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Two cytopathogenic isolates of bovine viral diarrhea virus (cpBVDV) have been analyzed. For both viruses two
regions of their genomic RNAs were found to be duplicated and rearranged. The viral genomes contain a small
duplicated element (SD) derived from the genomic 5 end far downstream of its original context. This sequence is
followed by a larger duplication which encompasses the region coding for the protein p80(LD), a molecular marker for
cpBVDV. The SD element codes for the viral protease p20. In the case of the viruses analyzed here the aminoterminus
of p80 is generated by autoproteolytic removal of the preceding SD-encoded protease. For one of the cpBVDV isolates
a specific fusion protein (p28) could be identified which is composed of p20 and part of p10, another viral protein.
Molecular characterization of the respective noncytopathogenic counterpart revealed that duplication and rearrange-

ment of sequences as well as the expression of p28 and p80 are specific for the cytopathogenic virus.

Press, Inc.

INTRODUCTION

Bovine viral diarrhea virus (BVDV) represents a small
enveloped RNA virus that belongs to the genus pesti-
virus within the family Flaviviridae (Wengler, 1991).
Other members of the genus are hog cholera virus
(HCV) and border disease virus (BDV) of sheep. The
single-stranded RNA genome of pestiviruses has a size
of about 12.5 kb and possesses positive polarity (Ren-
ard et al,, 1987; Collett et al., 1988a; Meyers et al,,
1989a). Viral gene expression occurs via synthesis of a
polyprotein and subsequent proteolytic processing
{Collett et al., 1988b,c; Meyers et al., 1989a).

BVDV is the causative agent of a variety of syn-
dromes in cattle among which the most severe is mu-
cosal disease (MD) with almost 100% lethality (for re-
view: Baker, 1987). Interestingly, a pair of viruses be-
longing to two different biotypes of BVDV can always
be isolated from animals which come down with MD.
These two biotypes are distinguished by their ability to
replicate in tissue culture cells with or without cyto-
pathic effect (cpBVDV or noncpBVDV, respectively).
Elaborate studies revealed that a prerequisite for devel-
opment of MD is an intrauterine infection with
noncpBVDV (Brownlie et al., 1984; Bolin et al., 1985).
In a second step generation of cpBVDV occurs, which

' To whom correspondence and reprint requests should be ad-
dressed.

Sequence data from this article have been deposited with Gen-
Bank/EMBL Data Libraries under accession Nos. M96640 (Fig. 3A),
M96641 (Fig. 3B), M96638 (Fig. 3C), and M96639 (Fig. 4).
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was assumed to be due to a mutation in the viral ge-
nome (Pocock et al., 1987; Corapi et al., 1988).

At the molecular level the only difference between
cpBVDV and noncpBVYDV known until recently was the
presence of an 80-kDa protein (p80) in cells infected
with cytopathogenic viruses. This protein is colinear
with the carboxyterminal part of a polypeptide of 125
kDa (p125) detectable in cells infected with either
cpBVDV or noncpBVYDV (Purchio et al., 1984; Pocock
et al., 1987; Corapi et al., 1988; Collett et al., 1988Db).
Surprisingly, for two cpBVDV strains host cell-derived
insertions were detected within the genomic region
coding for p125 (Meyers et al., 1989b, 1990). One of
the inserted sequences codes for a complete ubiqui-
tin-like protein while the function of the cellular homo-
logue of the other insertion is still unknown (Meyers et
al., 1989b, 1990). We proposed that recombination be-
tween cellular and viral RNA led to the formation of
these cpBVDV genomes and that the insertion of cellu-
lar elements is linked to generation of p80 within the
infected cells {(Meyers et a/., 1990).

To investigate directly the difference between a cy-
topathogenic virus and its noncytopathogenic coun-
terpart we analyzed the genomes of a pair of cpBVDV
(CP1) and noncpBVDV (NCP1) isolated from one MD
animal. For CP1 a ubiquitin-coding element which is
embedded in a large duplication of viral sequences en-
compassing the p80-coding region was identified. In
contrast, the genome of NCP1 does not contain either
insertion or duplication (Meyers et a/.,, 1991). Accord-
ing to the results of these studies, one possible muta-
tion leading to cytopathogenic BVDV is a recombina-
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tion process between cellular and viral RNA. In this
report molecular characterization of two additional
pairs of cpBVDV and noncpBVDYV is reported which
adds a new aspect to our understanding of generation
of cytopathogenic BVDV.

MATERIALS AND METHODS
Materials

Restriction enzymes and modifying enzymes were
from Pharmacia-LKB (Freiburg, FRG), New England
Biolabs (Schwalbach, FRG), Boehringer-Mannheim
(Mannheim, FRG), and Life Sciences, Inc. (USA). Am-
pliTag DNA polymerase was obtained from Cetus—Per-
kin—Elmer (Langen, FRG). Radioactive compounds
were purchased from Amersham-Buchler (Braun-
schweig, FRG). Kodak XARS X-ray films were used for
autoradiography.

Celis and viruses

MDBK cells and the BVDV strain NADL {Gutekunst
and Malmquist, 1963) were obtained from the Ameri-
can Type Culture Collection (Rockville, MD). The BVDV
strain Osloss (Renard et a/., 1987) was kindly provided
by Dr. Liess (Veterinary School, Hannover, FRG). Iscla-
tion and serological characterization of BVDV strains
NCP1, CP1, NCP6, and CP6 have been described by
Corapi et al. (1988); for strains Pe515CP and
Peb16NCP, see Brownlie et al. (1984). Cells were
grown in DMEM supplemented with 10% fetal calf
serum and were infected with BVDV as layer cells at
1.5 X 10° per 3.6-cm dish. Cells and virus stocks were
tested every 6 to 12 months for the absence of myco-
plasma contamination.

RNA preparation, gel electrophoresis and Northern
hybridization

Preparation of RNA was done as described
(Rumenapf et al., 1989). Five microgramms of glyoxy-
lated RNA (Maniatis et al., 1989) was separated in
phosphate-buffered 1% agarose gels containing 5.5%
formaldehyde. An RNA ladder (Bethesda Research Lab-
oratories, FRG) served as a size standard. For Northern
hybridization the RNA was transferred to Duralon-UV
membranes (Stratagene, Heidelberg, FRG). Mem-
branes were hybridized to the NCP1 ¢cDNA probe la-
beled with 3P by nick translation (Rigby et al., 1977)
(nick translation kit, Amersham-Buchler, Braun-
schweig, FRG) in 0.5 M sodium phosphate, pH 6.8, 1
mM EDTA, and 7% SDS at 54°C. Posthybridization
washes were carried out with 40 mM sodium phos-
phate, pH 6.8, 1 mM EDTA and 5% SDS, and 40 mM
sodium phosphate, pH 6.8, 1 mM EDTA, and 1% SDS

two times each for 30 min at hybridization tempera-
ture.

Oligonucleotides

Oligonucleotides were synthesized on a Biosearch
8700 DNA synthesizer (New Brunswick Scientific,
FRG) using the phosphoamidite method (Beaucage
and Caruthers, 1981). Oligonucleotides BVDV 13,
BVDV 14, and PES 9 are described elsewhere (Meyers
etal., 1991).

OIBVD32: AAATCTCTGCTGTACATCGCACATG

0IBVD33: GCATCCATCATNCCRTGRAT

cDNA synthesis, cloning, and library screening

Synthesis of double-stranded cDNA, cloning in A\
ZAPIl (Stratagene, Heidelberg, FRG), and establish-
ment and screening of the phage library using the
NCP1 cDNA probe was done as described before
(Meyers et al., 1991). Subcloning of cDNA fragments
into pBluescript plasmids by in vivo excision was per-
formed as recommended by the supplier (Stratagene,
Heidelberg, FRG).

Polymerase chain reaction

First strand cDNA was synthesized as described
(Rumenapf et al, 1989) using oligonucleotide OI-
BVDV33 as primer. For RNA hydrolysis 1 volume of 0.3
M NaOH and 2 volumes of 0.03 M EDTA were added
and the mixture incubated at 95°C for 5 minutes. After
neutralization with % volume of 1 M Tris/HCI (pH 8.0)
the volume was adjusted to 100 ul and the solution
was passed through a Sephadex G50 spun column
{Maniatis et a/., 1989). 1% of the single stranded cDNA
served as template for the polymerase chain reaction
(PCR). Buffer conditions for PCR were as described by
Jeffreys et al. (1988) except that the 50 ul reaction mix-
ture contained 10% dimethylsulfoxide and 50 pMoi of
primers Ol-BVDV32 and OI-BVDV33. Samples were
overlaid with 75 ul of paraffin and cycled 30 times for
100 s at 94°C, 100 s at 50°C and 200 s at 72°Cin a
thermocycler TPS (Landgraf, Hannover, FRG). After pu-
rification by chloroform extraction and preparative aga-
rose gel electrophoresis the PCR product was cloned
blunt end into the Smal site of pBluescript SK-(Strata-
gene, Heidelberg, FRG) according to standard proce-
dures (Maniatis et al., 1989).

Nucleotide sequencing

Exonuclease lll and S1 were used to establish dele-
tion libraries of cDNA clones (Hennikoff, 1987). Di-
deoxy sequencing (Sanger et al., 1977) of double-
stranded DNA templates was carried out using the T7
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polymerase sequencing kit (Pharmacia-LKB). All se-
quences shown in the figures have been determined
from two complementary strands. Computer analysis
of sequence data was performed on a Digital Microvax
Il using the UWGCG software (Devereux et al., 1984).

