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The viral etiology of a clinical disease in cattle, which was caused 
by a transmissible agent that later became bovine viral diarrhea virus 
(BVDV), was established by Olafson et al 50 years ago.91 Early work 
confirmed BVDV as a novel viral entity, distinct from rinderpest and 
other exotic viruses.92 The close relationship between this agent and hog 
cholera virus (also known as classical swine fever virus), then still 
enzootic in the United States, did not become apparent until the 
1960s.31,37 A decade later, an ovine virus, the causative agent of border 
disease, was identified as a member of this group.98 The term pestivirus 
was coined by Horzinek to refer to this group of viruses. At the time, 
pestiviruses were considered an oddity among togaviruses not transmit
ted by arthropods.6S, 102 Pestiviruses owe their new affiliation, separate 
from the togaviridae, to nucleotide sequence of their genomic RNA 
provided by Collett et al and Meyers et al in the last decade. 26, 79 Since 
then, the contribution of molecular genetic research to our understand
ing of the biology of the virus at the cellular and organismal levels has 
been invaluable.2s Taxonomic uncertainties surrounding the classification 
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of BVDV and related pestiviruses of sheep and swine within togaviridae 
or flaviviridae have been clarified, resulting in the definitive assignment 
of Pestivirus as a genus of flaviviridae. Space considerations will limit 
this far from comprehensive review to an attempt to summarize recent 
data on BVDV in the context of our previous understanding of its 
molecular biology. Reference will be made to the other two pestiviruses, 
hog cholera virus and border disease virus, where pertinent. Discussions 
of the prototypes of other genera of the flaviviridae, yellow fever virus, 
and hepatitis C virus will be avoided; readers are referred to excellent 
reviews in the literature.22,23 

Bovine, ovine, and swine pestiviruses infect and replicate inter
changeably in cells of any of these species, albeit with more or less 
efficiency. 15, 51, 74, 93, 126 Infection typically does not result in morphologic 
changes in the infected cell, thus these viruses are called noncytopathic 
(NCP). NCP-BVDV virus accounts for more than 90% of infections in 
cattle, thus we consider this biotype to be the standard BVDV.47 BVDV 
frequently is isolated from fatal cases of mucosal disease. 19, 24, 61, 86, 121, 129 
BVDV isolated from these cases often causes cytopathic (CP) effects in 
infected cultured cells and is called CP-BVDV.S6,78 CP-BVDV isolates are 
an eclectic group in nature with a variety of genomic abnormalities.8o-82, 
105,118, 119 We should note that although the standard BVDV is a noncyto
pathic virus, most in vitro and biochemical analyses discussed in this 
review were performed using one of two strains of CP-BVDV: NADL or 
Singer strains.2s,27 

A PORTRAIT OF BVDV 

The Genomic RNA Molecule: Structure 

Genetic information of standard BVDV is stored in a single molecule 
of RNA. Early studies showed that naked genomic RNA extracted from 
virions, if transfected into bovine cells, gives rise to infectious viral 
progeny.36 No RNA molecules of sub genomic size are found in virus 
preparations or infected cells.104 Eukaryotic cells lack enzymes to repli
cate RNA molecules using RNA templates; it follows that transfected 
BVDV RNA must program translation of viral enzymes with RNA 
replicase function. 

Sequence analysis of cDNA cloned into plasmid vectors has shown 
that the standard genome of BVDV is 12,308 nucleotides (nt) in length 
(CP-BVDV are an exception).26, 34, 80,105,107 The base composition is 32%A, 
22%T, 26%G, and 200/oC, a slightly AT-rich distribution.34 A single large 
open reading frame (ORF) is found starting at nt 386 of the plus sense 
of the RNA.34 This ORF is 3898 codons long. Several very short ORFs 
«30 codons) are found elsewhere in the plus or minus sense RNA.34,35 
These small ORFs apparently are not translated, thus the assertion BVDV 
has a single open reading frame. BVDV polyprotein, translated from the 
single large ORF, gives rise to mature viral proteins by viral and cellular 
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endoproteinase cleavages. The standard BVDV genome does not have 
redundant sequences. There is only limited intramolecular complemen
tarity with potential for stable secondary structure in the genomic RNA. 

The ends of the RNA flanking the ORF are called the 5' and 3' 
untranslated regions (UTR). The BVDV genomic RNA molecule seems 
to lack two typical structures found at the termini of a majority of 
eukaryotic mRNA: 5' cap and 3' poly A structures. IS, 26 Instead, UTRs of 
significant length are present: the 5'UTR is nt 385 in length, whereas the 
3'UTR is nt 226 long. Considerable space to accommodate information 
for cis or trans functions is available. UTRs may be functional equivalents 
of the 5' cap and poly A, controlling translation initiation and RNA 
stability, respectively.46, 6S, SS, 97,133 Both ends must contain signals to guide 
replicase entry: the 3' end for plus sense (vRNA) and the 5' end for the 
minus strand (cRNA) template recognition. Purchio et al observed that 
RNA extracted from virions with organic solvents to free it of proteins 
can be used to program in vitro translation systems prepared from 
reticulocyte lysates, in agreement with previous reports about the infec
tious nature of viral RNA.1D4 Experimental evidence consistent with the 
notion that BVDV lacks an inverted methyl guanosine, a cap structure, 
at the 5' end of its genomic RNA has been presented. ls Attempts to 
retain RNA in a chromatography matrix containing oligo (U) failed, 
indicating that the virus lacked a polyA stretch at the 3' end.26 These 
findings were extended by Deng and Brock, who reported the sequence 
of the termini of BVDV. The 3' end of the vRNA consists of a stretch of 
5 cytidines (C5).IS, 35 The 3' end of the pestivirus genome seems to 
be unique among flaviviridae in lacking a homopolymeric tai1.63 This 
homopolymer is usually poly A except for human hepatitis C virus, 
which may have poly U.63 The arthropod-borne members of flaviviridae 
have 5' capped RNA genomes, unlike BVDV and hepatitis C virus 
(Table 1).55 

Sequence Comparisons Among Pestiviruses 

Pairwise nucleotide sequence comparisons among different BVDV 
isolates show an overall conservation of the sequence. The most diver
gent isolates differ by 22% across the entire genome.25-27,34 It is likely 
that sequencing of more divergent isolates will show differences of 
approximately 30%. Sequence conservation is not uniform along the 
genome. The most conserved nucleotide sequence blocks can be found 
in the 5'UTR (Figs. 1 and 2). Least conserved sequences are insertions 
of host cell-derived genetic information into p125/NS23 of some isolates 
of cytopathic BVDV (Figs. 1 and 3). Excepting these anomalies found in 
altered BVDV genomes, four stretches of very low sequence conservation 
are found among standard BVDV genomes.34 Two hypervariable 
stretches are found in a region encoding for the major surface glycopro
tein, gp53/E2. Two others are located in the nonstructural polypeptides 
p125/NS23 and p58/NS5A (see Fig. 1). Only one sizable deletion has 
been described in a replication-competent virus. The genome of the 
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Figure 1. Similarity plots of pestivirus genomes. BVDV strains NADL, Osloss, and SD1 
were compared with Hog cholera strains Brescia and Alfort over the entire length of their 
genomes (A) or the whole polyprotein (8). The viral proteins encoded in each region and 
the protease cleavage sites, numbered 1 to 10 are shown in C. 

