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As an initial approach to define the requirements for the replication of bovine viral diarrhea virus (BVDV),
a member of the Flaviviridae family with a positive-strand RNA genome, full-length genomic and subgenomic
RNAs were originated by in vitro transcription of diverse BVDV cDNA constructs and transfected into
eucaryotic host cells. RNA replication was measured either directly by an RNase protection method or by
monitoring the synthesis of viral protein. When full-length BVDV cRNA was initially applied, the synthesis of
negative-strand RNA intermediates as well as progeny positive-strand RNA was detected posttransfection in
the cytoplasm of the host cells. Compared to the negative-strand RNA intermediate, an excess of positive-
strand RNA was synthesized. Surprisingly, a subgenomic RNA molecule, DI9c, corresponding to a previously
characterized defective interfering particle, was found to support both steps of RNA replication in the absence
of a helper virus as well, thus functioning as an autonomous replicon. DI9c comprises the 5* and 3* untrans-
lated regions of the BVDV genome and the coding regions of the autoprotease Npro and the nonstructural
proteins NS3, NS4A, NS4B, NS5A, and NS5B. Most interestingly, the NS2 polypeptide was thus determined to
be nonessential for RNA replication. As expected, deletion of the genomic 3* end as well as abolition of the
catalytic function of the virus-encoded serine protease resulted in DI9c molecules that were unable to replicate.
Deletion of the entire Npro gene also destroyed the ability of DI9c molecules to replicate. On the other hand,
DI9c derivatives in which the 5* third of the Npro gene was fused to a ubiquitin gene, allowing the proteolytic
release of NS3 in trans, turned out to be replication competent. These results suggest that the RNA sequence
located at the 5* end of the open reading frame exerts an essential role during BVDV replication. Replication
of DI9c and DI9c derivatives was found not to be limited to host cells of bovine origin, indicating that cellular
factors functioning as potential parts of the viral replication machinery are well conserved between different
mammalian cells. Our data provide an important step toward the ready identification and characterization of
viral factors and genomic elements involved in the life cycle of pestiviruses. The implications for other
Flaviviridae and, in particular, the BVDV-related human hepatitis C virus are discussed.

Flaviviruses, pestiviruses, hepatitis C viruses (HCV), and
HCV-related recent isolates constitute the family Flaviviridae
(30, 49, 50; reviewed in references 16 and 41). The small
enveloped virions of the members of the Flaviviridae contain a
positive-strand (messenger sense) linear RNA genome of
about 9.5 to 12.5 kb that consists of a single open reading frame
(ORF) flanked by untranslated regions at the 59 and 39 ends
(59-UTR and 39-UTR, respectively). The 59 terminus of the
flavivirus genome was found to be capped by a type I cap
structure (41). Conversely, initiation of translation of the pes-
tivirus and HCV ORFs is mediated by an internal ribosomal
entry site (IRES) (40, 42, 59). Translation of ORFs of the
Flaviviridae yields a single polyprotein that is co- and posttrans-
lationally processed by cellular as well as viral proteases into a
number of different mature viral polypeptides.

At present, little is known about the molecular mechanisms
underlying viral propagation. Preliminary information came
from infection studies suggesting that the replication of the
Flaviviridae follows a strategy similar to that of other positive-
strand RNA viruses (reviewed in references 41 and 62). Ac-
cordingly, after entry into the host cell and decapsidation, the
viral genome serves as a template for the translation of viral

proteins. Supposedly in conjunction with cellular factors and
functionally linked to the translation process, the viral proteins
catalyze transcription of the positive-strand RNA genome into
full-length complementary negative-strand RNA molecules,
which then act as templates for the synthesis of progeny pos-
itive-strand viral RNA molecules.

Classical swine fever virus (CSFV), border disease virus of
sheep, and bovine viral diarrhea virus (BVDV) represent the
members of the genus Pestivirus which are important animal
pathogens (reviewed in references 9 and 57). The gene order
of pestiviruses has been determined to be 59 Npro, C, Erns, E1,
E2, p7, NS2-3, NS4A, NS4B, NS5A, NS5B 39. Npro, which has
no counterpart in the other members of the Flaviviridae, is a
nonstructural autoprotease that generates its own C terminus
by autoproteolytic cleavage from the viral polyprotein and
thereby the N terminus of the core protein (51, 63). The struc-
tural proteins have been shown to arise from the polyprotein
via proteolytic processing by host signal peptidases (reviewed
in reference 57). Like the well-characterized situation for pes-
tivirus-related HCV (2, 19, 58), the majority of cleavage events
generating the nonstructural proteins are catalyzed by a serine
protease; the respective domain is contained within the N-
terminal part of NS3 (56, 64, 65).

Pestiviruses can be differentiated into cytopathogenic (cp)
and noncytopathogenic (noncp) strains according to the effect
of an infection on cells in tissue cultures. In contrast to infec-
tion with noncp strains, infection with cp pestiviruses leads to
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the lysis of the cellular host. cp BVDV strains apparently
develop from noncp BVDV strains by rearrangement of the
viral genome due to RNA recombination, i.e., deletions, du-
plications of certain parts of the viral genome, and insertions of
parts of cellular mRNAs (reviewed in references 32 and 57).
As a common feature, all mutations affect the coding region
for the NS2-3 polypeptide, which is expressed in noncp isolates
as an uncleaved protein. The cp phenotype was shown to cor-
relate strictly with the appearance of the C-terminal part of
NS2-3, the NS3 protein, thus considered a characteristic
marker of cp BVDV. For example, molecular analyses of the
cp isolate BVDV CP7 revealed an insertion of 27 nucleotides
in the NS2-coding region which was demonstrated to be suffi-
cient for mediating NS2-3 cleavage and for conferring cyto-
pathogenicity (33, 55). Another cp isolate, CP9, was found to
be composed of two viral RNA molecules, a complete noncp
BVDV RNA genome and a viral RNA with a remarkable
deletion encompassing the whole region coding for the struc-
tural proteins as well as the NS2-coding part of the NS2-3 gene.
The presence of the truncated RNA was shown to lead to the
expression of NS3 and to mediate cytopathogenicity. More-
over, it was demonstrated to significantly interfere with the
replication of the helper virus RNA, thus exhibiting all the
properties of a defective interfering (DI) particle (54). DI
particles have been identified in most animal as well as plant
virus systems (reviewed in references 24 and 45). Based on the
discovery of autonomously replicating subgenomic DI particles
(RNA replicons) of Sindbis virus and Semliki Forest virus,
recombinants of these positive-strand RNA viruses are used as
expression systems for heterologous proteins in various host
cells (7, 29).