Preparation of antisera against bacterial fusion
proteins or synthetic peptides

For preparation of the anti D1, anti-K1, anti-L1, and
antiP1 sera HCV-derived cDNA fragments coding for
amino acids 102-292 {anti-D1), 2655-2766 (anti-K1),
2766-2985 (anti-L1), and 2290-2555 (anti-P1) of the
HCV polyprotein (Meyers et al., 1989a) were sub-
cloned into the expression vector pEX34 using stan-
dard procedures (Maniatis et al., 1989). pEX34 is iden-
tical to the previously described plasmid pEX31 (Stre-
bel et al., 1986), except for a deleted Pstl site in the
ampicillin resistance gene; expression and enrichment
of bacterial fusion proteins were performed basically
as described previously (Strebel et al., 1986). Fusion
proteins were further purified by preparative SDS-
PAGE and, after electroelution, injected subcutane-
ously into rabbits with Freund adjuvant (complete for
basic immunization, incomplete for booster injections).
Preparation of anti-G1 (RUmenapf et al., 1991) and anti-
A3 (Thiel et al., 1991) has been reported before.

Peptide HCV-Pep14 was synthesized on a MilliGen
9050 PepSynthesizer {Millipore) by using the Fmoc-
polyamide method. For generation of antibodies the
peptide was coupled to Key Hole Limpet hemocyanin
using glutaraldehyde as crosslinker (Harlow and Lane,
1988). Immunization of rabbits was carried out as de-
scribed above with an equivalent of 1 mg of peptide per
injection.

The antiserum against the peptide corresponding to
amino acids 1335-1351 of the BVDV NADL ORF has
been described before (Collett et al., 1991).

Radioimmunoprecipitation and SDS-PAGE

BVDV-infected MDBK cells (1.5 X 10° per 3.5-cm
dish) were labeled for 6 hr with 0.5 mCi/ml
[*®SImethionine/[*®*S]cysteine. Labeling medium con-
tained no cysteine and % of normal methionine con-
tent. Cell extracts were prepared under denaturing
conditions (Harlow and Lane, 1988). Extracts were in-
cubated with 5 ul of undiluted serum. Precipitates were
formed with crosslinked Staphylococcus aureus
(Kessler, 1981), analyzed by SDS-PAGE, and pro-
cessed for fluorography using Enhance (New England
Nuclear, Boston). Competition for anti-peptide antisera
was done with 100 ug of peptide per RIP sample.
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FiG. 1. Northern blot analysis of total RNA from MDBK cells in-
fected with BVDV strains Osloss (fane 1), CP1 (lane 2), NCP1 (lane
3), Pe515CP {lane 4), Pe515NCP (lane 5), CP8 (lane 6), and NCP8&
(lane 7}, respectively. The blot was hybridized with the cDNA frag-
ment from clone pNCII.1 (Meyers et al., 1991). Osloss represents a
cpBVDV strain with a genome containing a ubiquitin-coding inser-
tion of 228 nuclectides (Meyers et al., 1989b).

RESULTS
Hybridization studies

Characterization of the first BVDV pair isolated from
one animal with MD revealed a striking difference be-
tween the genome sizes of the cytopathogenic virus
CP1 and the noncytopathogenic virus NCP1 which
was clearly detectable on Northern blots (Meyers et a/.,
1991). The analysis of the viruses belonging to pairs
Pe515 (Pe516CP and Pe515NCP) and No. 6 (CP6 and
NCPB6) was also started with Northern hybridization ex-
periments (Fig. 1). The cDNA insert from clone pNCII.1
(Meyers et al., 1991) was used as a probe which was
hybridized against total RNA from bovine kidney
{(MDBK) cells infected with different virus strains. The
migration rate determined for the genome of the cyto-
pathogenic member of each virus pair was consider-
ably slower than that of the noncytopathogenic coun-
terpart (Fig. 1). Among the cpBVDV strains analyzed
here CP6 apparently possesses the largest genome
while the RNA from Peb15CP has about the same size
as that of the CP1 genome (Fig. 1).
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FiG. 2. Schematic drawing indicating the sequencing strategies for
the BVDV Pe515CP, Pe515NCP, and CP8 cDNA clones. For each
cDNA fragment the regions which have been sequenced are marked
by arrows. The SD regions in the sequences from Pe515CP and CP6
are shown as chess board bars. Numbers refer to the corresponding
positions of the BVDV NADL genome. The size of the different cDNA
inserts determined after agarose gel electrophoresis is shown in the
right panel.

According to additional hybridization experiments
with a ubiquitin probe the viruses from pairs No. 6 and
Peb15 did not contain ubiquitin-coding sequences in
their genomes while those from BVDV Osloss and CP1
were clearly recognized (data not shown). Therefore
the putative recombination leading to the genomes of
BVDV CP6 and Pe515CP did not imply integration of
ubiguitin-coding sequences.

Analysis of BVDV strains Pe515CP and Pe515NCP

For elucidation of the genome structure of BVDV
Pe515CP and Pe515NCP cDNA cloning and sequenc-
ing was employed. Since all insertions identified so far
in BVDV genomic RNAs were located around nucleo-
tide 5400, construction of the cDNA library was per-
formed with primers specific for the regions at 6 and 7
kb (Meyers et al., 1991). The library screening was
done with the same probe as used for the blot in Fig. 1.
in order to investigate the genomic localization of the
respective ¢cDNA fragment, BVDV-specific c¢DNA
clones were first analyzed by determination of the ter-
minal sequences (Fig. 2). With respect to the published

BVDV genomic sequences the &' ends of clones
pCB32 and pCB38 corresponded to positions around
7662 and 55629, while the 3’ ends were homologous to
sequences upstream of nucleotides 9814 and 6166
(pCB32 and pCB38, respectively). Accordingly, the ex-
pected sizes of the cDNA inserts in clones pCB32 and
pCB38 are 2.15 and 0.64 kb, respectively. This finding
already indicated the presence of sequence rearrange-
ments in the genome of Pe515CP since the observed
length of the cloned cDNA fragments was about 4.9 kb
(pCB32) and 3.4 kb (pCB38) {Fig. 2). To determine the
genome organization of Pe515CP additional nucleo-
tide sequencing of both pCB32 and pCB38 was em-
ployed (indicated by arrows in Fig. 2). The 5’ end of the
sequence shown in Fig. 3 corresponds to position
7089 of the published BVDV NADL genomic sequence
(Collett et al., 1988a). Up to nucleotide 636 the deter-
mined Peb15CP sequence is colinear with the pub-
lished sequences. Then 462 residues follow which do
not show any homology to the respective BVDV geno-
mic region. The third part of the sequence corresponds
to the region following position 5423 of the BVDV ge-
nome (strain NADL) (Fig. 3A). In general this genome
organization is reminiscent of the one described for
BVDV CP1 (Meyers et al, 1991) with an insertion
flanked by a duplicated viral sequence encompassing
about 2.5 kb downstream of position 5423 (termed LD)
(Fig. b). For BVDV CP1 the inserted element of 366
residues was a host cell-derived sequence coding for
ubiquitin. Surprisingly, the 462 nucleotides present in
the genome of Pe515CP (termed SD) are not of cellular
origin but are homologous to the sequence located at
position 428-889 of the BVDV NADL genome (Figs.
3A and 5). Accordingly, the genome of BVDV Pe515CP
represents the product of a recombination process
which probably involved only viral sequences.

The differences in genome sizes observed in the
Northern blot experiments (Fig. 1) suggested that the
duplication and rearrangement of sequences identified
for Pe515CP are not present in the RNA of Pe515NCP.
To investigate this directly a cDNA library of
Pe515NCP was established using a primer comple-
mentary to a sequence located at about 9 kb in a stan-
dard BVDV genome (Pes9). Priming in this region
should provide cDNA clones encompassing the two
recombination positions identified for Pe515CP (for nu-
clectide positions see Fig. 3A). After screening the li-
brary with the pNCPII.1 probe clone pNCB3 was iso-
lated which had a size of about 3.9 kb (Fig. 2). Determi-
nation of the terminal sequences allowed the
positioning of the cDNA insert between nucleotides
4886 and 9048 with respect to the BVDV NADL ge-
nome. Fig. 3B shows the complete nucleotide se-
quence of clone pNCB3. Insertions or discontinuances
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TGGAGTCTATACGAGGAGGACAGCCTGTTAATAACCCAGTTAGAAATATCAAATAATTTA
W S L YGETET DSTETLTITO QTLTETISHNN L

CTCATATCAGAAGACTTGCCAGCCGCTGTCAAGAACATAATGGCCAGGACTGATCACCCA
L 1 S EDTLTP®AAVTE KNG IMAPRTETD H P

GAGCCGATCCAACTTGCTTACAACAGTTATGAGGTCCAGGTCCCAGTCCTGTTCCCARAR
E P I QLA YONTGSGYEV QY PSPV IFTJ P K

ATAAGGAACGGAGAGGTTACAGACACCTACGAAAACTACTCATTTCTARACGCTAGGAAG
I R NGEV T DTJYEHNTZEYSTFTLTNAR K

TTAGGAGAGGATGTGCCCGTATACATCTATGCCACTGAAGATGAGGACCTGGCAGTTGAC
L G EDV PV Y TIYATTETDTETDTELAVD

CTCCTAGGGCTGGACTGRCCCGACCCTGGGAATCAGCAGGTCGTGGAGACCAGCARAGCA
L LGLDTWEPEPODTPGNT@ QS QTVOYVETSK A

CTGARGCARGTGGCCGGATTGTCTTCAGCTGAGAATGCCTTGCTCATAGCTTTATTTGGG
L K Q VvV A G L §$ §$ A ENOAUL L I A L F G

TATGTAGGTTACCAAGCTCTATCAAAGAGGCATGTCCCARTGGTCACAGATATATACACT
Y VGYQadlesKREVYVTPEPMYTDTIJUYT

ATAGAGGACCAGAGACTGGAAGACACCACCCACCTCCAGTATGCACCCARCGCCATAARR
I ED QRLTETDTTGHTELTGOTYMATPETNATI K

(BVDV-NADL) 7592 GACACCACCCACCTCCAGTATGCACCCAACGCCATARAA

ACCGAAGGGACAGAGACTGAATTGAAGGAATTGCCGGCGGGTGACGTGGAGARRATCATG

T E G T ETE L KETLUPAGUDV EKTIM
(BVDV-NADL) 364 AATCTCTGCTGTACATGGCACATGGAG

ACCGATGGGACAGAGACTGAACTGAAAGAACTGGCGTCGGGTGACGTGGAAAAAATCATG

C” D’
. . . o . .
GGAGCCATCTCGGATTATGCAGCTGGAGGACTGGAh CAAAAACCCGTCGGGGTGGAGGAA
G A I S D Y A A G G L E Q K P V G V E E

TTGATCACAAATGAACTTTTATACAAAACATACAAA CAAAAACCCGTCGGGGTGGAGGAA
GGAGCCATTTCAGATTATGCAGCTGGGGGACTGGAG TTTGTTAAATCCCAAGCAGAAAAG