Osloss strain has a deletion of nt 50 in the 3'UTR.33 It is not clear if these 
deletions are present in field isolates or represent in vitro selection 
events. 

Ridpath et al have shown that two distinct genetic lineages of BVDV 
can be identified.96, 108 Laboratory strains of BVDV whose genomes have 
been sequenced, such as NADL, Osloss (CP) and SD-l (NCP), belong to 
one of these lineages.96, 108 Comparison of the nucleotide sequences 
among these classical strains shows a sequence homology of nearly 78% 
to 88% for the entire genome. Conserved regions such as the 5 'UTR of 
these viruses have a homology ranging from 86% to 93%. Newly de
scribed BVDV isolates have 5' -UTR sequences only 75% homologous to 
the classical strains, and more than 90% homologous when compared 
with each other. The newly identified lineage is termed genotype II; 
traditional or classical isolates are termed genotype 1.96,108 Genetic dis-

Figure 2. Computer-predicted secondary structure diagram of the 5'UTR of BVDV genomic 
RNA (from nucleotide 1 to 385). Letters refer to domains as described elsewhere.35 

Alignments of highly conserved sequences of hog cholera virus, BVDV, and human hepatitis 
C virus are shown in boxes. Shading highlights complete conservation in the structure and 
the alignments. 
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Figure 3. Comparative genomic organization BVDV (pestivirus prototype), Yellow fever 
(flavivirus), and hepatitis C virus (genus to be named) based on the amino acid sequence 
homology of the nonstructural regions and the functions of the structural genes. 

tances are correlated with the extensive antigenic differences between 
virion surface glycoprotein gp53/E2 of genotype I and II viruses.96

, 108 
Nucleotide sequences of the entire genomic RNA of BVDV, hog 

cholera virus, and part of border disease virus are available for compari
son.5, 26, 34, 79, 89, 115 The overall nucleotide sequence similarity between 
BVDV and swine pestivirus genomes oscillates around 67%. Differences 
are unevenly distributed: the 5'UTR is highly conserved, whereas the 
remainder of the genome is more divergent (see Figs. 1 and 2). The 
overall profile of sequence similarity among pestiviruses is very similar 
to the sequence comparison among BVDV isolates. Distinct lineages of 
hog cholera virus, analogous to the genotypes I and II of BVDV, have 
not been reported. 

Sequence Comparison of Pestiviruses With Other 
Flaviviruses 

Nucleotide sequence comparisons between the BVDV genome and 
other viruses were first made by Collett and Renard showing that 
pestiviruses share statistically significant sequence similarities to the 
flaviviruses. 26,107 This similarity, however, is restricted to a few 20- to 
3D-nucleotide blocks with 80% identity matching, dispersed in different 
areas of the genome. Nucleotide sequence similarity between BVDV and 
viruses in the other two genera of flaviviridae shows that hepatitis C 
virus has a most striking homology in the 5'UTR (see Fig. 2).21,23,83 

Nucleotide sequence identity levels in other regions of the genome 
are marginal, and statistical analyses are required to demonstrate that 
they are not just random matches. The conservation of the 5'UTR across 
highly divergent genera of the family flaviviridae points to some funda
mental role of importance for viral replication. Recent experiments with 
hepatitis C virus suggest that this region of the genome can direct 
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ribosomes to initiate translation from a downstream AUG triplet by a 
cap-independent mechanism.122 

Wobble and redundancy in the genetic code make comparison of 
nucleotide sequence similarity of protein-coding regions less sensitive to 
detect distant relationships than the alignment of the amino acid se
quence of the encoded protein. Comparison of the encoded proteins 
sequences will often show significant similarities when nucleotide com
parisons failed to do so. Alignment of pestiviral polyproteins with 
polyprotein of viruses in the other genera of flaviviridae shows a pattern 
of conserved blocks of sequence homology spread along most of the 
nonstructural protein region (Fig. 3). 

The Proteins Encoded by BVDV 

The standard genome of the virus has a large open reading frame 
with capacity to encode a polyprotein of 3898 amino acids and, theoreti
cally, a 438 kD protein.34 With the exception of a fraction of cytopathic 
isolates, this sequence is nonredundant. Occasional sequence redun
dancy and variations in the size of the ORF result from the presence of 
rearranged and duplicated viral sequences or insertions of host cell RNA 
into the viral genome of cytopathic isolates (Fig. 4).60,80-82,105,118,119 

Anal ysis of the chemical properties of the amino acids along the 
polyprotein chain shows regions with substantial clustering of hy
drophobic and hydrophilic residues. The first 250 amino acids at the N
terminus of the polyprotein are predominantly hydrophilic. A very 
hydrophobic stretch of 266 amino acids is located at the N-terminus of 
the nonstructural protein region, between codons 1036 and 1301. The 
BVDV polyprotein has 14 potential glycosylation sites in the region 
encoding for structural polypeptides. Eleven glycosylation consensus 
sites are conserved among BVDV isolates, and 8 of these are present in 
swine and bovine pestiviruses. 

The BVDV genome, like that of all positive strand RNA viruses, 
encodes for structural and nonstructural proteins whose role is to make 

3'UTR 

RNA 5'---------------------------- 3' 5'UTR OPEN READING FRAME 

AUG 
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Figure 4. Protein map of BVDV. Note a polypeptide at the N-terminus of the polyprotein, 
the leader protease p20/Npro does not serve a structural role. Polypeptides in parenthesis 
are not present in all virus isolates. The 32 kD polypeptide has not been identified 
unambiguously. 
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up virions and replicate the genome, respectively. Viral proteins from 
two sources have been studied: purified virions and infected celllysates. 
For biochemical analysis of structural proteins from virions, infected 
cells are grown in a culture medium supplemented with a radioactive 
isotope-containing amino acid. Metabolically radiolabeled virus is har
vested from the medium and purified by density gradient centrifugation 
for subsequent analysis by denaturing polyacrylamide gel electrophore
sis (SDS-PAGE). Analysis of nonstructural viral polypeptides in cells can 
also be performed by metabolic labeling of infected cells. Unlike many 
other viral infections, BVDV infection does not inhibit cell macromolecu
lar synthesis. Inhibition of labeled amino acid incorporation into cellular 
polypeptides is thus required to identify viral polypeptides after electro
phoresis, e.g., using hypertonic medium.42, 44 Alternatively, viral poly
peptides can be distinguished from cellular protein by binding of specific 
antiviral antibodies, e.g., radioimmunoprecipitation and western blot
ting.43, 45, 54 These methods obviously are limited by the specificity of the 
polyclonal antiserum or the availability of a monoclonal antibody. 

