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tural autoprotease (Npro), is followed by the structural proteins
C, Erns, E1, and E2. The remaining proteins are presumably
nonstructural (NS). Processing at the cleavage sites NS3/4A,
NS4A/4B, NS4B/5A, and NS5A/5B has been shown to be mediated by the NS3 serine protease (45, 55, 56).
For pestiviruses and hepatitis C viruses (HCV), it has been
reported that the 59 NCR contains an internal ribosome entry
site (IRES) for translation initiation (32, 35, 50). Taking into
account our knowledge about other positive-strand RNA viruses, the 59 and 39 sequences of pestiviral RNAs probably
harbor additional specific signals for viral replication, transcription, and translation (11, 42, 53). Both primary and
secondary structures can serve as signals recognized by specific replicase and translation complexes. So far, little is
known about the function of the 39 NCR of pestiviruses and
HCV.
Comparative sequence analyses of pestiviruses from cattle,
sheep, and pigs led to the identification of four distinct genotypes (2, 47). This is in contrast to the currently used nomenclature that considers only the three members mentioned
above. Furthermore, several studies have shown that pestiviruses are not strictly host specific but may infect many species
within the Artiodactyla (4, 29). To reconsider the taxonomy of
pestiviruses, it has been proposed to term BVDV type 1
(BVDV-1) pestivirus type 1, CSFV pestivirus type 2, “true”
BDV pestivirus type 3, and BVDV-2 pestivirus type 4 (2). A
pestivirus isolate from a giraffe apparently represents the first
member of a fifth genotype (4).
Complete genomic sequences are available for BVDV-1 (13,
14, 16, 24), BVDV-2 (34), and CSFV (23, 27, 28, 36). In this
study, we report the first entire genomic sequence of BDV by
using our pestivirus type 3 reference strain, X818 (5).

