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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 ~20. 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 (~28) could be identified which is composed of p20 and part of ~10, 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. o 1992 Academic 

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 a/., 1987; Collett et a/., 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 a/., 1984; Bolin et a/., 1985). 
In a second step generation of cpBVDV occurs, which 

’ To whom correspondence and reprint requests should be ad- 
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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). 

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 noncpBVDV known until recently was the 
presence of an 80-kDa protein (~80) in cells infected 
with cytopathogenic viruses. This protein is colinear 
with the carboxyterminal part of a polypeptide of 125 
kDa (~125) detectable in cells infected with either 
cpBVDV or noncpBVDV (Purchio et a/., 1984; Pocock 
et a/., 1987; Corapi et a/., 1988; Collett et al., 1988b). 
Surprisingly, for two cpBVDV strains host cell-derived 
insertions were detected within the genomic region 
coding for ~125 (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 
a/., 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 
(CPl) and noncpBVDV (NCPl) isolated from one MD 
animal. For CPl 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 NCPl does not contain either 
insertion or duplication (Meyers et al., 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 noncpBVDV 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- 
pliTaq DNA polymerase was obtained from Cetus-Per- 
kin-Elmer (Langen, FRG). Radioactive compounds 
were purchased from Amersham-Buchler (Braun- 
schweig, FRG). Kodak XAR5 X-ray films were used for 
autoradiography. 

Cells 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 al., 1987) was kindly provided 
by Dr. Liess (Veterinary School, Hannover, FRG). Isola- 
tion and serological characterization of BVDV strains 
NCPl, CPl, NCPG, and CP6 have been described by 
Corapi et al. (1988); for strains Pe515CP and 
Pe515NCP, 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 1 O6 per 3.5-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 RNAladder(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 NCPl cDNA probe la- 
beled with 32P by nick translation (Rigby et a/., 1977) 
(nick translation kit, Amersham-Buchler, Braun- 
schweig, FRG) in 0.5 n/r 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 lo/o 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 
et a/., 1991). 

OIBVD32: AAATCTCTGCTGTACATCGCACATG 
OIBVD33: GCATCCATCATNCCRTGRAT 

cDNA synthesis, cloning, and library screening 

Synthesis of double-stranded cDNA, cloning in X 
ZAPII (Stratagene, Heidelberg, FRG), and establish- 
ment and screening of the phage library using the 
NCPl cDNA probe was done as described before 
(Meyers et a/., 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 a/., 1989) using oligonucleotide Ol- 
BVDV33 as primer. For RNA hydrolysis 1 volume of 0.3 
M NaOH and $ volumes of 0.03 M EDTA were added 
and the mixture incubated at 95°C for 5 minutes. After 
neutralization with f volume of 1 M Tris/HCI (pH 8.0) 
the volume was adjusted to 100 ~1 and the solution 
was passed through a Sephadex G50 spun column 
(Maniatis eta/., 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 a/. (1988) except that the 50 I.CI reaction mix- 
ture contained 10% dimethylsulfoxide and 50 pMol of 
primers 01-BVDV32 and 01-BVDV33. Samples were 
overlaid with 75 ~1 of paraffin and cycled 30 times for 
100 s at 94”C, 100 s at 50°C and 200 s at 72°C in 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 III and Sl were used to establish dele- 
tion libraries of cDNA clones (Hennikoff, 1987). Di- 
deoxy sequencing (Sanger et a/., 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 
II using the UWGCG software (Devereux et al., 1984). 

Preparation of antisera against bacterial fusion 
proteins or synthetic peptides 

For preparation of the anti Dl , anti-K1 , anti-L1 , and 
antiP sera HCV-derived cDNA fragments coding for 
amino acids 102-292 (anti-Dl), 2555-2766 (anti-Kl), 
2766-2985 (anti-Ll), and 2290-2555 (anti-Pl) of the 
HCV polyprotein (Meyers et al., 1989a) were sub- 
cloned into the expression vector pEX34 using stan- 
dard procedures (Maniatis et a/., 1989). pEX34 is iden- 
tical to the previously described plasmid pEX31 (Stre- 
bel et a/., 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 eta/., 1991) and anti- 
A3 (Thiel et a/., 199 1) 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-l 351 of the BVDV NADL ORF has 
been described before (Collett et al., 1991). 

Radioimmunoprecipitation and SDS-PAGE 

BVDV-infected MDBK cells (1.5 X 1 O6 per 3.5-cm 
dish) were labeled for 6 hr with 0.5 mCi/ml 
[35S]methionine/[35S]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 ~1 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 pg of peptide per RIP sample. 

12345 67 

FIG. 1. Northern blot analysis of total RNA from MDBK ceils in- 
fected with BVDV strains Osloss (lane l), CPl (lane 2) NCPl (lane 
3) Pe5 15CP (lane 4) Pe515NCP (lane 5) CP6 (lane 6) and NCP6 
(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 nucleotides (Meyers er 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 
CPl and the noncytopathogenic virus NCPl which 
was clearly detectable on Northern blots (Meyers eta/., 
1991). The analysis of the viruses belonging to pairs 
Pe515 (Pe515CP and Pe515NCP) and No. 6 (CP6 and 
NCPG) was also started with Northern hybridization ex- 
periments (Fig. 1). The cDNA insert from clone pNCII.1 
(Meyers et a/., 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 Pe515CP has about the same size 
as that of the CPl genome (Fig. 1). 
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FIG. 2. Schematic drawing indicating the sequencing strategies for 
the BVDV Pe515CP, Pe515NCP, and CP6 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 
Pe515 did not contain ubiquitin-coding sequences in 
their genomes while those from BVDV Osloss and CPl 
were clearly recognized (data not shown). Therefore 
the putative recombination leading to the genomes of 
BVDV CP6 and Pe515CP did not imply integration of 
ubiquitin-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 a/., 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 cDNA 
clones were first analyzed by determination of the ter- 
minal sequences (Fig. 2). With respect to the published 

BVDV genomic sequences the 5’ ends of clones 
pCB32 and pCB38 corresponded to positions around 
7662 and 5529, 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 cDNAfragments was about 4.9 kb 
(pCB32) and 3.4 kb (pCB38) (Fig. 2). To determine the 
genome organization of Pe5 15CP 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 a/., 1988a). Up to nucleotide 636 the deter- 
mined Pe515CP 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 CPl (Meyers et a/., 1991) with an insertion 
flanked by a duplicated viral sequence encompassing 
about 2.5 kb downstream of position 5423 (termed LD) 
(Fig. 5). For BVDV CPl 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 Pe51 SNCP. 
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- 
cleotide 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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A: TGGAGTCTATACGAGGAGGACAGCCTGTTP;ATAACCCAG 60 
WSLYEEDSLLITQLEISNNL 21 