A total of at least 13 virus-induced polypeptides (structural and 
nonstructural) have been found in BVDV infected cells by biochemical 
analysis to identify viral proteins.2, 3, 25-27, 42, 44 The sum of the molecular 
weights of these polypeptides (>550 kD) exceeds the coding capacity of 
the genome (437 kD) and outweighs the sum of predicted mature prod
ucts of the polyprotein after glycosylation of potential sites (465 kD). 
Sequence redundancy among the 13 polypeptides identified by SDS
PAGE analysis of BVDV infected cells was predicated by biochemical 
and immunologic means. 1 Peptide mapping of two polypeptides of 80 
and 125 kD showed a number of shared peptides in the fingerprint, 
consistent with the presence of regions of identical amino acid sequences. 1 

Availability of monoclonal antibodies to some of these proteins subse
quently showed that a single antibody recognized two or more polypep
tides of different sizes, corroborating peptide mapping results.8, 29, 85, 109 

Molecular cloning of the BVDV genome and determination of the 
primary structure of the genomic RNA paved the way to the establish
ment of the first genetic map of BVDV. Alignment of deduced BVDV 
protein sequences with other flaviviruses, reactivity of viral proteins 
with monoclonal antibodies and region- or peptide-specific antisera led 
to the initial protein map of BVDV.26 The latter were produced from 
short segments of the BVDV genome cloned into bacterial expression 
vectors. Purified BVDV -~-galactosidase fusion proteins expressed in re
combinant bacteria were injected into rabbits to increase region-specific 
antibodies. Viral proteins in BVDV -infected bovine cells were identified 
with these antibodies by radioimmunoprecipitation. This approach led 
to a map of the genomic regions encoding most of the viral polypeptides 
(Fig. 4).25,27 Further refinement of the map was achieved with the use of 
rabbit antibodies against synthetic pep tides deduced from the genomic 
nucleotide sequence.2 The resulting map indicated very clearly that the 
BVDV polyprotein resulted in several processing intermediates before 
the mature viral polypeptides were produced. Previous difficulties to 
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interpret existing data were virtually eliminated. Some of the proteolytic 
processing events were proposed to be cotranslational, because the entire 
438 kD polyprotein was never identified in infected cells. Despite re
markable progress made in viral protein mapping and identification, 
the protein map of BVDV remains to be refined. Identification of a 
nonstructural polypeptide from a region of the genome that is highly 
conserved (NS4) awaits future experimental efforts. Precise determina
tion of cleavage sites within the nonstructural region needs to be com
pleted. 

The current protein map of the BVDV genome is shown in Figure 
4. Pestiviral polypeptide nomenclature is still being elaborated. Initial 
use of polypeptide molecular weights was necessary because the role of 
the proteins was unknown. With current information, a more rational 
system will be developed to allow discussion of all the pestiviruses and 
other members of flaviviridae under a common system. Until then, we 
chose to use both nomenclatures in the text to facilitate the transition 
(see Fig. 4). A total of at least 10 mature viral polypeptides are produced 
from the entire polyprotein of standard NCP-BVDV. Four of these poly
peptides are structural, and six are nonstructural. CP-BVDV isolates 
express one or more additional nonstructural polypeptide(s).2s, 27 

The N-terminal end of standard BVDV polyprotein results in a 
nonstructural protein p20/Npro (Npro, N-terminal protease). The 
adjacent region of the polyprotein yields the polypeptide chains for the 
four putative viral structural polypeptides: p14/C (C, nucleocapsid), 
gp48, envelope 0 (EO), gp25/E1 (envelope 1), and gp53/E2 (envelope 2). 
The remainder of the polyprotein encodes for five nonstructural proteins 
in N to Corder: p125/NS23, p10/NS4A, p32/NS4B, p58/NS5A and 
p75/NS5B. The identity of p32/NS4B is still speculative. In addition to 
these proteins expressed by standard BVDV, CP-BVDV isolates invari
ably express p80/NS3 and, occasionally, other polypeptides of variable 
size. Variable amounts of additional polypeptides of sizes other than 
those shown in Figure 4 can often be identified in infected cells and may 
represent processing at alternative sites.2 Their significance in virus 
replication, as well as that of incompletely processed polypeptides, is 
still unknown. 

The following section will describe the main features of the mature 
gene products of standard BVDV. For simplicity, discussion will follow 
the sequence in which they are arranged in the genome. 

p20lNpro 

p20/Npro is the first translation product of the open reading frame. 
This protein consists of 168 amino acids, with an experimentally ob
served mass of 20 kD in SDS-PAGE. p20 is a cis-acting papain-like 
protease that cleaves intramolecularly at its C-terminus, effectively re
leasing itself from the nascent polyprotein. The protease recognition 
sequence for cleavage is Cysteine-Serine, with cleavage after cysteine. 
Functions for this papain-like protease in virus replication other than 
the generation of the N-terminus of p14/C have not been identified. 
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Absence of a counterpart in other flaviviruses precludes comparative 
analyses. Similar accessory leader proteases are present in foot and 
mouth disease virus, equine arteritis virus, and a plant potyvirus.59, 70, 73 
The leader protease of foot and mouth disease virus is implicated in 
host cell translation shut-off, but BVDV infection does not induce shut
off of host cell translation.12o 

p141C 

This protein has 102 amino acids and migrates as a 14 kD polypep
tide. p14/C is a basic protein with an isoelectric point of 10.69 (SD-1 
strain) due to a 26% molar percentage of basic amino acid residues. The 
protein is well conserved across different pestiviruses. Its N-terminus is 
generated by the autocatalytic action of p20/Npro and seems to be 
blocked by posttranslational modification. p14/C presumably is located 
in the cytoplasm of infected cells. It is not known whether it migrates to 
other compartments. The function of the protein is to package the 
genomic RNA and to provide necessary interactions for formation of 
the enveloped virion. Domains involved in these processes have not 
been identified. Sera from convalescent cattle do not contain antibodies 
to p14/C.45 The poor immunogenicity of the BVDV capsid in cattle 
contrasts with the abundance of antibody to the hepatitis C capsid 
protein in infected human sera.69 

gp481EOrns 

This glycoprotein has 227 amino acids (mature form) with a pre
dicted mass of 26 kD and observed migration on SDS PAGE of 48kD. 
Carbohydrate moieties attached to the seven to eight consensus glycosyl
ation sites are responsible for the differences. A signal sequence for 
translocation into the endoplasmic reticulum (ER) is present at the N
terminus. A hydrophobic anchor region is lacking throughout the se
quence of the polypeptide. Signalase cleavage in the ER lumen results 
in a very hydrophilic mature gp48/EO. It forms homodimers covalently 
linked by disulfides, after its translocation to the lumen of the ER. The 
function of gp48/EO is unclear; it is a putative component of the virion, 
although the absence of a hydrophobic membrane anchor region sug
gests a loose interaction with the envelope. The structure of the oligosac
charides attached to gp48/EO has not been determined. It is unknown if 
the protein has covalently attached fatty acids. gp48/EO appears to be 
secreted to the extracellular space by exocytosis. Comparison of the 
BVDV gp48/EO with other pestiviruses shows remarkable conservation. 
RNAse activity has been detected in purified preparations of hog cholera 
virus gp46/EO; a similar activity is predicted for the BVDV counterpart, 
gp48.114 The hog cholera virus and BVDV protein sequences contain two 
conserved motifs similar to fungal and plant RNAse domains.67,114 The 
significance of this enzymatic activity is unknown, yet very intriguing 
because of the sequence conservation. This glycoprotein induces consid-
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erable levels of antibodies in infected cattle, but these antibodies have 
limited virus-neutralizing activity.17, 131 

