REVIEW ARTICLE

COMPTE RENDU

N

The evolution of bovine viral diarrhea: a review

S. Denise Goens

Abstract — The economic importance of bovine viral diarrheais increasing with the emergence
of seemingly more virulent viruses, as evidenced by outbreaks of hemorrhagic syndrome and
severe acute bovine viral diarrhea beginning in the 1980s and 1990s. It appears that evolutionary
changesin bovine viral diarrhea virus were responsible for these outbreaks. The genetic properties
of the classical bovine viral diarrhea virus that contribute to the basis of current diagnostic tests, vac-
cines, and our understanding of pathogenic mechanisms are now being reeval uated because of these
“new” virus strains. This shift in virulence has confounded both nomenclature and the significance
of current bovine viral diarrheavirus categorization.

The purpose of thisreview isto summarize our current understanding of bovine viral diarrhea virus
with a chronological review of prevailing scientific tenets and practices as described in clinical and
scientific North American veterinary journals and textbooks. The first part of this review describes
how we have arrived at our current understanding of the viruses, the diseases, and their nomenclature.
The second part of the review deals with current concepts in virology and how these concepts may
both explain and predict bovine viral diarrheavirus pathogenesis. By reviewing how knowledge of
bovine viral diarrhea has evolved and the theories of how the virusitself is able to evolve, the inter-
pretation of diagnostic tests are more effectively utilized in the control and treatment of bovine viral
diarrheavirus associated disease.

Résumé — Mise au point sur |’ évolution dela diarrhée virale bovine. L’importance économique
de la diarrhée virale bovine est en augmentation depuis I’ émergence de virus apparemment plus
virulents, comme semblent le prouver les flambées de syndrome hémorragique et de diarrhée
virale bovine aigué grave des années 1980 et 90. || semble que des changements évolutifs au
niveau du virus de la diarrhée bovine soient responsables de ces flambées. Les propriétés génétiques
du virus classique de la diarrhée bovine qui constituent la base des tests diagnostiques courants, des
vaccins et de la connaissance des mécanismes pathol ogiques sont maintenant réévaluées suite al’ ap-
parition de «nouvelles» souches virales. Ce changement de virulence a perturbé alafoisla nomen-
clature et I’ utilité de la classification des virus courants de la diarrhée virale bovine. Le but de cette
mise au point est de résumer les connaissances actuelles sur le virus de la diarrhée virale bovine par
une revue chronologique des opinions et des pratiques scientifiques préval entes telles que décrites
dans les journaux et manuels vétérinaires nord-américains cliniques et scientifiques. La premiére par-
tie de cette revue décrit I’ évolution qui a conduit ala connaissance actuelle des virus, des maladies
et de leurs nomenclatures. La deuxiéme partie de larevue fait appel aux concepts courants en virolo-
gie et alafacon dont ces concepts peuvent alafois expliquer et prédire la pathogénese de ladiarrhée
virale bovine. Le compte rendu de I’ évolution des connaissances sur la diarrhée virale bovine et sur
lesthéories de |’ évolution du virus lui-méme permet d’ optimiser I’ interprétation des tests diagnostiques
dansle controle et le traitement des maladies associées au virus de ladiarrhée virale bovine.

(Traduit par Docteur André Blouin)
Can Vet J 2002;43:946-954

B ovineviral diarrhea (BV D), mucosal disease (MD),
persistent infections (PI), biotypes, and genotypes are
all termsthat have evolved from attempts to organize the
complicated pathogenicity of bovine viral diarrheavirus
(BVDV). The historical review of BVD from the first
accounts in the 1940s to the devastating acute BVD
outbreaks in Ontario in the 1990s and a review of what

is known about the virus itself, as presented here, is
intended to shed light on the rationale behind the ter-
minology and to assist practitioners in understanding the
pathogenesis of infections with BVDV and related
Viruses.