61 CTCATATCA;;AAGACTTGCCAGCCGCTGTCAAGAACATP 120 
21 LISEDLPAAVKNIMARTDHP 40 

121 GAGCCGATCCAACTTGCTTACAACAGTTATGAGGTCCAG; 180 
41 E P IQLAYNSYEVQVPVLFPK 60 

181 ATAAGGAACGGAGAGGTTACAGACACCTACGAAAACTACT 240 
61 IRNGEVTDTYENYSFLNARK 80 

241 TTAGGAGAG;;ATGTGCCCGTATACATCTATGCCACTGAA 300 
81 LGEDVPVYIYATEDEDLAVD 100 

301 CTCCTAGGGCTGGACTGGCCCGACCCTGG;;AATCAGCAG~TCGTGGAGA~CAGC~G~ 360 
101 LLGLDWPDPGNQQVVETSKA 120 

361 CTGAAGCAA;;TGGCCGGATTGTCTTCAGCTGAGAATGCC~TGCTCATAG~TTTATTTGG~ 420 
121 LKQVAGLSSAENALLIALFG 140 

421 TATGTAGGTTACCAAGCTCTATCAAAGAGGCATGTCCC~TGGTCACAG~TATATACAC~ 480 
141 YVGYQALSKRHVPMVTDIYT 160 

481 ATAGAGGACCAGAGACTGGAAGACACCACCCACCTCCAGT 540 
161 IEDQRLEDTTHLQYAPNAIK 180 

(BVDV-NADL) 7592 GACACCACCCACCTCCAGTATGCACCCAACGCCAT~ 

541 
181 

ACCGAAGGGACAGAGACTGAATTGAAGGFATTGCCGGCG; 
TEGTETELKELPAGDVEKIM 

(BVDV-NADL) 364 AATCTCTGCTGTACATGGCACATGGAG 
ACCGATGGGACAGAGACTGAACTGAAAGAACTGGCGTCGGCATG 

C’ D’ 

600 
200 

601 
201 

GGAGCCATCTCGGATTATGCAGCTGGAGGACTGGA &AACCCGTCG;;GGTGGAGGi 
GAISDYAAGGLE QKPVGVEE 
TTGATCACAAATGAACTTTTATACAAAACATACAAA CAAAAACCCGTCGGGGTGGAGGAA 
GGAGCCATTTCAGATTATGCAGCTGGGGGACTGGAG TTTGTTAAATCCCAAGCAGAG 

660 
220 

PVYDQAGNP LFGERGAIHPQ 
CCTGTTTATGATCAGGCAGGTGATCCCTTATTTGGTGAAA 
ATWCAGCTCCTTTGTTTAAAGAAGAA 7777 (BVDV-NADL) 

720 
240 

721 
241 

TCGACGCTAAAGCTCCCACACAAGAGAGG;;GAACGTGAC~TACCCACCG~TTTGGCTTC~ 
STLKLPHKRGERDVPTDLAS 
TCGACGCTAAAGCTCCCACACAAGAGAGAGGGG~CGCGATGTTCC~CC~CTTGGCATCC 

780 
260 

781 
261 

TTACCAAAAAGAGGTGATTGCAGGTTTGGTAACAGCAAAG 
LPKRGDCRFGNS KGPVSGIY 
TTACCAAAAAGAGGTGACTGCAGGTCGGGTAATAGCAGCAGAGGACCTGTGAGCGGGATCTAC 

840 
280 

841 
281 

CTGAAGCCA;;GGCCACTATTCTTTCAAGACTACAAGGGT~CCGTCTATC~CAGAGCCC~ 
L K P G P LFFQDYKGPVYHRAP 
CTGAAGCCAGGGCCACTATTTTACCAGGACTATAAAGGTCCCGTCTATCACAGGGCCCCG 

900 
300 

901 
301 

CTGGAGCTTTTTGAGGAGGGGTCTATGTGTGATACGACTA 960 
LELFEEGSMCDTTKWI G R V T 320 
CTGGAGCTCTTTGAGGAGGGATCCATGTGTGAAACGACTACT 

961 
321 

1020 
340 

1021 
341 

AGTGCCACAAGAAGTCACCAAAGGGTACTTAGGTGGGTCC 
SATRSHQRVLRWVHNKLNCP 
AGTGCCACGAGAAGTTACCAAAGGGGTGTTCCCTGCCCT 

(BVDV-NADL) 5392 TAATCTGGAACAT 

1080 
360 

FIG. 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 pCBP6 (C). The residues flanking the Pe515 5’ 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 CP6 recombination 
positions is indicated (D: 5’ recombination position; E: 3’ recombination position). To show the homology of the Pe515CP 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 al., 
1988a) have been integrated in (A). 
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EB 
CTATGGGTCATGAGCTG; G;;GCCTGCCGT&ACAAGAAGATCACAG=ChTGAAAGATGi 1140 
LWVMSC GPAVHKKITERERC 380 
CTATGGGTCACAAGTTGC TCAGACACGAAAGAAGAGGGAGCAACA 916 (BVDV-NADL) 
CTTGGGTGGATCCTAAGG GGGCCTGCCGTGTGTAAGAAGATCACAGAGCAC 5455(BVDV-NADL) 