gp251E1 

This polypeptide is predicted to be 195 amino acids in length, with 
two consensus sites for glycosylation. A calculated molecular weight of 
21.6 kD is smaller than the experimentally observed 25 kD because of 
posttranslational modification. The protein contains two hydrophobic 
domains that serve to anchor the protein in the membrane and initiate 
translocation of the adjacent polypeptide, gp53/E2. gp25/E1 is found in 
virions covalently linked to gp53/E2 by disulfide bonds. Convalescent 
cattle serum does not contain significant levels of antibody to gp25/E1.45 

gp531E2 

The polypeptide backbone of gp53/E2 is approximately 375 to 400 
amino acids long and contains three to four consensus sites for glycosyl
ation. The N-terminal end is generated by signalase cleavage, predicted 
with very good reliability. The uncertainty surrounding its size is de
rived from lack of information on the C-terminal processing site(s), also 
presumed to be cleaved by signalase. There is preliminary evidence 
indicating that two different forms of gp53/E2 can be found in infected 
cells; the difference is found in their C -terminal tail length. The predicted 
mass of the polypeptide is 41 to 45 kD, but postranslational modification 
results in apparent migration of 53 ± 2 kD. The glycoprotein is likely 
to be found in the virion envelope as homodimers and as heterodimers 
with gp25. The C-terminus of gp53/E2 is anchored in the lipid envelope 
by a transmembrane region of at least 40 amino acids, which may span 
the membrane more than once. gp53/E2 is very antigenic and elicits 
the production of neutralizing antibodies in the host after infection or 
vaccination with live or killed vaccines. One of the three hypervariable 
sequence regions found in the viral genome is present in this polypep
tide. This hypervariability may represent absence of structural con
straints and perhaps reflects immunologic selective pressureY, 10, 13, 40, 45 

p1251NS23 

This BVDV nonstructural protein has approximately 1300 amino 
acids and is slightly basic, with a pI of 8. It migrates in SDS-PAGE gels 
as a 125 kD polypeptide. Sequences of the N- and C-termini have not 
been determined. Sequence similarity searches show that p 125 /NS23 
has homology to other flaviviruses: p 125 /NS23 seems to encompass a 
region that in flaviviridae is divided into two separate polypeptides, 
NS2 and NS3. This domain separation in p 125 /NS23 correlates with 
distinct chemical properties for each of them. The N-terminal region, 
homologous to NS2 is very hydrophobic. The C-terminal domain is 
hydrophilic and homologous to NS3. The p 125 /NS23 polypeptide, and 
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its C-terminal colinear fragment, p80/NS3, are the most studied proteins 
of BVDV. p80/NS3 has received a great deal of attention because it is 
found exclusively in cytopathic BVDV isolates.43,100 Cytopathic isolates 
of BVDV produce p80/NS3 as a distinct polypeptide. The expression of 
p80/NS3 as a separate polypeptide resembles the protein profile of the 
arthropod-borne flaviviruses. 

Four important domains are present in this large polypeptide: A 
very hydrophobic domain at the N-terminus, followed by a zinc finger, 
a protease, and a hel.icase, towards the C-terminus.34 A cysteine-rich 
domain found between codons 1484 and 1512 (approximately 384 codons 
from the p125/NS23 N-terminus) was predicted to form a zinc finger. 32 

This domain is thought to bind RNA. An RNA-binding domain may 
serve to hold the viral replication complex in close proximity to the 
membrane through the N -terminal hydrophobic domain. A region of 
homology between BVDV and a number of plant and animal viral 
chymotrypsin-like serine proteases is found between codons 1658 and 
1752 (approximately 568 codons from the N-terminus).4 Mutagenic anal
ysis has shown that this site encompasses the catalytic triad of the viral 
protease responsible for the cleavage of the polyprotein to generate 
nonstructural polypeptides by a series of intramolecular and intermolec
ular cleavages.13o A domain with homology to eukaryotic helicases has 
been identified between codons 1817 and 2095 (starting at 333 amino 
acids from the N-terminus of p125/NS23).57, 58 This domain binds ATP 
and hydrolyzes it in an RNA-stimulated manner.117 This helicase is able 
to catalyze ATP-dependent strand separation of RNA duplexes.l25 A 
role for the helicase in virus replication has not been found. Helicase 
participation is postulated for translation initiation and RNA replication. 

Insertions of host cell genetic elements were found in the p 125 I 
NS23 of some cytopathic isolates of CP-BVDV. Other CP-BVDV isolates 
have rearrangements of viral sequences, with duplication of genome 
sequences in the p125/NS23 region. All of these result in de novo 
expression of p80/NS3, sometimes altering the size of p125/NS23. What
ever the mechanistic paths of p80/NS3 expression, p125/NS23 expres
sion is always maintained.25, 47, 60, 80-82, 117,118 Thus, p125/NS23 must play 
an indispensable role in virus replication. The protease and helicase 
domains of p 125 INS23 are present in the region that is colinear with 
p80/NS3. Cytopathic isolates of BVDV invariably express p80/NS3, 
suggesting that this protein is directly or indirectly involved in cellular 
damage. The possible role of protease and helicase enzymatic activities 
in cytopathology is the subject of intense research. 

~fected cattle (and cattle vaccinated with modified live BVDV 
vaccine) develop a strong humoral antibody response to p125/NS23. 
Cattle vaccinated with killed vaccine develop negligible humoral anti
body to this nonstructural polypeptide. Antibodies to BVDV p125/NS23 
cross-react with hog cholera virus p 125 I NS23 and vice versa; swine 
antibodies to hog cholera p125/NS23 cross-react with BVDV.94, 127, 128 A 
similar situation exists with border disease virus regarding immune 
crossreactivity. 



MOLECULAR BIOLOGY OF BVDV AND ITS INTERACTIONS WITH THE HOST 405 

(p54INS2) 

This nonstructural polypeptide is found exclusively in some, but 
not all cytopathic isolates of BVDV. When present its size is highly 
variable because of the existence of additional genetic elements due to 
BVDV sequence rearrangement or foreign sequence insertions. p54 is a 
proteolytic product of p125/NS23, colinear with its N-terminus. This 
polypeptide has a zinc finger motif and is hydrophobic. This portion of 
p 125 /NS23 is poorly immunogenic and does not induce humoral anti
bodies in infected cattle.13,45 

(p80INS3) 

This hydrophilic nonstructural polypeptide is a marker of cyto
pathic BVDV. Its sequence is colinear with the C-terminus of p125/ 
NS23, and contains the protease and helicase domains. p80/NS3 is 
homologous to the flaviviral NS3. Both termini of p80/NS3 are gener
ated by autoproteolytic cleavage in cis. Functional constraints must be 
limiting the evolution of this polypeptide severely; p80/NS3 is the most 
conserved protein in the genus Pestivirus. This polypeptide is very stable 
in infected cells and highly immunogenic.13,45 

p10lNS4A 

Virtually no information is available on this polypeptide. Bound
aries (processing sites) are defined imprecisely. Its sequence is well 
conserved among different pestiviruses, suggesting possible functional 
constraints and an important role in replication. 

