; Promega) and 1 mg of RNase A (catalog no.
1119915; Boehringer) for 30 min at 37°C and then used for infection of MDBK
cells. Multiple sequential passages were conducted in duplicate, using these
conditions. At each passage, RNA was obtained from the infected cells of one
sample by using the RNAzol method as instructed by the manufacturer (Tel-
Test, Inc.). RNA samples were used for RT-PCR with oligonucleotides 353 and
344 (Table 1). Amplified PCR products were extracted with phenol-chloroform
and precipitated with ethanol before restriction enzyme digestion with ApaI or
other enzymes. Passaged samples of wild-type (wt) BVDV/NADL and ACNR/
NADL were used as controls for the absence of the ApaI site and presence of
cIns.

Western blotting. SDS-solubilized MDBK cell lysates were separated by SDS-
PAGE (10% gel) and transferred to Immobilon P nitrocellulose membranes by
using the semidry Multiphor II Nova blot system (LKB). The membranes were
then stained for 90 s with 0.25% (wt/vol) fast green FCF in 10% acetic acid and
then destained for 10 min in 10% acetic acid. Nonspecific binding sites were
blocked overnight at 4°C with 5% milk in 20 mM Tris-Cl–137 mM NaCl–0.1%
Tween 20, pH 7.6 (TBS-T). All following serum dilutions and washing steps were
carried out in TBS-T. The membranes were incubated for 1 h at room temper-
ature with primary rabbit polyclonal antisera specific for BVDV NS3 (G40) and
E2 (D31) (5, 7) diluted 1/400 each, ensuring antibody saturation (data not
shown), followed by a secondary horseradish peroxidase-conjugated goat anti-
rabbit serum. Extensive wash steps were performed before primary and second-

FIG. 1. Diagram of plasmid pACNR/NADL, sequences surrounding transcription initiation and runoff sites, and engineered pACNR/NADL derivatives. (A)
pACNR/NADL (15,016 bp) with the BVDV cDNA insert and the positions of BVDV-encoded polyprotein cleavage products are indicated. The Npro autoproteinase
(checkered box), the cellular sequence insert (cIns; solid box), and serine proteinase domain (hatched box) are highlighted. Also shown are restriction sites used for
subsequent constructions (positions are given in the NADL nucleotide sequence) and production of runoff RNA transcripts (Sse8387I). Sequences shown below include
the T7 promoter (lowercase, underlined), the T7 transcription start site (arrow), the 59- and 39-terminal BVDV cDNA sequences (positive sense; uppercase), and the
Sse8387I runoff site (shaded). (B) Structures of RNAs transcribed from pACNR/NADL (top) and pACNR/cIns2NADL (below). 59 and 39 NTRs are indicated by lines,
and polyprotein cleavage products are represented by boxes. Processing sites for Npro (curved arrow), signal peptidase (solid diamonds), the serine proteinase (double
arrows), and unidentified proteinases (question marks) are also shown. For the cIns2 deletion mutant, the parental (upper staggered sequences) and mutant (below)
nucleotide and amino acid sequences at the deletion breakpoints are shown. Silent nucleotide changes (underlined) were used to create a novel ApaI restriction site
(shaded) to facilitate plasmid constructions and to serve as a convenient marker for distinguishing between each mutant and the parent.

TABLE 1. Oligonucleotides used for construction of
pACNR/NADL, pACNR/cIns2NADL, and RT-PCR analyses

Oligonucleotide NADL nucleotide
position Sense

183a 1–27
343 4509–4531 1
344 5810–5835 2
345 4980-4993/5264-5287b 1
346 4974-4993/5264-5276b 2
353 4754–4774 1

a Consists of a 59 XbaI restriction enzyme recognition sequence and the T7
promoter, followed by BVDV NADL nucleotides 1 to 27.

b Mutations relative to the BVDV NADL sequence are noted in Fig. 1B.
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ary antibodies and prior to detection with SuperSignal chemiluminescent sub-
strate (Pierce) and exposure to X-ray film.

