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Border disease in cattle
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A B S T R A C T

Within the family Flaviviridae, viruses within the genus Pestivirus, such as Border disease virus (BDV) of
sheep, can cause great economic losses in farm animals. Originally, the taxonomic classification of
pestiviruses was based on the host species they were isolated from, but today, it is known that many
pestiviruses exhibit a broad species tropism. This review provides an overview of BDV infection in cattle.
The clinical, hematological and pathological–anatomical findings in bovines that were transiently or
persistently infected with BDV largely resemble those in cattle infected with the closely related pestivirus
bovine viral diarrhoea virus (BVDV). Accordingly, the diagnosis of BDV infection can be challenging, as it
must be differentiated from various pestiviruses in cattle. The latter is very relevant in countries with
control programs to eradicate BVDV in Bovidae, as in most circumstances, pestivirus infections in sheep,
which act as reservoir for BDV, are not included in the eradication scheme. Interspecies transmission of
BDV between sheep and cattle occurs regularly, but BDV in cattle appears to be of minor general
importance. Nevertheless, BDV outbreaks at farm or local level can be very costly.
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Introduction

Border disease virus (BDV) belongs to the genus Pestivirus in the
family Flaviviridae, together with bovine viral diarrhoea virus types
1 (BVDV-1) and 2 (BVDV-2) and classical swine fever virus (CSFV).
Border disease virus, BVDV-1 and BVDV-2 constitute the ruminant
pestiviruses (Nettleton and Entrican, 1995). It was recently
proposed by the Flaviviridae Study Group of the International
Committee for the Taxonomy of Viruses (ICTV) that the original
species BVDV-1, BVDV-2, CSFV and BDV be renamed as Pestivirus A,
B, C and D, respectively (Smith et al., 2017). Other and hitherto
unclassified pestiviruses have been isolated from giraffes (Giraffe 1
pestivirus, Pestivirus G), cattle (Atypical ruminant pestiviruses or
Hobi-like viruses, Pestivirus H), antelopes (Pronghorn antelope
pestivirus, Pestivirus E), piglets (Bungowannah virus, Pestivirus F;
Abbreviations: AGID, agarose gel immunodiffusion; BDV, Border disease virus;
BVD, bovine viral diarrhoea; BVDV, bovine viral diarrhoea virus; CT, computer
tomography; Cp, cytopathic; CSFV, classical swine fever virus; Ct, cycle threshold;
ELISA, enzyme-linked immunosorbent assay; IHC, immunohistochemistry; Ncp,
non-cytopathic; NPro, n-terminal protease region; OD, optical density; ORF, open
reading frame; RNA, ribonucleic acid; RT-PCR, real-time polymerase chain reaction;
SNT, serum neutralisation test; TCID, tissue culture infective dose; UTR,
untranslated region.
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atypical porcine pestivirus, Pestivirus K; Linda virus, no new
species proposed yet) and small ruminants (Aydin-like pestivirus,
Pestivirus I; Tunisian sheep pestiviruses, no new species proposed
yet). In rats (Pestivirus J) and possibly bats (no new species
proposed yet), pestivirus sequences have been detected although
virus isolates have not been obtained (Smith et al., 2017). It was
previously assumed that BVDV-1 and BVDV-2 were limited to
cattle, BDV to small ruminants, and CSFV to pigs. However, it has
since been shown that pestiviruses can be transmitted among
various domesticated species as well as between domesticated and
wildlife species (Passler and Walz, 2010). For example, BDV can
also infect cattle (Becher et al., 1997; Krametter-Frötscher et al.,
2008a, 2010a; Strong et al., 2010; McFadden et al., 2012; Frei, 2014;
Braun et al., 2013a, 2014, 2015a; Kaiser et al., 2017), pigs (Kawanishi
et al., 2014; Rosell et al., 2014; Stalder et al., 2017) and chamois
(Rupicapra pyrenaica pyrenaica; Serrano et al., 2015). In addition,
antibodies reacting with BDV were also detected in hares (Lepus
europaeus; Colom-Cadena et al., 2016).