Medline, accessed via PubMed was used to collect the
majority of the references that were used in describing
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experimental work. The Commonwealth Animal Bureaux
(CAB) CD (1979 to present), Agricola (1970 to present),
Biological & Agricultural Index (1983 to present), and
Biological Abstracts (1980 to present) electronic data-
bases were used for the earlier, specific veterinary pub-
lications for the historical review, as were older editions
of textbooks such as Veterinary Pathology by Jubb,
Kennedy, and Palmer. Old textbooks, as well as older
review articles, served as resources to preliminary
BVDV research articles providing a picture of the cur-
rent understanding at the time.

Historical evolution of our
understanding of clinical and
pathological manifestations of
bovine viral diarrhea

A disease of unknown origin affecting cattle was first
described in the 1940s. In western Canada, “ X disease”
was described as a disease with 2 forms; subacute and
acute (1). It was believed that the subacute form had
likely been present in the region for years: 1to 2 animals
in a herd would be affected and die, with further cases not
appearing again for several weeks. The acute form was
characterized as a 7- to 10-day illnessin young animals,
ending in death. Mature cattle exhibited even more
severe and explosive signs, dying within 3to 4 d. The
clinical signsincluded pyrexia; watery and bloody diar-
rhea; dehydration; tenesmus; tachypnea; tachycardia;
drooping ears; anorexia; excessive lachrimation; nasal
discharge; hypersalivation; and development of ulcers
of the nares, muzzle, lips, and oral cavity mucous mem-
branes. The original report also described skin lesions
about the inguinal and perineal regions, the inner thighs,
and inside the ears.

Postmortem findings were extensive, though it is
unclear whether the full range of lesions were typi-
cally observed in each affected animal. Erosive lesions
were observed in the nares and in the trachea, as well as
throughout the upper and lower alimentary system. The
forestomachs were mostly unaffected; the abomasum was
described as being nearly denuded of all epithelium.
Intestinal lesions were more severe distally and char-
acterized by ulceration. Petechial hemorrhage was found
in the cortex of the kidneys, on the ureters, and within
enlarged lymph nodes. It was also noted that there was
an astonishing decrease in blood volume and that clot-
ting time was also reduced.

The same year, clinicians and scientists at Cornell
University reported an outbreak of an apparently new,
transmissible disease in cattle during the spring and
summer of 1946 (2), similar to what had been reported
from western Canada (1). This“new” disease was char-
acterized by severe diarrhea, depression, anorexia, and
ulceration of oral mucosa. The clinical signs and post-
mortem findings were consistent with what was being
described as X disease in Saskatchewan. However,
Olafson et a (2) in New Y ork restricted the use of the
term X disease to a similar though chronic disease
characterized by emaciation; thick and dry skin; pro-
liferative lesions on the tongue, palate, and esophagus;
and thickening of the gall bladder and bile ducts, result-
ing in very high mortality rates. Most notably, their

attempts at transmission of X disease had failed (2). In
contrast, their “new” disease was associated with addi-
tional signs of respiratory disease, leukopenia, adropin
milk production, and increased abortion rates, and it was
reproducible. The infectious nature of the disease was
confirmed by “dosing” a cow with acomposite fecal sam-
ple from the most severely affected animals in the 1st
herd affected. The “dosed” cow did not become ill;
however, after 3 wk, other cattle in the herd did.
Researchers at Cornell University later reproduced the
disease by using a splenic emulsion and blood from
acutely ill animals (2). As no bacteria could be cul-
tured from the inoculum, it was assumed that the infec-
tious agent was viral. Inoculated calves were 8 to 14 mo
of age. Several exposed experimental animals failed
to develop clinical signs, while others showed only
mild signs. Animals that developed leukopenia did
develop clinical signs. In some animals, pyrexiawas fol-
lowed by salivation and nasal discharge. Severely
affected animals developed diarrhea and became dehy-
drated and emaciated. One to 3 d after the appearance of
diarrhea (about day 10), mouth ulcers appeared. In non-
fatal cases, oral mucosal lesions healed quickly.
Postmortem findings in the more severely affected cat-
tle were consistent with those described for X disease.
This reproducible disease, with its varying severity,
became known as virus diarrhea (VD) of cattle.