1141 CATGTCAACATACTAGACAAGTTAACTGCATTTTTCGGGA 1200 
381 HVNILDKLTAFFGIMPRGTT 400 

1201 CCCAGAGCCCCAGTGAGGTTCCCCACGAGTTTGTTAAAAG 1260 
401 PRAPVRFPTS LLKVRRGLET 420 

1261 GGTTGGGCTTATACGCACCAGGTGGGATAAGTTCGGTCGACCACGT~~CGCCGGC~ 1320 
421 GWAYTHQGGISSVDHVTAGK 440 

1321 GATCTATTGGTCTGTGACAGCATGGGGAGAACTAGAGTGGTCTGCCAGA;;CAAC 1380 
441 DLLVCDSMGRTRVVCQSNNK 460 

1381 TTAACTGATGAGACAGAGTATGGTGTCAAGACTGATTCAGGATGCCCAGATGGTGCCAG~ 1440 
461 LTDETEYGVKTDSGCPDGAR 480 

1441 TGTTATGTGCTGAATCCAGAGGCAGTCZLACATATCAGGATCC~GGGGCAGTCGTCCAC 1500 
481 CYVLNPEAVNISGSKGAVVH 500 

1501 CTCCAARAAACGGGTGGGGAATTCACGTGTGTCACTGCAT 1560 
501 LQKTGGE FTCVTASGTPAFF 520 

1561 GATTTAAAAAACTTGAAAGGATGGTCGGGCCTGCCCATATTTGAAGCCTCCAGTGGA9GG 1620 
521 DLKNLKGWSGLP IFEASSGR 540 

1621 GTAGTTGGCAGGGTTIlAAGTAGGGAAGAATGAGGAGTCT~CCTAC~GAT~TGAG;: 1680 
541 VVGRVKVGKNEES KPTKIMS 560 

1681 GGTATCCAGACCGTCTCAAAGAACACAGCAGATCTTACTGAAATGGTC~G~GATCACC 1740 
561 GIQTVSKNTAD LTEMVKKIT 580 

CC-TGCGGACGCCATGGGILAACCCATAACATGTGGG~TGTCATTAG~AGATTTTG~ 60 

P KCGRHGKPIT CGMSLADFE 20 

61 GAAAGGCATTATAIVLAGGATCTTTATAAGGGG~GGC~CTTTGATGGCCCTTTCAGAC~ 120 

21 ERHYKR IFIREGNFD G P F R Q 40 

121 GAATATAATGGTTTTATACATATACTGCTAGGGGGCAGT 180 

41 EYNGFIQ YTARGQLFLRNLP 60 

181 ATACTGGCAACTAAAGTATGCTCATGGTAGGCAACCTCGGAG~G-TCGGGGAC 240 

61 ILATKVKMLMVGNLGEE I G D 80 

241 CTAGAACACCTAGGGTGGATCCTAAGG GGCCTGCCGTGTGCIlAGAAGATCACAGAACAT 
81 LEHLGW ILR ~PAVCKKI'TEH 

300 
100 

301 GAAAGATGCCACGTCAACATACTAGACAA;;TTAACTGCA~TTTTCGGGA~CATGCCGAGG 360 

101 ERCHVNILD K L T A F FGIMPR 120 

361 GGGACTACACCCAGAGCCCCAGTGAGGTTCCCTACGAGTT 420 

121 GTTPRAPVRFPTS LLKVRRG 140 

421 CTGGAGACTGGTTGGGCCTATACGCACCAAGGTGGTGGGAT~GTTCGGTCGACCATGT~CC 480 
141 LETGWAYTHQGGI SSVDHVT 160 

481 GCCGGCAAA;;ATCTATTGGTCTGTGACAGCATGGGGAGA 540 

161 AGKDLLVCD SMGRTRVVCQS 180 

541 AACAACAAGTTAACAGATGAGACAGAGTATGGTGTCAAGACTGATTCAGGATGCCCAGAT 600 

181 NNKLTDETE YGVKTD S G C P D 200 

601 GGTGCCAGATGTTATGTGCTGAATCCAGAGGCAGTCAAC;LTATCAGGATCCAAAGGGGC;I 660 

201 GARCYVLNPEAVNI S G S K GA 220 

661 
221 

GTCGTCCACCTCCAAAAAA' CGGGTGGGGAATTCACGTGTGTCACTGCATCAGGCACGCCG 
VVHLQK TGGEFTCV TASGTP 

FIG. 3-Continued 
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GCTTTCTTTiATTTUAAAi CTTGmGGiTGGTCGGGCCTGCCCATATiTGAAGCCTCb 
AFFDLKNLKGWSGLPI F E A S 