Border disease virus (BDV) belongs to the genus Pestivirus,
which also comprises bovine viral diarrhea virus (BVDV) and
classical swine fever virus (CSFV). The genera Pestivirus and
Flavivirus and the hepatitis C virus group are included in the
family Flaviviridae (51). BDV is the causative agent of an
important congenital disease of sheep and is probably distributed worldwide (see reference 29 for a review). Intrauterine
infections during early pregnancy can cause fetal death and
abortions. Alternatively, intrauterine infections during the first
half of gestation can result in lambs which show tremor, ataxia,
hairy fleece, brain malformations, and poor growth. Affected
lambs, termed hairy shakers, are persistently infected and play
an important role in virus transmission (29, 46). In addition,
a syndrome similar to mucosal disease of cattle has been
described for sheep infected with ruminant pestiviruses (1,
30).
The genomes of pestiviruses are positive-strand RNAs, usually with a length of 12.3 kb. The genomic RNA contains one
continuous long open reading frame (ORF) flanked by 59 and
39 noncoding regions (NCR) (13, 14, 16, 23, 24, 28, 34). The
ORF is translated into a hypothetical polyprotein of about
3,900 amino acids (aa). Generally, 11 to 13 pestiviral proteins
can be found as products of polyprotein processing that is
mediated by viral and host cell proteases (see reference 25 for
a review). In the polyprotein, the mature viral proteins are
arranged in the following order (from the N to C terminus):
Npro, C, Erns, E1, E2, p7, NS2-3, (NS2), (NS3), NS4A, NS4B,
NS5A, NS5B. The first protein of the polyprotein, a nonstruc* Corresponding author. Mailing address: Institut für Virologie (FB
Veterinärmedizin), Justus-Liebig-Universität, Frankfurter Str. 107,
D-35392 Giessen, Germany. Phone: 49 641 99 38350. Fax: 49 641 99
38359. E-mail: heinz-juergen.thiel@vetmed.uni-giessen.de.
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The genus Pestivirus of the family Flaviviridae comprises three established species, namely, bovine viral
diarrhea virus (BVDV), classical swine fever virus (CSFV), and border disease virus from sheep (BDV). In this
study, we report the first complete nucleotide sequence of BDV, that of strain X818. The genome is 12,333
nucleotides long and contains one long open reading frame encoding 3,895 amino acids. The 5* noncoding
region (NCR) of BDV X818 consists of 372 nucleotides and is thus similar in length to the 5* NCR reported
for other pestiviruses. The 3* NCR of X818 is 273 nucleotides long and thereby at least 32 nucleotides longer
than the 3* NCR of pestiviruses analyzed thus far. Within the 3* NCR of BDV X818, the sequence motif
TATTTATTTA was identified at four locations. The same repeat was found at two or three locations within the
3* NCR of different CSFV isolates but was absent in the 3* NCR of BVDV. Analysis of five additional BDV
strains showed that the 3* NCR sequences are highly conserved within this species. Comparison of the deduced
amino acid sequence of X818 with the ones of other pestiviruses allowed the prediction of polyprotein cleavage
sites which were conserved with regard to the structural proteins. It has been reported for two BVDV strains
that cleavage at the nonstructural (NS) protein sites 3/4A, 4A/4B, 4B/5A, and 5A/5B is mediated by the NS3
serine protease and for each site a conserved leucine was found at the P1 position followed by either serine or
alanine at P1* (N. Tautz, K. Elbers, D. Stoll, G. Meyers, and H.-J. Thiel, J. Virol. 71:5415–5422, 1997; J. Xu,
E. Mendez, P. R. Caron, C. Lin, M. A. Murcko, M. S. Collett, and C. M. Rice, J. Virol. 71:5312–5322).
Interestingly, P1* of the predicted NS5A/5B cleavage site of BDV is represented by an asparagine residue.
Transient expression studies demonstrated that this unusual NS5A/5B processing site is efficiently cleaved by
the NS3 serine protease of BDV.
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Multiple sequence alignments of the DNA and deduced amino acid sequences
were generated with the GCG programs PILEUP and CLUSTAL.
Transient expression with the T7 vaccinia virus system. BHK-21 cells (5 3 105
per 3.5-cm-diameter dish) were infected with the recombinant T7 vaccinia virus
MVA-T7pol at a multiplicity of infection of 10 (43). After 1 h of incubation at
37°C, the cells were washed twice with medium lacking fetal calf serum. Subsequently, cells were transfected with 2.0 mg of plasmid DNA by using Superfect
reagent (Qiagen). After 3 h of incubation at 37°C, the supernatant was replaced
with medium containing 10% fetal calf serum and the cells were incubated
overnight at 37°C. Finally, the cells were washed with phosphate-buffered saline
and stored at 220°C.
Construction of T7 expression plasmids. All T7 expression plasmids were
based on vector pCITE (Invitrogen). To establish a construct for expression of
NS3, NS4A, and NS4B of BDV X818, a BamHI-SacI fragment encompassing
nucleotides 5121 to 8435 of the X818 sequence was derived from cDNA clone X9
(5) and cloned into pCITE-2c. The resulting plasmid is termed pX818-NS34AB.
As a first step to generate the construct encoding NS5AB, a cDNA fragment
encompassing nucleotides 8431 to 11224 of the X818 sequence was isolated by
digestion of the X818-specific cDNA clone X2 (5) with SacI and XhoI. This
cDNA fragment was cloned into pCITE-2a, resulting in plasmid pCITENS5AB*. To obtain the C-terminal part of the NS5AB gene, a cDNA fragment
was generated by RT-PCR using primers Ol 10770 and Ol 12050R and subsequently cloned into pCRII (Invitrogen). From the resulting plasmid, the X818specific insert was isolated after digestion with EcoRI and ApaI and cloned into
pSecTagA (Invitrogen; precut with EcoRI and ApaI) to fuse the 39 end of the
NS5AB gene with a sequence encoding a 12-residue epitope from the human
c-myc gene product together with a six-His tag. Subsequently, an NheI/BclI
fragment was obtained and cloned into pCITE-NS5AB*. The resulting plasmid,
pCITE-NS5AB, encodes the complete NS5AB together with the C-terminally
fused immunological marker.
Immunoblotting. Infected MDBK cells were lysed 48 h postinfection, while
lysis of BHK-21 cells was performed 16 h after transfection. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (8% polyacrylamide) and immunoblotting were carried out as described before (3).
Nucleotide sequence accession numbers. Sequence data from this article have
been deposited in EMBL and GenBank data libraries and assigned the following
accession numbers: AF037405 (complete nucleotide sequence of BDV X818)
and AF037406 to AF037411 (39 NCR of pestivirus strains L83-84, Moredun,
Cumnock, V-TOB, Frijters, and R2727, respectively).