In the 1950s, farmersin lowa began to experience a
disease in cattle that they had not observed before.
Although veterinarians at lowa State University saw
that it had similaritiesto VD of cattle, they believed that
they were observing a different disease (3), because
the nasal discharge was mucopurulent rather than
mucoid; the disease usually did not recur on the same
farm during succeeding years; and efforts to reproduce
the disease in calves by parenteral injections of blood,
tissue extracts, and cerebrospinal fluid resulted only
in atransient pyrexia. The gross lesions of the new
syndrome, which they termed mucosal disease (MD), var-
ied. They were primarily erosions and hemorrhages of
the intestinal tract, with minimal inflammatory cell
infiltration.

In 1957, researchers isolated and cultured a virus
from a case of MD (4), though reproduction of the dis-
ease with thisvirus still remained elusive. The virus was
cytopathic (cp) to the cultured cells, causing morpho-
logical changes such as vacuolation and cell death. In the
same year, researchers at Cornell University propa-
gated a noncytopathic (ncp) virus from cases of typical
VD of cattle (5). The relationship, if any, between these
2 isolates was unknown at the time.

Three years later, researchers at Cornell University
grew acp virus from a case of VD from cattlein Oregon.
Thisvirus, named Oregon C24V, when inoculated into
cattle, resulted in clinical signsthat resembled VD and
antibodies that neutralized both cp and ncp strains of VD
virus (6). In attempts to clarify the nature of these
“new” viruses and the relationship between them,
researchers undertook what were, at the time, standard
viral characterization studies of physical properties
(such as ultrafiltration properties, sedimentation coef-
ficient, and buoyant density) and antigenic properties. A
critical discovery was that serum from cattle with
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typical MD or VD would neutralize the cp effect of
the cp viruses in cell culture. Not only did characteri-
zation of the physical and antigenic properties allow
researchers to determine that the MD virus was very sim-
ilar to VD viruses, but also that these bovine viruses were
related to hog cholera virus (now referred to as classical
swine fever virus (CSFV)) (7).

In 1961, the cp VD virus strain Oregon (C24V) was
passaged (32 times) in bovine cell culture, until its
ability to cause seroconversion without clinical signswas
confirmed. This attenuated Oregon virus became the first
commercial VD virus vaccine (8). The widespread use
of this modified live virus vaccine was subsequently
associated with numerous complications, including
vaccine-induced MD, reproductive failure, and con-
genital defects (9).

By the end of the 1960s, what was originally described
as X disease had mushroomed into a spectrum of viral dis-
eases, and agenera consensus about VD of cattleand MD
had emerged (10). Although gross lesions of VD and
MD were indistinguishable, there were seemingly sub-
stantial differencesin clinical disease. Virus diarrhea of
cattle was considered to be associated with enzootic dis-
ease with sporadic outbreaks with high morbidity but
low mortality. Conversely, MD was observed to afflict
young cattle with low morbidity but mortality of near
100%. There was little evidence that MD was conta-
gious and attempts to transmit the disease experimentally
had failed. When researchers tried to reproduce MD
with isolates of cp virus, the resultant disease resem-

bled mild VD of cattle. This observation, aswell as sim-
ilarities in the distribution and microscopi ¢ appearance of
lesions, contributed to the speculation (though without sci-
entific conviction) that MD and VD of cattle were the
‘same disease with minor variations' (10).

Research into the pathogenesis of the bovine viral
diarrhea-mucosal disease complex (BVD-MD), as it
became to be known, in the 1960s and 1970s concen-
trated on experimental infections, particularly in preg-
nant cattle and neonatal calves. Abortions and various ter-
atogenic disorders were found to be associated with
intrauterine bovine viral diarrheavirus (BVDV) infec-
tions. Such experiments also led to the understanding that
neonatal calves congenitally infected with BVDV were
poor doers and usually did not survive for more than a
few months, eventually succumbing to what was pre-
viously described as chronic MD (11). These poor doers
were discovered to be persistently infected (Pl) with
BVDV. Most importantly, Pl calves were found to have
an immunological abnormality; specifically, they did not
produce detectable antibodiesto BVDV (12). Thedis-
covery of a healthy bull persistently infected with a
ncp BVDV for more than 2 y with a conspicuous absence
of vira antibodies further contributed to the eventual elu-
cidation of BVDV persistent infections (13).