780 
260 241 

781 AGTGGAAGG;;TAGTTGGCAGGGTT~GTAGGGAAGAAT 840 
261 SGRVVGRVKVGKNEESKPTK 280 

841 ATAATGAGC;;GTATCCAGACCGTCTCAAA;iAACACAGCA~ATCTTACTG~TGGTC~~ 900 
281 IMSGIQTVSKNTADLTEMVK 300 

901 AAGATCACCAGTATGAACAGGGGAGACTTCAAGCAGATAA 960 
301 KITSMNRGDFKQITLATGAG 320 

961 AAAACTACA;;EACTTCCPGCAGTGATAGAGGAGATA~G~GACAC~GCGAGTGTT~ 
321 KTTELPKAVIEEIGRHKRVL 

1020 
340 

1021 GTCCTTATACCATTGAGGGCGCGGCAGA;;TCAGTCTAC~GTACATGA~ATTG~CA~ 
341 VLIPLRAAAESVYQYMRLKH 

1080 
360 

1081 CCGAGTATATCCTTTAACCTAAGGATAGGGGACATGAAA; 
361 PSISFNLRIGOMKEGOMATG 

1140 
380 

1141 ATAACTTATGCATCATACG;;GTACTTCTGCCAGATGCCT~~CC~GC~TAGAGCAGC~ 
381 ITYASYGYFCQMPQPKLRAA 

1200 
400 

1201 
401 

ATGGTGGAATACTCTTACATATTTTTAGATGAATACCATT 1260 
MVEYSYIFLDEYHCATPEQL 420 

1261 GCAATTATCGGAAAAATCCACAGATTTTCAGAGAGCATAA 
421 A I IGKIHRFSESIRVVAMTA 

1320 
440 

1321 ACCCCAGCAGGGTCAGTAACCACAACGGGACAAAAACACC 
441 TPAGSVTTTGQKHP IEEFIA 

1380 
460 

1381 CCAGAGGTnnTG~GGGG~GACCTAGGCAGCCAGTTC~TCGACATAG~GGGGCT~ 
461 PEVMKGEDLGSQFLDIAGLK 

1440 
480 

1441 ATCCCCGTGGATGAGATGAAAGGCAACATGCTGGTTTTT; 
481 IPVDEMKGNMLVFVPTRNMA 

1500 
500 

1501 GTTGAGGTGGCGAAGAAGTTGAAAGCTAA;;GGCTACAAT 
501 VEVAKKLKAKGYNSGYYYSG 

1560 
520 

1561 GAGGATCCA;;CTAATCTGA;;AGTTGTAACATCACAGTCC~CCTATGT~~TGTGGC~C~ 
521 EOPANLRVVTSQS PYVIVAT 

1620 
540 

1621 AATGCCATTGAATCAGGAGTGACATTACCAGATCTGGACA 1680 
541 NAIESGVTLPDLDTVVDTGL 560 

1681 AAATGTGAAAAGAGGGTGA;GGTATCATCAAAGATACCC~TCATTGT~~AGGCCTT~~ 
561 KCEKRVRVSSKIPFIVTGLK 

1740 
580 

1741 AGGATGGCC;;TCACTGTGGGCGAACAGGCTCAACGTAGA~GCAGAGTAG~TA~GTG~G 
581 RMAVTVGEQ AQRRGRVGRVK 

1800 
600 

1801 CCCGGGAGATATTACAGGA;CCAGGAAACAGCAACCGGG~C~GGACT~CCACTATGA~ 1860 
601 PGRYYRSQETATGSKOYHYD 620 

1861 CTCTTGCAGGCACAAAGATAGGCATTGA;;GACGGAATC 1920 
621 LLQAQRYGIEDGINVTKSFR 640 

1921 GAAATGAATTATGATTGGAiTCTATACGAbGAGGACAGC~TGTT~T~~CCAGTTAG~ 1980 
641 EMNYDWSLYEEDSLLITQLE 660 

ATATTAAATAATTTACTCATATCAGAAGACTTGCCAGCCGCTGTC~G~~T~TGGC~ 
ILNNLL ISEDLPAAVKNIMA 

AGGACTGATCACCCAGAGCCGATCCAACTTGCTTACAACA 
RTDHPEPI QLAYNSYEVQVP 

1981 
661 

2040 
680 

2041 
681 

2100 
700 

2101 GTCCTGTTCCCAAAAATAAGGAACGGAGA;jGTCACAGAC~CCTACG~CTACTCATT~ 
701 VLFPKIRNGEVTDTYENYSF 

2160 
720 

FIG. 3-Continued 
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2161 CTAAACGCTAGGAAGTTAG;GAGGATGTGCCCGTATAC~TCTATGCCA~TG~GATGA~ 2220 
721L N A R K L GE D V P V Y I Y A T E D E 740 

2221 GACCTGGCAhTTGACCTCCTAGGGCTGGACTGGCCCGAC~CTGGG~TC~GCAGGTCGT~ 2280 
741D LAVD L L G L DWP D P GNQQVV 760 

2281 GAGACCAGCAllAGCACTGA;LGCAAGTGGCCGGATTGTCT~CAGCTGAG~TGCCTTGCT~ 2340 
761E T S KA L KQV AGLSSAENALL 780 

2341 ATAGCTTTATTTGGGTATGTAGGTTACCAAGCTCTATCRA 2400 
7811 AL F G Y V G Y Q A L S KRHVPMI 800 

2401 ACAGATATATACACTATAGAGGACCAGAGACTAGAAGACCCACCCACC~CCAGTATGC~ 2460 
801T D I Y T I ED Q R LE D T T H L Q YA 820 

2461 CCCAACGCCATAAAAACCG;LAGGGACAGAGACTGAATTG~GG~TTGG~AGCGGGTGA~ 2520 
821P NA I K T E G T E T E L K E LAAG D 840 

c 

2521 GTGGAGAAAiTCATGGGAGiCATCTCGGAiTATGTAGCT; TTCGTk 2580 
841VE K I M GA I S D YVA G G L E F V K 860 

2581 TCTCAAGCAkAAAGTGAiGACAGCCCCiTTGTTTAAGkAAACGTAGkiGCTGCAAGb 2640 
861s QA E KVKT AP L F K E NVEAAR 880 

2641 GGGTACGTC&AAAACTAA~TGACTCATTiATTGAAGAAkGATGT~kTCAGATA~ 2700 
881G YVQ K L I D S L I E E KD V I I R Y 900 

2701 GGCTTGTGG;;GAACACATACAGCACTCTATAAAAGCATA~CTGC~GAC~GGGGCATG~ 2760 
901G L W G T H T A L Y K S I AA R L G H E 920 

2761 ACAGCATTTGCTACACTAGTAATAAAATG;;CTAGCCTTC~GAGGGGAGT~GGTGTCAGA~ 2820 
921T A F A T LV I KW LAF G G E S V S D 940 

2821 CATGTCAGACAGGCGGCTGTTGATTTAGTGGTCTATTAT; 2880 
941HVRQAAVD L VVY Y VMN KP S F 960 

2881 CCAGGTGATTCTGAAACCCAGCAAGAAGG;;AGGCGGTTT~TCGC~GCC~ATTTATCTC~ 2940 
961P G D S E T Q Q E G R R F VA S L F I S 980 

2941 GCATTGGCAiCTTACACATkA?bAACCTG&TTATCACiATCTCTCAAiAGTGGTGG~ 3000 
981A LA T Y T Y K T WNY HN L S KVVE 1000 

3001 CCAGCCCTGGCATACCTCCCTTATGCCACCAGCGCATTAA 3060 
1001 P A LAY LPYATSALKMFTPTR 1020 

3061 CTGGAAAGCGTGGTGATACTGAGCACTACAATATACAAAA 3120 
1021L E S V V I L S T T IYKTYLSIRK 1040 

3121 GGGAAGAGTGATGGATTGCTGGGTACGGGGATCAGTGCA; 3180 
1041 GKSDGLLGT GISAAMEI L S Q 1060 

3181 AACCCGGTATCGGTAGGTATATCCGTGAT;;CTGGGGGTA~GTGCTATCG~TGCGCAT~~ 3240 
1061 N P V S V G I SVMLGVGA I A AH N 1080 

3241 GCCATTGAATCCAGCGAGCAGAAAAGGACCCTACTTATGA 3300 
1081 A I E S S E QKR T L LMKVFVKNF 1100 

3301 TTGGATCAGGCTGCAACGG;LTGAGCTGGTTAG-T~CAGAAAAGATCTGGCT 3360 
llO1L D Q AA T D E L V KE N P E K I I MA 1120 

3361 TTATTTGAAbCAGTCCAGACAATTGGCAACCCTTAAGG~TGATATACC~TCTATATGG~ 3420 
1121 L F E A V Q T I G N P L R L I Y H L Y G 1140 

3421 GTTTACTACAAGGGCTGGGAGGCCAAGGAGCTGTCTGAGA 3480 
1141V Y Y K G WE AK E L S E R T A G RN L 1160 

3481 TTCACACTGATAATGTTTGAGGCCTTCGAATTGTTAGGGA 3540 
1161 F T LIMFEAFE L L GM D S E G K I 1180 

3541 AGGAACCTATCTGG-CTACATCTTAGATTTGATCTAT~GATTACACA~GCAGATC~~ 3600 
1181 RNLSGNYI L D L I YGLHRQIN 1200 

FIG. 3-Continued 
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3601 AGAGGGCTAlLAGAAGATAGTACTAGGGTGGGCCCCCGCG~CCTTCAGCT~TGACTGGAC~ 3660 
1201R G L K K I V L GWA P A P F S C D W T 1220 