In this paper, we demonstrate that RNA molecules corre-
sponding to the previously described DI9 of BVDV CP9,
termed DI9c, are capable of functioning as fully autonomous
RNA replicons, i.e., of replicating in vivo without the support
of a helper virus. Consequently, that part of the BVDV en-
codes the five mature viral proteins, NS3 (viral protease and
helicase), NS4A and NS4B, and NS5A and NS5B (putative
RNA-dependent RNA polymerase) (5, 36, 61, 64), was defined
as being sufficient to support complete RNA replication. These
findings are considered to represent an important step toward
a better understanding of the multiplication strategy of pesti-
viruses and to provide valuable information for the current
research on related viruses.

MATERIALS AND METHODS

Cells and viruses. MDBK (Madin-Darby bovine kidney) cells were obtained
from the American Type Culture Collection (Rockville, Md.). BHK-21 cells were
kindly provided by J. Cox (Federal Research Centre for Virus Diseases of
Animals, Tübingen, Germany). Human Hep3b, HepG2, and HuH7 hepatocytes
as well as CHO cells were gifts from G. Migliaccio (Istituto di Ricerche di
Biologia Molecolare, Pomezia (Rome), Italy). Virus strains CP7 and CP9 were
described previously (54, 55). Cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum and nonessential amino acids.

Construction of recombinant plasmids. The full-length BVDV CP7 cDNA
clone (pA/BVDV), a variant of this clone containing an NcoI site overlapping the
translational start codon of the ORF (pA/BVDV/N), and the chimeric DI9
cDNA construct (pA/BVDV/D9), all composed by use of plasmid pACYC177
(New England BioLabs), were described previously (33). Plasmids containing
mutations in the cDNA encoding DI9c were constructed as follows. The muta-
tion of Ser at position 1752 (following the nomenclature of Deng and Brock [13])
(UCG) to Ala (GCG), previously introduced into BVDV CP7 (55), was cloned
via BspEI and BlpI into pA/BVDV/D9. The resulting plasmid was named
pDI9cpm1 according to the terminology used throughout this work. To create
pDI9cNS3, a PCR fragment of the entire coding region for NS3 from BVDV
CP7, comprising an additional ATG within an NcoI restriction site upstream of
the GGA coding glycine 1590 of BVDV NS3 (13), was cut with NcoI-SacI and
cloned into pA/BVDV/D9 (see Fig. 5A). To create the ubiquitin-NS3 fusion
gene, the mouse ubiquitin gene derived from plasmid Ub-nsp4 (28) was cut with
BglII (sixth nucleotide of the ORF), made blunt with the Klenow fragment (New

England BioLabs), and cut with PstI (nsp-coding region). The fragment was
ligated into the ORF of plasmid pRN653 (53), prepared by cutting with EcoRI
(blunted) and PstI. Due to this cloning procedure, the initial 12 nucleotides of the
ubiquitin ORF are identical to the first 12 nucleotides of the BVDV CP7
Npro-coding region in the resulting plasmid (pRNubi) (see Fig. 5A). Next, a
BsmBI site was engineered downstream of the last codon of the ubiquitin ORF
(glycine 76) by PCR with primer SP6 as the sense primer and ubC (59 CTG CAG
CGT CTC GCA TGC CAC CGC GGA GTC GCA GCA 39) as the antisense
primer. The 59 overhang of the generated BsmBI site was designed to be identical
to an NcoI overhang and contained an ATG. Accordingly, an in-frame methio-
nine codon was inserted downstream of the ubiquitin ORF (see Fig. 5A). An
NcoI (pRNubi 59 polylinker)-BsmBI fragment of this latter construct was ligated
into pDI9cNS3 restricted with NcoI, thus creating pDI9cubi (see Fig. 5A). To
create pDI9cDNproubi, the XhoI (59-UTR)-HincII (Npro gene) fragment of pA/
BVDV (CP7) (33) was first cloned into pCITE-2A (Novagene) predigested with
NcoI (blunted) and XhoI. As a consequence of HincII (blunted)-NcoI (blunted)
ligation, the vector-derived NcoI site was restored. From this construct, an NcoI
fragment encompassing the translation initiation codon of BVDV and 42 down-
stream codons of Npro followed by an NcoI site was ligated into pDI9cubi
restricted with NcoI. All constructs were verified by nucleotide sequencing. For
in vitro transcription of RNA with T7 RNA polymerase, all pA/BVDV deriva-
tives were linearized with SmaI (see Results). To obtain the radioactively labeled
RNA probes that were used in the RNase protection assay, the HindIII fragment
at positions 10141 to 10421 of BVDV CP7 and corresponding to the 59 terminus
of the NS5B-coding region was cloned in both orientations into the HindIII site
of pBluescript KS (Stratagene). For in vitro transcription with T3 RNA poly-
merase, the recombinant plasmids were linearized with EcoRI to generate either
sense- or antisense-oriented RNA transcripts.

In vitro transcription and purification of RNA. The linearized plasmids were
transcribed in vitro by a standard protocol. Transcription was stopped by the
addition of 5 U of DNase I/10 ml (Boehringer GmbH, Mannheim, Germany),
and the mixture was further incubated for 15 min and extracted with phenol-
chloroform-isoamyl alcohol (PCA); the yielded RNA was precipitated with 0.9 M
ammonium acetate–65% ethanol, avoiding coprecipitation of unincorporated
nucleotides. The RNA was dried and redissolved in water, and its concentration
was determined by measuring the optical density at 260 nm. Radiolabeled
([32P]GTP) transcripts were further purified by electrophoresis and elution from
denaturing acrylamide gels (see below).