p321NS48 

Little is known about p32/NS4B; the precise location of processing 
sites and its function remain elusive. Predictions based on sequence 
analyses would suggest that this is a relatively basic polypeptide with a 
pI of approximately 9.6. Wiskerkerchen reported a possible role for p32 
in modulating the protease activity of p125/NS23 in the generation of 
p75/NS5B by cleavage at site 10 (see below).130 The high level of se
quence conservation suggests some as yet unknown important function 
for this polypeptide. Preliminary data suggest that this polypeptide 
accumulates in infected cells at late stages of infection with CP-BVDV. 
Cattle infected with BVDV fail to produce humoral antibodies to p32. 

p581NS5A 

Knowledge about this protein is limited. Its boundaries within the 
polyprotein have not been defined. Blocks of homology between this 
protein and the N-terminus of the NS5 (flavivirus RNA replicase poly
peptide) suggest some role in RNA synthesis. Pestiviruses seem to have 
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split its RNA polymerase activity in two polypeptides, p58 NS5A and 
p75/NS5B, in contrast with the arthropod borne flaviviruses, which 
have just one polypeptide, NS5. An alternative active form of the repli
case may be a precursor polypeptide, p133, which is cleaved to yield 
p58/NS5A and p75/NS5B. Hepatitis C virus is similar to pestiviruses; 
two polypeptides are produced by cleavage of the polyprotein in this 
regoin, the main replicase and a possible accessory polypeptide. This 
polypeptide is relatively stable in infected cells. The sequence of this 
polypeptide displays considerable variability among pestiviruses. No 
humoral immune response to this polypeptide can be detected in conva
lescent cattle.13, 45 

p751NS5B 

This polypeptide has yet to be fully characterized biochemically and 
the processing site to be identified. p75/NS5B is the putative viral RNA
dependent-RNA polymerase. The canonical motif present in all positive 
strand viral RNA polymerases, glycine-aspartate-aspartate, can be found 
between codons 3626 and 3628. The half-life of p75/NS5B is among the 
shortest of all BVDV polypeptides. No serum antibodies to p75/NS5B 
are found in cattle recoved from BVDV infection.13,45 

Structure of the Virion: the RNA Delivery Apparatus 

The BVDV virion consists of a central core containing RNA and 
the capsid protein pI4/C, surrounded by a lipid membrane with two 
glycoproteins anchored in it, gp25/El and gp53/E2.25,27 A third glyco
protein (gp48/EO) is found in virions, loosely associated to the envelope 
by uncharacterized interactions. The infectious nature of the naked RNA 
indicates that there are no proteins required in virions to catalyze RNA 
replication. The function of the proteins and lipids surrounding the RNA 
molecule is to "pick up" the viral genome in the cytosol of infected cells 
and to deliver it to the cytosol of an uninfected target cell. Structural 
proteins are required to perform two seemingly opposing tasks. These 
are (1) to assemble virions wrapping the RNA and exit the infected cell, 
and (2) to enter the target cell and disassemble to release the RNA. The 
target cell may be a few microns away or in another host. The versatility 
of the virion must be considerable. 

Virions are 40 to 60 nm in diameter, with a sedimentation coefficient 
S20w = 140 and a buoyant density of 1.12 to 1.13 in sucrose gradients 
(see Table 1).30,64,66,72 The core is composed of a single RNA molecule 
covered by the nucleocapsid protein p 14/ C. Conclusive determination of 
the composition of virion envelopes remains elusive. Three glycoproteins 
seem to be associated with the virion envelope at different stages of 
maturation: gp48/EO, gp25/El, and gp53/E2. Electrophoretic migration 
of the glycoproteins in SDS-P AGE is quite diffuse because of the charge 
and trimming heterogeneity of their oligosaccharide chains.44 The struc-



MOLECULAR BIOLOGY OF BVDV AND ITS INTERACTIONS WITH THE HOST 407 

ture of the N-linked oligosaccharide chains of the glycoproteins has not 
been determined. It is not known if there are additional O-liked sugars 
attached to the glycoproteins. 

Taxonomy of BVDV 

The Genus Pestivirus: Shared Features 

Members of the genus are the bovine, swine, and ovine pestiviruses. 
Members of the genus Pestivirus are closely related to each other. Pestivi
rus virions are morphologically and physicochemically similar.30, 55, 65, 71, 72 

The genomic RNA is virtually the same size, and the structural and 
nonstructural polypeptides are very similar. Pestiviruses display mutual 
antigenic cross-reactivity.31,98 Members of the genus have restricted host 
range in vivo and in vitro.15, 93 No insect vectors have been identified for 
members of the genus Pestivirus. The replication cycle in cells is virtually 
identical for members of the genus, and the strategy of gene expression 
has few differences. 

Pestivirus identification is often problematic because their close relat
edness makes assignment to a host species (ruminant or swine) ex
tremely difficult. The serologic cross-reactivity between hog cholera vi
rus and bovine viral diarrhea was discovered shortly after the virus 
was isolated in cell cultures.31,98 Cross-reactivity is more apparent with 
antibodies to nonstructural proteins.94 The level of neutralization of 
infectivity of heterologous virus by polyclonal antiserum from convales
cent animals is very low. Swine pestiviruses can infect cattle, and cattle 
pestiviruses can infect pigs, both inducing cross-reactive immune re
sponses. The diagnostic conundrum that this situation creates is a chal
lenge for diagnostic virologists and serologists, in parts of the world in 
which both viruses are present.127, 128 

Family Flaviviridae: Distant Relationships 

The family flaviviridae comprises a diverse group of viruses 
grouped in three genera: Flavivirus, (formerly Arbovirus group B), Pesti
virus (previously a nonarbo togavirus, mucosal disease group), and a 
recently discovered human virus hepatitis C virus (a genus name has 
not been assigned yet) (see Table 1). The common ancestry of these 
viruses is evidenced by the conservation of blocks of amino acid se
quences in the nonstructural proteins of viruses of the family.27,70 The 
extent of conservation of these motifs is greater comparing members of 
the family to each other than when comparing them to other positive 
stranded RNA viruses. 55, 63 Conservation of blocks of amino acid se
quence similarity across most of the nonstructural region of the genome 
points to the common ancestry of these viruses. Phylogenetic analysis 
of positive strand RNA viruses based on replicase, chymotrypsin-like 
protease, or the helicase sequences have all resulted in arthropod borne 
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Table 1. COMPARATIVE VIRION FEATURES IN FLAVIVIRIDAE 

Features/Genus Pestivirus Hepatitis C Virus Group Flavivirus 

Virion morphology 40-60 nm 40-60 nm(?) 40-60 mm 
Sedimentation S20w = 140 S20w = 150 S20w = 170-210 
Virion density 1.12-1.13 1.09-1.11 1.15-1.200 
RNA genome 12 kb 10 kb 11 kb 
5/ structure RNA No 5/ cap 5/ cap(?) 5/ capped 
5/UTR 385 nt 324-341 nt ~150 nt 
ORF 3898 codons ~3,000 codons ~2,800 codons 
3/ structure RNA No poly A No poly A = Oligo U (?) No ply A 
Envelope 3 gp 2 gp? 1 gp (1 p) 
Morphogenesis ER ? ER 

flaviviruses and pestiviruses originating from a common ancestor?O With 
the noteworthy exception of the leader papain-like protease present 
exclusively in pestiviruses, the rest of the viral polypeptides have a 
similar distribution along the genome (see Fig. 3). Important divergent 
features in the nonstructural region are represented by processing differ
ences: pestiviruses do not process a site that in flaviviruses separates 
NS2 from NS3. In contrast, pestiviruses process NS5 into NS5A and B.2, 
22,25,26 Besides the obvious conservation of critical motifs in replicase and 
protease-helicase, striking similarities between BVDV and hepatitis C 
virus are found in the 5 'UTR. 23, 35, 63, 83 