3661 CCTGGCGAT;;AGAGAATCA;;GTTGCCAAC;jGACAACTAT~T~GAGTGG~CCAGGTG~ 3720 
1221P G D E R I R L P T D N Y L RVE T R c 1240 

3721 CCGTGTGGCTACCAGATGAAAGCTATC~TGTAGGT~GTGAGCTTA~C~GGTGGA;; 3780 
1241P C G Y QMKA I KNVGGE L T KV E 1260 

3781 GAGAGAGGACCTTTCCTATGTAGIVIACAG;LCCCGGTAGG~GACCAGTC~CTACAGAGT~ 
1261E R G P F L C RN RP G R G P VN Y R V 

3841 ACCAAGTACiATGATGACAiACTCIIATGA;;ATILAAGCCAbTGGCAAAGTiAGA 3893 
1281T K Y Y D D K L N E I K P VAK L 1297 

D . . . 
1 AAATCTCTGCTGTACATGG ZACATGGAGTTGATTGCAAATGAACTTTTATAC~CAT~ 

Cl MELIANELLYKTY 

D 
61 CAAA ~AAAAAcccGTcGGG;~TGGAGGAACCTGTTTACGATCAG 
14 K QKPVGVE EPVYDQAGN P L F 

121 TGGTGAAAGGGGAGCIU\TCCACCCTCAATCGACGCTAAA 180 
34 GERGAIHPQS TLKLPHKRGE 53 

181 GCGTGACGTiCCCACCAATTTGGCTTCTTiAC- GiGGTGACTGCiGGTCTGGTAi 240 
54 RDVPTNLASLPKRGDCRSGN 73 

241 CAGCAAAGGGCCTGTGAGTGGAATCTACCTGAAGCCAGG; 300 
74 SKGPVSGIYLKPGP LFFQDY 93 

301 CAnGGGTCCCGTCTACCACAGAGCCCCACTGGAGCTTTTTGAGGAGGGGTTTATGTGTGA 360 
94 KGPVYHRAP LELFEEGFMCE 113 

361 AACAACTAAACGGATAGGGAGAGTAACTGGCAGTGACGGA 420 
114 TTKRIGRVTGSDGKLYHIYV 133 

421 GTGTATAGATGGATGTATEACAGTGAAGAGTGCCACAAGA 480 
134 CIDGCITVKSATRS HQRVLR 153 

481 
154 

E 
GTGGGTCCA&TAGGCTCI;ACTGCCCTC+ATGGGTCACiAGCTGb 

WVHNRLNCP LWVTSC 
TCAiATACmGA 540 
S D T K E 173 

541 AGAAGGGGCiXAAAAAA GiAACAA CA~ACCCGACAGACTGGAGAAGGGGAGGATGAA 600 
174 EGATKKKQQKP DRLEKGRMK 193 

601 AATAGTGCCCAAAGAGTCT;;AGACA~CAGGACT~CCCCCGGAT~CTACGATAG~ 
194 IVPKESEKDSRTKPPDATIV 

661 GGTAGATGGiGTGAAATACbAGGTAAAGAiGAAGGGGAAiGTCAAGAGChGCACAk 
214 VDGVKYQVKKKGKVKSKSTQ 

721 GGACGGTTTiTATCACAATiAAAATAAGC'iGCCAGAATCiCGCAAGAAAiTTGAGAAAGb 780 
234 DGLYHNKNKP PESRKKLEKA 253 

781 ATTATTGGCATGGGCAATA;TGGCTATGGTCTTGATTCA 840 
254 LLAWAI LAM V L IQVTMGENI 273 

841 AACACAGTG;;PACCTACAA;;ATAATGGGACGGAAGGGAT~C~CGGGC~TGTTCC-~ 900 
274 TQWNLQ DNGTEG IQRAMFQR 293 

901 GGGGGTGAACAGAAGTCTACACGGCATCT;;GCCGGAGAA 960 
294 GVNRSLHGI WPEKVCTGVPS 313 

3840 
1280 

60 
13 

120 
33 

660 
213 

720 
233 

961 CCATCTAGCiACCGATGTGbACTAAAAAbATACACGGiATGATGGAThC 1011 

FIG. 3-Continued 
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TABLE 1 

HOMOLOGY BETWEEN THE REGIONS FUNKING THE SD ELEMENT IN THE 
BVDV P~515cP NUCLEOTIDE SEQUENCE (NUCLEOTIDES 1 TO 636 AND 
1099 TO 1740 IN FIG. 3A) AND THE CORRESPONDING SEQUENCES FROM 
OTHER BVDV GENOMES 

Pe515NCP Osloss NADL NCPl CPl 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 translocation 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 (OIBVD33). 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 5’ 
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 Pe515CP genome. Because of the 
high homology between each set of duplicated se- 
quences (Tables 1 and 2) it can be concluded that they 
all originated from RNA molecules derived from just 
one BVDV strain, namely Pe515NCP. 

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 BVDV CPl 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 pCPG/N to 6877 and 8026 (Fig. 2). 
Since the inserts of the two cDNA clones had sizes of 
5.8 and 5.3 kb (pCPG/lO and pCPG/N, respectively) this 
finding strongly indicated rearranged viral sequences. 
For further investigation, part of pCPG/lO and pCPG/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 5’ 
part of a standard pestivirus genome. The 5’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 CPl . 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 (~80) has been described (Purchio 

TABLE 2 

NUCLEOTIDE SEQUENCE HOMOLOGY BETWEEN THE DOWNSTREAM SD 
ELEMENT (CLONES pCB32/36, NUCLEOTIDES 637 TO 1096 IN FIG. 3A) 
AND THE ~20.CODING REGION (CLONE PCBPG, FIG. 3C) IN THE GENOME 
OF BVDV PEG 15CP WITH RESPECT TO THE ~20~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 0sl0ss NADL CP6 

Pe515CP pCB32136 
Pe515CP pCBP6 

97% 
100% 

aoq0 
81% 

89% 
90% 

79% 
79% 
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1 ACACACACG;;CACTTTACAGAGTATTGCCGCAAGATTG~GACATG~~GCATTCGC~ 
1 THTALYKS IAARLGHETAFA 