CCTGTTTACGATCAGGCAGGTAATCCTTTATTTGGTGAAAGGGGAGCAATCCACCCTCAA
P VvV Y D Q A GNUPLVF GER G ATIHUPQ
CCTGTTTATGATCAGGCAGGTGATCCCTTATTTGGTGAAAGGGGAGCAGTCCACCCTCAA
ATAAAAACAGCTCCTTTGTTTAAAGAAGAA 7777 (BVDV-NADL)

TCGACGCTAAAGCTCCCACACAAGAGAGG&GAACGTGACéTACCCACCGATTTGGCTTCT
S T L K L P H XK RGEURUDUV P TUDIL A 8
TCGACGCTAAAGCTCCCACACAAGAGAGGGGAACGCGATGTTCCAACCAACTTGGCATCC

TTACCAAARAGAGGTGATTGCAGGTTTGGTAACAGCAAAGGGCCTGTGAGTGGAATCTAC
L P KRGDTGCRTPETGNSTGSTEKTGTPVS G I ¥
TTACCARAAAGAGGTGACTGCAGGTCGGGTAATAGCAGAGGACCTGTGAGCGGGATCTAC

CTGAAGCCAGGGCCACTATTCTTTCAAGAéTACAAGGGTéCCGTCTATCACAGAGCCCCA
L XK P G P L F F QD Y K GP V Y HR A P
CTGAAGCCAGGGCCACTATTTTACCAGGACTATAAAGGTCCCGTCTATCACAGGGCCCCG

CTGGAGCTTTTTGAGGAGGGGTCTATGTGTGATACGACTAAATGGATAGGGAGAGTAACT
LELTFTETET G SMCTDTTTZKTHWTITGT RUVT
CTGGAGCTCTTTGAGGAGGGATCCATGTGTGAAACGACTARACGGATAGGGAGAGTAACT

GGCAGTGACéGAAAGCTGTACCACATTTA&GTGTGTATAéATGGATGTAfAACAGTGAAé
G 8 0D G KL YH I YV CIDGO CTITV K
GGAAGTGACGGAAAGCTGTACCACATTTATGTGTGTATAGATGGATGTATAATAATAAAA

AGTGCCACAAGAAGTCACCAAAGGGTACTTAGGTGGGTCCACAATAAGCTCAACTGCCCT

S A TR S HQ RV L RUWUV HNI KTILNUNTCTP

AGTGCCACGAGAAGTTACCARAGGGTGTTCAGGTGGGTCCATAATAGGCTTGACTGCCCT
(BVDV-NADL) 5392 TAATCTGGAACAT
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Fic. 3. Nucleotide and deduced amino acid sequences determined from the BVDV Pe515CP cDNA clones pCB32 and pCB38 (A), the
Pe515NCP cDNA clone pNCB3 (B), and the Pe515CP PCR clone pCBPS6 (C). The residues flanking the Pe515 &' recombination position are
marked by the letters C' and D' and those flanking the 3’ recombination position by E and B. In (C) also the location of the CP8 recombination
positions is indicated (D: &' recombination position; E: 3' recombination position). To show the homology of the Pe516CP LD and SD regions to
different parts of a standard BVDV genome the corresponding sequences from the BVDV NADL genome (numbers as published by Collett et a/.,
1988a) have been integrated in (A).
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1081 CTATGGGTCATGAGCTGC GGGCCTGCCGTGCACAAGAAGATCACAGAACGTGAAAGATGC 1140

3681 L W V M § ¢C G P A V H K K I T E R E R C 380
CTATGGGTCACAAGTTGC TCAGACACGAAAGAAGAGGGAGCAACA 916 (BVDV-NADL)
CTTGGGTGGATCCTAAGG GGGCCTGCCGTGTGTAAGAAGATCACAGAGCAC 5455 (BVDV-NADL)

1141 CATGTCAACATACTAGACAAGTTAACTGCATTTTTCGGGATCATGCCGAGGGGGACTACA 1200
381 E V N I L D K L T A F F G I M 2 R G T T 400

1201 CCCAGAGCCCCAGTGAGGTTCCCCACGAGTTTGTTAMAAGTGAGGAGGGGTCTGGAGACT 1260
401 P R A P V R F P T $ L L K V R R G L E T 420

1261 GGTTGGGCTTATACGCACCAAGGTGGGATAAGTTCGGTCGACCACGTAACCGCCGGCARA 1320
421 G W A Y T H Q GG IS S VDEHVTAG K 410

1321 GATCTATTGGTCTGTGACAGCATGGGGAGAACTAGAGTGGTCTGCCAGAGCAACAACAAG 1380
441 D L L V C D S MG R TRV V COQS SN N K 460

1381 TTAACTGATGAGACAGAGTATGGTGTCAAGACTGATTCAGGATGCCCAGATGGTGCCAGA 1440
41 L T D E T E Y GV KT D S G OC P D G A R 180

1441 TGTTATGTGCTGAATCCAGAGGCAGTCAACATATCAGGATCCAAAGGGGCAGTCGTCCAC 1500
481 ¢ Y VL N P E AV NI S5 G S X G AV Vv H 500

1501 CTCCAAAAAACGGGTGGGGAATTCACGTGTGTCACTGCATCAGGCACGCCGGCTTTICTTT 1560
501 L Q K T G GETFTCV TATSTGTT P?ATFF 520

1561 GAT'I‘TAAAAAACTTGAAAGGATGGTCGGGCCTGCCCATA’i‘TTGAAGCCTC.ICAGTGGAAG(.S 1620
521 0D L. K N L K G W S G L P I F E A S§ S G R 540

1621 GTAGTTGGCAGGGTTAAAGTAGGGAAGAA‘Z.[‘GAGGAGTCTAAACCTACAA}.\GATAAT GAGé 1680
541 v v 6 R V K V G K N E E § K P T K I M S 560

1681 GGTATCCAGACCGTCTCAAAGAACACAGCAGATCTTACTGAAATGGTCAAGAAGATCACC 1740
561 G I 0 T Vv S KN T A DL T EMGTV K K I T 580

B! CCAAAATGCGGACGCCATGGGAAACCCATAACATGTGGGATGTCATTAGCAGATTTTGAA 60
1 P KCGZRTEHTEGTEKTPEPTITTCGMS STLATDF E 20

61 GAAAGGCAT’i‘ATAAAAGGA’i‘CTTTATAAGéGAAGGCAACTTTGATGGCCCTTTCAGACAA 120
20 E R H Y X R I F I REGUNVFDGUPTF R Q 40

121 GAATATAATGGTTTTATACAATATACTGCTAGGGGGCAGTTATTTTTAAGARACCTGCCC 180
21 E Y NGPF I Q YTARG« GO QTLTFEFTLTERTENTLEP 60

181 ATACTGGCAACTAAAGTAAAAATGCTCATGGTAGGCAACCTCGGAGAAGAAATCGGGGAC 240
61 T L oA T K V K M L MV G N L GETETI G D 80

B

241 CTAGAACAC(.ITAGGGTGGA&‘CCTAAGG G/G(.;CCTGCCGTG'i‘GCAAGAAGATCACAGAACAT 300
81 L E H L 6 W I L R G P A V C K K I T E H 100

301 GAAAGATGCCACGTCAACATACTAGACAAGTTAACTGCATTTTTCGGGATCATGCCGAGG 360
101 E R c A v NTITLDTZXTLTATFTFT GTIMTZPR 120

361 GGGACTACAéCCAGAGCCCéAGTGAGGTTéCCTACGAGTTTGTTAAAAGTGAGGAGGGGT 420
1212 ¢ T T P R A P V R F P T S L L KV R R G 140

421 CTGGAGACTGGTTGGGCCTATACGCACCA}.\GGTGGGATAAGTTCGGTCGACCATGTAACC 480
141 . E T G W A Y T H @ G 6 I 8 § vV D H V T 160

481 GCCGGCARAGATCTATTGGTCTGTGACAGCATGGGGAGAACTAGAGTGGTCTGCCAGAGC 540
161 A G K D L L V CD S M G R T R YV V C Q 8§ 180

541 AACAACAAGTTAACAGATGAGACAGAGTATGGTGTCAAGACTGATTCAGGATGCCCAGAT 600
181 N N K L T D E T E Y 6 V KT D S G C P D 200

601 GGTGCCAGA’i‘GTTATGTGC’i‘GAATCCAGAéGCAGTCAACATATCAGGATéCAAAGGGGCA 660
200 6 AR C Y V L NP EA AUV DNTI S G S K G A 220

661 GTCGTCCAC&TCCAAAAAAéGGGTGGGGAATTCACGTGTGTCACTGCATCAGGCACGCCG 720
221 v v H L Q K T G G E P T C V T A S G T P 240

Fic. 3—Continued
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GCTTTCTTTGATTTAARARACTTGAAAGGATGGTCGGGCCTGCCCATATTTGARGCCTCC
A F FDILEKNTLTEKTGTWS G 1L P I FEA S