The in vivo host range of a typical flavivirus includes mammals as 
well as insects. The host range of pestiviruses and human hepatitis C 
virus is restricted to a cluster of closely related mammalian species, i.e., 
Artiodactyla and Primate, respectively. A similar picture emerges for 
the ability of these viruses to grow in vitro: members of the genus 
Flavivirus grow in insect and various mammalian and avian cells: Pestivi
ruses are restricted to growth in cell cultures of Artyodactyla, whereas 
hepatitis C does not replicate efficiently in any cell culture.55 

A MOTION PICTURE OF BVDV 

The Replication of BVDV 

BVDV replicates efficiently only in cells derived from Artyodactyla, 
closely reflecting the in vivo host range of the virus.15 Optimal replication 
takes place in bovine, ovine, or goat cells, whereas replication is less 
efficient in swine cells. 15 BVDV can be adapted with difficulty to replicate 
in rabbit cells. Rabbits are susceptible to infection with rabbit-adapted 
BVDV, and are the only known laboratory animal host for the virus.52 

The replication of standard BVDV and other pestiviruses in cell 
cultures of bovine origin takes place without production of visible 
changes in the cells.87 In some cases, these viruses contaminate cell 
cultures for years without detectable alterations of cell physiology or 
metabolism. 11, 53, 77, 90, 103, 113 
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When BVDV comes in contact with a susceptible host cell, it initiates 
a series of steps that result in the production of progeny virions. This is 
termed a productive replication cycle and takes places entirely in the 
cytoplasm of the cell. The peak of progeny virus release occurs 12 to 14 
hours after start of infection.84 Each infected cell releases 100 to 1000 
infectious virions (Donis RO, unpublished data). The BVDV replication 
cycle was divided into phases, with somewhat arbitrary boundaries, for 
the sake of discussion in the next sections. 

Attachment and Penetration 

BVDV enters cells by receptor-mediated endocytosis, followed by 
an acid-dependent step that delivers the viral genome to the cytosol.16 

Reports on the cellular and viral molecules responsible for the initial 
interaction and subsequent triggering of endocytosis suggest that gp53/ 
E2 interacts with a cellular receptor of 50 kD.132 Integrity of cellular 
plasma membrane proteins is necessary for infectivity, because treatment 
of the cell surface with proteases renders the cells resistant to infection. 54 
A mutant bovine cell line that is resistant to BVDV infection has been 
described.54 The mutant cells, derived from the Madin-Darby Bone Kid
ney (MDBK) cell line, are resistant to infection as a result of a defect in 
a host factor mediating virus entry. The nature of the defect is under 
investigation. Because this mutant cell is resistant to swine, ovine, and 
bovine pestiviruses, it is likely that pestiviruses use a common mecha
nism or pathway to enter target cells (Flores EF, Donis RO, unpub
lished data). 

Besides the postulated interaction of gp53/E2 with cellular mole
cules for attachment of virions to target cells, other surface glycoproteins 
of BVDV may participate in this process. BVDV seems to be extremely 
sensitive to the binding of monoclonal antibodies to its E2, an event that 
often leads to neutralization.8,41 This loss of infectivity is not simply 
consequence of binding inhibition because most of these monoclonal 
antibodies are capable of neutralizing virus after attachment to target 
cells.16 Antibodies to gp48 have low neutralizing capacity, and it is not 
known if they interfere with virus attachment by a mechanism other 
than virion aggregation.16 

After the initial virion attachment, an endocytosis step is required 
for infection. Endocytosis blockers such as phenylarsine oxide are effi
cient inhibitors of virus infection. 54 Infection proceeds if endocytosis is 
restored by reversing the chemical block with a reducing agent. Endo
some acidification is required for virus entry, as evidenced by the ability 
of chloroquine or ammonium hydroxide to block infection (Donis RO, 
unpublished data)J6 If these drugs are added immediately after the 
virus entry step, they have no effect on virus replication. Presumably, 
increasing endosomal proton concentrations are required to trigger fu
sion of viral envelope with cellular membranes and release of the viral 
genome into the cytosol. Virtually nothing is known about the fusion 
event, conditional mutants have not been identified. Events collectively 
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described under attachment and penetration essentially are complete in 
30 minutes. 

Gene Translation 

The second phase of the replication cycle starts with the release of 
viral RNA, in the form of a ribonucleoprotein complex into the cytosol 
of the cell. The complex comes in contact with ribosomes, but signals 
directing its intracellular trafficking are not known. Translation of the 
viral genome requires at least partial stripping of the capsid protein p 14 
off the RNA, to start the first virus-directed macromolecular biosynthetic 
event in the infected cell. In the absence of a cap structure at the 5' end 
of the viral genome, the ability of viral RNA to recruit translation 
initiation factors must be ascribed to some domain of the 385 nucleotide
long 5'UTR.lOI Fine mapping of this important cis function awaits experi
mental resolution. Differences in translation initiation requirements for 
viral and cellular mRNAs are evidenced by the ability of hypertonic 
cellular environments to selectively block cellular mRNA translation 
without effects on viral translation initiation rates. The ability of the 
BVDV 5'UTR to function as internal ribosome entry site (IRES) for 
translation of a downstream open reading frame has been demonstrated 
experimentally in BHK cells.IOl Viral polypeptides can be detected in 
infected cells as early as 3 hours after infection, reaching a peak at 12 to 
14 hours postinfection.42 

Polyprotein Processing 

Partially processed intermediate viral polypeptides traditionally 
were identified by pulse-labeling infected cells and chasing the pulsed 
cells for increasing periods of time before harvesting and SDS-P AGE 
analysis. Chasing usually shows transfer of label from the parental 
polypeptide to its cleavage products. Using this system, precursor-prod
uct relationships among some of the nonstructural proteins of the virus 
were demonstrated.l 

Experimental data to support the current processing pattern of 
BVDV polyprotein was derived from radioimmunoprecipitation with 
monoclonal antibodies and with region-specific antisera. Subsequent 
refinements resulted from analysis of the BVDV polyprotein expressed 
in eukaryotic cells by plasmid vectors often carrying bacteriophage 
T7 RNA polymerase promoters or infection with recombinant vaccinia 
virus.2, 26, 27 

The identity of the protease(s) involved in processing of the BVDV 
polyprotein began to emerge with the data presented by Purchio and 
Collett, showing that production of mature envelope glycoproteins re
quires the participation of the endoplasmic reticulum, implicating cellu
lar signalase in the process.104 Existence of a viral protease in BVDV was 
predicted accurately from sequence comparisons with other viruses, 
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~ # Signalase ® Cis-proteolysis 'if' Trans-proteolysis 
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Figure 5_ Polyprotein processing strategy of BVDV. The sites are numbered as in Figure 
1. Site 6 is only present in some CP-BVDV isolates and is absent in NCP-BVDV. 

which identified a chymotrypsin-like serine protease domain in p 125 / 
NS3.4 

As translation of the large open reading frame to produce the viral 
polyprotein proceeds, viral and cellular proteases cleave the nascent 
polypeptides at specific sites to generate intermediates and/or mature 
viral proteins (Fig. 5). In this manner, nine (or 10) cleavage events 
generate four structural proteins and six (or seven to eight) nonstructural 
proteins. The variability in the number of nonstructural polypeptides, 
indicated parenthetically, arises from the additional polypeptide found 
in cytopathic BVDV. For discussion purposes, the cleavage sites have 
been numbered sequentially from the N- to the C-terminus of the poly
protein (see Figs. 5 and 6 for the location of the cleavage sites). Site 6 is 
present exclusively in some CP-BVDV; it is nonexistent in standard 
NCP-BVDV. 