RESULTS
Determination of the 3* and 5* sequences of the genome of
BDV X818. To determine the 59 and 39 sequences of the X818
genome, an RNA ligation method was used as the first step.
After ligation of viral genomic RNA prepared from the supernatant of infected cells, a nested RT-PCR assay was performed. This amplification produced a DNA fragment of the
expected size (about 600 bp), which was subsequently subjected to sequence analysis (Fig. 1). The consensus sequence
was obtained from six independent clones and compared with
the respective sequences of other pestiviruses. This kind of
analysis does not allow determination of the border between 59
and 39 ends of the genomic RNA. The exact positions of the 59
and 39 ends were determined by ligation of an RNA oligonucleotide, Ol LIG, to the 39 end of the viral genomic RNA and
subsequent RT-PCR (Fig. 2). First-strand cDNA synthesis was
carried out with primer Ol G31, complementary to the oligonucleotide extension. After cloning of the amplified cDNA, 12
independent clones were obtained and subjected to nucleotide
sequence analysis.
Analysis of 5* NCR. The 59 NCR of X818 is 372 nucleotides
long, while those of CSFV, BVDV-1, and BVDV-2 have
lengths between 372 and 385 nucleotides (13, 14, 16, 26–28, 34,
36). An alignment of the 59 NCR of the four pestivirus genotypes, including BVDV-1, CSFV, BVDV-2, and BDV X818,
allowed the identification of both highly conserved and highly
variable regions (Fig. 1C). The first 7 nucleotides of the pestivirus 59 NCR and 18 nucleotides preceding the initiation
AUG are identical for all pestiviruses, suggesting a strong
functional pressure. The 59 NCR of pestiviruses contains an
IRES element for initiation of viral protein synthesis (32, 35).
Secondary-structure analysis of the 59 NCR of BVDV-1 and
CSFV predicted a series of stem-loop structures (15). It has
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Cells and viruses. MDBK and BHK-21 cells were obtained from the American
Type Culture Collection (Rockville, Md.). Cells were grown in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum. BDV strains X818
(5), L83-84 (5), Cumnock (3), Moredun (3, 48), V-TOB (4, 40), and Frijters (4,
52) as well as ovine genotype 1 pestivirus R2727 (5, 10) have been described
previously. The modified vaccinia virus Ankara expressing the T7 polymerase
(MVA-T7pol) was kindly provided by G. Sutter (Institute of Molecular Virology,
GSF-Centre for Environmental and Health Research, Oberschleissheim, Germany) (43).
Infection of cells. Supernatants and lysates of infected cells were combined and
used for infection of MDBK cells. Material for infection was prepared by freezing and thawing cultures 48 h postinfection and then stored at 270°C. A multiplicity of infection of about 0.1 was used for infections.
Oligonucleotides. Oligonucleotides were purchased from MWG Biotech
GmbH (Ebersberg, Germany). Sequences of oligonucleotides and their positions
in the genomic sequence of BDV X818 (in parentheses) are as follows: Ol 100,
CATGCCCWYAGTAGGACTAGC (97–117); Ol 200R, GGGCATGCCCTCG
TCCAC (243–226); Ol 380R, AACTCCATGTGCCATGTACAG (380–360); Ol
10770, AGTGATACAGTACCCAGAGG (10758–10777); Ol 11500, GAGAAA
AGCCTAGGAGAG (11266–11283), Ol 11900, TGCAAAGTGGAGGCCA
TAC (11888–11906); Ol 12000, ATTGGGACCCATAGTCAACG (11985–
12004); Ol 12050R, TTCGGGCCCCATCCCTCTACCAACCAGG (12057–
12039); and Ol 12200R, CMYMCAGCTAAAGTGCT (12283–12267). Primers
Ol 100, Ol 200R, Ol 380R, Ol 11500, and Ol 12200R were designed by using
published sequences of BVDV-1 strains NADL (13), Osloss (14), and CP7 (24),
BVDV-2 strain 890 (34), and CSFV strains Alfort-T (23) and Brescia (28). Other
primers were derived from the X818 sequence. The sequence of primer Ol
BDV8R has been published previously (2).
For anchored reverse transcription (RT)-PCR, RNA oligonucleotide Ol LIG
(59 CAUCUCGAUGCUCGACCUCUC 39) and the corresponding antisense
oligonucleotide Ol G31 (59 GCGGATCCGAGAGGTCGAGCATCGAGATG
39) were used; within the sequence of Ol G31, the region complementary to Ol
LIG is underlined. To prevent intramolecular and intermolecular ligation, the 39
ends of Ol LIG were blocked by the addition of an amino group (57).