Experiments in which BVDV was inoculated into
58- to 125-day old fetuses of seropositive cows and
into seronegative cows that were 42- to 114-days preg-
nant produced clinically normal calves that were PI
with the specific isolate of BVDV, yet these calves



remained completely seronegative to any BVDV isolate.
Even reinoculation of these PI cattle with their homol-
ogous isolate did not produce neutralizing antibody.
The PI calves were found to be immunocompetent, as
they were able to develop neutralizing antibodies to
other infectious agents, such as infectious bovine rhino-
tracheitis and parainfluenza-3 viruses, and agglutinating
antibodies to Pasteurella hemolytica (14). The key to the
absence of antibody to BVDV in the Pl calves was
found to be the timing of their infection in utero with the
development of their immune systems, inasmuch as
the devel oping immune system mistakenly recognizes
BVDV as“self” and antibodies to that particular BVDV
are not made. The ability to cause Pl seemed to be
restricted to ncp strains. Although cp BVDV was found
to be able to cross the placenta, it was unable to cause PI.
In addition, ncp BV DV appeared to cause abortion
more readily than did thecp BVDV (14,15).
Throughout the 1970s, the invariably fatal MD, first
described in 1953 (3), was still only tentatively associ-
ated with BVDV. Even though the cp virus isolated
from cattle with MD was found to be serologically
similar to BVDV, attempts to reproduce the disease
resulted only in mild illness. Not until 1984 were
researchers able to reproduce classical MD with BVDV
(16). Mucosal disease was replicated when acp BVD-
MD virus was inoculated into a Pl animal. It was sub-
sequently established that MD occurs only in Pl animals
after superinfection with astrain of cp BVDV that is anti-
genically similar to the ncp BVDV already persistently

infecting the animal. An antigenically similar cp virus can
also arise from mutations in the persisting ncp virus (17).

Now, with the ability to reproduce MD, more planned
and valid comparisons to BVD could be made. It was
found that the combinations of cp and ncp BVDV in Pl
animals caused a much more severe disease than either
the cp or the ncp virus could alone. This experimental
disease caused by the dual infections resembled natural
MD (18).

What was known and supposed about BVDV was
reviewed in the late 1980s (19). Bovine viral diarrhea
virus was classified as a pestivirus, together with border
disease virus (BDV) and classical swine fever virus
(CSFV), belonging to the family Togaviridae. Cases of
severe clinical disease, with severe gross and histolog-
ical lesions caused by BVDV, were arbitrarily designated
asMD. In contrast, the mild disease associated with min-
imal clinical changes from which ncp BVDV was iso-
lated was called BV D. The significance of ncp BVDV
was thought to be solely as areservoir of viruses, that
were detrimental only if infecting pregnant cattle.
Indeed, secondary transmission among immunocom-
petent animals was thought unlikely or insignificant.

As stated above, the ability of ncp BVDV to cause sig-
nificant disease was somewhat disregarded in light of the
elucidation of MD pathogenesis. However, in the late
1980s, a severe hemorrhagic syndrome in adult cattle and
veal calves associated with ncp BVDV (without an
accompanying cp strain) was reported in several coun-
tries (20-22). This BVD hemorrhagic syndrome was
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Figure 1. Examples of multiple natural recombination and rearrangements in bovine viral diarrheavirus (BVDV) genomes and
deletions of adefective interfering particle thought to be responsible for expression of p80/NS3 and the cytopathic biotype. A) protein
genes of a noncytopathic (ncp) BVDV open reading frame (ORF), B) insertion of bovine (ubiquitin) sequence into the
NS2/3 gene, C) duplication of BVDV sequence, D) “DI” genomes with large deletions can be packaged into a BVDV vrion using
normal virus proteins.

Arrows indicate additional internal protease cleavage site resulting in the cleavage of NS2/3 protein into NS2 and NS3 (p80).

Adapted from (29).

characterized by fever, marked thrombocytopenia result-
ing in bloody diarrhea, epistaxis, petechial and ecchy-
motic hemorrhages on mucosal surfaces, and bleeding
from injection sites (22,23). One isolate from the out-
break (isolate 890) was chosen as areference type and
subsequently sequenced (24,25).