Even though BDV infection in cattle is not a new phenomenon,
it has largely gone unnoticed because BVDV, which is very closely
related to BDV, is much more common in cattle. The pathogenesis
of BVD is very complex, and clinical diagnosis is not straightfor-
ward. Bovine viral diarrhoea has been subject to mandatory
eradication programs in several countries (Greiser-Wilke et al.,
2003; Ståhl and Alenius, 2012; Schweizer and Peterhans, 2014;
Moennig and Becher, 2015; Kaiser et al., 2017) and as a result,
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Border disease, which can spread from sheep and other small
ruminants to cattle, has gained importance for two reasons: Firstly,
the clinical course of BDV infection is often similar to that of BVDV
infection and secondly, laboratory differentiation of BDV and BVDV
infection is arduous. This problem applies to several European
countries including Sweden (Ståhl and Alenius, 2012), Germany
(Wernike et al., 2017), Austria (Rossmanith et al., 2010) and
Switzerland (Presi and Heim, 2010; Kaiser et al., 2017). In the
context of BVD eradication in cattle, sheep persistently infected
with BDV pose a significant risk to cattle because direct contact can
cause transient BDV infection in cattle, and persistent BDV
infection of the fetus can occur in pregnant cattle infected
between days 40 and 120 of gestation. In addition, the fact that
BVDV can also be transmitted from cattle to sheep and then
potentially back to cattle makes a very strong argument that small
ruminants cannot be ignored in an eradication program.

The first reports on border disease in cattle have been published
in the last century (Gibbons et al., 1974; Vannier et al., 1988;
Nettleton, 1990; Løken et al., 1991; Carlsson and Belák, 1994).
Indeed, the pestivirus published in these studies was not
genetically typed and therefore it was not known whether the
causative agent was actually BDV or BVDV. The name BDV has been
used in that time for all pestivirus detected in sheep and goats.
Hence, it was unknown whether a BDV, BVDV-1 or BVDV-2 or other
pestiviruses were responsible in cattle for the infections described
in the papers mentioned above. In the following section, only the
papers where BDV has been genetically typed are reviewed. This
review presents a detailed account of BDV infection of cattle.

Classification of Border disease viruses

Pestiviruses comprise a multitude of virus species (Fig. 1(a);
Ridpath et al.,1994; Hamers et al., 2001; Becher et al., 2003; Stalder
et al., 2005; Liu et al., 2009; Peterhans et al., 2010; Yeşilba�g et al.,
2017). They contain a (+)-sense, single-stranded RNA encoding a
single open reading frame (ORF) with untranslated regions (UTR)
at the 50- and 30-ends (Nettleton and Entrican, 1995; Nettleton and
Willoughby, 2008). The 50UTR of the pestivirus genome is highly
conserved. This genome region, in addition to the region of the
non-structural protein Npro, is therefore routinely used for
classification of pestiviruses into species and subgenotypes
(Becher et al., 2003; Giangaspero and Harasawa, 2014; Giammar-
ioli et al., 2015) as well as for designing primers for amplification
and identification by RT-PCR (Nettleton and Willoughby, 2008;
Stalder et al., 2016). Accordingly, new subgenotypes of Border
disease viruses were proposed in recent years (e.g., Arnal et al.
2004; Dubois et al., 2008; Oguzoglu et al., 2009; Peterhans et al.,
2010; Giammarioli et al., 2011), and to date, at least eight
subgenotypes referred to as BDV-1 to BDV-8 were assigned to
the species of Border disease viruses (Peletto et al., 2016; Fig. 1(b)).