RT-PCR. RNA from pestivirus-infected cells was prepared by using either the
RNeasy total RNA kit (Qiagen GmbH, Hilden, Germany) or the RNA Extraction Kit (Pharmacia Biotech) as recommended by the supplier. RT-PCR was
done as described previously (4).
Molecular cloning of the genomic sequence. cDNA synthesis, establishment
and screening of lambda ZAPII library, and cloning of cDNA fragments encompassing nucleotides 1300 to 11500 of the BDV X818 genome have been described
previously (5). The remaining part of the genome was cloned after RT-PCR by
using the TA cloning kit (Invitrogen, De Schelp, The Netherlands). Prior to
cloning, the cDNA fragments obtained after RT-PCR were separated by agarose
gel electrophoresis and purified by using the Qiaex DNA purification kit (Qiagen). For amplification of the genomic regions encompassing nucleotides 100 to
1400 and 11280 to 12260 (numbers according to the obtained nucleotide sequence of BDV X818), primer pairs Ol BDV8R/Ol 100 and Ol 12200R/Ol 11500
were used, respectively.
Analysis of the 5* and 3* sequences. For determination of the 59 and 39
sequences, both an RNA ligation method and an RNA oligonucleotide ligation
method were employed. For these analyses, genomic RNA was prepared from
500 ml of supernatant of infected cells. After clarification of the supernatant at
2,500 3 g for 30 min at 14°C, virions were pelleted by centrifugation at
100,000 3 g for 4 h at 14°C. The viral pellet was resuspended in 400 ml of lysis
buffer, and RNA was prepared by using the RNA Extraction Kit (Pharmacia
Biotech). Two micrograms of RNA was ligated by using 20 U of T4 RNA ligase
(New England Biolabs) in a reaction mixture containing 50 mM Tris-HCl (pH
7.8), 10 mM MgCl2, 1 mM b-mercaptoethanol, 1 mM ATP, and 16 U of RNase
inhibitor (RNasin; Promega) for 5 h at 37°C in a volume of 10 ml. After phenolchloroform extraction and ethanol precipitation, the pellet was resuspended in
10 ml of diethylpyrocarbonate-treated H2O. A 2.5-ml volume of this solution was
used for RT-PCR with primers Ol 380R and Ol 11500. A second, nested PCR
was performed with primers Ol 200R and Ol 12000 (see Fig. 1).
For analysis of the 39 sequences, 20 ng of RNA oligonucleotide Ol LIG was
ligated to 2 mg of RNA with 20 U of T4 RNA ligase (New England Biolabs) by
using the same reaction conditions as those described above. After phenolchloroform extraction and ethanol precipitation, RT-PCR analysis was performed with primer Ol G31, which is complementary to the sequence of Ol LIG,
and sense primer Ol 11500. A second, seminested PCR was performed with
primers Ol G31 and Ol 11900 (see Fig. 2).
Nucleotide sequencing and sequence analysis. Dideoxy sequencing (38) of
double-stranded DNA templates was carried out with the T7 polymerase sequencing kit in the presence of [a-35S]dATP (Pharmacia LKB). All sequences
were determined by sequencing both complementary strands of at least two
independent cDNA clones. In the case of nucleotide differences, the consensus
sequence was obtained by sequencing a third independent clone. Computer
analysis of sequence data was performed by using HUSAR (DKFZ, Heidelberg,
Germany), which provides the GCG (17) and PHYLIP (19) software packages.
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been reported that secondary structure rather than merely a
linear nucleotide sequence functions as the pestiviral IRES.
Similar analyses performed with the 59 NCR of BDV X818
suggest that the secondary structure of this region is conserved
for all pestiviruses (data not shown).
Analysis of 3* NCR. In six clones obtained after ligation of
an RNA oligonucleotide, the synthetic oligonucleotide was
preceded by the sequence 59 . . .ACAGCCCC 39, while in other
clones, either two or five C residues were found; in one case,
the terminal sequence was 59 . . .ACAGCCCT 39. With respect
to the number of C residues at the 39 end, heterogeneity was
also observed in the sequences of clones obtained after 39-59
ligation of genomic RNA. Again, the sequence 59 . . .ACAGC
CCC 39 was observed most frequently. In other cases, three,
five, or seven C residues were found at the 39 end. Accordingly,
the 39 end of the genome of BDV X818 is obviously not
represented by a single sequence but shows considerable het-