In 1993, in the Great Lakes regions (26), Quebec
(27), and England (28), outbreaks of disease with clin-
ical signs similar to those of MD and, more variably, to
the hemorrhagic syndrome were reported to affect dairy
herds, beef cattle, and veal calves. The disease affected
all age groups. Arguably, the most severely affected
region was southern Ontario. Respiratory disease and
diarrhea were the most common initial signs. Oral
lesions were frequently observed in older cattle, infected
dams aborted, and herd mortality rates averaged 25%
(26). As with the previously reported hemorrhagic syn-
drome, this outbreak of what has become known as
“severe acute BVD” was attributed to ncp BVDV, rather
than the expected cp/ncp combination that causes MD.

These outbreaks signalled a marked departure from the
previous concept that BVD and MD could bereliably dis-
tinguished by clinical outcomes and lesions. It sug-
gested that there was more variation in virulence of
ncp BVDV than had previously been recognized, and that
more sophisticated techniques for virus characterization
were necessary for the understanding what was respon-
sible for the wide variation in virulence amongst isolates.

Current concepts in the evolutionary
relationship among pestiviruses
In considering methods for characterizing or evaluating
the determinants of BVDV virulence, it isimportant to
review the nature of pestivirus genomes. Pestiviruses are
nonsegmented, single, sense stranded (positive polarity

(+)) RNA viruses, now classified as a genus of the
family Flaviviridae. The flavivirus family has 3 genera:
flaviviruses, pestiviruses, and hepatitis C-like viruses.
The genomes of BVDV consist of 1 long open reading
frame (ORF), flanked by 2 untranslated regions (UTR).
The ORF istranslated into 1 long polypeptide, which is
subsequently cleaved into the individual viral proteins
by viral and cellular proteases. With the exception of the
first protein, Npro, which is one such viral protease, the
BVDV genome is organized with the structural pro-
tein genes (the capsid (C), and 3 envel ope glycoproteins)
at the 5’ end of the ORF and the nonstructual protein
genes (NS) occupying the last two thirds of the ORF.
There are 6 nonstructural protein genes on the noncy-
topathic BVDV genome (NS2/3, 4A, 4B, 5A, and 5B)
(Figure 1A). The nonstructural proteins are either known
or assumed to be involved with virus replication. The
BVDV gene names and numbers have been designated
as such to coincide with the genes of other pestiviruses
and the flaviviruses, and the hepatitis C-like viruses,
which share asimilar genomic arrangement (Figure 1A).

The importance of genomic
instability among RNA viruses

Phenotypic diversity, such as antigenic variation, infec-
tivity, and replication rates, which can affect viral vir-
ulence, can be attributed to genomic reassortments,
mutations, or recombinations. Reassortment occurs
only in RNA viruses with segmented genomes (such as
influenza viruses) and refers to the regrouping of genome
segments with segments of other isolates, species, or gen-
era of RNA viruses. Recombination and mutations
occur in segmented and nonsegmented RNA viruses
and both have been observed in pestiviruses. A mutation
can be either a point mutation (change or deletion) of a
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single nucleotide or the deletion of a section of the
genome. Nucleotide point mutations are extremely com-
mon in RNA viruses, asviral polymerases are unable to
proofread or repair error during replication as DNA
coded organisms do. While many point mutations do
occur, many will not change either the amino acid or the
function of the resultant protein. Nucleotide deletions also
occur. Deletions as large as 3102 nucleotides in 1 genome
have been observed in aBVDV pair isolated from an ani-
mal with MD (29). This deletion mutant was missing
most of its structural protein genes (Figure 1D). Such
viruses rely on coinfection with other BVDV to provide
the missing structural proteins.