61 ACGCTAGTG;;TGAAGTGGCTAGCCTTCGGAGGTGAGTCG~TGT~GATC~TGTGAGACA~ 120 
21 TLVVKWLAFGGESVS D H V R Q 40 

121 GCGGCCGTTGACCTGGTCGTTTATTATGTGATGAATAAAC 180 
41 AAVDLVVYYVMNKPSFPGDS 60 

181 G~CCCAACAGGAGGGAA;;GCGATTCGTCGCCAGCTTAT 240 
61 ETQQEGRRFVASLFISALAT 80 

241 TACACATACAAGACTTGGAATTACCACAACCTCTCCAAG; 300 
81 YTYKTWNYHNLSKVVEPALA 100 

301 TACCTCCCCTACGCTACCA;TGCACTAAAAATGTTCACC~C~CTAGGC~G~GAGCGT~ 360 
101 YLPYATSALKMFTPTRLESV 120 

361 GTCATACTTiGCACCACAAiATACAAAAC+TACCTCTCAiTAAGG?diAG&AAAGTGAi 420 
121 VILSTTIYKTYLSIRKGKSD 140 

421 GGACTTCTGGGTACAGGGATTAGTGCAGCAATGGAGATTC 480 
141 GLLGTGISAAMEILSQNPVS 160 

481 GTAGGTATATCTGTCATGCTGGGGGTGGG;;GCAATTGCC~CTCA~TG~TCGAGTC~ 540 
161 VGISVMLGVGAIAAHNAIES 180 

541 AGTGAGCAAkAGGACCC'iATTGATGAAiGTGTTTGTtiCTTCCiGGACCAGGC~ 600 
181 SEQKRTLLMKVFVKNFLDQA 200 

601 GCAACAGAT;;AGTTGGTGAiGGAAAATCCkAGmTAiTAATGGCCTiATTTGAAGCi 660 
201 ATDELVKENPEKI IMALFEA 220 

661 GTACAGACPATTGGCAACCCATTGAGGCTTATATATCATC 720 
221 VQTIGNPLRL IYHLYGVYYK 240 

721 GGCTGGGAAGCGAAAGAACTATCCGAGAG;;ACAGCTGGC~GG~CCTGT~CACTTTGAT~ 780 
241 GWEAKELSERTAGRNLFTLI 260 

781 ATGTTCGAAGCTTTCGAACTATTAGGGATGGACTCTGAA; 840 
261 MFEAFELLGMDSEGKIRNLS 280 

841 GGGAATTACATCTTGGATTTGATCTACAGTTTACATAAAC 900 
281 GNYILDLIYSLHKQINRGLK 300 

901 AAGATAGTCTTGGGGTGGGCTCCTGCACCCTTCAGTTGTG 960 
301 KIVLGWAPAPFSCDWTPSDG 320 

961 AGAATCAGGTTACCCACAGACAACTATCT;;AGAGTAGAGACT~GTGCC~ATGTGGTTA~ 1020 
321 RIRLPTDNYLRVE TKCPCGY 340 

1021 GAGATGAAAGCACTAAGGAATTTCAGTGGCAGTCTCACAA 1080 
341 EMKALRNFSGS LTKVEEKGP 360 

1081 TTCCTCTGTnGGnnCGGGCCTGGTAGGGGGCCAGTTAACTGTACTAT 1140 
361 FLCRNGPGRGPVNYRVTKYY 380 

9004 (BMV-NADL) TTAC 

1141 
381 

1201 
401 

DDNLTE IKPVAKLEGL H M E L 
360 (BVDV-NADL) CTAAAAATCTCTGCTGTACATGG CACATGGAGTTG 

1200 
400 

GATGACAACCTCiGAGAGAT&CCAGTAGCAAAGTTGGAAGGACAG GTAGAGCACTAC 

AACACAAATGAACTTTTATACAAAACATACATACAAACAAFdACCCGCTGGAGTGGAGGAACCA 
NTNELLYKTYKQKPAGVEEP 
ATCACAAATGAACTTTTATACAAAACATACAAACUCCCGTCGGGGTGGAGGAACCT 
TACAAAGGGGTCACAGCATTGACTACAGTAAA 9103 (BVDV-NADL) 

1260 
420 

MEYERS ET AL. 

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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1261 
421 

GTATATGACCAAGCAGGTPACCCTTTGTTTGGCGAGAGG; 
VYDQAGNPLFGERGVVHPQA 
GTTTATGATCAGGCAGGTGATCCCTTATTTGGTGAAAGGGGGAG~GTCCACCCTC~TCG 

1320 
440 

1321 
441 

ACGCTAAAACTGCCACATGAGGGGGAGCGAAGTCC 
TLKLPHKRGESEVPTDLASL 
ACGCTAAAGCTCCCACACAAGAGAGGGGAACGCGCGATGTTCC~C~CTTGGCATCCTTA 

1380 
460 

1381 
461 

CCAAAAAGAGGTGACTGCATGTCAGGTAACAGCAAAGGGC 
PKRGDCMSGNSKGPVSGIYL 
CCAAAAAGAGGTGACTGCAGGTCGGGTAATAGCAGCAGAGGACCTGTGAGCGGGATCTACCTG 

1440 
480 

1441 
481 

AAACCGGGGCCGTTATTCTACCAGGATTACAAGGGACCCG 
KPGPLFYQDYKGPVYHRAPL 
AAGCCAGGGCCACTATTTTACCAGGACTATAAAGGTCCCGGGGCCCCGCTG 

1500 
500 

1501 
501 

GAGTTATTTCAGGAAACCTCTATGTGCGA;;ACAACTAGA~GGATTGGGA~AGT~CTGG~ 
ELFQETSMCETTRWIGRVTG 
GAGCTCTTTGAGGAGGGATCCATGTGTGAAACGACTAAACT~CGGATAGGGAGAGT~CTGGA 

1560 
520 

1561 
521 

AGTGATAGCAAATTGTACCACATCTATGT;;TGCATAGAT~GATGCAT~~~TT~GAG~ 
SDSKLYHIYVCIDGCIIIKS 
AGTGACGGAAAGCTGTACCACATTTATGTGTGTATAGATGGATGTAT~T~T~GT 

1620 
540 

1621 
541 

GCCACARAAbATCACCAAAiGGTATTCAAiTGGGTCCATkUACTtiTTGCCCTTTi 
ATKDHQKVFKWVH,NKLNCPL 
GCCACGAGAAGTTACCAAAGGGTGTTCAGGTGGGTCCATTAGGCTTGACTGCCCTCTA 