erogeneity. This is similar to the situation reported for BVDV1 and CSFV strains (16, 26).
For BVDV-1 strains NADL and SD-1 and for most CSFV
strains, the 39 NCR has been reported to be approximately 226
nucleotides long (13, 16, 26, 28, 36), while those of BVDV-1
strain Osloss (14) and BVDV-2 strain 890 (34) comprise only
185 and 206 nucleotides, respectively. The 39 NCR of CSFV C
strain consists of 241 nucleotides (27). Surprisingly, the 39
NCR of BDV X818 contains 273 nucleotides and is thus at
least 32 nucleotides longer than the 39 NCR of any pestivirus
analyzed thus far (Fig. 2C). Comparison of the 39 NCR nucleotide sequences of selected pestivirus strains showed that a
highly variable region following the UGA translational termination codon leads to the size heterogeneity, while the most-39
70 nucleotides form a conserved element with a predicted
stem-loop structure for the last 56 to 60 bases (Fig. 2D). Interestingly, the sequence motif TATTTATTTA was identified

Downloaded from http://jvi.asm.org/ on February 26, 2021 by guest

FIG. 1. 59 sequences of BDV X818. (A) Experimental strategy. After ligation of the 59 and 39 ends of the viral RNA, RT-PCR was performed with primers Ol 380R
and Ol 11500. Two microliters of the amplification product was used for a second, nested PCR with primers Ol 200R and Ol 12000. (B) PCR product obtained after
nested PCR. (C) Alignment of the 59 NCR sequences of the four pestivirus genotypes. For BDV X818, the consensus sequence was determined from six independent
clones. Other sequences were extracted from the GenBank/EMBL database (CSFV C strain [27], CSFV Alfort-T [26], BVDV-1 NADL [13], BVDV-1 Osloss [14],
BVDV-2 890 [34]). Conserved nucleotides are indicated with an asterisk.
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FIG. 2. 39 sequences of BDV X818. (A) Experimental strategy. After ligation of an RNA oligonucleotide (Ol LIG) to the 39 end of the viral RNA, RT-PCR was
performed with primer Ol G31, which is complementary to Ol LIG, and primer Ol 11500. Two microliters of the amplification product was used for a second, seminested
PCR with primers Ol G31 and Ol 11900. (B) PCR product obtained after seminested PCR. (C) Alignment of the 39 NCR sequences of the four pestivirus genotypes.
For BDV X818, the consensus sequence was determined from 12 clones obtained after ligation with an RNA oligonucleotide and from six clones obtained after ligation
of the 59 and 39 ends of viral RNA (see also Fig. 1). Other sequences were extracted from the GenBank/EMBL database. Each sequence starts with the translational
stop codon. Conserved nucleotides are indicated with an asterisk. The repeat sequence motif TATTTATTTA identified within the 39 NCR of BDV X818, as well as
CSFV C strain and Alfort-T, is underlined. (D) Predicted secondary structure of BDV X818 39 NCR. Modeling was performed with the computer program RNAFOLD.
The numbers correspond to those of the sequence shown in panel C.
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at four different locations within the variable part of the 39
NCR of BDV X818. This motif can be also found at two or
three corresponding regions within the 39 NCR of CSFV C
strain and Alfort-T, while it is absent in the 39 NCR of BVDV1 and BVDV-2 strains (Fig. 2). In addition to this sequence
motif, other AT-rich stretches can be found in the variable
region of pestivirus 39 NCR. The nucleotide sequences and
locations of these stretches, however, differed for the four
established pestivirus genotypes.
3* NCR sequences from other BDV isolates. To investigate
whether size and sequence characteristics of the 39 NCR of
X818 are unique for this strain or represent a common feature
of this species, we determined the 39 NCR sequences of additional BDV isolates from sheep. The resulting comparative
sequence analysis showed that the 39 NCR of BDV strains
L83-84, Moredun, and Cumnock consist of about 273 nucleotides and that the respective sequences are most similar to the
one of BDV X818 (Fig. 3). The repeat motif TATTTATTTA
identified in the X818 39 NCR sequence was found at four
locations in the 39 NCR of strains L83-84 and Cumnock, while
it is present twice in the corresponding region of strain Moredun.
While most BDV isolates were obtained from sheep, other
members of the Artiodactyla have also been found to harbor
these viruses (4). To determine whether length and sequence
of the 39 NCR can be connected with host origin of pestivirus
isolates, porcine BDV strain Frijters and bovine BDV strain
V-TOB were analyzed. Again, the 39 NCR of these porcine and
bovine BDV strains comprise about 273 nucleotides with two
or three copies of the above-mentioned repeat sequence motif
(Fig. 3). In addition, BVDV-1 strain R2727 isolated from
sheep was also included in this study. The results indicated that
the 39 NCR of BVDV-1 strain R2727 comprises 224 nucleotides and lacks the repeat sequence identified for BDV (data
not shown). To assess the degree of variation, the nucleotide
sequence identities of 39 NCR between the investigated strains
and single BVDV-1, BVDV-2, and CSFV strains were calculated. With respect to the complete 39 NCR, the nucleotide
sequence identities among all investigated BDV strains are
greater than 90%, but those between BDV and other pestivirus
isolates are less than 80%. Taken together, our data demon-