AGTGGAAGGGTAGTTGGCAGGGTTAAAGTAGGGAAGAATGAGGAGTCTARACCTACAAAG
S G RV V GRVYXKVGEKTNTETESTZEKTPTEK

ATAATGAGCGGTATCCAGACCGTCTCAAAGAACACAGCAGATCTTACTGARATGGTCAAG
I MS 6 I QT TOVSE KDNTADTILTEMZY K

ARGATCACCAGTATGAACAGGGGAGACTTCARGCAGATAACTTTAGCAACAGGGGCAGGA
K I T S M NRGTUDTFZEKT QTITTULATG A AG

AAAACTACAGAACTTCCAAAAGCAGTGATAGAGGAGATAGGAAGACACAAGCGAGTGTTA
K T T E L P KAV I EETITGT RTEHTE KTE RV L

GTCCTTATACCATTGAGGGCAGCGGCAGAGTCAGTCTACCAGTACATGAGATTGARACAC
ViIPLRAR AMRBMETGSTYTYOQTYMERTILEK R

CCGAGTATATCCTTTAACCTAAGGATAGGGGACATGARAGAAGGAGACATGGCAACAGGG
P S I S FNTILTERTITGDMTEKTETGTDMGATG

ATAACTTATGCATCATACGGGTACTTCTGCCAGATGCCTCAACCARAGCTTAGAGCAGCT
I T Y a2 S Y GY FCOQMTPOQEPZEKTLTRAR

ATGGTGGAATACTCTTACATATTTTTAGATGAATACCATTGCGCCACTCCTGAACARCTG
MV EJYSGTYTITFTILDTETZYUHTCATTS ESZ QL

GCAATTATCGGAAAARTCCACAGATTTTCAGAGAGCATAAGAGTGGTTGCCATGACTGCC
A I I GKTIGHTRTETGSTETSTITRTYLTVAMT A

ACCCCAGCAGGGTCAGTAACCACAACGGGACAAAAACACCCAATAGAGGAATTCATAGCC
T P AGSVTTTGG TR KTHTPTIETETFTI A

CCAGAGGTAATGAAAGGGGAAGACCTAGGCAGCCAGTTCCTCGACATAGCGGGGCTARAR
PEVMEKGETDTLTGTSG QTPFTLODTIATGTL K

ATCCCCGTGGATGAGATGARAGGCAACATGCTGGTTTTTGTACCCACGAGAAACATGGCG
I P VDETMTEKTGNMTLVYVTFVTPETRNMA

GTTGAGGTGGCGAAGAAGTTGAAAGCTAAGGGCTACAATTCTGGGTACTACTACAGTGGA
VEUVAE2EKTEKTLTEKT BATEKTGTYNSGZYZYZYS G

GAGGATCCAGCTAATCTGAGAGTTGTAACATCACAGTCCCCCOTATGTAATTGTGGCAACG
EDPAZNTIELTPRVYVTSOQSPYUVIVAT

AATGCCATTGAATCAGGAGTGACATTACCAGATCTGGACACGGTCGTGGACACAGGGTTG
N aIESGTVTTLTPDILDTUVOYVYDTG L

AAATGTGAARAGAGGGTGAGGGTATCATCAAAGATACCCTTCATTGTAACAGGCCTTAAG
K CE XK RV RV S S KTIPBPFTIVTSGTL K

AGGATGGCCGTCACTGTGGGCGAACAGGCTCAACGTAGAGGCAGAGTAGGTAGAGTGAAG
R M AV TV GETG OG® ZaZTG QT RTERGERVUVGTRUV K

CCCGGGAGATATTACAGGAGCCAGGAAACAGCAACCGGGTCAAAGGACTACCACTATGAC
P G R Y YRGS QETT ATTGSE KTDJTYHZYD

CTCTTGCAGGCACAAAGATACGGCATTGAGGACGGAATCAATGTAACARAATCCTTTAGG
LLGQAGO QT RT YT GTITETDTGTIEINTYVTTE K STFR

GAAATGAATTATGATTGGAGTCTATACGAGGAGGACAGCCTGTTAATAACCCAGTTAGAR
EMNTYDTWSTLZYTETETDT STLITELTITG QTLE

ATATTAAATAATTTACTCATATCAGAAGACTTGCCAGCCGCTGTCAAGAACATAATGGCC
1 L NNTIL L 1 8 ED L P A AV KN I M &

AGGACTGATCACCCAGAGCCGATCCAACTTGCTTACAACAGTTATGAGGTCCAGGTCCCA
R TDUHGPETPTIGTLRATEYTNSTYTET VS QV P

GTCCTGTTCCCAARAATAAGGAACGGAGAGETCACAGACACCTACGAARACTACTCATTT
v i1IFTPEKTIZRNTSGTES VTDTZYETHNJZ YSF

Fia. 3—Continued
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CTAAACGCTAGGAAGTTAGéAGAGGATGTéCCCGTATACATCTATGCCAéTGAAGATGAé
L NA R KL GEDV P VY I Y ATEDE

GACCTGGCAGTTGACCTCCTAGGGCTGGACTGGCCCGACCCTGGGAATCAGCAGGTCETG
D L AV D LL G L D WU&P D P G NOQ Q V V

GAGACCAGCAAAGCACTGAAGCAAGTGGCCGGATTGTCTTCAGCTGAGAATGCCTTGCTC
E TS K A LZXGQTVATGTLS S S AETNRA ATL L

ATAGCTTTATTTGGGTATGTAGGTTACCAAGCTCTATCARAGAGGCATGTCCCAATGATC
T AL F GYVGYOQATLST KT RHEHVYVTPMI

ACAGATATATACACTATAGAGGACCAGAGACTAGAAGACACCACCCACCTCCAGTATGCA
T p 1 Yy TTIETDTSGTRTILTETDTTUHTLG QY A

CCCAACGCCATAAAARCCGAAGGGACAGAGACTGAATTGAAGGAATTGGCAGCGGGTGAC
P N A I KTEGTTETTETLTEKTETLTA ATATGD

C\l
GTGGAGARAATCATGGGAGCCATCTCGGATTATGTAGCTGGAGGACTGGAA TTCGTAAAA
vV E K I M G A I S DY V A G G L E F V K

TCTCAAGCAGAAARAGTGAAGACAGCCCCTTTGTTTAAGGAAAACGTAGAAGCTGCAAGG
S Q AE KV KTATPTELTFETZKTETNTYTEAA AR

GGGTACGTCCAAAAACTAATTGACTCATTAATTGAAGAAAAAGATGTAATAATCAGATAT
G Y VvV g KL IDSTILTIETETZ KT DUVTITITR.Y

GGCTTGTGGGGAACACATACAGCACTCTATAAAAGCATAGCTGCAAGACTGGGGCATGAA
G L W 6 eTJHTRBATLTYT KT STIA AATRTELTGH E

ACAGCATTTGCTACACTAGTAATAAAATGGCTAGCCTTCGGAGGGGAGTCGETGTCAGAC
T A F A T L V I KWL A F G G E S V S D

CATGTCAGACAGGECGGCTGTTGATTTAGTGGTCTATTATGTGATGAACAAGCCTTCCTTC
HV R QAAVDTELVTYZYJYVM~NTEKTPSF

CCAGGTGATfCTGAAACCCAGCAAGAAGGéAGGCGGTTTGTCGCAAGCCTATTTATCTCC
P 6 D S ETQQEGRU RTFV A S LVF I S

GCATTGGCAACTTACACATACARAACCTGGAATTATCACAATCTCTCAAAAGTGGTGGAR
A L A TYTJYTEKTMWNJTYTEHNTELSTSTZ KV VUV E

CCAGCCCTGGCATACCTCCOTTATGCCACCAGCGCATTAARAATGTTCACCCCAACGAGA
P A L A Y L P Y ATSATLTEKMTETTP T R

CTGGAAAGCéTGGTGATACfGAGCACTACAATATACAAAACATACCTCTCTATAAGGAAA
L E § VvV I L s T TI Y KT UYL S I R K

GGGAAGAGTéATGGATTGC&GGGTACGGGéATCAGTGCAGCCATGGAGATTCTGTCACAA
G K $ D 6L L GT G I $ AAMETITLS Q

AACCCGGTATCGGTAGGTATATCCGTGATGCTGGGEGTAGGTGCTATCGCTGCGCATAAC
N PV SV GTIGSVMTLGTYVGATIA AHBATHN

GCCATTGAA%CCAGCGAGCAGAAAAGGACCCTACTTATGAAGGTATTTGTAAAGAATTTC
A I E $ S E ¢ KR TULUL MKV F V KNF

TTGGATCAGéCTGCAACGGATGAGCTGGTfAAAGAAAATCCAGAAAAGATCATAATGGCT
L D Q AATDZEULUV KEWNUPEI KTITIMHABA

TTATTTGAAéCAGTCCAGA&AATTGGCAACCCCTTAAGGTTGATATACCATCTATATGGA
L F E AV T I GNP L R UL I ¥ HL Y G

GTTTACTACAAGGGCTGGGAGGCCAAGGA@CTGTCTGAGAGAACGGCAGGTAGAAACTTA
vV ¥ Y K G W E A KE L S EURTA A G R N L

TTCACACTGATAATGTTTGAGGCCTTCGAATTGTTAGGGATGGATTCAGAAGGAAAAATA
F T L I M F E A F E L L GMD S E G K I

AGGAACCTA&CTGGAAACTACATCTTAGA%TTGATCTATGGATTACACAGGCAGATCAAC
R N L 8S$ G N Y I L DL I Y G L HR QI N
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AGAGGGCTAAAGAAGATAGTACTAGGGTGGECCCCCECGCCCTTCAGCTGTGACTGGACT
R G L K K I VL.IGTWA ATPBTATPTFEFTSTGCTDGMWT