Northern blotting. Total RNA was extracted from MDBK cells by using
TRIZOL reagent (Gibco-BRL). Northern blotting and hybridization was per-
formed essentially as described by Sambrook et al. (28). RNA from 106 cells was
denatured with glyoxal for 1 h at 50°C, separated by sodium phosphate-buffered
1% agarose gel electrophoresis, and blotted overnight onto positively charged
nylon membranes (Boehringer Mannheim), using the TurboBlotter system
(Schleicher & Schuell) and alkaline transfer buffer (3 M NaCl, 8 mM NaOH).
The membranes were then washed with 0.2 M sodium phosphate (pH 7.0), and
the RNA was cross-linked by irradiation with a 254-nm light source (Stratalinker
UV cross-linker; Stratagene). A 32P-labeled antisense RNA probe hybridizing to
nucleotides 5413 to 5648 of the NADL genome was transcribed in vitro from the
BamHI-linearized cDNA clone pGEM-3Zf(1)/NADLDcIns-Bgl, which was con-
structed by inserting the 790-bp BglII fragment of pNADL/cIns2NADL into the
BamHI site of pGEM-3Zf(1). One microgram of DNA was transcribed with SP6
polymerase in the presence of 0.5 mM each ATP, GTP, and CTP, 12.5 mM UTP,
and 3.12 mM [a-32P]UTP (800 Ci/mmol; Amersham). After treatment with
DNase I, the RNA was purified from unincorporated ribonucleoside triphos-
phates using a Quick Spin G-50 Sephadex column (Boehringer Mannheim). The
membrane was incubated in a Hybaid hybridization oven at 60°C for 5 h in
prehybridization/hybridization solution (53 SSPE [13 SSPE is 0.18 M NaCl, 10
mM NaH2PO4, and 1 mM EDTA {pH 7.7}], 53 Denhardt’s reagent, 0.5% SDS,
100 mg of denatured salmon sperm DNA per ml, 50 mg of yeast tRNA per ml,
50% formamide), followed by overnight incubation at 60°C in fresh hybridization
solution supplemented with 2 3 107 cpm of labeled probe. The blot was then
washed at 65°C three times for 30 min each with 13 SSPE–0.5% SDS and once
for 30 min with 0.13 SSPE–0.5% SDS. Bands were visualized by X-ray autora-
diography and quantified with a Molecular Imager (Bio-Rad Laboratories).

Metabolic labeling of viral RNA. For [32P]orthophosphate incorporation, in-
fected MDBK cells were cultured in phosphate-free DMEM supplemented with
2% heat-inactivated HS. Five hours postinfection, the cells were treated with
dactinomycin (2 mg/ml) for 1 h prior to addition of [32P]orthophosphate (200
mCi/ml; ICN Pharmaceuticals, Inc.). Total RNA was harvested at 12 and 18 h
postinfection, using TRIZOL reagent. RNA from 7 3 104 cells was denatured
with glyoxal and separated by agarose gel electrophoresis as described above.
The gel was then fixed with methanol and dried, and RNA was visualized and
quantified as described above.