strate that length and sequence of the 39 NCR, including the
presence of repeat sequence motifs, are highly conserved
among the analyzed ovine, porcine, and bovine BDV strains.
Sequence analysis of the ORF and processing of the
polyprotein. The genome of BDV X818 is 12,333 nucleotides
long. Accordingly, the length of the genomic RNA determined
by nucleotide sequencing is in good agreement with the size of
RNA demonstrated before by Northern blotting (5). Analysis
of the nucleotide sequence of BDV X818 revealed a single,
continuous ORF originating at nucleotide 373 and terminating
at nucleotide 12060. The ORF consists of 11,688 nucleotides
encoding 3,895 aa. The complete nucleotide sequence of BDV
X818 was compared to the ones of other pestiviruses, and
coding regions of X818 could be readily aligned (data not
shown).
Processing of the polyprotein into the mature viral polypeptides requires several cleavages performed by viral and cellular
proteases (12, 18, 37, 41, 45, 54–56). Studies on processing of
the pestiviral polyprotein included determination of the N termini of individual viral proteins. With respect to the structural
proteins, the N termini of C, Erns, E1, and E2 have been
determined for CSFV (37, 41), while the N termini of the
nonstructural proteins p7, NS4A, NS4B, NS5A, and NS5B
have been reported for BVDV-1 (18, 45, 56). Thus, the N
termini of NS2 and NS3 have not been directly determined for
any pestivirus; however, there is evidence that the N terminus
of NS2-3 (NS2) is located near aa 1130 (18) and that aa 1590
can represent the N terminus of NS3 (numbers refer to the
genomic sequence of BVDV-1 strain SD-1 [16]); the latter
assumption applies to certain cytopathogenic BVDV-1 strains
(25, 56). Alignments of the BDV X818 polyprotein sequence
with respective sequences of other pestiviruses revealed a high
degree of homology at the predicted cleavage sites, suggesting
that processing of the polyprotein occurs at conserved locations (Fig. 4). Using these cleavage sites to define the boundaries of each protein, we calculated the identities between
X818 virus protein sequence and the respective sequences of
other selected pestiviruses. The greatest amino acid sequence
identity was found with CSFV. The most conserved pestiviral
proteins are represented by NS3 and NS4A, while E2, p7, NS2,
and NS5A appear to be least conserved (Table 1).
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FIG. 3. Comparison of the 39 NCR sequence of BDV X818 with the ones of other BDV strains. The corresponding nucleotide sequences of the 39 NCR of ovine
strains L83-84, Moredun, and Cumnock, bovine strain V-TOB, and porcine strain Frijters were determined from at least three independent clones obtained after
ligation with an RNA oligonucleotide and subsequent seminested RT-PCR (for experimental strategy, see also the legend to Fig. 2). Each sequence starts with the
translational stop codon. Only differences from the BDV X818 sequence are indicated. The repeat sequence motif TATTTATTTA is underlined.
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Generation of the nonstructural proteins NS4A, NS4B,
NS5A, and NS5B is mediated by the pestiviral NS3 (NS2-3)
serine protease. Determination of the four respective cleavage
sites of two BVDV-1 strains has led to the conclusion that a
conserved leucine residue is found at the P1 position followed
by either serine or alanine at the P19 position (45, 56). Comparison of the deduced amino acid sequences around the cleavage site between NS5A and NS5B revealed, however, a remarkable difference between BDV strain X818 and other
pestiviruses. For X818, the leucine at the P1 position is followed by an asparagine residue at P19, while all other pestiviruses have a serine at this location (Fig. 4). Processing in the
NS5AB region of X818 was therefore of particular interest.
Since NS5A and NS5B of BDV X818 could not be identified
by using the CSFV- and BVDV-specific antisera available to

us, the genomic region encoding the proteins NS3, NS4A,
NS4B, NS5A, and NS5B as well as smaller parts of this region
were expressed in the T7 vaccinia virus system. For detection
of NS5AB and the cleavage product NS5B, we added an immunological marker to the C terminus of NS5AB by fusing the
NS5AB gene with a sequence encoding a 12-residue epitope
from the human c-myc gene product. The presence of NS5AB
and any release of NS5B were monitored by immunoblotting
with an anti-myc monoclonal antibody. Expression of a cDNA
fragment encompassing the genomic region encoding NS5AB
resulted in detection of a protein with an apparent molecular
mass of about 140 kDa. Coexpression of this NS5AB construct
together with a second cDNA fragment encoding NS3, NS4A,
and NS4B allowed us to demonstrate that NS5AB of BDV
X818 is efficiently cleaved by the NS3 serine protease (Fig. 5).