Border disease virus-1 has been isolated in the USA, the United
Kingdom and New Zealand (Becher et al.,1994; Sullivan et al.,1997;
Vil9cek et al., 1998); BDV-2 in Germany (Becher et al., 2003); BDV-3
in France (Dubois et al., 2008), Austria (Krametter-Frötscher et al.,
2010a), Switzerland (Stalder et al., 2005), China (Mao et al., 2015),
India (Mishra et al., 2016) and Italy (Giammarioli et al., 2015); BDV-
4 in Spain (Arnal et al., 2004; Valdazo-Gonzáles et al., 2007;
Luzzago et al., 2016); BDV-5 in France (Dubois et al., 2008) and Italy
(Giammarioli et al., 2015); BDV-6 in France (Dubois et al., 2008);
BDV-7 in Italy (Giammarioli et al., 2015; Peletto et al., 2016); and
BDV-8 in Switzerland (Peterhans et al., 2010; Stalder et al., 2017)
and Italy (Peletto et al., 2016; Caruso et al., 2017). The latter
subgenotype was first isolated in Switzerland as an unclassified
BDV subgenotype that was provisionally named BD Switzerland or
BDSwiss (Peterhans et al., 2010; Stalder et al., 2017), which turned
out to be very similar to BDV-8 later isolated in Italy (Peletto et al.,
2016). Analogous to BVDV, the species BDV can exist as a
cytopathic (cp) and a non-cytopathic (ncp) biotype (Becher
et al., 1996) as defined by their effect in cultured cells. The cp
virus emerges from the persisting ncp virus within the host
(Becher et al., 1996; Nettleton and Willoughby, 2008), with
probably similar types of mutations leading to replication
independent of the limiting host factor (Jiv; Isken et al., 2018).
The ncp biotype may be transmitted horizontally or vertically and
is isolated much more frequently than the cp biotype (Nettleton
and Entrican, 1995; Peterhans et al., 2010).

Distribution and epidemiology of BDV infection in cattle

Naturally occurring BDV infection of cattle has been reported in
England and Wales (Cranwell et al., 2007; Strong et al., 2010),
Austria (Hornberg et al., 2009; Krametter-Frötscher et al., 2009),
Italy (Schirrmeier et al., 2008), New Zealand (McFadden et al.,
2012), Switzerland (Schenk, 2012; Frei et al., 2014), Spain
(Paniagua et al., 2016) and Mexico (Gómez-Romero et al., 2018).
Border disease virus can be transmitted from sheep to cattle
naturally or under experimental conditions (Becher et al., 1997;
Cranwell et al., 2007; Krametter-Frötscher et al., 2008a; Hornberg
et al., 2009; Reichle, 2009; Krametter-Frötscher et al., 2010b;
Strong et al., 2010; McFadden et al., 2012; Braun et al., 2014; Frei,
2014; Schoepf et al., 2016) and from cattle persistently infected
with BDV to pestivirus-naive cattle (McFadden et al., 2012; Braun
et al., 2015a, 2015b, 2018). The most important factor in BDV
transmission in cattle is direct contact between sheep persistently
infected with BDV and cattle (Krametter-Frötscher et al., 2010a;
Strong et al., 2010; Schenk, 2012; Braun et al., 2014), which can
occur when sheep and cattle are housed together in the same barn
or on pastures (Krametter-Frötscher et al., 2010a; Schenk, 2012;
Braun et al., 2013b). In Switzerland, the latter occurs commonly on
alpine community pastures in the summer. Sheep and cattle were
co-housed in the same barn in two of three Italian herds that had
calves born persistently infected with BDV in South Tyrol
(Schirrmeier et al., 2008), and a report from Austria described
abortions in several ewes and one cow after the addition of a
persistently infected ram to the flock (Krametter-Frötscher et al.,
2008a, 2008b) with seroconversion in the cow being confirmed
using serum neutralisation. A retrospective study from Austria
examined 232 calves that had tested positive for pestivirus in the