RESULTS

Construction of a full-length functional clone of BVDV
NADL in low-copy-number plasmid pACNR1180. Initial at-
tempts to assemble stable full-length BVDV NADL cDNA
clones in high- or medium-copy-plasmid vectors failed. Finally,
low-copy-number vector pACNR1180, which had been used
for stable propagation of full-length CSFV cDNA clones (27),
was successfully employed. pACNR/NADL contains a T7 pro-
moter, the full-length BVDV NADL cDNA reconstructed
from previously sequenced overlapping cDNA clones (6) or
RT-PCR products, and a unique 39 Sse8387I site for produc-
tion of runoff RNA transcripts (see Materials and Methods)
(Fig. 1). T7 polymerase transcription of Sse8387I-linearized
pACNR/NADL template DNA produced RNA transcripts in-
fectious for MDBK cells, as shown in Table 2. Cap analog was
not included in transcription reactions since pestivirus RNAs
are believed to be uncapped (4, 19, 27); in fact, capping of in
vitro-transcribed CSFV RNA actually reduced specific infec-
tivity about 10-fold (27). Optimized electroporation conditions
yielded .105 PFU/mg of RNA transcript. Template DNA
alone was not infectious, but intact template was required
during transcription since DNase treatment abolished infectiv-
ity. After transcription, treatment with DNase had no effect
whereas RNase treatment abolished infectivity of transcribed
RNAs. These results establish that infectivity was derived by
transcription of RNA from the full-length BVDV cDNA tem-
plate. Typical virus yields harvested from the culture superna-
tant and cells (by freeze-thaw cycles) at 36 h were 3 3 106 to
107 PFU/ml. The resulting virus was neutralized by BVDV-
specific antiserum, as demonstrated by both plaque and CPE
reduction (data not shown).

It should be noted that even in the pACNR1180 backbone,
bacterial colonies harboring the full-length NADL cDNA were

tiny, appearing on semisolid media only after 18 to 20 h at
37°C. The deleterious effects of long pestivirus cDNAs and
full-length clones during propagation in E. coli have been
noted previously (21, 27, 34). Since future genetic analyses
depended on having a reliable NADL molecular clone for
manipulation, we investigated the stability of pACNR/NADL
in several bacterial hosts, including E. coli MC1061, ABLE-K,
ABLE-C, XL1-Blue, and SURE cells. Plasmid DNA from our
initial infectious clone was used to transform each of these
strains. We monitored colony size, gross plasmid structure by
restriction analysis, and the specific infectivity of transcribed
RNAs. Among the host strains analyzed, MC1061, ABLE-K,
and ABLE-C yielded heterogeneous mixtures of colony sizes.
DNA from the larger colonies often showed evidence of de-
leted or rearranged sequences and no longer yielded infectious
RNA transcripts. In contrast, transformation of XL1-Blue and
SURE cells produced relatively uniform populations of small
colonies, with no evidence of DNA rearrangement, and yielded
transcribed RNAs with consistently high specific infectivities
(data not shown). SURE cells proved slightly better (faster
colony growth and higher specific infectivity RNA) and were
used for all subsequent DNA manipulations.

Comparison of virus derived from pACNR/NADL to paren-
tal BVDV NADL. As shown in Fig. 2A, plaques on MDBK cells
produced by transfection with RNA transcribed from pACNR/
NADL were homogeneous and similar to the BVDV NADL
parental virus originally used for cDNA cloning. Similar results
were obtained in plaque assays using virus harvested from cells
transfected with pACNR/NADL transcript RNA (called
ACNR/NADL) or infected with the NADL parent (data not
shown). Growth properties of ACNR/NADL and the parent
were compared after infection of MDBK cells at both low (0.1
PFU/cell) and high (1.0 PFU/cell) multiplicity of infection
(MOI). As is apparent from the experiment shown in Fig. 2B,
the kinetics of replication and the yield of infectious virus were
similar for ACNR/NADL and the parental virus at both MOIs.
The patterns of viral proteins were also compared by metabolic
labeling between 20 and 24 h postinfection and immunopre-
cipitation with a BVDV-specific polyclonal antiserum (Fig.
2C). Identical patterns of virus-specific proteins were observed
for both ACNR/NADL and the parent. Proteins indicated in
Fig. 2C were identified not only by size but also by immuno-
reactivity with a panel of region-specific antisera (reference 36

TABLE 2. Specific infectivity of in vitro RNA transcripts generated
from pACNR/NADLa

Material used to transfect
MDBK cells

Expt 1,
yieldb

(PFU)