TABLE 1. Amino acid identity between proteins of BDV X818 and other pestivirusesa
Virus and strain

CSFV Alfort-T
CSFV Brescia
BVDV-1 NADL
BVDV-1 CP7
BVDV-2 890
a
b

Amino acid identity (%)
Npro

C

Erns

E1

E2

p7

NS2b

NS3

NS4A

NS4B

NS5A

NS5B

76.2
72.6
70.8
72.0
69.0

74.0
79.0
71.6
70.6
70.6

81.1
79.3
76.7
77.1
78.0

86.7
86.2
75.4
73.8
78.5

66.8
65.7
59.4
58.8
55.6

81.3
81.3
54.7
46.9
59.4

69.1
70.6
61.2
59.9
56.2

94.4
94.1
91.8
91.8
91.2

89.1
90.6
89.1
89.1
87.5

83.5
84.4
74.0
73.7
74.6

62.2
62.2
58.3
57.7
56.9

78.4
78.9
71.0
72.1
72.1

Termini of the individual proteins are as indicated in Fig. 4. The assumed N termini of NS2-3 (NS2) and NS3 are described in the text.
Insertions of cellular and viral sequences within the NS2 genes of BVDV-1 NADL, BVDV-1 CP7, and BVDV-2 890 were deleted for this comparison.
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FIG. 4. Pestivirus polyprotein and alignment of sequences flanking the predicted cleavage sites. The diagram at the top shows the location of structural proteins
(shaded boxes) and nonstructural proteins (open boxes). Proteases involved in processing include viral N-terminal autoprotease Npro, cellular signal peptidase (}), and
viral NS2-3 (NS3) serine protease (Œ). The N termini of structural proteins C, Erns, E1, and E2 have been determined for CSFV Alfort-T (37, 41), while those of the
nonstructural proteins p7, NS4A, NS4B, NS5A, and NS5B have been determined for BVDV-1 strains CP7 and NADL (18, 45, 56). The alignment of sequences around
the predicted processing sites include deduced amino acid sequences of CSFV Alfort-T (26), CSFV C strain (27), BVDV-1 CP7 (24), BVDV-1 NADL (13), BVDV-2
890 (34), and BDV X818 (present study).
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The apparent molecular size of the NS5B-myc fusion protein is
83 kDa and thus similar to that of NS5B, as shown for BVDV-1
NADL (12) and as deduced for other pestiviruses. Accordingly, the BDV NS3 proteinase mediates cleavage at a processing site where asparagine is present at the P19 position.
DISCUSSION
Complete genomic sequences are known for all pestivirus
species except BDV. In the present study, we report the entire
genomic sequence of our BDV reference strain, X818. The
genome of X818 virus comprises 12,333 nucleotides and contains one long ORF flanked by NCR. The polyprotein encoded
by this ORF consists of 3,895 aa, which is very similar to the
length of the polyprotein of other pestiviruses. Pestiviruses
encode four structural and seven to nine nonstructural proteins. The N termini of most mature pestiviral proteins have
been determined for either BVDV-1 or CSFV (18, 37, 41, 45,
56). Comparison of the BDV X818 polyprotein sequence with
the respective sequences of the other three pestivirus species
demonstrated a high degree of homology at the predicted
cleavage sites (Fig. 4). Analysis of proteins encoded by BDV
X818 including immunoblot and immunoprecipitation assays
with various CSFV- and BVDV-specific antisera resulted in
identification of Npro, C, Erns, E1, E2, NS2-3, NS3, NS4A, and
NS4B (5, 6). In general, the apparent molecular weights of
these BDV proteins were very similar to the ones described for
CSFV and BVDV-1. The identification of BDV X818-encoded
proteins together with the predictions of conserved cleavage
sites strongly suggest that the polyprotein of BDV is processed
in a manner very similar to the ones of other pestivirus species.