Pestiviral recombination events have been well char-
acterized in BVDV. Recombination can occur between
host and virus, resulting in host RNA seguences being
inserted into the viral genome or by rearrangement,
duplication, or both of the viral genome’'s nucleotide
sequence. Either event has been shown to be responsi-
ble for the introduction of an additional internal protease
cleavage site, which results in the production of the
p80 (NS3) protein. This cleaved protein is associated with
cytopathogenicity of BVDV in cell culture (29) (Figures
1B and 1C). When this mutation occursin an animal Pl
with ncp BVDV, a population of mutated (cp) viruses
expands, so that both cp and ncp, but otherwise seem-
ingly identical viruses, exist in the host. It is this par-
ticular scenario that resultsin what is called MD. Some
researchers have suggested that differencesin the type
of genetic alteration (mutation or deletion versus recom-
bination) is specific to whether MD occurs within weeks
or months after birth (31). Differences in the patho-
genic mechanisms of such “early” or “late onset” MD
have yet to be demonstrated in field cases.

Such mechanisms for viral diversity can be advanta-
geous, deleterious, or irrelevant to the evolution and ulti-
mate survival of viruses. Many mutations may simply
result in a“nonviable” virus, which, for whatever reason,
isunable to replicate. Most mutations will be effectually
benign, though accumulation of such benign events
may lead to a change in the phenotype of the virus.
The most studied recombination or mutational events are
those that do change the phenotype of the virus. Most
important for the virus are changes that increase or
enhance their replication, survival or both. Most impor-
tant for their hosts are changes to the virulence of the
virus or host specificity.

Rates of mutation and thus the generation of diversity
are thought to be very rapid among most RNA viruses.
Although there are exceptions, the general rate of diver-
gence has been estimated to be 0.03% to 2.0% per
nucleotide per year, which is 1 million times that of
eukaryotic DNA genomes (32). The rate of RNA virus
mutation (or diversification) coupled with the rate of viral
replication, thus, could conceivably produce a plethora
of genomic variants within a single host. Such vari-
ants have been termed quasi species.

Quasispecies, genotypes,
and other subspecies
categorizations

Quasi species have been described in vesicular stomatitis
virus, hepatitis C virus (HCV), and BVDV. The study of

quasispecies has shown that, despite the stochastic
processes of replication and mutation that lead to RNA
virus diversity, the population dynamics of RNA virus
quasispeciesis anonlinear, deterministic evolutionary
behavior (32). All the factors involved in such selection
are numerable and unknown, but most certainly include
host factors.

Competition among quasispeciesis evident in chronic
HCV infections. Individuals infected with HCV can
be superinfected with different strains, leading to erad-
ication or suppression of the original infecting strain. The
ultimate outcome of multiple HCV exposures may be
dependent on a single strain establishing its dominance
(33). Another HCV quasispecies phenomenon that has
been reported is the ability to change quasi species pop-
ulations in response to homologous rechallenge. The rein-
cocualtion of chimpanzees that were chronically infected
with HCV with the same HCV strain resulted in the
emergence of minor quasispecies and a shift in the
major quasispecies population (34). More interesting is
that this shift in quasispecies dynamics resulted in clin-
ical changes — serum alanine aminotransferase lev-
els, viral load, and antibody titers all rose. Hepatocel lular
ultrastructural changes that typify HCV infection, which
had disappeared prior to reinfection, reappeared.

Environmental factors also affect quasi species pop-
ulations. Studies have shown that a minor quasispecies
population in humans with chronic HCV infections
became the predominant quasi species during interferon
therapy (35). Further research suggests that the presence
of specific quasispecies differing in E2 (envel ope pro-
tein gene) and NS5B (polymerase gene) correlate with
the effectiveness of interferon treatment (36).