RNA transfection. Transfection of MDBK cells was carried out as described
previously (33). Five micrograms of viral RNA transcript was bound in 100 ml of
HBSS buffer (5 g of HEPES, 8 g of NaCl, 0.37 g of KCl, 0.125 g of Na2HPO4 z
2H2O, and 1 g of dextrose per liter [pH 7]) to 100 mg of DEAE-dextran (Sigma)
for 30 min on ice. About 2 3 107 cells, corresponding to the approximate number
growing in a 100-mm dish, were washed once with serum-free medium and
resuspended in buffer containing the RNA-DEAE complexes. After 30 min at
37°C, 20 ml of dimethyl sulfoxide was added, and the cells were washed once in
HBSS and once in medium without serum and further grown for various times in
fully supplemented medium. BHK-21 cells, CHO cells, and hepatocytes were
washed twice in phosphate-buffered saline (PBS; 20 mM NaPO4, 130 mM NaCl)
and transfected with 5 mg of RNA transcript by electroporation (2 pulses, 200 V,
25 mF, 900 V [CHO and hepatocytes] or 1,500 V [BHK-21]) with a model II gene
pulser (Bio-Rad). The efficiency of RNA transfection was estimated by immu-
nofluorescence (IF) (see below).

RNase protection assay. Transfected cells grown for various times in a 100-mm
plate were washed once with PBS, removed from the plate with a rubber police-
man, and lysed in 375 ml of lysis buffer (see above) for 5 min on ice with
occasional shaking. The nuclei were pelleted by centrifugation for 2 min at
1,000 3 g. When the nuclear fraction was tested for RNA replication, the pellet
was resuspended in 375 ml of high-salt buffer (20 mM Tris-Cl [pH 8], 500 mM
NaCl, 1.5 mM MgCl2) and pulled five times through a 26-gauge needle, and the
debris was separated by centrifugation. The supernatant was treated for 15 min
at 37°C with RNase-free DNase, centrifuged again, and subjected to the same
procedure as the cytoplasmic fraction. The respective supernatants were supple-
mented with 8 ml of 10% (wt/vol) sodium dodecyl sulfate–50 mg of proteinase K
and digested for 1 h at 37°C. After two extractions with PCA, the nucleic acids
were precipitated with ethanol and the washed pellet was dissolved in 180 ml of
hybridization buffer [80% (vol/vol) formamide, 40 mM piperazine-N,N9-bis(2-
ethanesulfonic acid) (PIPES) (pH 6.4), 400 mM NaCl, 1 mM EDTA]. Dissolved
RNA (30 ml) was denatured at 85°C for 2 min and subjected to hybridization at
45°C for at least 5 h either with or without the labeled (5 3 105 to 10 3 105 cpm,
about 109 cpm/mg) BVDV sense or antisense probe. Subsequently, 350 ml of
RNase digestion buffer (10 mM Tris-Cl [pH 7.5], 1 M NaCl, 5 mM EDTA) as
well as RNase T1 and RNase A (at final concentrations of 25 U and 3.5 mg,
respectively) was added to the mixture and digestion was performed for at least
1 h at 37°C. After proteinase K digestion, PCA extraction, and ethanol precip-
itation, the protected fragments were analyzed electrophoretically on 5 or 10%
acrylamide–100 mM Tris–100 mM boric acid–2.5 mM EDTA gels containing 7 M
urea.

IF assay. Transfected cells were washed twice with PBS and fixed for 20 min
at 4°C to the plate with 4% (wt/vol) paraformaldehyde. After careful washing
with PBS, the cells were permeabilized with 1% (wt/vol) N-octyl glucoside (Sig-
ma) for 5 min at 4°C, washed again with PBS, and exposed to the anti-BVDV
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NS3 antibody (11) in PBS containing 2% (wt/vol) bovine serum albumin and
0.05% (vol/vol) Tween 20 (Sigma) for 2 h at 37°C. Unbound antibody was
removed by two washes with PBS, and the cells were exposed to a secondary
antibody (CY3; Jackson Laboratories) for 1 h at 37°C. The cells were washed
again and examined with an Olympus BX 60 microscope.

RT-PCR. Reverse transcription (RT)-PCR was carried out with 30 ml of
preparations of total cytoplasmic RNA (corresponding to 1.5 3 106 lysed cells;
see above) 24 h posttransfection by the protocol of Meyers and Thiel (34). As
primers, an oligonucleotide complementary to the 59-UTR (BVDV positions 347
to 371; sense; 59 AAA TCT CTG CTG TAC ATG GCA CAT G 39) and an
oligonucleotide complementary to the NS3-coding region (BVDV positions 5441
to 5463; antisense; 59 ATT CTG TCT CAC CAG TTA ACT T 39) were used.

RESULTS

Monitoring the replication of in vitro-transcribed BVDV
genomic RNA. For many years, studies on the life cycle of the
members of the Flaviviridae have been severely hampered by
the lack of cDNA copies of the viral RNA genomes capable of
producing infectious RNA transcripts in vitro. This handicap
was recently overcome with the successful composition of sta-
ble infectious cDNA constructs of some flavivirus species (re-
viewed in reference 41) as well as the pestiviruses CSFV and
BVDV (33, 35, 37, 43, 60). For BVDV CP7, the complete
cDNA genome was cloned under the control of a bacterio-
phage T7 RNA polymerase promoter and with a unique re-
striction site for linearization at the 39 end of the viral se-
quence. Transfection of full-length cRNA transcripts into
bovine host cells was shown to yield infectious progeny virus
and to yield a cytopathic effect (CPE) about 30 to 48 h post-
transfection (p.t.) (33; data not shown).