CCTGGCGATGAGAGAATCAGGTTGCCAACGGACAACTATTTAAGAGTGGARACCAGGTGC
P G DETRTITPERTELTPTODNTZYTLT R YTETRC

CCGTGTGGCTACCAGATGAAAGCTATCAAAAATGTAGGTéGTGAGCTTAéCAAGGTGGAé
P C G Y QM KA I KNV G G E L T K V E

GAGAGAGGACCTTTCCTATGTAGAAACAGACCCGGTAGGGGACCAGTCAACTACAGAGTT
E R G P F L CRXRNTRTPESGRTGTPV N VY R V

ACCAAGTACTATGATGACAAACTCAATGAGATAAAGCCAGTGGCARAGTTAGA 3893
T K ¥ Y DD KLNETITK TPV A KL 1297

D

AAATCTCTGCTGTACATGG CACATGGAGTTGATTGCAAATGAACTTTTATACAARACATA
M E L I ANETLTLTZYKTY
D’

h . . . . . .
CAAA CAAAAACCCGTCGGGGTGGAGGAACCTGTTTACGATCAGGCAGGTAATCCTTTATT
K Q K P V GV EE PV YD QAGNUPL F

TGGTGAAAGGGGAGCAATCCACCCTCAATCGACGCTAAAGCTCCCACACAAGAGAGGGGA
G E R GA I H P QS STTLTEKTELTEUHTEKT RGE

GCGTGACGTACCCACCAATTTGGCTTCTTTACCAAAAAGAGGTGACTGCAGGTCTGGTAA
R DV P TONTLATG STULTPETKTERTS GDTC CTRSGN

CAGCARAGGGCCTGTGAGTGGAATCTACCTGAAGCCAGGGCCACTATTCTTTCAAGACTA
s K G P VvV S G I Y 1 K@P? GOPTLTFETFQTDY

CAAGGGTCCCGTCTACCACAGAGCCCCACTGGAGCTTTTTGAGGAGGGGTTTATGTGTGA
K 6 PV Y H R AP L ETLTFTETETGTEMTC CE

AACAACTARACGGATAGGGAGAGTAACTGGCAGTGACGGAAAGCTGTACCACATTTATGT
T T K R I G RV T G S DGEXKTELJYTETZ YV

GTGTATAGA&GGATGTATAACAGTGAAGA&TGCCACAAGAAGTCACCAAAGGGTACTTA&
¢ I D G C I TV K S AT RS HQRV L R

E

. . . . ' . .
GTGGGTCCACAATAGGCTCAACTGCCCTCTATGGGTCACAAGCTGC TCAGATACAARAGA
W V HN R LN C P L WV T S C S D T K E

AGAAGGGGCAACAAAAAAGAAACAACAAAAACCCGACAGACTGGAGAAGéGGAGGATGAA
E G A T K XK K Q Q K P D RULEIZ KGR M K

AATAGTGCCCAAAGAGTCTGAGARAGACAGCAGGACTAAACCCCCGGATGCTACGATAGT
I Ve XESTETZEKTDSEST® RTTZ KTPEPTPDATTIUV

GGTAGATGGAGTGAAATACCAGGTAAAGAAGAAGGGGAAAGTCAAGAGCAARAGCACACA
v D GV KYOVTEKTEKTEKTGTEKTVTE KSTZEKT ST Q

GGACGGTTTATATCACAATAAARATAAGCCGCCAGAATCACGCAAGARACTTGAGARAGC
D G L Y ENJKXKONTGEKT PETPTESTSTRRTEKTEKTLTE KA

ATTATTGGCATGGGCAATATTGGCTATGGTCTTGATTCAAGTTACAATGGGCGAAAATAT
L . AWATTULAMVYTLTIOQYV TMGTEN I

AACACAGTGéAACCTACAAéATAATGGGAéGGAAGGGATACAACGGGCAATGTTCCAAAG
T Q W N L Q D NG TE G I Q R A MTF Q R

GGGGGTGAACAGAAGTCTACACGGCATCTGGCCGGAGARAGTCTGTACAGGTGTCCCTTC
GV NTRSTILTHGTIWEP®?ETEKTYTCTGTV P S

CCATCTAGCCACCGATGTGGAACTAAAAACAATACACGGTATGATGGATGC 1011

Fig. 3—Continued
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TABLE 1

HOMOLOGY BETWEEN THE REGIONS FLANKING THE SD ELEMENT IN THE
BVDV Pe515CP NucLEOTIDE SEQUENCE (NUCLEOTIDES 1 TO 636 AND
1099 10 1740 IN FIG. 3A) AND THE CORRESPONDING SEQUENCES FROM
OTHER BVDV GENOMES

Pe516NCP Osloss NADL NCP1 CP1  CP6

Pe515CP 99% 82% 89% 92% 91% 83%

with respect to a standard pestivirus genome were not
observed. Thus the cytopathogenic and the noncyto-
pathogenic viruses of BVDV pair Pe515 differ dramati-
cally in their genome organization (Fig. 5).

Comparison of the sequences determined for the re-
gions upstream of position 636 and downstream of
nucleotide 1098 in the Pe515CP cDNA (numbers refer
to Fig. 3A) with the respective parts of the noncpBVDV
sequence revealed 99% identity (Table 1). Since this
value is much higher than the homology to any of the
other analyzed BVDV strains this result supports the
hypothesis that the cytopathogenic viruses represent
mutants of noncp viruses generated by a recombina-
tion process.

To investigate whether a transiocation or duplication
is responsible for the presence of the SD element in the
analyzed part of the Pe515CP genome the 5’ region of
the viral RNA was looked at. We performed cDNA syn-
thesis with an oligonucleotide primer which is comple-
mentary to nucleotides 1355 to 1374 of the published
BVDV NADL sequence (QIBVD33). The single-
stranded cDNA was used as a template for PCR ampli-
fication; OIBVD33 and OIBVD32, the latter corre-
sponding to position 364 to 388 of the NADL genome,
served as primers. After cloning the resulting PCR frag-
ment into pBluescript the nucleotide sequence of the
resulting cDNA fragment was determined {Fig. 3C) and
found to be colinear with the respective region of the
BVDV NADL genome. The nucleotide sequence ho-
mology between the PCR fragment derived from the &'
end of the genome and the SD element identified in the
cDNA clones pCB32 and pCB38 (Fig. 3A) is 97%; the
deduced amino acid sequence is 95% identical (Table
2). Accordingly, the SD element is itself present in du-
plicate in the BVDV Peb15CP genome. Because of the
high homology between each set of duplicated se-
qguences (Tables 1 and 2) it can be conciuded that they
all originated from RNA molecules derived from just
one BVDV strain, namely Peb15NCP.

The genome of BVDV CP6

The Northern blot analysis indicated that the CP6
genomic RNA is larger than that of any pestivirus ana-

lyzed so far (Fig. 1). On the account of the molecular
characterization of BYDV CP1 and Pe515CP it was ex-
pected that a duplication of viral sequences was at
least in part responsible for this increase in genome
size. Following the strategy outlined above cDNA clon-
ing was performed. The terminal sequences of the in-
sert from plasmid pCP6/10 corresponded to positions
438 and 10851 of the BVDV NADL sequence and
those from plasmid pCP8&/N to 6877 and 8026 (Fig. 2).
Since the inserts of the two cDNA clones had sizes of
5.8 and 5.3 kb {pCP6/10 and pCP6/N, respectively) this
finding strongly indicated rearranged viral sequences.
For further investigation, part of pCP6/10 and pCP6/N
was sequenced (Figs. 2 and 4). The first 1188 deter-
mined nucleotides are colinear with the BVDV NADL
sequence from 7869 to 9057. The following 507 resi-
dues again represent a sequence derived from the &’
part of a standard pestivirus genome. The %' end of this
element corresponds to position 383 of the NADL ge-
nome, thereby starting 3 nucleotides upstream of the
viral translational initiation codon. Interestingly, the 3’
end of this inserted element is exactly the same as that
of the Pe515CP SD sequence (corresponds to nucleo-
tide 889 in the NADL genome) (Figs. 3A, 4, and 5). For
both viruses the region downstream of this 5’-derived
element is homologous to the sequence starting with
nucleotide 5423 of the NADL genome.

For Pe515CP the large duplicated element encom-
passes 2304 nucleotides thus being 81 residues
shorter than that of BVDV CP1. The respective element
in the CP6 genome, however, has a size of 3635 nu-
cleotides since it corresponds to nucleotides 5423 to
9057 of the BVDV NADL genome. Because of this
large duplication together with the SD element of 507
nucleotides the CP6 genome is 4142 nucleotides
longer than that of a noncytopathogenic BVDV strain.

Recombination-induced changes at the protein level

As a marker characteristic for infection with cpBVDV
a protein of 80 kDa (p80) has been described {Purchio

TABLE 2

NUCLEOTIDE SEQUENCE HOMOLOGY BETWEEN THE DOWNSTREAM SD
ELEMENT (CLoNES PCB32/38, NUCLEOTIDES 637 TO 1098 IN FiGg. 3A)
AND THE P20-CoDING REGION (CLONE PCBP6, FiG. 3C) iN THE GENOME
oF BVDV Pe515CP wiTH RESPECT TO THE P20-CODING REGIONS OF THE
BVDV OsLoss aND NADL OPEN READING FRAMES AND THE DOWN-
STREAM SD ELEMENT oF BVDV CP6 (NUCLEOTIDES 1189 TO 1696 IN
Fig. 4)