5392 (BVDV-NADL) TAATCTGGMCATCTT 

1680 
560 

1681 
561 

E B 
TGGGTTAcAAGcTGb ~G&~TG~~GTGTG~~GAAAATCACTGAG~A~G~TG&AT 
WVTSC GPAVCKKITEHEKCH 

1740 
580 

TGGGTCACAAGTTGC TCAGACACGAAAGAAGAGGGAGCAACA 916 (BVDV-NADL) 
GGGTGGATCCTMGG GGGCCTGCCGTGTGTAAGAAGATCACAGAGCAC 5455 (BVDV-NADL) 

1741 GTCAGCATACTAGACAllACTGACTGCGTTTTTCGGGGTTA 1800 
581 VSILDKLTAFFGVMPRGTTP 600 

1801 AGGGCTCCGGTGAGATTCCCAACAGCATTGCTAAAGGTGA 1860 
601 RAPVRFPTALLKVRRGLETG 620 

1861 TGGGCTTACACACATCAAG;TGGTATAAGCTCAGTAGAC~ATGTGACCG~AGGT~GA~ 1920 
621 WAYTHQGGI SSVDHVTAGKD 640 

1921 CTATTGGTCTGTGATAGTATGGGTAGGACTAGAGTGGTTT 1980 
641 LLVCDSMGRTRVVCQSNNKL 660 

1981 ACTGATGAGACAGAATATG;TGTCAAGAC;;GACTCCGGA~GTCCAGATG~AGCCAGGTG~ 2040 
661 TDETEYGVKTDSGCPDGARC 680 

2041 TATGTATTAAATCCAGAGGCAGTAAATATATCAGGGTCCA 2100 
681 YVLNPEAVNISGSKGAVVHL 700 

2101 CAAAAAACAGGAGGGGAATTTACATGTGTCACTGCATCAG 2160 
701 QKTGGEFTCVTASGTPAFFN 720 

2161 CTnnnnnnTTT-GGGATGGTCGGGTCTnCCCATATAT~AGGCTTCCA~CGGCAGAGT~ 2220 
721 LKNLKGWSGLPIYEASSGRV 740 

2221 GTCGGCAGAiTTAAAGTAG;; AAARAATGA;;GAGTCCAAA&CACAXU,T'&+TGAGTGGi 2280 
741 V G RVKVGKNEE SKPTKLMSG 760 

2281 ATACAUCC~TCTCAJ!AAA&ACGGCCGAiTTAACAGtiTGGTC~GAiGATAACCAGi 2340 
761 IQTVSKSTADLTEMVKKITS 780 

2341 ATGAACAGGiGAGACTTTAiGcAGATAAC&TTGCAACA~GGGCAGGGiAACTACAGAi 2400 
781 MNRGDFKQI TLATGAGKTTE 800 

2401 CTCCCAAAGGCAGTGACAGAGGAGATAGGACGACACAAG; 2460 
801 LPKAVTEEIGRHKRVLVLIP 820 

2461 
821 

TTGAGAGCA'kAGCTGAGT; 2480 
LRAAAE 826 

FIG. 4-Continued 
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Pestivirus genome 

(383)(420) (809) W22) (5423) (7720) (9055) 

Pair Pe515 
NCP y 

n I ’ 
PIB c 

Lo SD Lo 

CP 

Pair #6 

CP 
: 

AB C”D EB c” 

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 Pe515CP SD region. (E) Last residue of both the CP6 and 
Pe515CP SD regions. 

et a/., 1984; Donis and Dubovi, 1987a,b; Pocock et al., 
1987). p80 is structurally and antigenically related to a 
protein of 125 kDa (~125) 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 ~125 (Collett et 
al., 1988; Meyers et al., 1991). The aminoterminal 
parts resulting from ~125 processing were shown to 
have sizes of 54 kDa (~54) and 41 kDa (~41) (NADL and 
Osloss, respectively). A protein equivalent to p54 or 
p41 could not be demonstrated after infection with 
BVDV CPl while p80 was clearly detectable. Since the 
duplicated region in the CPl genome encompasses 
the putative p80-coding region we reasoned that p80 
was expressed from the duplicated sequence and was 
not generated by cleavage of ~125 (Meyers et al., 
199 1). To detect the respective protein(s) after infec- 
tion with BVDV Pe515CP and BVDV CP6, radioimmu- 
noprecipitation (RIP) was performed. 

Two antisera directed against different regions of 
~125 were employed. One of these reagents is di- 

rected against a peptide corresponding to amino acids 
1335 to 1351 of the BVDV NADL open reading frame 
(anti-l 335) (Collett et a/., 1991). This antiserum recog- 
nizes ~125 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 a/., 
1991). After infection of MDBK cells with the four BVDV 
strains both antisera precipitated ~125 (Fig. 6A, lanes 
l-8). An additional band of 80 kDa could be detected 
for the cytopathogenic viruses Pe515CP and CP6 in 
experiments with the antiA serum (Fig. 6A, lanes 3 
and 7, respectively). Importantly, a protein correspond- 
ing to p54 of NADL or p41 of Osloss could not be 
precipitated by the anti-l 335 serum (Fig. 6A, lanes 2, 
4, 6, and 8). Since ~125 is clearly recognized by the 
same antibodies, it can be concluded that cleavage of 
~125 does not occur after infection with the analyzed 
viruses. As already proposed for BVDV CPl , 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 consequence of recombination reactions the 
genomes of BVDV CPl , Pe515CP, and CP6 contain 
duplicated and rearranged sequences. In all these 
cases the genomic region coding for ~125 is affected. 
However, the changes identified at the genome level 
seem not to result in expression of aberrant ~125, 
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 5’ 
recombination point should be located downstream of 
the carboxyterminal processing site of ~125 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 ~125 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 region in the Pe515CP genome corresponds 
to codons 15-l 68 of the viral ORF. Therefore antisera 
directed against the first 55 amino acids of the pesti- 
viral polyprotein (antiG1) and against residues 102- 
292 (antiD1) were employed (Thiel eta/., 1991). AntiGl 
was shown to precipitate a protein of about 20 kDa 
from BVDV NADL-infected cells (~20) which repre- 
sents the first protein of the BVDV ORF (Thiel et al., 
1991). For antiD precipitation of two proteins, namely 
p20 and the pestiviral core protein ~14, has been re- 
ported (Thiel et a/., 1991). In addition to these proteins 
antiG1 and anti Dl precipitated a protein of 28 kDa 
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FIG. 6. lmmunoprecipitation of proteins extracted from BVDV-infected cells after metabolic labeling with a mixture of [35S]cysteine/ 
[36S]methionine. lmmunoprecipitates 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, 6) 
were incubated with a serum directed against a peptide encompassing amino acids 1335 to 1351 of the polyprotein of BVDV NADL (Collett et 
a/., 1991) (lanes 2, 4, 6, 8) or with the antiA serum (Thiel et a/., 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 l), anti-D1 (lane 2), rabbit preimmuneserum (lane 3), anti-L1 (lane 4), 
anti-K1 (lane 5) and anti-P1 (lane 6). The bands corresponding to BVDV proteins ~10, ~14, ~20, and p30 are indicated. The fusion protein p28 is 
marked by an open triangle. (C)To show the specificity of ~28 for the cp virus of pair Pe5 15 extracts from cells infected with Pe5 15CP (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 pg of peptide HCVPep14 were added as competitor to the immunoprecipitation reaction. The position of proteins ~10, ~14, 
and p20 is indicated. p28 is marked by a triangle. 