To initiate a study about BVDV RNA replication, we first
needed to set up a suitable experimental system, which should
allow monitoring in vivo of the de novo synthesis of viral
negative-strand RNA intermediates as well as the production
of progeny positive-strand RNA molecules. Since the amount
of replicating RNA in a limited number of transfected cells
(see below) was expected to be rather low, we decided to
monitor BVDV RNA replication by RNase protection, an
assay system already applied successfully with other positive-
strand RNA virus systems and proven to exhibit a high sensi-
tivity of detection. Pilot experiments carried out with unlabeled
genomic RNA transcripts and 32P-labeled complementary

RNA probes provided evidence that quantities of $1 pg of
RNA (corresponding to about 1.5 3 105 molecules of BVDV
RNA) could be successfully detected with this method (data
not shown).

In our first experiments, we used the full-length BVDV CP7
cDNA construct for in vitro transcription of viral cRNA. As a
control, a cDNA template with a premature runoff was tran-
scribed to generate viral genomic RNA in which the 39 end of
the NS5B (the putative RNA-dependent RNA polymerase)-
coding region and the 39-UTR were deleted (Fig. 1). The
RNAs were introduced via DEAE-dextran into MDBK cells
and analyzed for the presence of replication products at 24 h
p.t. prior to the onset of a significant CPE (Fig. 2). The trans-
fected cells were rapidly lysed with an isotonic buffer-contain-
ing detergent, and the intact nuclei were separated by gentle
low-speed centrifugation (see Materials and Methods). Ini-
tially the cytoplasmic fraction and the nuclear fraction were
both recovered for subsequent analysis. Since, as expected,
viral RNA was detected exclusively in the cytoplasm of the host
cells (Fig. 2A, lanes 1), only this cellular fraction was used in all
further experiments. After digestion and extraction of the pro-
teins, the pool of cytoplasmic RNAs was subjected to a strin-
gent hybridization procedure with 32P-labeled RNA probes,
which either were complementary (antisense probe) or corre-
sponded (sense probe) to a part of the genomic NS5B-coding
region and thus bound specifically to positive-strand or nega-
tive-strand BVDV RNA, respectively. Single-stranded RNA
was hydrolyzed by exposing the hybridization reaction to a
mixture of RNase A and RNase T1, and the double-stranded
RNase-protected probe was subsequently analyzed by electro-
phoresis on denaturing polyacrylamide gels and then by auto-
radiography. In an initial control experiment, labeled sense
and antisense probes were hybridized to the BVDV cDNA and
treated with RNase. As shown in Fig. 2A, protection of the
probe was observed as being not complete due to vector-de-
rived sequences at its 59 extremity which were not complemen-
tary to the viral RNA. Accordingly, the protected fragment
migrated consistently faster in the analytical gel than the orig-
inally used probe. Protection analysis of a cytoplasmic RNA
preparation of full-length BVDV cRNA after transfection of

FIG. 1. Schematic drawing of the different BVDV cRNAs used in this study. The individual viral polypeptides processed from the polyprotein are depicted with
different kinds of shading. Ins, 27-base insertion characteristic of BVDV CP7 (55). The 39-truncated RNAs are marked with the restriction cleavage sites used for
linearization of the respective cDNA constructs (33; see also Materials and Methods). The Ser 1752 mutation is indicated in DI9cpm1.
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MDBK cells gave rise to products of the same sizes as in the
positive control when both the antisense and the sense probes
were used to mediate protection to RNase, the latter, however,
to a significantly lower extent (Fig. 2A, lanes 2). Thus, each of
the BVDV replication products, a large amount of positive-
strand RNA as well as the negative-strand RNA intermediate,
could be measured 24 h p.t. Although the level of detected
negative-strand RNA was already considered significant in the
initial experiment, the sensitivity of detection could be clearly
increased by a simple modification of the experimental proce-
dure. According to a strategy proven successful with the po-
liovirus system (1, 38), the cytoplasmic RNAs of BVDV CP7
cRNA-transfected cells were subjected to a cycle of hybridiza-
tion and RNase treatment without an external probe. By this
method, full-length negative-strand RNA molecules contained
in the RNA pool were annealed to and thus protected by
positive-strand counterparts. Cellular RNAs as well as un-
paired surplus positive-strand RNAs were degraded. When the
labeled sense probe was applied in a second protection round,
a significantly lower (i.e., only equimolar) level of competing
positive-strand RNA permitted the detection of negative-
strand RNA with a higher efficiency (Fig. 2A, lanes 2). Neither
negative- nor positive-strand RNA could be measured in cells
transfected with 39-truncated BVDV CP7 cRNA (Fig. 2A,
lanes 3).

These data confirmed the suitability of the RNase protection
assay for our purpose—to monitor BVDV replication by direct
detection of RNA products. Input RNA was not detected at
either 6 or 24 h p.t. (Fig. 2A and data not shown). Thus, all
positive-strand RNA determined in our experiments corre-
sponded exclusively to de novo-synthesized progeny RNA. It
was also shown that RNA replication of BVDV apparently
takes place in an asymmetric way, a phenomenon that has

already been reported for a number of other positive-strand
RNA viruses (see below).

Replication of BVDV could be also indirectly monitored by
measuring the synthesis of viral protein after transfection of
cells with the in vitro-transcribed genomic cRNA. In the ex-
periment shown in Fig. 2B, MDBK cells were transfected with
either the full-length or the 39-truncated genomic cRNA, fixed
on the plate at 24 h p.t., and subjected to an IF analysis with a
monoclonal antibody directed against the viral nonstructural
protein NS3. When the full-length BVDV CP7 cRNA was
transfected into MDBK cells, 0.5 to 5% of the cells exhibited
positive IF (Fig. 2B). In accordance with the finding that at
24 h p.t. progeny BVDVs were already assembled and capable
of reinfecting neighboring cells by horizontal spread, fluores-
cent single cells as well as formations consisting of several cells
were found on the plate (Fig. 2B). Cells transfected with the
39-truncated BVDV cRNA were negative in the IF assay (Fig.
2B). Hence, we concluded that the expression of NS3 detect-
able by IF requires RNA amplification rather than expression
from unamplified input RNA. Data from the IF experiments
are thus in agreement with the RNase protection assay data.
Consequently, a positive IF pattern with an anti-NS3 antibody
is an indication of viral RNA replication.