Expt 2

Yieldb

(PFU)
Virus recoveredc

(PFU/ml)

DNA linearized with Sse8387I 0 0 0

Transcription reaction
Complete NDd 2.3 3 105 6.7 3 106

DNase during 0 0 0
DNase after 2.5 3 105 2.9 3 105 3.9 3 106

RNase after 0 0 0

a One microgram of pACNR/NADL linearized with Sse8387I was used for
transcription either in the presence or in the absence of DNase I. Following
synthesis, some transcription reactions were treated with DNase I or RNase A
for 20 min at 37°C. After these treatments, samples were used to electroporate
MDBK cells and infectious centers were determined as described in Materials
and Methods.

b Data are expressed in PFU per microgram of RNA or input DNA.
c Viral titer harvested 36 h postelectroporation.
d ND, not determined.
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and data not shown). Of note was the uncleaved NS2-3 species
migrating at 125 kDa and the prominent 80-kDa NS3 cleavage
product, which are characteristic of CP BVDV strains. The
similar plaque morphology, cytopathogenicity, growth proper-
ties, and polyprotein processing patterns of ACNR/NADL and
the BVDV NADL parent validated the use of pACNR/NADL
for future molecular genetic studies.

Deletion of cIns abrogates processing at the 2/3 site and NS3
production, and produces replication-competent, non-CP
BVDV. Genome rearrangements and/or inserted sequences in
CP isolates appear to be linked to processing at the 2/3 site,
NS3 production, and cytopathogenicity. Although this hypoth-
esis is supported by sequence comparisons of non-CP/CP pairs
(17), it has been rigorously tested for only one CP isolate, CP7
(16, 30) (see Discussion). To address this for the NADL strain,
we constructed pACNR/cIns2NADL in which the 270-base
cIns was deleted. At the deletion breakpoint, two silent nucle-
otide changes were introduced to create a novel ApaI restric-
tion site, which was used as an additional genetic marker for
the deletion mutant (Fig. 1; see also Materials and Methods).

Transfection of MDBK cells with RNA transcripts from
linearized pACNR/cIns2NADL template DNA did not induce
CPE after 5 days at 37°C, and these cells looked similar to
mock-transfected control monolayers. In contrast, RNA tran-
scribed from pACNR/NADL induced CPE after 24 h (data not

shown). We could, however, readily detect ACNR/cIns2NADL
replication by immunostaining of foci by using a polyclonal
anti-BVDV antiserum (Fig. 3A). Using an infectious center
assay for electroporated MDBK cells (see Materials and Meth-
ods) and this immunostaining protocol, we determined that
RNA transcripts from pACNR/cIns2NADL had a specific in-
fectivity approaching that of pACNR/NADL (;8 3 104 focus-
forming units [FFU] per mg of RNA). Low- and high-multi-
plicity infection comparisons of ACNR/cIns2NADL and
ACNR/NADL (Fig. 3B) revealed similar growth kinetics and
virus yields, with the non-CP derivative showing slightly faster
replication and higher cumulative virus titers, which ap-
proached 107 FFU/ml. As seen in Fig. 3C, ACNR/cIns2NADL
did not induce CPE in cultures even at 50 h postinfection,
when peak titers were reached, in contrast to ACNR/NADL
and wt BVDV NADL, which had caused dramatic CPE by this
time.

To confirm the genomic structure of ACNR/cIns2NADL,
we serially passaged the virus in MDBK cells, each time incu-
bating the resulting virus with RNase and DNase to avoid
carryover of input transcript RNA and plasmid template DNA.
Total cellular RNA, isolated at each passage, was used for
amplification of a NS2-3 subregion that included the cIns lo-
cus, and the resulting fragments were analyzed by agarose gel
electrophoresis, either with or without digestion with ApaI