Starting from the N-terminus of the polyprotein, the first cleavage 
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Figure 6. Map of intermediate precursor polypeptides of BVDV generated by partial cleav
age of the sites mumbled in the polyprotein. 
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is at site 1. This site is located between the N-terminal autoprotease 
p20/Npro and p 14/ C and is catalyzed intramolecularly. Additional 
cleavages to generate the virion structural proteins take place in the 
endoplasmic reticulum or Golgi. Site 2, between p14/C and gp48/EO 
and site 4 between gp25/El and gp53/E2 are a consequence of signalase 
cleavages in the lumen of the ER. These sites are cleaved rapidly after 
synthesis. Processing at site 3 between gp48/EOrns and gp25/El is 
delayed and seems to involve a Golgi enzyme. Cleavage at site 5 be
tween gp53/E2 and the first nonstructural polypeptide, pI25/NS23, is 
proposed to be effected by signalase also. The remaining cleavages to 
release mature viral nonstructural proteins, between pI25/NS23-
pl0NS4A, pl0/NS4A-p32/NS4B, p32/NS4B-p58/NS5A, and p58/ 
NS5A-p75/NS5B are catalyzed by the viral protease pI25/NS23.130 

Cleavage at site 7 is intramolecular and results in the production of 
p125/NS23 the viral protease/helicase. The rest of the cleavage sites 
(sites 8 to 10) are intermolecular (in trans) and give rise to the rest of 
the viral nonstructural proteins. Cleavage at site 10 may require p38 
NS4B as a cofactor.25,26 Cleavage at site 6, present exclusively in some 
CP-BVDV isolates such as NADL, takes place intramolecularly and 
results in the release of p80/NS3 and p54/NS2.130 Several intermediate 
incompletely processed polypeptides can be found in infected cells at 
all times during infection (see Fig. 6). These polypeptides may serve 
additional catalytic or regulatory functions.2 

Genome Replication 

Once the unique viral enzymes necessary for RNA replication were 
produced by translation of BVDV genomic RNA and polyprotein pro
cessing, the viral life cycle enters its genome replication phase. Two 
well-defined processes are required to produce identical copies of the 
incoming plus sense genomic RNA (vRNA). First a negative strand 
copy is made (cRNA) to serve as template. Second, progeny vRNA is 
synthesized using the cRNA template from the previous step. The vira1 
replicase and its functions have not been studied in detail. 

The core of the replicase is apparently the p75/NS5B polypeptide. 
p75/NS5b contains an amino acid motif present in all positive strand 
RNA virus polymerases, containing Gly-Asp-Asp at the core.34 By anal
ogy with other positive strand RNA viruses, p75/NS5B is the candidatE 
viral replicase. Additional polypeptides are likely to participate in RNA 
replication. Candidate accessory components of the replicase comple~ 
are p58/NS5A and p 125 /NS23. Motifs present in p58 are part of thE 
replicase protein of yellow fever virus. p125/NS23 contains two con
served amino acid motifs: a serine protease domain and a helicasE: 
domain. Baculovirus-expressed p80/NS3 (the C-terminal fragment oj 
p125/NS23 polypeptide) has protease activity and helicase activity.13( 
Helicase activity is necessary for poliovirus RNA replication,75,112 Noth· 
ing is known about cis-acting domains (promoter-like elements) fo] 
template RNA recognition and transcription initiation by the BVD\ 
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replicase for plus or minus strand synthesis. Regulation of plus and 
minus strand synthesis has not been studied. 

Assembly and Budding 

With the packaging of progeny RNA and assembly of virions, the 
cycle enters its final stages. Signals for RNA encapsidation by p14/C 
have not been defined. RNA binding sites on p 14/ C and specific struc
tures of the viral RNA are considered to be necessary. Evidence from 
electron microscope studies suggests that BVDV assembly takes place in 
the ER or the Golgi.6 There are virtually no clearly visible nucleocapsid 
structures assembled in infected cells before extrusion into the lumen of 
the ER/Golgi by budding.111

, 124 During this process, which is likely to 
involve contacts between p14/C and the tail of gp53/E2C, virions ac
quire a lipid envelope and accumulate transiently in the lumen of the 
vesicular compartment. Virions reach the extracellular compartment by 
vesicular transport (exocytosis) as early as 10 hours postinfection. 

Effects of BVDV Replication on the Host Cell 

Replication of standard BVDV in cell cultures in vitro takes place 
with virtually no harmful effects for the cell.56 Attempts to ascertain 
subtle modifications of cellular physiology have not yielded tangible 
evidence. These same BVDV strains that replicate without visible/ detect
able effects in cell cultures can cause severe lesions that often lead to 
death of the host?, 28 The impact of cellular differentiation state and 
microenvironment on the outcome of BVDV infection remains to be 
elucidated. Isolates of BVDV originating from cases of mucosal disease 
can cause severe cytopathology in cultured bovine cells.78 The mecha
nisms leading to these changes are unknown. Temperature-sensitive 
BVDV mutants that do not cause cytopathology at the nonpermissive 
temperature may contribute to the understanding of this process. l1O 

Evolution of BVDV 

The hallmark of RNA viral genomes is their plasticity.38,39 The 
absence of an efficient exonuclease to correct misincorporated bases 
results in a high frequency of base substitutions, approaching one error 
for every 10,000 nt polymerized. Thus the genome of an RNA virus is not 
a single defined entity, but an average or consensus of a heterogeneous 
population of molecules. The term quasispecies was coined to describe 
this concept of genomic variability.49 Many genomes in the quasispecies 
will not be viable because of the lethality of certain base substitutions. 
RNA viruses use this strategy to generate genomes with potentially 
greater fitness and ability to survive under certain altered environmental 
conditions. The consequences on this process are seen in practice in the 
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form of neutralization escape mutants or the selection for viruses that 
are antigenically different from vaccine strains.4o,95 

Three major parameters have been used to characterize the viruses 
circulating in cattle populations: gene sequencing, antigenic analysis 
performed with monoclonal antibodies, and virulence studies by experi
mental inoculation. Recent antigenic and genetic characterization of a 
large number of BVDV isolates involved in atypical outbreaks of severe 
acute BVDV has shown the existence of much wider diversity among 
field virus isolates than previously acknowledged.96, 108 Two distinct 
lineages of BVDV co-circulate in cattle populations throughout the 
world; one is the classical genotype termed genotype I. The second 
lineage is known as genotype II.96, 108 Although these viruses have been 
identified recently, they seem to have been circulating in cattle popula
tions for as long as we can analyze the viral fossil record. Genotype II 
BVDV prevalence, relative to genotype I, may be on the increase in the 
United States. There is no evidence for geographic segregation of partic
ular lineages, consistent with the fact that cattle are the main reservoir 
of BVDV in nature. 