Quasispecies variation also occurs in pestiviruses
(37,38). Although there are no published studies on com-
petition among pestivirus quasispecies, it islikely that the
same type of population dynamics exists among quasi-
species of pestivirus as among those of HCV. The E2
regionin BVDV also contains a hypervariable region or
genomic “mutational hot spot” which can be expected to
produce quasispecies variation (29). It isthis protein that
elicits BVDV neutralizing antibodies. However, anti-
bodiesto a different, more conserved region of this same
protein can be used to determine BVDV genotypes (39).
Originally BVDV was segregated into 2 genotypes
(BVDV1 and BVDV?2), based on the 5’ untranslated
region (UTR) (40). Thisregion does not code for aprotein;
however, it isimportant for the initiation of translation of
the RNA ORF and is highly conserved. Subsequently, other
regions of the BVDV genome were also found to be
highly conserved and, when sequenced, will generally
group viruses in much the same way as doesthe 5’ UTR.
Based on these conserved regions, phylogenic analysis sug-
gested that BVDV 1 and BVDV?2 are as different from each
other asBVDV 1 (for example, reference isolates NADL,
SD-1, Oregon, and Osloss) are from CSFV. This suggests
that BVDV 1 and BVDV2 genomes are as distinctly dif-
ferent as genomes of BDV are from those of CSFV (40).

As compelling as this seems, such genotypic com-
parisons are based on arbitrarily chosen genomic regions,
which may not code for viral proteins and are of uncer-
tain significance in terms of disease. Theinitial impetus
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to subdivide BVDV was an attempt to distinguish what
appeared, at the time, to be a newly emerged type of
BVDYV, which caused the BVDV-associated hemor-
rhagic syndrome in the 1980s and then later severe
acute BVD. Of the BVDYV isolates from the severe
acute BV D outbreak in the Great Lakes region in 1993
that were genotyped, all were BVDV 2. However, geno-
typing of BVDV isolatesin Ontario as far back as 1983
confirmed the existence of BVDV2 long before the
appearance of the more severe forms of BVD (26).
Type 2 BV DV has also been isolated from other parts of
the world where severe acute BVD is rare, or has not
been reported (41-46).

Furthermore, in the light of quasispecies variability,
categorizing BVDV by genotype may be of little con-
sequence, as virulence could very likely be associated
with a more variable region, since such regions exist
throughout the structural and nonstructural protein cod-
ing regions and the 3’ UTR.

Of more importance than conserved genomic regions
is variability in genomic sequence and its relationship to
viral virulence. Direct evidence of variationsin BVDV
genomic sequences resulting in changes in disease out-
comes comes from the mutations and recombinations that
lead to the cleavage of NS2/3 to NS2 and NS3 (p80 pro-
tein), which is associated with cp effectsin cell culture
and MD. Cytopathic BDV has also been associated
with amucosal-like disease in sheep (47). Mutations of
ncp BVDV, BDV, and CSVF resulting in the switch to
the cp phenotype can be generated by extensive in vivo
and in vitro passaging (48-52). However, CSFVs are pre-
dominantly ncp, yet they are responsible for the most vir-
ulent disease caused by any pestivirus. Similarly, ncp
BVDV?2 can cause severe disease without p80 (25) or evi-
dence of cytopathogenicity in cell culture (26). Thus,
other undiscovered virulence factors must exist within
the pestivirus genomes.

Diagnostic tests
and their interpretation

Virus isolation or detection of virus RNA is the most
important test for the determination of BVDV infection.
Blood can be used for antemortem diagnosis through
either virusisolation or reverse transcriptase-polymerase
chain reaction (Rt-PCR). Typically, buffy coat will
contain more virus than serum. Isolation of BVDV or
Rt-PCR from blood will detect animals that are persis-
tently or acutely infected. Biotype can only be determined
by virusisolation. Thus, adiagnosis of MD must involve
identification of cp BVDV. Ideally, one would also
isolate ncp BVDV and determine that a Pl animal was
seronegative. However, cp viruses will mask the presence
of ancp virus and only more extensive (nonroutine) tests
will detect a coexisting ncp BVDV infection.
Seronegativity combined with isolation of cp BVDV is
the best confirmation of MD. Seronegativity combined
with isolation of ncp BVDV isthe best confirmation of
apersistent BVDV infection. Unfortunately, thisis not
always the case, as Pl animals can be seropositive (53).
This is the result of a BVDV infection with a virus
that is antigenically distinct from the persisting virus. As
the persistently infecting virus replicates, quasispecies