Pe515CP
pCBP6 Osloss NADL CP8
Pe515CP pCB32/38 97% 80% 89% 79%
Pe515CP pCBP6 100% 81% 90% 79%
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ACACACACGGCACTTTACAAGAGTATTGCCGCAAGATTGGGACATGARACAGCATTCGCT 60
T H T A L ¥ K 8§ I A ARTLTGTEHTETAT & 20

e

61 ACGCTAGTGGTGAAGTGGCTAGCCTTCGGAGGTGAGTCGGTGTCAGATCATGTGAGACAG 120
20 T L VV KWTLATFTGTGTETSTVSODUHTYR Q 10

121 GCGGCCGTTGACCTGGTCG’i‘TTATTATG’I‘C;'ATGAATAAAéCTTCCTTCCéTGGAGATTCé 180
41 A A V D L V V Y ¥ VM N K P S F P G D S8 60

181 GAAACCCAACAGGAGGGAAGGCGATTCGTCGCCAGCTTATTTATCTCCGOTCTGGCAACC 240
61 E T Q Q E G R R F V A S 1 F I S AL A T 80

241 TACACATACAAGACTTGGAATTACCACAACCTCTCCAAGGTAGTAGAACCAGCCTTGGCA 300
81 ¥ T ¥ K T W N ¥ H N L 8§ K V V E P A L A 100

301 TACCTCCCCTACGCTACCAGTGCACTAAAAATGTTCACCCCAACTAGGCTGGAGAGCGTA 360
101 ¥ L. P ¥ A T S A L K M F TP TURULE S V 120

361 GTCATACTTAGCACCACAATATACAAAACTTACCTCTCAATAAGGAAAGGAAAAAGTGAT 420
121 Vv I L 8§ T T I ¥ KT ¥ L S I R KGXK 8§ D 140

421  GGACTTCTGGGTACAGGGATTAGTGCAGCAATGGAGATTCTGTCACAGAACCCGGTGTCA 480
141 6 L L G T G I S A A M E I L 8 QN P V 8 160

481 GTAGGTATATCTGTCATGCTGGGGGTGGGGGCAATTGCCGCTCACAATGCAATCGAGTCT 540
161l Vv 6 I S VM LGV G ATIAATETNTR ATITE S 180

541 AGTGAGCARAAAAGGACCCTATTGATGAAAGTGTTTGTAAAAAACTTCCTGGACCAGGCG 600
181 S E Q K R T L L M KV F V KNXNTF LD O A 200

601 GCAACAGATGAGTTGGTGAAGGAAAATCCAGAGAAAATAATAATGGCCTTATTTGAAGCA 660
201 A T DETLTVKETNT PTETKTITIMATLTFE A 220

661 GTACAGACAATTGGCAACCCATTGAGGCTTATATATCATCTGTATGGGGITTACTACARA 720
221 v Q T I G N P L R LI ¥ HLJYG GV Y ¥ K 240

721 GGCTGGGAAGCGAAAGAACTATCCGAGAGGACAGCTGGCAGGAACCTGTTCACTTTGATA 780
241 G W E A K E L 8 E R T A G R N L F T L I 260

781 ATGTTCGAAGCTTTCGAACTATTAGGGATGGACTCTGAAGGGAAGATAAGGAACCTATCT 840
26l M F E A F E L L G M D S E G XK I R N L 8 280

841 GGGAATTACATCTTGGATTTGATCTACAGTTTACATAAACAGATAAACAGAGGCTTGAAG 900
261 6 N ¥ I L D L I ¥ S L H K Q I N R G L K 300

901 AAGATAGTCTTGGGGTGGGCTCCTGCACCCTTCAGTTGTGACTGGACTCCTAGTGATGGE 960
301 K I VvV L G WATU BTG ATPETFEFTSTCTDTHTTPSTDG 320

961 AGAATCAGGTTACCCACAGACAACTATCTGAGAGTAGAGACTAAGTGCCCATGTGGTTAT 1020
321 R I R L P T D N Y L R V E T K C P C G Y 340

1021 GAGATGAAAC.;CACTAAGGAATTTCAGTGGéAGTCTCACAAAAGTGGAAGAGAAAGGGCCT 1080
341 E M X A L R N F $ G § L T K V E E K G P 360

1081 TTCCTC’I‘GTZ-'\GGAACGGGC('ZTGGTAGGGGéCCAGTTAACTATAGAGTCACAAAGTACTAT 1140
331 F L. C R N G P G R G P V N Y RV T K Y Y 380

9004 (BVDV-NADL) TTAC

”

1141 GATGACAACCTCACAGAGATAAAACCAGTTGCAAAACTAGAAGGAC’I%' CACATGGAGTTG 1200

331 D DN L T ETI K P V A KUILEGTU L HMEL 400
360 (BVDV-NADL) CTAAAAATCTCTGCTGTACATGG CACATGGAGTTG
GATGACAACCTCAGAGAGATAAAACCAGTAGCAAAGTTGGAAGGACAG GTAGAGCACTAC

1201 AACACAAATGAACTTTTATACAAAACATACAAACAAAAACCCGCTGGAGTGGAGGAACCA 1260
401 N T N E L L ¥ K T ¥ K Q XK P A G V E E P 420
ATCACAAATGAACTTTTATACAAAACATACAAACAAAAACCCGTCGGGGTGGAGGARACCT

TACAAAGGGGTCACAGCAAAAATTGACTACAGTAAA 9103 (BVDV-NADL)

FiG. 4. Nucleotide and deduced amino acid sequence of part of the BVDV CP6 genome. The 5’ and 3’ recombination positions are marked by
the letters C*/D and E/B, respectively. Corresponding parts of the BVDV NADL nucleotide sequence are shown in the lines below the CP6 amino
acid sequence.
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GTATATGACCAAGCAGGTAACCCTTTGTTTGGCGAGAGGGGAGTGGTTCATCCGCAGECA
VYDOQAGNT PTLTFTGTETRTEGTVVEHTETO A
GTTTATGATCAGGCAGGTGATCCCTTATTTGGTGAAAGGGGAGCAGTCCACCCTCARTCG

ACGCTAAAA&TGCCACATAAAAGAGGGGA&AGCGAAGTCéCTACTGATCiGGCATCCTTé
T L K L P H K R G E S E V P T DL A S L
ACGCTAAAGCTCCCACACAAGAGAGGGGAACGCGATGTTCCAACCAACTTGGCATCCTTA

CCAAAAAGAGGTGACTGCATGTCAGGTAACAGCAAAGGGCCCGTGAGTGGGATCTATCTG
P KR GDG CMSTGNTZSTZ KTGPV S G 1I YL
CCAAARAGAGGTGACTGCAGGTCGGGTAATAGCAGAGGACCTGTGAGCGGGATCTACCTG

AAACCGGGGCCGTTATTCTACCAGGATTACAAGGGACCCGTCTATCATAGAGCTCCATTS
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GAGTTATTTCAGGAAACCTCTATGTGCGAGACAACTAGATGGATTGGGAGAGTAACTGGT
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GAGCTCTTTGAGGAGGGATCCATGTGTGARACGACTAAACGCATAGGGAGAGTAACTGGA
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AGTGACGGAAAGCTGTACCACATTTATGTGTGTATAGATGGATGTATAATAATAAARAGT

GCCACAAAAGATCACCAAAAGGTATTCAAATGGGTCCATAACAAACTAAATTGCCCTTTA
AT KDGHG Q KV GEFKWSYVEHNTEKTELTHNT TP L
GCCACGAGAAGTTACCAAAGGGTGTTCAGGTGGGTCCATAATAGGCTTGACTGCCCTCTA
5392 (BVDV-NADL) TAATCTGGAACATCTT
E B

TGGGTTACAAGCTGE GGGCCTGCCOTGTGCAAGARAATCACTGAGCACGARAAATGCCAT
WV TSC GPAVC CTEKTEKTITTETETETEKSC CH
TGGGTCACAAGTTGC TCAGACACGAAAGAAGAGGGAGCAACA 916 (BVDV-NADL)
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Fig. 5. Schematic representation of the genome organization of
the analyzed BVDV isolates. The upper bar shows a scheme of a
complete pestivirus genome with indication of the various sites in-
volved in the recombination reactions identified for the cpBVDV ge-
nomes shown below (letters below the bar). The numbers give the
positions of these sites with respect to the published BVDV NADL
sequence. p20-coding sequences are indicated by chess board
bars, while streaked bars represent the region coding for the struc-
tural proteins. The LD regions duplicated in the genomes of
Pe515CP and CP6 are shown as dotted bars. (A} Last residue pre-
ceding the position of the ubiquitin insertion in the BVDV Osloss
genome. (B) First nucleotide of all LD regions and also first residue
following the ubiquitin insertion in the BVDV Osloss genome. (C)
Last residue of the Pe515CP LD region. (C”) Last residue of the CP6
LD region. (D) First residue of the CP6 SD region. (D') First residue of
the Peb515CP SD region. (E) Last residue of both the CP6 and
Pe515CP SD regions.

etal., 1984; Donis and Dubovi, 1987a,b; Pocock et al.,
1987). p80 is structurally and antigenically related to a
protein of 126 kDa (p125) which represents a non-
structural protein present both in cells infected with
cpBVDV and noncpBVDV. For the ¢cpBVDV strains
NADL and Osloss it was shown that p80 represents a
carboxyterminal cleavage product of p125 (Collett et
al, 1988; Meyers et al., 1991). The aminoterminal
parts resulting from p125 processing were shown to
have sizes of 54 kDa (p54) and 41 kDa (p41) (NADL and
Osloss, respectively). A protein equivalent to pb4 or
p41 could not be demonstrated after infection with
BVDV CP1 while p80 was clearly detectable. Since the
duplicated region in the CP1 genome encompasses
the putative p80-coding region we reasoned that p80
was expressed from the duplicated sequence and was
not generated by cleavage of p125 (Meyers et al.,
1991). To detect the respective protein(s) after infec-
tion with BVDV Peb515CP and BVDV CP8, radioimmu-
noprecipitation (RIP) was performed.

Two antisera directed against different regions of
p125 were employed. One of these reagents is di-

rected against a peptide corresponding to amino acids
13356 to 1351 of the BVDV NADL open reading frame
(anti-1335) (Collett et al., 1991). This antiserum recog-
nizes p125 from different BVDV strains as well as p54
and p41 from BVDV NADL and Osloss, respectively.
Antibodies prepared against a bacterial fusion protein
served for demonstration of p80 (antiA3) (Thiel et al.,
1991). After infection of MDBK cells with the four BVDV
strains both antisera precipitated p125 (Fig. 6A, lanes
1-8). An additional band of 80 kDa could be detected
for the cytopathogenic viruses Pe515CP and CP6 in
experiments with the antiA3 serum (Fig. 6A, lanes 3
and 7, respectively). Importantly, a protein correspond-
ing to pb54 of NADL or p41 of Osloss could not be
precipitated by the anti-1335 serum (Fig. 6A, lanes 2,
4, 6, and 8). Since p125 is clearly recognized by the
same antibodies, it can be concluded that cleavage of
p125 does not occur after infection with the analyzed
viruses. As already proposed for BVDV CP1, the 80-
kDa protein of BVDV Pe515CP and CP6 is most likely
encoded by the downstream LD regions of these
cpBVDV genomes (see below).