FIG. 2. Comparison of virus derived from pACNR/NADL and wt BVDV NADL. (A) Plaques were visualized by crystal violet staining at 3 days postinfection
(NADL) or post-RNA transfection (ACNR/NADL) as described in Materials and Methods. The mock-transfected monolayer was treated the same as the transfected
monolayer except that no RNA was present in the transfection mixture. (B) MDBK cells were infected with either wt NADL or ACNR/NADL at an MOI (as
determined on MDBK monolayers) of either 0.1 or 1 PFU/cell, washed, and harvested at the indicated times postinfection. Titers were determined by plaque assay
on MDBK monolayers as described in Materials and Methods. (C) MDBK cells were mock infected or infected with wt NADL or ACNR/NADL at an MOI of 1
PFU/cell. At 20 h postinfection, proteins were labeled for 4 h with Expre35S35S label (NEN) and lysed, and BVDV-specific proteins were immunoprecipitated with a
polyclonal anti-BVDV serum (a49). Proteins were separated by SDS-PAGE (8% gel) and visualized by fluorography. Molecular mass markers are indicated at the left;
BVDV-specific proteins, identified by size and, in some cases, by immunoreactivity with region-specific antisera (data not shown), are indicated at the right.
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(Fig. 4). As shown in Fig. 4, amplification of this region for the
NADL parent and ACNR/NADL produced a fragment of
1,082 bp (Fig. 4A) that was resistant to digestion by ApaI (Fig.
4B, lanes 5 to 8). In contrast, amplification of both early (pas-
sage 1)- and late (passage 4)-passage RNA from ACNR/
cIns2NADL yielded the expected smaller 812-bp fragment
that was susceptible to digestion by ApaI (Fig. 4B, lanes 1 to 4).

To examine protein processing in the NS2-3 region, MDBK
cells were infected with the NADL parent (ACNR/NADL) or
ACNR/cIns2NADL and metabolically radiolabeled, and the

NS3-related proteins were immunoprecipitated with an NS3-
specific polyclonal rabbit antiserum. As shown in Fig. 5, both
NS2-3 and NS3 were present in cells infected with NADL and
ACNR/NADL (lanes 2 and 3), whereas only NS2-3 was found
in ACNR/cIns2NADL-infected cells (lane 4). NS2-3 produced
by ACNR/cIns2NADL migrated faster than that produced
by NADL and ACNR/NADL, presumably because of the
cIns deletion that shortens NS2-3 by 90 amino acids (;10
kDa).

Parallel comparison of RNA, protein, and virus accumula-

FIG. 3. Virus lacking cIns is non-CP. (A) MDBK cells were transfected with RNA transcribed from linearized pACNR/cIns2NADL template DNA (ACNR/
cIns2NADL) or were mock transfected (Mock), and then dilutions of transfected cells were assayed for infectious centers as described in Materials and Methods. Foci
were visualized after 3 days by immunostaining with polyclonal a49 serum as the primary antibody. (B) Viral growth analyses after low (0.1 PFU or FFU per cell)- or
high (1 PFU or FFU per cell)-MOI infection were conducted as described for Fig. 2B. Titers were determined by a standard plaque assay for CP ACNR/NADL
(PFU/milliliter) or a focus forming assay for non-CP ACNR/cIns2NADL (FFU/milliliter). The data shown represent one of three independent experiments yielding
similar results. (C) Phase-contrast photomicrographs of MDBK cells either mock infected or infected with the indicated viruses (MOI of 0.1). Pictures were taken at
50 h postinfection and correspond to the same cultures used for the growth analyses shown in panel B.