For pestiviruses and HCV, cleavage at the processing sites
NS3/4A, NS4A/4B, NS4B/5A, and NS5A/5B is mediated by the
NS3 serine proteinase. Analysis of two BVDV-1 strains revealed that a leucine is present at the P1 position, followed
by either serine or alanine at the P19 position (45, 56).
Comparison of sequences around the four predicted cleavage sites showed that P1 and P19 are highly conserved
among all BVDV-1, BVDV-2, and CSFV isolates. Similar to
NS3 of pestiviruses, the NS3 proteinase of HCV also prefers
amino acids with short side chains at the P19 position of the
respective cleavage sites (33). Remarkably, P19 of the predicted NS5A/5B processing site of BDV X818 is represented
by asparagine (Fig. 4). Accordingly, it was interesting to determine whether NS5AB of BDV X818 is cleaved at the predicted
processing site by the NS3 proteinase. In this context, it is
noteworthy that NS5 of members of the genus Flavivirus is not
further processed (33). Since we failed to detect NS5A and
NS5B of BDV X818 by using the CSFV- and BVDV-specific
antisera available to us, the NS5AB gene of BDV X818 was
expressed as a fusion protein encompassing an immunological
marker at its C terminus. Coexpression of this modified
NS5AB together with BDV NS3, NS4A, and NS4B demonstrated that NS5AB of BDV X818 is efficiently cleaved by the
NS3 serine protease; the released NS5B has the expected size
of about 80 kDa (Fig. 5). Analysis of the X818 polyprotein
sequence revealed that L-S(A) dipeptides are at least 120
amino acids apart from the proposed site; accordingly, cleavage of NS5AB at such sites would result in calculated molecular sizes for NS5B below 70 kDa or above 90 kDa. Thus, our
data strongly suggest that the NS3 serine protease of BDV can
mediate cleavage at a site where asparagine is present at P19.
Interestingly, for another BDV strain (BD-31), asparagine is
also found at the P19 position of the predicted NS5A/5B processing site (56). The presence of asparagine at this position
may represent a common feature of BDV, and it can be speculated that the BDV NS3 proteinase may differ from the one
of other pestiviruses. However, experiments with NS3 of
BVDV-1 showed that NS5AB of BDV X818 is also efficiently
cleaved by the NS3 proteinase of BVDV-1 (6).
Establishment of the entire genomic sequence of BDV X818
enables comparative analyses of complete sequences of the
four pestivirus species and thereby reconsideration of pestivirus taxonomy. The overall nucleotide sequence identities between BDV X818 and BVDV-1, BVDV-2, or CSFV strains are
less than 72%. Phylogenetic analysis on the basis of complete
nucleotide and polyprotein sequences including BDV X818,
several BVDV-1 and CSFV strains, as well as BVDV-2 isolate
890 showed that pestiviruses segregated into four major genotypes, which is consistent with the previously reported groupings of pestiviruses identified by comparison of partial sequences (references 2, 4, and 47 and data not shown).
The 59 NCR of BDV X818 is 372 nucleotides long and with
regard to length and sequence most similar to the one of
CSFV. Pestiviruses and HCV have relatively long 59 NCR
encompassing 372 to 385 and 341 to 344 nucleotides, respectively. In contrast, the 59 NCR of members of the genus Flavivirus consists of 95 to 132 bases (33). The genomic RNA of
flaviviruses has a type I cap at its 59 end (m7GpppAmp), while
pestiviruses and HCV lack a 59 cap structure (15). For the
latter two, an IRES which mediates cap-independent translation of the long ORF has been described (32, 35, 50). With
respect to length, predicted secondary structure, and function
of the 59 NCR, pestiviruses and HCV appear similar to each
other but are remarkably different from flaviviruses.
Complete 39 NCR sequences have been established for several BVDV-1 and CSFV strains as well as for BVDV-2 strain
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FIG. 5. Immunoblot analysis of BDV X818 nonstructural proteins. After
infection with vaccinia virus MVA-T7pol, BHK-21 cells were transfected with
pX818-NS34AB (lane 2), pX818-NS5AB (lane 3), or a combination of both (lane
4). BHK-21 cells infected with MVA-T7pol but not transfected served as a
control (lane 1). Cells were lysed 16 h posttransfection or postinfection, and the
samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (8% polyacrylamide) under reducing conditions, transferred to nitrocellulose, and incubated with anti-myc (A) or anti-NS3 (B) monoclonal antibody.
The sizes of marker proteins are indicated on the left. The positions of c-myc (A)
and X818-specific proteins NS5AB-myc (A), NS5B-myc (A), and NS3 (B) are
marked with arrows.
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ADDENDUM IN PROOF
J. F. Ridpath et al. (Virus Res. 50:237–243, 1997) have
recently reported the genomic sequence of BDV strain BD31.
This sequence comprises 12,268 nucleotides, while the sequence of BDV X818 is 12,333 nucleotides long. According to
our comparison of the BD31 sequence with complete pestivirus sequences including BDV X818, the BD31 sequence is
missing at least 8 nucleotides at the 59 end and 48 nucleotides
at the 39 end.
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