arise that are antigenically different from their parent due
to mutationsin the E2 region (53). The immune system
responds by developing antibodies to these antigenically
different quasispecies in the same way that it would
to a heterologous infecting BVDV, so these antigenically
heterologous viruses are subsequently cleared. Similarly,
the identification of Pl animals within a herd is con-
founded by the presence of colostral antibodies, thus,
additional tests at a later date are required to confirm
whether ayoung virus-positive animal is or is not Pl with
BVDV. Itisoften difficult to persuade a client to agree
to the number and complexity of tests required for the
identification of PIswithin a herd. However, the bene-
fits of identifying and removing Pls from a herd should
be stressed, as these animals will inevitably die of MD
and will, until then, shed large quantities of virus, per-
petuating BV DV -associated reproductive anomalies
(abortions, still births, congenital defects), disease, and
decreased revenue.

In the case of acute BVDV infections, virus can most
often be isolated or RNA can be detected in the blood
approximately 4 to 8 d after initial exposure. Inability to
detect BVDV in the blood during acute infection islikely
due to the production of neutralizing antibodies clear-
ing circulating virus. In this instance, an increase in
BVDV antibody titers from acute to convalescent serum
samples is most useful. While seroconversion during an
acute BVDV infection may prevent virusisolation or apos-
itive Rt-PCR result from blood, virus and viral RNA can
be detected postmortem in tissues, BVDV is most often
detected in lymph nodes. However, detection of BVDV
within periphera lymph nodes may not be indicative of dis-
ease. The detection of BVDV in mesenteric lymph nodes,
Peyer’ s patches, or an aborted fetus, for example, ismore
easily attributed to disease caused by virulent BVDV.

Genotype is typically determined by Rt-PCR (40);
however, genotype-specific antibodies are also available
for use with virus isolation (54). As both severe and
asymptomatic disease can be caused by either type 1 or
type 2 BVDV, genotyping for the diagnosis of BVD is
of little relevance. However, it may be useful when
evaluating a response to a vaccine. When assessing
serafor antibodies following vaccination, the choice of
virus used for virus neutralization assays can often be
matched to that of the vaccine strain. While the use of the
exact strain or, more simply, the particular genotype of
the vaccine virus, in such testsis a specific indicator of
the immune response to the vaccine; ultimately, the
goal isto immunize against heterologous BV DV, both
in strain and genotype. Most research suggests that
BVDV 1-based vaccines do protect against BVDV2
infections (55,56).

Inevitably, the interpretation of BVDV virology and
serology must only be considered along with the clini-
cal history and presentation. While the presence of
BVDV within aherd will ultimately favor the occurrence
of BVDV-associated disease in that herd over a herd that
isBVDV free, isolation of BVDV does not mean that
BV DV -associated disease will necessarily result. Clinical
signs of reproductive anomalies and MD are well
described. While severe acute BVD may go unnoticed
initially or be misdiagnosed, selected laboratory tests
including hematology can greatly aid diagnosis.
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Lymphopenia, often with neutropenia and with or
without thrombocytopenia, istypical of BVDV disease
(24,55,57,58).

Summary

Critical review of the milestones that have greatly con-
tributed to the understanding of the pathogenesis of
BVDV infections enables scientists to look forward and
formulate unanswered questions. The concept that ncp
BVDV2 may be of high or low virulence with regard to
acute infectionsis now slowly being accepted. It isnot clear
if this variation also applies to reproductive failure or
congenital defects, or if virulent ncp BVDV can cause per-
sistent infections. It is assumed by many, at least in North
America, that highly virulent ncp BVDV 1s do not exist.
Understanding of virulence determinants, even in
cp BVDV, isembryonic. It isknown that the presence of
cp BVDV isessentia to the development of MD, but its
exact role is unknown. It appears that the cleavage of
the NS2/3 gene product is one such factor, though it is not
clear whether thisisthe only factor or if there are other vir-
ulence factors in other parts of the genome. Continued
research into the identification of virulence factors of
BVDV will be useful in determining the pathogenesis
of severe acute BV D and associated reproductive anom-
alies, as well as providing useful tools and targets for
better diagnostic tests and for more effective control of
BVDV. Similarly, increased understanding of the nature
of BVDV virulence will allow tracking and predictionsto
be made regarding evolutionary changes, which have
and will no doubt continue, to occur.
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