4742 MENDEZ ET AL. J. VIROL.



tion over time for ACNR/NADL and ACNR/cIns2NADL re-
vealed significantly higher levels of RNA for the CP virus than
for its non-CP derivative (Fig. 6), whereas the analyzed pro-
teins NS2-3 or NS3 and E2 (Fig. 7) as well as the virus titers
(Fig. 6 and 7) accumulated to similar levels. The RNA, pro-
teins, and virus titers shown in Fig. 6 and 7 were obtained in
parallel from one single experiment and are representative of
three identical experiments repeated independently. For viral
RNA, Northern blotting and metabolic labeling yielded similar
results (Fig. 6). As quantified by Molecular Imager analysis,
the calculated ratio of ACNR/NADL to ACNR/cIns2NADL
RNA was 3 (Fig. 6A and B) at 12 h postinfection and 5 (Fig.
6A) or 8 (Fig. 6B) at 18 h postinfection.

These results demonstrate that cIns modulates cleavage at
the 2/3 site, NS3 production, and cytopathogenicity but does
not have dramatic effects on synthesis of virus-specific proteins
or virus yield. Remarkably, however, deletion of cIns resulted
in significantly lower levels of viral RNA synthesis and accu-
mulation.

DISCUSSION

In this work, we succeeded in constructing a functional
BVDV NADL cDNA clone in a low-copy-number plasmid.
Full-length RNAs transcribed by T7 polymerase from this
cDNA template have the authentic viral 59- and 39-terminal
sequences, are highly infectious for MDBK cells (.105 PFU/
mg), and yield a virus that has properties similar to those of the
BVDV NADL parent. This plasmid clone is stable when prop-
agated in the SURE strain of E. coli. Recently, assembly of a
full-length BVDV NADL clone in a high-copy-number plas-
mid was reported by another group (34). Although infectious
RNA could be transcribed from this template, the authors
noted problems with plasmid transformation efficiency and
stability and the production of full-length RNA transcripts.
Some of these difficulties mimic our earlier unsuccessful at-
tempts to construct such clones in high- or medium-copy-
number plasmids. These problems were alleviated when the
pACYC177 backbone was used. This plasmid had been used
successfully for several other full-length pestivirus cDNAs (16,
19, 27). The reason(s) for the observed toxic effects of pestivi-
ral cDNAs in some E. coli strains remains to be determined,
but similar problems have also been encountered for several
members of the flavivirus genus (22, 25).

The creation of a functional BVDV NADL cDNA clone
allowed us to directly test the role of cIns in NS3 production
and cytopathogenicity. Deletion of the 270-base cIns element
produced a viable non-CP virus, in which detectable cleavage
at the 2/3 site and NS3 production were abolished. Similar
results were recently reported for CP BVDV strain CP7, which
contains a 27-base duplication of viral sequences in the NS2
region (30). Using a vaccinia virus transient expression assay,
deletion of this 27-base sequence eliminated cleavage at the 2/3
site (30). Further studies demonstrated that an isogenic deriv-
ative lacking this insertion was non-CP (16).

The mechanism(s) by which cIns (NADL) or the 27-base
(CP7) insertions in NS2 promote cleavage at the 2/3 site is
unknown. Although the NS3 N terminus has yet to be pre-
cisely determined for these strains, based on the similar
apparent molecular masses of pestivirus NS3 proteins (10,
11, 30) and the conserved Ub-NS3, Npro-NS3, and Met-NS3
junctions observed for other CP isolates, Gly-1590 (SD-1
numbering [8, 9]) is the likely NS3 N-terminal residue. For
NADL, this would imply that the 90-amino-acid cIns insertion,
located 53 residues upstream of this Gly residue, somehow