(~28) from extracts of BVDV Pe515CP-infected cells amino acids 2290 to 2555 (antiP1) or 2555 to 2766 
(Fig. 68, lane 1 and 2, respectively). For further investi- (antiK1) or 2766 to 2985 (antiLl) of the HCV ORF. For 
gation three antisera specific for the region following BVDV NADL it has been reported that downstream of 
~125 in the pestiviral polyprotein were used; they were the ~125 gene a protein of 10 kDa (~10) is encoded 
prepared against bacterial fusion proteins containing 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 al., 1991). A stable polypeptide of 30 
kDa (~30) could, however, be demonstrated for HCV 
and different BVDV strains with antiP and antiK1 
(Stark and Thiel, unpublished). By using these antisera, 
p30 was also precipitated from extracts of Pe515CP- 
infected cells (Fig. 6B, lanes 5 and 6). The antiP 
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 antiP 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 antiD as well as with antiP 
but not with antill 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 ~10. 

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 
antiD (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 ~20, ~14, and pl0 can easily be dem- 
onstrated for both viruses p28 is only precipitated from 
extracts of Pe515CP-infected cells. In conclusion, the 
rearranged genome of Pe5 15CP leads to expression of 
at least two proteins which are not found in cells in- 
fected with Pe515NCP, namely p80 and ~28. 

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 ~20, the first protein of the BVDV 
ORF (Collett et a/., 1988b; Thiel et al., 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- 
kerchen eta/., 1991; Thiel eta/., 1991). Recentlyexperi- 
mental evidence has been obtained for this theory 
(Wiskerchen eta/., 1991; Stark eta/., unpublished). The 
sequence tryptophane-valine (position 164/l 65) has 
been proposed as the cleavage recognition site of this 
enzyme (Wiskerchen eta/., 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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21.5K- 

14.3K- 

1 2 3 45 6 

46 

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, 5, 6) were precipitated with the sera antiG1 (lanes 1 and 4) an- 
tiDl* (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 carboxy-terminal products of the autoproteolytic cleavage reac- 
tions are marked by small and large arrowheads (pCBP6) or open 
and filled triangles (pCB32), respectively. 

cordingly, for BVDV Pe515CP 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 I-kb PCR fragment 
encompassing the complete p20-coding region from 
the 5’ part of the Pe5 15CP genome was also used for in 
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 antiD (Fig. 7, lanes 1 and 2, 



RECOMBINATION OF PESTIVIRAL RNAS 383 

Pestivirus genome 

Pe515CP 
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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 a/., 1991; Thiel et a/., 1991; Stark er 
a/., 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 ~125 (Wisker- 
then and Collett, 199 1) (cleavage sites indicated by triangles). 

respectively). This band most likely represents the au- 
toprotease ~20. Since antiD 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 51 kDa (Fig. 7, lanes 4, 5, 6). 
AntiGl and antiDl* 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 eta/., 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 HindIll 
digest of pCB32. Analogous results 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- 

suits in development of mucosal disease and death of 
the animal (Brownlie et a/., 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 a recombination 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 CPl and NCPl. 
The genome of CPl contains a ubiquitin-coding se- 
quence which is flanked by a large duplication of viral 
sequences. Neither insertion nor duplication are pres- 
ent in the respective part of the NCPl 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, CPl , 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 
~125 gene (DeMoerlooze et al., 1990). For Pe515CP, 
this finding describes only one feature of the respective 
genomic region. The viral RNA contains a ~125 gene 
without insertion but nevertheless it represents the 
product of a recombination which affected pl25-cod- 
ing sequences. Since part of the pl25-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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CPl CGTCTGAGGGGTGGC gggcctgccgtgtgt 
Osloss CGTCTGAGGGGTAGT gggcctgccgtgtgc 

Pe515CP TGGGTCATGAGCTGC gggcctgccgtgcac 
CP6 TGGGTTACAAGCTGC gggcctgccgtgtgt 

I\ 
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 a/., 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 ~80 and the establishment of a cytopathogenic phe- 
notype by these viruses. 

Recombination at the RNA level has been observed 
for several RNAviruses. 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 a/., 1987; 
and Khatchikian et al., 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 eta/., 1991). Since the cellular 
mRNAs which serve as templates for integration of, 
e.g., ubiquitin-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 CPl 
and Osloss and it was obvious to look for sequences 
responsible for this site specificity. Two different bo- 
vine polyubiquitin 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 whetherviruses 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 cpBVDV-specific pro- 
tein ~80. Accordingly, development of a cytopatho- 
genie 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 ~41) or (ii) 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 ~58, the second last poly- 
peptide encoded by the pestiviral ORF (Collett et a/., 
1991). Further investigation is needed to clarify this 
point. 

The other important change at the protein level distin- 
guishing cpBVDV from noncpBVDV is the expression of 
~80 in addition to ~125. While the above-mentioned fu- 
sion proteins show a high degree of variability concerning 
nature and size, not only the mere presence of ~80 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 a/., unpublished). A 
prerequisite for generation of ~80 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 ~125 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; azkaynak et a/., 1987; Redmann and Rechsteiner, 
1989, Rechsteiner, 1987). Accordingly, the insertion of 
ubiquitin into ~125 introduces a signal for processing by 
a cellular protease (manuscript in preparation). 

The second way to generate ~80 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 CPl ubiquitin provides again the 
signal for cleavage by a cellular protease (manuscript 
in preparation). For Pe515CP and CP6 a processing 
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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 vans 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 ~80, 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 a/., 1989a,b). Experimental evidence for the 
protease function of p80 has recently been obtained 
(Wiskerchen et a/., 1991; Tautz et a/., in preparation). If 
p80 turns out to be required for the cytopathogenic 
effect it will be interesting to determine why ~125, 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 ~80. 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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