As a conseguence of recombination reactions the
genomes of BVDV CP1, Peb15CP, and CP6 contain
duplicated and rearranged sequences. In all these
cases the genomic region coding for p125 is affected.
However, the changes identified at the genome level
seem not to result in expression of aberrant p125,
since the respective protein from the cpBVD viruses
perfectly comigrates with that from the noncp viruses
(Fig. 6A and Meyers et al., 1991). Accordingly, the &’
recombination point should be located downstream of
the carboxyterminal processing site of p125 thereby
allowing expression of this protein from the sequences
upstream of the SD element. In this case aberrant pro-
tein(s) could be translated from the region downstream
of the p125 gene. To investigate this hypothesis for
BVDV Pe515CP RIP with different antisera, specific for
the respective sequences, was performed. In addition,
antibodies were included which are directed against
the protein encoded by the SD-specific genomic re-
gion.

The SD regionin the Pe515CP genome corresponds
to codons 15-168 of the viral ORF. Therefore antisera
directed against the first 55 amino acids of the pesti-
viral polyprotein (antiG1) and against residues 102-
292 (antiD 1) were employed (Thiel et a/., 1991). AntiG1
was shown to precipitate a protein of about 20 kDa
from BVDV NADL-infected cells (p20), which repre-
sents the first protein of the BVDV ORF (Thiel et al.,
1991). For antiD1 precipitation of two proteins, namely
p20 and the pestiviral core protein p14, has been re-
ported (Thiel et a/., 1991). In addition to these proteins
antiG1 and anti D1 precipitated a protein of 28 kDa
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FiG. 6. immunoprecipitation of proteins extracted from BVDV-infected cells after metabolic labeling with a mixture of [**Slcysteine/
[*®S]methionine. Immunoprecipitates were analyzed by SDS-PAGE (10% for A, 7.5 to 20% for B, and 12% for C). For designation of antisera see
Fig. 8. (A) Extracts from MDBK cells infected with BVDV Pe515NCP (lanes 1, 2), Pe515CP (lanes 3, 4), NCP6 (lanes 5, 6), and CP6 (lanes 7, 8)
were incubated with a serum directed against a peptide encompassing amino acids 1335 to 1351 of the polyprotein of BVDV NADL (Collett et
al., 1991) (lanes 2, 4, 6, 8) or with the antiA3 serum (Thiel et al., 1991) (lanes 1, 3, 5, 7). (B) Extracts from MDBK cells infected with BVDV
Pe515CP were incubated with the following rabbit antisera: anti-G1 (lane 1), anti-D1 (lane 2), rabbit preimmuneserum (lane 3), anti-L1 (lane 4),
anti-K1 {lane 5), and anti-P1 (lane 6). The bands ¢orresponding to BVDV proteins p10, p14, p20, and p30 are indicated. The fusion protein p28 is
marked by an open triangle. (C) To show the specificity of p28 for the cp virus of pair Pe515 extracts from cells infected with Pe515CP (lanes 1, 2,
3, 4) or Pe515NCP (lanes 5, 6, 7, 8) were incubated with anti-HCVPep14 (lanes 1, 2, 7, 8), anti-G1 {(lanes 3 and 5), and anti-D1 (lanes 4 and 6). For
lanes 2 and 8 100 g of peptide HCVPep14 were added as competitor to the immunoprecipitation reaction. The position of proteins p10, p14,

and p20 is indicated. p28 is marked by a triangle.

(p28) from extracts of BVDV Pe515CP-infected cells
(Fig. 6B, lane 1 and 2, respectively). For further investi-
gation three antisera specific for the region following
p125 in the pestiviral polyprotein were used; they were
prepared against bacterial fusion proteins containing

amino acids 2290 to 25565 (antiP1) or 2555 to 2766
(antiK1) or 2766 to 2985 (antiL1) of the HCV ORF. For
BVDV NADL it has been reported that downstream of
the p125 gene a protein of 10 kDa {p10) is encoded
while for the following nearly 1 kb no translation prod-
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uct except for a short-lived precursor of 42 kDa was
found (Collett et a/., 1991). A stable polypeptide of 30
kDa (p30) could, however, be demonstrated for HCV
and different BVDV strains with antiP1 and antiK1
(Stark and Thiel, unpublished). By using these antisera,
p30 was also precipitated from extracts of Pe515CP-
infected cells (Fig. 6B, lanes & and 6). The antiP1
serum also recognized p10 since the bacterial fusion
protein employed for generation of this antiserum over-
laps the respective region of the polyprotein (Fig. 6B,
lane 6). Importantly, the antiP1 serum precipitated an
additional antigen which comigrated with the 28-kDa
protein described above and presumably represents
the same polypeptide (Fig. 6B, lane 6). Since p28
reacted with antiG1 and antiD1 as well as with antiP1
but not with antiL.t or antiK1 (Fig. 6B, lanes 1, 2, 6, 4, 5,
respectively) this polypeptide most likely represents a
fusion protein containing sequences from p20 as well
as p10.

According to the hypothesis presented above p28
should be specific for Pe515CP. To investigate this
more closely, RIP with extracts from cells infected with
either the cytopathogenic virus (Fig. 6C, lanes 1-4) or
the noncytopathogenic virus (Fig. 6C, lanes 5-8) was
performed. In addition to antiG1 {lanes 3 and 5) and
antiD1 (lanes 4 and 6) a serum specific for p10 (an-
tiHCVPep14, prepared against a peptide correspond-
ing to amino acids 2309-2325 of the HCV ORF) was
employed. While p20, p14, and p10 can easily be dem-
onstrated for both viruses p28 is only precipitated from
extracts of Pe515CP-infected cells. In conclusion, the
rearranged genome of Pe515CP leads to expression of
at least two proteins which are not found in cells in-
fected with Pe515NCP, namely p80 and p28.

The carboxyterminal end: of the Pe515CP fusion
protein is generated by autoproteolytic cleavage

The SD sequences integrated between the LD ele-
ments in the genomes of BVDV Pe515CP and CP6 are
derived from a region of the viral RNA which has been
shown to code for p20, the first protein of the BVDV
ORF (Collett et al., 1988b; Thiel et a/., 1991). Because
of the rapid liberation of this polypeptide during transla-
tion which can also be observed in vitro, it has been
proposed, that p20 represents an autoprotease (Wis-
kerchenetal., 1991; Thiel et al., 1991). Recently experi-
mental evidence has been obtained for this theory
(Wiskerchen et al., 1991, Stark et a/., unpublished). The
sequence tryptophane-valine (position 164/165) has
been proposed as the cleavage recognition site of this
enzyme (Wiskerchen et al., 1991). Since the conserved
3’ end of the SD elements maps to codon 168 of the
BVDV ORF the putative cleavage signal is also dupli-
cated and transferred to the downstream position. Ac-
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Fig. 7. Demonstration of autoproteolytic processing by the BVDV
p20 protease. The products of in vitro translation of RNA transcribed
from the linearized plasmids pCBP6 (lanes 1, 2, 3) and pCB32 (lanes
4, b, 6) were precipitated with the sera antiG1 (lanes 1 and 4), an-
tiD1* (lanes 2 and 5), and antiG40 (lanes 3 and 6) (for designation of
antisera see Fig. 8) and separated by 11% SDS-PAGE. The amino-
and carboxyterminal products of the autoproteolytic cleavage reac-
tions are marked by small and large arrowheads (pCBPS6) or open
and filled triangles (pCB32), respectively.

cordingly, for BVDV Peb15CP and CP6 the aminoter-
minus of p80 could be generated in an autoproteolytic
cleavage reaction executed by the preceding p20 pro-
tease. For BVDV CP6 the SD sequence covers the
complete p20-coding region. In the case of Pe515CP,
however, the aminoterminal 14 amino acids of the pro-
tease molecule are missing in the downstream SD ele-
ment. To analyze whether this aminoterminally trun-
cated enzyme is active, in vitro studies were per-
formed. Clone pCB32 was linearized with Hindlll and
used as template for in vitro transcription. The synthe-
sized RNA contains an AUG suitable for translation initi-
ation at position 94-96 (position 598-600 in Fig. 3A).
In order to provide a control for the cleavage reaction,
clone pCBP6 which contains the 1-kb PCR fragment
encompassing the complete p20-coding region from
the b’ part of the Pe515CP genome was also used forin
vitro transcription. Translation of the resulting RNA
should start at the original initiation codon of the viral
ORF (position 23-25 in Fig. 3C). For analysis of the in
vitro translation products, RIP with different antisera
was performed. Translation of the pCBP6-derived RNA
gave the following results: A full-length product of 38
kDa could not be identified (Fig. 7). Instead, an amino-
terminal cleavage product of about 20 kDa was precipi-
tated with antiG1 and antiD1 (Fig. 7, lanes 1 and 2,
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Fig. 8. Schematic presentation of the proteins encoded by the
analyzed region of the Pe515CP genome. The upper part shows the
genetic map of BVDV (Collett et al., 1991; Thiel et a/., 1991; Stark et
al., unpublished) and the location and designation of bacterial fusion
proteins (black bars) and peptides (dots) used for production of the
different antisera. For Pe515CP the respective parts of the polypro-
tein as well as the mature proteins are indicated. The autoproteolytic
action of the p20 protease is indicated by a bent arrow. The other
cleavages involved in processing of the BVDV polyprotein nonstruc-
tural region are carried out by p80 and presumable p125 (Wisker-
chen and Collett, 1991) (cleavage sites indicated by triangles).

respectively). This band most likely represents the au-
toprotease p20. Since antiD1 is directed against amino
acids 102 to 292 of the pestiviral ORF, this serum also
reacts with the carboxyterminal processing product
which has an expected size of about 18 kDa (Fig. 7,
lane 2).

Translation of the pCB32-derived RNA again did not
result in substantial amounts of the full length product
with an expected size of 61 kDa (Fig. 7, lanes 4, 5, 6).
AntiG1 and antiD1* both recognize a predominant
band of about 20 kDa, while a serum directed against a
bacterial fusion protein encompassing part of p80
(anti-G40, Collett et al., 1988b) precipitates a protein of
about 32 kDa. This finding correlates with a proteolytic
cleavage at the predicted site (between amino acids
362 and 363 in Fig. 3A). Additional experiments with 3’
terminally shortened templates revealed that this result
is not dependent on the serine protease motif present
in the p80 moiety of the protein translated after Hindlill
digest of pCB32. Analogous resuits were obtained in
reactions with a corresponding cDNA fragment from
CP6 (data not shown). These data strongly suggest
that the transferred element composed of protease
and cleavage site is indeed functional, leading to an
autoproteolytical removal of the fusion protein from the
following p80 region (Fig. 8).