mandatory BVDV eradication program. Blood and ear notch
samples from 13 of these calves from 13 farms, which were all
mixed farms with cattle, sheep and/or goats, were classified as
BDV-positive (Schoepf et al., 2016). During routine testing in
conjunction with the mandatory BVD eradication program in
Switzerland, three herds were identified with a calf persistently
infected with BDV, and this gave rise to further pestivirus
investigations (Schenk, 2012). The first herd had no sheep but
there was a BDV-infected ewe on the neighbouring farm. Because
there was no contact between the sheep and the cattle and because
the same BDV subgenotype (BDSwiss) was isolated from the ewe
and the calf, transmission of the virus from the ewe to the calf’s
dam was suspected to have occurred by a vector such as a person,
dog or a bird, although this could not be confirmed. Each of the
other two farms had one sheep persistently infected with BDV, and
both herds had several cattle with positive SNT (serum neutralisa-
tion test) titres against BDV. On one of the farms, sheep and cattle
had nose-to-nose contact, and on the other farm, ewes were
brought to the cow barn for lambing. To examine the role of alpine
community summer pasturing in BDV transmission from sheep to
cattle, 1170 sheep destined for one of four alpine community
pastures were tested for BDV infection using RT-PCR, and 923
cattle, intended for the same pastures, underwent serological
testing for pestivirus antibodies (Büchi, 2009; Braun et al., 2013a).
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Fig. 1. (a) Phylogenetic analysis and classification of pestiviruses based on the entire nucleotide sequence of Npro. The classification into species was done according to the
most recent proposal of the Flaviviridae Study Group of the International Committee for the Taxonomy of Viruses (ICTV; Smith et al., 2017). The evolutionary history was
inferred using the neighbor-joining method. The genetic analysis was calculated, and the figure prepared as described in Supplementary Table 1. The numbers close to the
branches represent the values (%) of 1000 bootstrap replicates, and only values greater than 80% are indicated. Line lengths are proportional to genetic distance and are in the
units of the number of base differences per sequence, as indicated by the scale bar. (b) Phylogenetic analysis of Border disease viruses (BDV) based on the entire nucleotide
sequence of Npro. The evolutionary history was inferred by using the Maximum Likelihood method with classical swine fever virus (CSFV), Tunisian sheep pestiviruses (TSV)
and Aydin-like viruses included as the most closely related pestiviruses. The classification into subgenotypes was done according to the most recent proposals published
(Luzzago et al., 2016; Mishra et al., 2016; Peletto et al., 2016). The genetic analysis was calculated, and the figure prepared as described in Supplementary Table 2. The numbers
close to the branches represent the values in percent of 1000 bootstrap replicates, and only values greater than 70% are indicated. The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site as indicated by the scale bar.
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Eight sheep (0.68%) were positive for BDV and ten cattle (1.08%)
seroconverted; the high SNT titres detected at the end of the
grazing season suggested BDV infection. Taken together these
observations strongly suggest that commingling sheep persistently
infected with BDV and pestivirus-naive cattle poses a risk of BDV
transmission from the sheep to the cattle.