FIG. 4. Presence of the ApaI marker in virus derived from pACNR/
cIns2NADL. (A) Diagram of the expected RT-PCR fragments of ACNR/NADL
and ACNR/cIns2NADL. Indicated are the location of cIns (black box), the
engineered ApaI site, the primers used for RT-PCR (arrows), and the NS2 and
NS3 coding regions (hatched boxes). The expected sizes of the RT-PCR products
are given, as are the sizes of the two ApaI digestion products for ACNR/
cIns2NADL. (B) After infection (NADL) or transfection (ACNR/NADL and
ACNR/cIns2NADL), virus was harvested at 20 to 26 h (when the CP derivatives
caused demonstrable CPE) as described in Materials and Methods. At each
passage, the resulting virus was treated with DNase I and RNase A for 30 min at
37°C before infection of new monolayers (0.3 ml of undiluted virus stock per
35-mm-diameter well). For the indicated passages, RNA from infected cells was
used for RT-PCR and a portion of each amplification reaction was digested with
ApaI. Products were separated by electrophoresis on a 1.5% agarose gel and
visualized by staining with ethidium bromide. During this analysis, we consis-
tently observed a small fraction of the RT-PCR product from ACNR/
cIns2NADL which was resistant to digestion by ApaI (even in vast enzyme
excess; lane 4). Control experiments demonstrated that this resistant fraction was
generated not during virus propagation but rather during the T7 transcription or
reverse transcription steps (data not shown).

FIG. 5. Deletion of cIns abrogates NS3 production. MDBK cells were mock
infected or infected with the indicated viruses at an MOI of 1 PFU/cell. At 20 h
postinfection, monolayers were labeled for 4 h with Expre35S35S label (NEN)
and lysed, and NS3-containing species were immunoprecipitated with a poly-
clonal anti-NS3 serum (G40 [5]). Proteins were separated by SDS-PAGE (8%
gel) and visualized by fluorography. Molecular mass markers are indicated at the
left; BVDV-specific proteins are indicated at the right.
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promotes cleavage at the 2/3 junction. In the case of CP7, the
nine-residue insertion is located even further upstream of the
putative 2/3 cleavage site. In addition to their different loca-
tions in NS2, there is no obvious sequence similarity between
the NADL and CP7 inserts. Whether they activate a cryptic
autoprotease present in the NS2-3 region or change the con-
formation of NS2-3 so as to render it susceptible to site-specific
cleavage by a cellular enzyme remains to be determined (see
references 29 and 36 for further discussion). Interestingly, in
the absence of any inserted sequences or genome rearrange-
ments, NS3 production occurs in cells infected with CSFV
isolates (3, 33).

The strongest correlate of pestivirus cytopathogenicity is
NS3 production, which is accomplished by myriad different
strategies (17). Two groups have recently demonstrated that
cell death induced by CP BVDV infection occurs via apoptosis
(13, 37). It is possible that NS3 acts as a direct effector of
apoptosis by somehow triggering cell death pathways. This is a
plausible hypothesis given the obvious structural differences
between NS2-3 and NS3, which could affect subcellular local-
ization and interaction with host cell components, as previously
discussed (35). Alternatively, cleavage at the 2/3 site (or NS3

production) could upregulate BVDV RNA replication to a
level that is deleterious for host cells. In one model, viral RNA
replication complexes might sequester cellular components
present in limited quantities and required for maintaining ho-
meostasis. In the case of BVDV NADL, increased numbers of
replication complexes would then deplete such host factors to
a level which triggers apoptosis. This model is consistent with
our results, which demonstrate that RNA replication and ac-
cumulation are enhanced in ACNR/NADL-infected cells com-
pared to ACNR/cIns2NADL-infected cells. It will be of inter-
est to examine other isogenic non-CP/CP pairs to determine
the generality of this observation and its possible correlation
with cytopathogenicity.

In summary, genetic analyses of CP7 (16) and NADL (this
report) have established that two distinct insertions in NS2 can
regulate processing at the 2/3 site, NS3 production, and cyto-
pathogenicity in cell culture. Such isogenic non-CP/CP pairs
should be valuable for additional studies aimed at answering
key questions in pestivirus biology. Examples include (i) defin-
ing the mechanism(s) of cleavage at the 2/3 site, including the
responsible protease(s); (ii) establishing the pathway linking
NS3 production to cytopathogenicity; and (iii) testing the hy-
pothesis that CP strains with these insertions are sufficient to
cause MD in animals persistently infected with the isogenic
non-CP derivative.
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