BVDV DI9c is an autonomous RNA replicon. Simulta-
neously with the construction of infectious BVDV CP7 cDNA
(see above), Meyers et al. (33) also generated a chimeric
BVDV DI cDNA composed of sequences derived from the cp
strains CP9 and CP7 (Fig. 1A). Like natural DI9, in vitro-
generated transcripts of the hybrid DI cDNA (denoted as
DI9c) transfected into cells previously infected with a non-cp
helper virus were found to be viable, to induce a CPE in
MDBK cells, and to exhibit all the characteristics of a DI
particle (33; data not shown).

FIG. 2. Monitoring of BVDV RNA replication. (A) RNase protection assay performed as described in Materials and Methods at 24 h p.t. with MDBK cells
transfected with RNA derived from BVDV CP7 cRNA or BVDV CP7D39 cRNA. Lanes: p, input sense (2) and antisense (1) probes (280 nucleotides); c, protected
products obtained with sense (2) and antisense (1) probes after RNase protection with BVDV CP7 cDNA; 1, RNase protection carried out with RNA from the nuclear
fraction of BVDV CP7 cRNA-transfected MDBK cells (left lane, protection with sense probe; right lane, protection with antisense probe); 2, RNase protection carried
out with RNA from the cytoplasmic fraction of BVDV CP7 cRNA-transfected MDBK cells (left lane, protection with sense probe without prior cycle of prehybrid-
ization-predigestion (pd); middle lane, protection with sense probe after prior cycle of hybridization-predigestion (pd); right lane, protection with antisense probe); 3,
same experiments as in lanes 2 but carried out with cytoplasmic RNA from BVDV CP7D39 cRNA-transfected MDBK cells. The figure is an autoradiogram of a 10%
polyacrylamide–7 M urea gel. (B) IF analysis at 24 h p.t. of MDBK cells transfected with either BVDV CP7 cRNA or BVDV CP7D39 cRNA. Anti-NS3 antibody was
used. 1, MDBK cells transfected with BVDV CP7 cRNA (magnification, 3100); 2, same as 1 but at a magnification of 3400; 3, different image of MDBK cells
transfected with BVDV CP7 cRNA (magnification, 3100); 4, same as 3 but at a magnification of 3400; 5, MDBK cells transfected with BVDV CP7D39 cRNA
(magnification, 3100); 6, MDBK cells transfected with BVDV CP7D39 cRNA (magnification, 3400).
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BVDV DI9c contains the coding regions for autoprotease
Npro and the nonstructural proteins NS3 to NS5B as well as the
59-UTR and 39-UTR. Thus, the majority of viral factors and
cis-acting RNA elements conceivably involved in viral replica-
tion should be encoded by this RNA molecule. It was therefore
interesting to determine whether DI9c itself might already
support either the first or even both steps of RNA replication,
in other words, function as a partial or fully autonomous RNA
replicon. Accordingly, MDBK cells were transfected via
DEAE with in vitro-transcribed DI9c and examined at 24 h p.t.
for RNA replication. Direct analysis of the RNA replication
products by RNase protection (see above) revealed that in the
cytoplasm of DI9c-transfected MDBK cells, de novo synthesis
of negative-strand as well as positive-strand RNA indeed could
be measured (Fig. 3A). From a series of parallel experiments,
we estimated the amounts of RNA replication products
yielded by DI9c-transfected cells to be in the same range as in
cells transfected with the full-length BVDV cRNA (Fig. 2A
and 3A). In keeping with these results, DI9c-transfected cells
were positive in the anti-NS3 IF assay (Fig. 3B). However, in
contrast to cells in which the entire BVDV genome had been
introduced, mostly single cells exhibited positive IF staining.
This finding was explained by the fact that DI9c does not
encode viral structural proteins, so transfection of this sub-
genomic RNA consequently is not expected to yield infectious
virions. Neighboring positive cells sometimes were detected,
most likely due to passage of the replicating RNA to daughter
cells during cell division (Fig. 3B). As expected, neither RNA
replication nor synthesis of NS3 was observed in cells trans-
fected with a 39-truncated DI9c (Fig. 3B). Cross-contamination
of the transfection mixtures with full-length BVDV RNA was
ruled out by RT-PCR (data not shown). Taken together, these
results demonstrate that BVDV DI9c encodes all factors and
elements that are necessary and sufficient to catalyze its own
amplification. However, it is remarkable and surprising that
apparently neither the BVDV structural proteins nor NS2 is an
essential part of the replication machinery.

Autonomous replication of BVDV DI9c is not limited to
bovine host cells. With the subgenomic DI9c RNA replicon,

we found a suitable system available to initiate further inves-
tigations of the RNA replication mechanism. We wanted to
address the question of whether the replication of DI9c is
dependent on specific factors encoded by the bovine host cells
for BVDV. Accordingly, we introduced in vitro-transcribed
DI9c RNA into a range of different cell lines. Since it is known
that BHK-21 (baby hamster kidney) cells can be transfected
with RNA at a high efficiency (28), we first introduced DI9c via
electroporation into these cells. As estimated in the IF assay,
on average about 70 to 90% of BHK-21 cells could be success-
fully transfected by this method, and the replication products
were detected by RNase protection (Fig. 3). Interestingly, the
occurrence of DI9c replication also was observed in other cell
lines, e.g., CHO (Chinese hamster ovary) cells and a number of
human hepatocytes (data not shown). These data suggest that
host proteins supposedly involved in the BVDV RNA replica-
tion pathway correspond to generally encoded rather than
cell-type-specific factors. Apart from this main aspect, the sig-
nificantly higher efficiency of transfection of RNA into
BHK-21 cells than into MDBK cells (Fig. 3B) represented a
remarkable improvement in the procedure and was thus used
in all of the following experiments.