Antigenic Hypervariability of Virus Glycoproteins 

Nucleotide sequence analysis of several strains of BVDV has al
lowed the determination of genomic regions that exhibit substantial 
variability. These alignments indicate that two amino acid stretches 
within gp53/E2 glycoprotein are the most variable regions of the stan
dard BVDV genome. Comparison of the deduced amino acid sequence 
indicates that a large proportion of these nucleotide substitutions result 
in amino acid changes in gp53/E2. gp53/E2 is the main target of the 
neutralizing antibody response of the host. It is tempting to speculate 
that the neutralizing antibody response of the host is contributing to 
fixation of amino acid substitutions in genomes as a result of the exclu
sive survival of neutralization escape gp53/E2 mutants.40,95 

Highly Virulent Noncytopathic Strains of BVDV 

A new paradigm of BVDV virulence was established when Rebuhn 
and Corapi identified noncytopathic strains of BVDV that cause severe 
acute disease, sometimes with severe thrombocytopenia and hemor
rhagic diathesis.14, 28,106 Severe acute disease is caused by certain isolates 
that belong to genotype II lineage.108 Previous dogma established that 
mucosal disease was the only common pathogenetic mechanism leading 
to severe or fatal disease. Virulence in BVDV was associated exclusively 
with the ability of mucosal disease isolates to induce cytopathology. 
Identification of molecular markers of virulence in genotype II BVDV 
strains causing acute, severe, hemorrhagic disease will be of great inter
est. Highly virulent strains of hog cholera virus cause a disease that 
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resembles severe acute BVDV?6,99, 116 The molecular basis of virulence in 
hog cholera virus infections remains to be determined. 

Molecular Basis of Virulence in BVDV 

Mucosal disease is the fatal sequel to fetal infection, tolerance, and 
virus persistence. Experimentally, CP-BVDV inoculation into persistently 
infected cattle reproduces the disease. Production of nonstructural poly
peptide p80/NS3 was identified as a biochemical marker of CP-BVDV 
isolates. It also represents a marker of virulence because CP-BVDV 
isolates are responsible for induction of mucosal disease. The mechanis
tic relationships between p80/NS3, cytopathology, and mucosal disease 
remain to be elucidated. The main obstacle to understanding these 
relationships is the inability to experimentally manipulate p80/NS3 pro
duction and the ability of BVDV to induce cytopathology. The availabil
ity of a cDNA copy of the genome that yields infectious transcripts will 
facilitate greatly experimental approaches to understand these pro
cesses.123 

Biotype Diversity: Cytopathic Strains In Vitro and In Vivo 

In Vitro: Expression of p80/NS3. Multiple pathways lead to p80/ 
NS3 expression by cytopathic BVDV.47 These include recombination or 
base substitutions in the genomic RNA (Fig. 7).47,60,80-82,105 Incorporation 
of foreign sequences into the BVDV genome is a common finding in CP
BVDV isolates. The foreign sequence insert in the Osloss strain encodes 
for exactly one bovine ubiquitin monomer, whereas the insert in NADL 
hybridized to uncharacterized bovine sequences (see Fig. 7). The inser
tion of cellular sequences in certain CP-BVDV isolates involves addi
tional rearrangement and duplication of viral sequences. Whatever the 
changes, the result is a newly acquired p 125 /NS23 processing function 
to yield p80/NS3 or creation of a duplicated minigene expressing p80/ 
NS3.47, 60, 80-82, 105 Alternatively, p80/NS3 can be produced in trans by a 
defective BVDV genome, with a large internal deletion of the structural 
proteins.119 BVDV isolates have been identified in which p80/NS3 is 
produced without evidence of gross genomic rearrangements, and muta
tions have been assumed to be responsible for processing at site 6 (see 
Figs. 5-7). The diverse collection of CP-BVDV isolates with alternative 
pathways to produce p80/NS3 is likely to be incomplete, but the unify
ing theme is always p80/NS3 expression. 

In Vitro: Correlates of p80/NS3 Expression. Expression p80/NS3 
in BVDV infected cells correlates with induction of cytopathic changes 
in cells.43, 100 These changes could result from a direct interactions of p80/ 
NS3 with cellular macromolecules, with perturbation of cell physiology. 
Alternatively, p80/NS3 may enhance BVDV replication. The resulting 
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accumulation and biological activity of viral macromolecules may cause 
cellular pathology. A third scenario to be considered involves a combina
tion of both previous mechanisms. Available data are consistent with 
possible involvement of enzymatic activities of p80/NS3, helicase, and 
protease in cellular pathology, as itemized below: 

1. p80/NS3 is consistently present in CP-BVDV-infected cells. Con
versely, p80/NS3 is absent in NCP-BVDV.43, 100 

2. Sheep and swine pestiviruses display NCP phenotypes and do 
not produce p80/NS3 in infected cells. Cytopathic border disease 
isolates have been described; all of these also produce p80/NS3.48 

3. The 2A protease of poliovirus enhances translation of poliovirus 
RNA and several other RNAs that have internal ribosome entry 
sites (IRES). Enhancement of translation by 2A required the active 
protease; the effect is independent of its ability to shut off the 
host by cleaving p220.62 p80/NS3 may have a similar effect on 
BVDV translation, which could enhance RNA accumulation indi
rectly. 

4. Mutations in the 2C protein of picornaviruses, shown to be a 
helicase, can increase virus growth dramatically in MRC-5 cells. 
A helicase can participate in the modulation of viral growth 
efficiency. It is possible that the helicase activity of p80/NS3 up 
regulates growth differentially by lacking the p54/NS2 attached 
to its N-terminus.50, 75, 112 

In Vivo Readout for CP-BVDV: Mucosal Disease. Two key ele
ments are crucial in mucosal disease pathogenesis: first, the immunotol
erance to BVDV; second, a CP-BVDV strain, antigenic ally identical or 
similar to the NCP-BVDV responsible for tolerance and persistence.12,19, 
20,86 CP-BVDV-induced cytopathology is certainly an in vitro phenome
non. The extent to which it takes place in vivo is unknown. The excellent 
correlation between BVDV cytopathology in vitro and mucosal disease 
suggests that cytopathology, alone, or cytopathology in conjunction with 
additional as yet unknown traits, is required for disease induction. 
Evolution of viruses that cause mucosal disease in persistently infected 
animals occurs over a period of several years. Cytopathogenicity may 
be only one of the traits that are selected in the course of persistent 
infection. Concomitant selection of other traits is possible. Mucosal dis
ease could be viewed simply as a whole animal readout of a BVDV that 
evolved to acquire a cytopathic phenotype. Alternatively, cytopathoge
nicity may be a necessary trait but may not be sufficient for a virus to 
cause mucosal disease. 
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