DISCUSSION

The generation of cytopathogenic BVDV within a calf
persistently infected with noncytopathogenic virus re-

sults in development of mucosal disease and death of
the animal (Brownlie et al., 1984; Bolin et a/., 1985).
The discovery of host cell-derived insertions in the ge-
nomes of two cpBVDV strains (Osloss and NADL) led
us to propose arecombination as mechanism for devel-
opment of cpBVDV (Meyers et al., 1989b, 1990). Clear
evidence for this model was gained by analysis of a
BVDV pair consisting of the viruses CP1 and NCP1.
The genome of CP1 contains a ubiquitin-coding se-
guence which is flanked by a large duplication of viral
sequences. Neither insertion nor duplication are pres-
ent in the respective part of the NCP1 genome. How-
ever, the two viruses exhibit 99.6% of sequence iden-
tity within corresponding regions of their genomes
{(Meyers et al., 1991).

The data presented in this report broaden the pro-
posed model. In the case of BVDV Pe515CP and CP6
no host cell-derived insertion could be identified. How-
ever, elaborate duplication and rearrangement of viral
sequences were found for both genomes. The analysis
of the noncp virus (Pe515NCP) revealed that neither
duplication nor rearrangement of sequences are pres-
ent, and thus supported the linkage between recombi-
nation and establishment of the cytopathogenic pheno-
type. Accordingly, generation of cpBVDV is not re-
stricted to recombination between cellular and viral
sequences but can also be achieved by mere rear-
rangement of viral sequences.

Until now recombination-induced changes at the ge-
nome level have been identified for 6 cpBVDV strains.
Three of these viruses contain ubiquitin-coding inser-
tions, namely BVDV Osloss, CP1, and CP14 (manu-
script in preparation for the latter), while the NADL
strain has integrated another cellular sequence. The
other two, Pe515CP and CP6, have been generated in
a recombination process involving only viral se-
quences. On the basis of PCR analyses it has been
found that the genomes of several cpBVDV strains in-
cluding Pe515CP do not contain insertions within the
p125 gene (DeMoerlooze et al., 1990). For Pe515CP,
this finding describes only one feature of the respective
genomic region. The viral RNA contains a p125 gene
without insertion but nevertheless it represents the
product of a recombination which affected p125-cod-
ing sequences. Since part of the p125-coding region
has been duplicated the respective rearrangement in
the Pe515CP RNA could not be detected by a simple
PCR assay.

The situation is different for some cpBVDV labora-
tory strains, like Singer, Oregon, and Danmark. None of
these strains has a genome size indicating duplica-
tions (G. Meyers, unpublished). The PCR analysis re-
vealed that the region around position 5400 of the
BVDV Singer genome does not contain an insertion
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Ccrl CGTCTGAGGGGTGGC [gggcctgecgtgtgt
Osloss CGTCTGAGGGGTAGT [gggcctgecgtgtge

Pe515CP TGGGTCATGAGCTGC |gggcctgecgtgeac
CP6 TGGGTTACAAGCTGC | gggectgeegtgtgt

E B

Fig. 9. Comparison of the sequences flanking the 3’ recombination
site (vertical line) of different cpBVDV isolates. The residues adjacent
to the recombination site are marked with the letters B and E accord-
ing to the nomenclature listed in legend of Fig. 5. Sequences 5'to the
recombination site are shown in capital letters, nucleotides 3’ of this
position in lower case.

(DeMoerlooze et al., 1990). After conventional cDNA
cloning and sequencing of about 2 kb derived from the
respective genomic region the same result was ob-
tained for the strains Oregon and Danmark (G. Meyers,
unpublished). More elaborate cloning and sequencing
is necessary to identify the genetic basis for generation
of p80 and the establishment of a cytopathogenic phe-
notype by these viruses.

Recombination at the RNA level has been observed
for several RNA viruses. Template switching of the viral
polymerase during replication or transcription has
been proposed as a mechanism for these reactions
(Lazzarini et al., 1981; Lai et a/., 1985; Kirkegaard and
Baltimore, 1986; Makino et al., 1986; King et al., 1987;
and Khatchikian et a/., 1989). Based on this hypothesis
a model for the generation of the cpBVDV genomic
RNAs has been put forward which includes two subse-
quent switches (Meyers et al., 1991). Since the cellular
mRNAs which serve as templates for integration of,
e.g., ubiguitin-coding sequences, are present in the
sense’’ orientation in the cell and in the viral genome,
the recombination should occur during synthesis of
negative strand viral RNA. Interestingly, the 3' recombi-
nation position was the same for the genomes of CP1
and Osloss and it was obvious to look for sequences
responsible for this site specificity. Two different bo-
vine polyubiqguitin mRNAs were analyzed but no homol-
ogy or complementarity between the sequences flank-
ing the putative recombination positions in the viral and
cellular RNAs could be identified (Meyers et a/., 1991).
The same result was obtained when the nucleotides
adjacent to the SD and LD regions of BVDV Pe515CP
and CP6 were analyzed. Surprisingly, sequence com-
parison revealed identical 3' recombination positions
regardless whether viruses with ubiquitin-coding inser-
tions or duplication of p20- and p80-coding sequences
were looked at (Fig. 9). It therefore has to be consid-
ered that the site-specific recombination observed for
these viruses might be a result of functional pressure

rather than being guided by specific sequences. This
functional pressure could be based on the requirement
of a given aminoterminus for the cpBVYDV-specific pro-
tein p80. Accordingly, development of a cytopatho-
genic virus in conjunction with outbreak of MD would
represent the final step with regard to selection for the
correct recombinant. Studies on coronaviruses tend to
support this view since selection for certain recombina-
tion hotspots is preceded by random RNA recombina-
tion (Banner and Lai, 1991).

The genome rearrangements which have been iden-
tified for the different cpBVDV strains result in changes
of virus-encoded proteins. One of these changes repre-
sents the expression of aberrant fusion proteins com-
posed of (i) cellular and viral sequences (NADL p54 and
Osloss p41) or (i) sequences from two viral polypep-
tides derived from different regions of the genome
(Pe515CP) (Fig. 8). For BVDV CP6 a fusion protein
could so far not be demonstrated. This might either be
due to a technical problem or to rapid degradation of
the respective product which according to the genome
organization of CP6 should be composed of p20 se-
quences and a small part of p58, the second last poly-
peptide encoded by the pestiviral ORF (Collett et al.,
1991). Further investigation is needed to clarify this
point.

The other important change at the protein level distin-
guishing cpBVDV from noncpBVDYV is the expression of
p80 in addition to p125. While the above-mentioned fu-
sion proteins show a high degree of variability concerning
nature and size, not only the mere presence of p80 in
cpBVDV-infected cells but also its size is strictly con-
served (Purchio et al., 1984; Donis and Dubovi, 1987a;
Greiser-Wilke et al., 1992; Meyers et al., unpublished). A
prerequisite for generation of p80 is the introduction of a
protease cleavage site at the aminoterminus of this pro-
tein. Based on our current knowledge two basically dif-
ferent ways can be distinguished. One possibility is repre-
sented by the Osloss strain where the signal for cleavage
is provided by a cellular ubiquitin sequence inserted into
the p125 region of the viral polyprotein. Ubiquitin itself is
synthesized within eucaryotic cells in form of fusion pro-
teins which are subsequently cleaved at the carboxyter-
minal end of the ubiquitin moiety (Finley et al., 1987,
1989; Ozkaynak et al., 1987; Redmann and Rechsteiner,
1989, Rechsteiner, 1987). Accordingly, the insertion of
ubiquitin into p125 introduces a signal for processing by
a cellular protease (manuscript in preparation).

The second way to generate p80 requires duplica-
tion of the respective coding region. In addition a pro-
cessing signal is placed in front of the duplicated se-
quence. In the case of CP1 ubiquitin provides again the
signal for cleavage by a cellular protease (manuscript
in preparation). For Pe515CP and CP6 a processing



RECOMBINATION OF PESTIVIRAL RNAS 385

site already present in the virus serves this purpose.
Interestingly, insertion of the p20-coding region also
transfers the protease responsible for the cleavage to
its point of action. The integration of both protease and
cleavage site might be necessary because of the lack
of in trans action of the p20 protein. This would be in
accordance with the hypothesis that p20 can only act
as an autoprotease (Wiskerchen et al., 1991).

Both alternatives outlined above would allow identi-
cal aminoterminal ends of the different p80 proteins
since the insertion point for the ubiquitin gene in the
Osloss RNA and the 5 end of the LD region in the
LD/SD type of genomes correspond to the same geno-
mic position. Even though further investigation is nec-
essary to fully understand the generation of p80, one
has to keep in mind that expression of this protein is
strictly correlated with the cytopathogenic phenotype
and the development of MD. p80 therefore represents
the prime candidate for the agent responsible for killing
the infected cells while the different fusion proteins
might be only byproducts resulting from the recombina-
tion. According to sequence comparison studies p80
contains protease as well as helicase motifs (Gorba-
lenya et al., 1989a,b). Experimental evidence for the
protease function of p80 has recently been obtained
(Wiskerchen et al., 1991; Tautz et al., in preparation). If
p80 turns out to be required for the cytopathogenic
effect it will be interesting to determine why p125, hav-
ing the same enzymatic domains, does not exhibit this
effect.

The BVDV/MD system offers the opportunity to
study RNA virus evolution in action. Development of
MD appears to be obligatorily linked to generation of
cpBVDV. The required recombination process leads to
expression of novel proteins, especially p80. The analy-
sis of additional virus pairs will provide insights into the
different possibilities to generate viruses with a given
phenotype.
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