A DI9c derivative encoding a defective serine protease do-
main is replication deficient. In comparison with the full-
length cRNA, an autonomous RNA replicon offers several
advantages for the investigation of the diverse functional ele-
ments involved in the replication process by reverse genetics.
As an initial approach, a point mutation was introduced into
the DI9c cDNA, changing Ser 1752, the catalytic residue of the
NS3 serine protease, into an alanine (Fig. 1A). This mutation,
pm1, was previously shown to completely abolish the enzy-
matic activity of transiently expressed pestivirus NS3 protease
in vivo (55, 64). Analysis of DI9cpm1 RNA-transfected cells at
24 h p.t. revealed that this DI particle was replication deficient;
i.e., neither RNA synthesis nor replication-associated viral pro-
tein synthesis could be detected (Fig. 3). Proteolytic processing
of the DI RNA-encoded polyprotein NS3-NS4A-NS4B-NS5A-
NS5B was therefore concluded as being an essential prerequi-
site for the initiation of RNA replication.

FIG. 3. Characterization of DI9c as an autonomous RNA replicon. (A) RNase protection analysis of MDBK and BHK-21 cells transfected with DI9c 24 h p.t. The
protected fragments were analyzed on a 10% polyacrylamide–7 M urea gel. Lanes: p, input sense (2) and antisense (1) probes (1/10 of the experimental input was
loaded); 1, RNase protection with cytoplasmic RNA obtained from MDBK cells transfected with DI9c using sense (2) and antisense (1) probes; 2, RNase protection
with cytoplasmic RNA obtained from BHK-21 cells transfected with DI9c; 3, MDBK cells with DI9cD39; 4, MDBK cells with DI9cpm1. (B) IF analysis of MDBK and
BHK-21 cells transfected with DI9c, DI9cD39, or DI9cpm1 24 h p.t. 1, MDBK cells with DI9c (magnification, 3100); 2 and 3, MDBK cells with DI9c (magnification,
3400); 4, BHK-21 cells with DI9c (magnification, 3100); 5, BHK-21 cells with DI9c (magnification, 3400); 6, MDBK cells with DI9cD39 (magnification, 3100); 7,
MDBK cells with DI9cpm1 (magnification, 3400); 8, BHK-21 cells with DI9cD39 (magnification, 3100); 9, BHK-21 cells with DI9cpm1 (magnification, 3400).
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Determining the ratio of positive- and negative-strand
RNAs in DI9c-transfected cells. The above-described experi-
ments demonstrated that the replication of DI9c proceeds
independently from positive-strand RNA packaging and virion
assembly. Accordingly, we assumed that in cells containing the
replicating RNA, at a late stage p.t. the de novo synthesis of
viral RNA and viral proteins should come to an equilibrium
and the ratio of positive-strand RNA to negative-strand RNA
should be constant. To substantiate this hypothesis, the ratio of
positive-strand RNA to negative-strand RNA was determined
in a number of independent transfection experiments by
RNase protection 24 and 48 h p.t. (the latter not shown).
Although the efficiency of RNA transfection varied signifi-
cantly between different experiments, the ratio was found re-
producibly to be in the range of 4:1 (Fig. 4). As expected, the

same value was obtained independently whether RNAs were
quantified 24 or 48 h p.t. (the latter not shown).

The 5* extremity of the Npro-coding region is essential for
DI9c replication. BVDV DI particles characterized so far con-
tain either the whole Npro gene or a portion of it linked in
frame to the 59 terminus of the NS3-coding region (27, 54).
Conversely, the DI particles of the related CSFV completely
lack the Npro gene (34). We decided to examine the role of the
Npro protein and/or the Npro-coding region in replication. In
a first attempt, the whole Npro gene of DI9c cDNA was re-
moved and a translation initiation codon was fused to the
NS3-coding region. Thus, a BVDV RNA was generated with a
genomic organization colinear to that of naturally occurring
CSFV DI particles (Fig. 5A). Surprisingly, this DI9c derivative
(DI9cNS3) was found to be replication deficient, as judged by

FIG. 4. Determining the ratio of positive-strand RNA to negative-strand RNA in DI9c-transfected cells. BHK-21 cells were transfected in five independent
experiments with DI9c, and the cytoplasmic RNA was extracted and subjected to an RNase protection assay 24 h p.t. To facilitate quantitation, positive and negative
strands were both assayed with the same antisense probe, the latter by detection of positive strands which were protected by equimolar amounts of negative strands
in a prehybridization-predigestion cycle (see Materials and Methods and Results). (A) The protected fragments were separated on a 10% polyacrylamide–7 M urea
gel. p, amount of input probe that (with respect to the viral RNA) was added in excess into each protection assay mixture. (2), detected negative-strand RNA; (1),
detected positive-strand RNA. (B) The major bands on the gel were extracted (indicated in panel A, lanes 5) and quantified by Cerenkov counting. Light grey columns
represent the amounts of protected negative-strand RNA; dark grey columns represent the amounts of protected positive-strand RNA. (C) The ratio of positive-strand
RNA to negative-strand RNA was calculated for each of the five experiments.

FIG. 5. The 59-coding region of Npro is essential for autonomous RNA replication of DI9c. (A) Top: schematic drawing of the DI9c derivatives used in this study
(see the legend to Fig. 1A for details). As indicated (MG1590) and as described in detail in Materials and Methods, DI9cNS3 RNA contains an additional AUG codon
upstream of GGA coding for glycine 1590 of BVDV CP7 NS3. DI9cubi RNA also contains the ubiquitin gene (ubi), and DI9cDNproubi also contains the initial 42
codons of the Npro gene (indicated by D). Bottom: RNA and primary amino acid sequence comparisons for the initial five codons of BVDV CP7 cRNA and the DI9cubi
ORF. (B) RNase protection assay of BHK-21 cells 24 h p.t. with different DI9c derivatives. Lanes: 1, protection of RNA derived from cells transfected with DI9c
(positive control); 2, protection of RNA p.t. with DI9cNS3; 3, protection of RNA p.t. with DI9cubi; 4, protection of RNA p.t. with DI9cDNproubi; p, sense probe (1/10
of the experimental input was loaded on the gel). (2), sense probe; (1), antisense probe.
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an IF assay (data not shown) and RNase protection (Fig. 5B,
lanes 2). Next, the Npro-coding region was entirely substituted
with a monomeric ubiquitin gene cassette (ubi), and the car-
boxy-terminal glycine 76 of ubi and a methionine were com-
bined in frame with the N terminus of NS3 (DI9cubi) (Fig. 5A;
see also Materials and Methods). Previous studies showed that
cleavage of the ubi-NS3 fusion protein and generation of au-
thentic NS3 are mediated by cellular ubiquitin carboxy-termi-
nal hydrolases in trans (53). The release of the ubi monomer
was verified by transient expression experiments with the T7
vaccinia virus system (17; data not shown). The introduction of
DI9cubi into MDBK or BHK-21 cells, however, showed that
complete replacement of the Npro-coding region also yielded a
BVDV minigenome unable to replicate (Fig. 5B, lanes 3). Two
interpretations were conceivable for this result: the viral Npro

protein may have an additional function essential for RNA
replication; alternatively, the genomic region coding for Npro

or a part thereof contains an important RNA sequence ele-
ment. Such an element should, however, be larger than the
initial 12 nucleotides which, due to the cloning procedure, are
identical in the BVDV CP7 Npro gene and the applied ubiq-
uitin ORF (Fig. 5A; see also Materials and Methods). Accord-
ingly, we engineered a mutant of DI9c (DI9cDNproubi) in
which the 59 end of the ORF comprising the initial 126 nucle-
otides of the Npro-coding region of CP7 was fused in frame to
the terminus of the ubi gene of clone DI9cubi (Fig. 5A). Pro-
teolytic removal of the Npro-ubi fusion protein and the release
of NS3 were again experimentally verified by T7 vaccinia virus-
driven expression (data not shown). As shown in Fig. 5B, lanes
4, transfection of the DI9cDNproubi RNA into target cells
evidently gave rise to both steps of RNA replication. The
possibility of contamination of the DI9cDNproubi RNA by
other replicating RNAs (such as DI9c) was ruled out by RT-
PCR, which was carried out on total cytoplasmic RNA 24 h p.t.
(data not shown). These data suggest that the 59-terminal Npro-
coding region is crucial for DI9c RNA replication.

DISCUSSION

cDNA copies of positive-strand viral RNA genomes that can
be used to generate infectious RNA transcripts are considered
powerful tools for detailed studies on the molecular features of
virus infection, replication, and assembly via so-called reverse
genetics. Encouraged by the recent successful engineering of a
BVDV cDNA from cloned sequences, our original aim was to
establish an efficient experimental system that allows investi-
gation of the RNA replication process of a pestivirus. Initial
experiments with full-length genomic RNA transcripts of
BVDV CP7 revealed that viral replication could be monitored
in host cells with two different methods of detection: RNase
protection for direct determination of the in vivo-synthesized
replication products and IF to measure replication-associated
synthesis of the viral NS3 antigen. In the course of the reported
experiments, both assay systems were found to detect neither
input (transfected) BVDV cRNA nor protein expression of
input RNA only. Accordingly, viral genomes lacking the RNA-
dependent RNA polymerase-encoding region or containing
certain mutations lethal for replication were shown to be neg-
ative in the respective assays.

De novo synthesis of viral RNA was determined to occur
only in the cytoplasm of BVDV-transfected target cells and to
proceed asymmetrically, with an excess of newly synthesized
positive-strand RNA with respect to the negative-strand RNA
intermediate. These data are in good accordance with the
replication model of positive-strand RNA viruses, further con-
firming on the molecular level that BVDV is a typical example

of such viruses. Our transfection experiments with cDNA-de-
rived viral RNA are also congruent with the data of Chu and
Westaway for Kunjin virus (8) as well as recent infection ex-
periments of Gong et al., who monitored the synthesis of RNA
intermediates in a one-step growth curve for BVDV (18).

The most important result of this study is the surprising
finding that a subgenomic BVDV RNA, DI9c, comprising only
65% of the complete BVDV genome was demonstrated to
support both steps of the replication pathway in vivo, therefore
encoding all the proteins, motifs, and RNA sequences essen-
tially involved in these diverse catalytic processes. With regard
to its genetic organization, the DI9c RNA is a cDNA-derived
homolog of the DI particle DI9, which was originally charac-
terized as part of a cp BVDV CP9 isolate from cattle and
which was found to grow in cell cultures together with an intact
helper virus (54).

In comparison with a full-length virus, a subgenomic viral
replicon provides some important advantages for genetic and
biochemical studies. First, a major problem for the investiga-
tion of RNA viruses, namely, the genetic instability due to
RNA recombination and the absence of a polymerase proof-
reading activity, is mostly circumvented in the short-term ex-
perimental approaches that make use of the replicon. More-
over, experiments with subgenomic RNA offer the opportunity
to examine RNA replication as an isolated process. Separation
of RNA replication from virion assembly and maturation is
reflected by an equilibrium of positive- and negative-strand
RNAs, with a relatively small excess of positive-strand RNA
24 h p.t. and later in DI9c-transfected cells (Fig. 4). However,
the 4:1 ratio determined here has to be considered a DI par-
ticle-specific value which cannot be applied to an infection with
the complete BVDV genome. DI9c provides a valuable system
for the further examination of the replication process as well as
for the possible future development of a BVDV replicon-based
system for foreign gene expression.

DI9c was found to replicate in numerous different eucaryotic
cell types. Data obtained predominantly with bacteriophage
Qb (reviewed in reference 6) and some well-characterized
positive-strand RNA plant virus systems (reviewed in refer-
ence 12) suggest that these viruses may, as a rule, recruit
cellular factors fulfilling specific functions in viral genome rep-
lication. Given that, as in poliovirus, translation of the viral
polyprotein and viral replication are also closely linked in
BVDV and given that host factors are definitely involved in the
replication pathway, it is tempting to speculate that these fac-
tors may correspond to universal components of the transla-
tion apparatus, the largest RNA-protein complex present in
the cytoplasm (1, 3, 4).

From our initial genetic experiments, in which the NS3 pro-
tease of DI9c was inactivated, we concluded that processing of
the DI particle-encoded NS polyprotein is a necessary require-
ment to permit the first step of RNA replication. Of course,
this conclusion does not imply that only fully mature viral
nonstructural proteins NS3 to NS5B fulfill diverse enzymatic
functions. Hence, additional experiments similar to those that
have been done with alphaviruses (28, 48) are needed to de-
termine the in vivo functions of mature polypeptides as well as
of putative functional processing intermediates.

The BVDV DI9c replicon lacks the genes encoding the
polypeptides that presumably form the virion, i.e., the core
protein, the envelope proteins Erns (exhibiting an interesting
RNase activity) (46), E1, and E2, and the p7 protein (15). The
fact that all of the structural proteins turned out to be dispens-
able for the replication process is in keeping with similar re-
sults obtained for poliovirus (10, 21, 25, 39) and for alphavi-
ruses, for which DI particle-like replicons were shown to
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encompass only the genomic part encoding the viral nonstruc-
tural proteins (reviewed in reference 52). In view of these data,
it is intriguing that DI9c apparently replicates in the absence of
the N-terminal part of nonstructural protein NS2-3, namely,
the NS2 protein. The functional role of NS2 in the life cycle of
pestiviruses and the related HCV is still elusive. Proteolytic
processing of BVDV NS2-3 was shown to be a direct conse-
quence of genomic rearrangements and to be related to nu-
merous severe consequences for the pathogenesis of a viral
infection (summarized in reference 57). Conversely, in HCV,
NS2/3 is processed by a viral autoprotease spanning the car-
boxy terminus of the NS2 protein and the serine protease
domain located in the amino-terminal region of NS3 (20, 22).
For some HCV isolates, uncleaved NS2 was shown to influence
the proper biogenesis of the downstream polypeptides (14).
Santolini et al. demonstrated that the HCV NS2 polypeptide is
integrated into the endoplasmic reticulum membrane and ap-
pears to be associated with the envelope proteins of the virus
(44). Similar observations made by Selby et al. (47) therefore
prompted the speculation that NS2 might function as a struc-
tural rather than a nonstructural viral component. On the
other hand, NS2 of HCV was also reported to coprecipitate
with NS5A and NS5B (23) and thus, along with these viral
proteins, ought to be considered part of the replication com-
plex. In sum, further experiments are needed to shed some
light on the functional role of pestivirus as well as HCV NS2
proteins.

Deletion of the entire Npro-coding region resulted in RNAs
that were incapable of replicating. However, DI RNAs that
contained the 59 extremity of the ORF (126 nucleotides), thus
encoding only 42 amino acids of Npro and a complete ubiquitin
monomer that could substitute for the proteolytic function of
Npro, were surprisingly found to be replication competent (Fig.
5). Even though a putative function of the residual Npro pep-
tide cannot be ruled out, these data more likely suggest that an
essential genomic sequence element is harbored within the
Npro-coding region, like cis-acting RNA elements at the re-
spective genomic locations in the flavivirus Kunjin (26) and
HCV (31). For the flavivirus, the function of the ORF 59 end
was stated to be unrelated to translation initiation, indicating
that an important replication signal is encoded by the RNA
sequence. For HCV, 366 nucleotides of the core-encoding
sequence were determined most likely to be part of the IRES.
Since in pestiviruses initiation of translation of the polyprotein
is also directed by an IRES element (40, 42), our experimental
data may indeed indicate that the RNA sequence of the
BVDV ORF represents an essential structural and functional
part of the IRES. Kupfermann et al. recently reported the
molecular characterization of DI13, a DI RNA that encodes
only 13 amino acids of Npro fused to 10 amino acids of E1 and
NS3, the latter missing 5 amino acids at its amino terminus
(27). Independent DI isolates of the pestivirus CSFV were
reproducibly characterized to contain a translation initiation
codon linked to glycine 1590, the supposed N terminus of NS3.
These observations suggest that the sequence requirements at
the genomic 59 end of BVDV might be less than 126 nucleo-
tides. A CSFV-analogous BVDV DI particle (DI9cNS3) as
well as a replicon containing ubiquitin instead of Npro

(DI9cubi) were incapable of autonomous replication, even
though in the latter 12 of the initial nucleotides of the Npro-
coding region and the applied artificial ubiquitin gene cassette
are identical. In view of this scenario, it can be stated that for
BVDV CP7, a hypothetical cis-acting RNA element localized
at the 59 end of the ORF should be between 12 and 126
nucleotides. Additional studies are needed to further confirm
and elucidate the functional role of such an RNA element

during the replication of BVDV CP7. Since it cannot be ruled
out that the described CSFV DI particles may require the
presence of a helper virus for replication, comparative exper-
iments are currently in progress to understand the discrepan-
cies in the genomic organization of different pestivirus DI
particles.

The information that only 5 of 12 intact polypeptide-encod-
ing regions of BVDV CP7 were defined as being sufficient to
catalyze the complete RNA replication pathway of the virus
will facilitate future efforts to elucidate the basic mechanism of
the viral multiplication strategy. Another fascinating aspect
concerns the genomic organization of the region encoding NS3
to NS5B, which in BVDV and human HCV is virtually colin-
ear, fueling speculation that the replication strategies of both
viruses follow similar rules. Since a suitable infectious system is
still lacking for HCV, our data may also contribute to a better
understanding of the life cycle of this human pathogen.
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