The seroprevalence of BDV in cattle was investigated by SNT in
the context of the BVDV eradication program in Switzerland
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(Kaiser et al., 2017). Of 1555 blood samples that tested positive by
enzyme-linked immunosorbent assay (ELISA) in cattle, 104 (6.7%)
had significantly higher titres against BDV than BVDV. These
samples originated from 65 herds, three of which had a calf
persistently infected with BDV. All herds with persistently infected
calves and most herds with seropositive cattle to BDV included
small ruminants, more often sheep than goats. Housing sheep and
cattle together, particularly during lambing when the risk of
infection is greatest, was identified as the most important risk
factor for BDV infection in cattle.

Border disease virus transmission from persistently infected
cattle to naive cattle is also possible. The first case of BDV
infection in cattle in New Zealand involved a Belted Galloway bull
that was persistently infected with BDV. The bull had an unknown
infection status (McFadden et al., 2012) at the time he was turned
out with 62 dairy heifers. However, conception rates were poor,
and further laboratory testing showed that of the 40 heifers
tested, all were seropositive for BDV antibody. The bull had been
sourced from a mixed sheep and beef farm with persistently
infected sheep.

Wildlife populations are thought to play a role in the spread of
BDV, similar to the spread of BVDV and CSFV (Ridpath and Passler,
2016). It has been shown that wild rabbits (Oryctolagus cuniculus)
constitute a reservoir for BVDV (Frölich and Streich, 1998; Grant
et al., 2015), and antibodies against BDV-4 (and BVDV) were
recently detected in the European hare (Lepus europaeus; Colom-
Cadena et al., 2016). It is suspected that the European hare also
plays a role in the spread of BDV in the Pyrenean chamois
(Rupicapra pyrenaica pyrenaica) population. Another mode of
transmission of pestiviruses to cattle, small ruminants and pigs is
contaminated vaccines (Nettleton, 1990, and references therein).
This occurred in goats vaccinated with contaminated orf vaccine
(Løken et al., 1991; Thabti et al., 2002) and pigs vaccinated against
Aujeszky disease (Vannier et al., 1988). However, in none of these
reports was the species of pestivirus (e.g. BVDV or BDV)
unequivocally identified.

Experimental transmission of BDV from sheep to cattle

Seroconversion in cattle after exposure to infected sheep has
been the subject of several reports (Krametter-Frötscher et al.,
2008b, 2010b; Reichle, 2009; Braun et al., 2014). Four calves co-
housed with six sheep persistently infected with BDV serocon-
verted within 28 to 51 days after the start of exposure, which
showed that the calves had become infected with BDV
(Krametter-Frötscher et al., 2008b). A similar experiment was
conducted with nine calves that were co-housed with two sheep
persistently infected with BDV (Reichle, 2009; Braun et al., 2014).
Six of the nine calves seroconverted within 36–72 days, and the
SNT titre confirmed that the antibody was directed against BDV.
Another study examined the impact of nine persistently infected
sheep on nine co-housed pestivirus-naive heifers that were
between 47 and 73 days pregnant (Krametter-Frötscher et al.,
2010a). All heifers seroconverted 23–38 days after the start of
exposure to the sheep and five aborted after 54–202 days. A mild
fever was the only clinical sign in the heifers. Border disease virus
was detected in four aborted fetuses and in the placenta of the
remaining fetus, which was not available for virological exami-
nation. Three heifers gave birth to clinically healthy calves; two
were pestivirus-negative and one was positive, and when the
latter was retested at 7 months, it was virus-negative but
seropositive. Even though calves (Reichle, 2009; Krametter-
Frötscher et al., 2008a; Braun et al., 2014) and heifers in early
pregnancy (Krametter-Frötscher et al., 2010) co-housed with
sheep persistently infected with BDV seroconverted, viraemia
was not detected.
Experimental transmission of BDV among cattle

Seroconversion in cattle as a result of transmission of BDV from
other cattle has been described in several reports (Reichle, 2009;
Braun et al., 2014; Frei, 2014; Braun et al., 2015a,b). Border disease
virus was transmitted from a persistently infected bull calf to six
pregnant seronegative heifers co-housed with the calf in a free stall
operation. The heifers were exposed to the calf for 60 days starting
on day 50 of gestation (Frei, 2014; Braun et al., 2015a). Three of six
heifers had mild viraemia as analysed by real-time PT-PCR with
weakly positive cycle threshold (Ct) values of 37.8–42.5 from day 8
to day 14 after exposure. Nonetheless, all heifers seroconverted
within 20–40 days of exposure (Frei, 2014; Braun et al., 2015a). On
day 60, all heifers had pestivirus antibodies as tested by ELISA that
were identified as antibodies to BDV with high titres (152 to >512)
in the SNT whereas anti-BVDV titres were negative or very low,
indicating that antibodies were indeed produced in response to an
infection with BDV. The heifers were slaughtered 60 days after
exposure, and the fetuses and placentae underwent postmortem
and virological examination. The placentomes from the three
viraemic heifers were macroscopically normal but had histological
evidence of chronic inflammation that varied in severity (Fernán-
dez et al., 2018) and resembled the lesions seen in pregnant BDV-
infected ewes and in pregnant BVDV-infected cattle (Osburn and
Castrucci, 1991). Fetal organs and placentomes from the three
heifers that had mild viraemia were positive in immunohis-
tochemistry (IHC) using pestivirus-specific antibodies (C16, 15C5;
Hilbe et al., 2007) but were consistently negative with BVDV-
specific antibodies. Notably, pestivirus-specific staining was
mainly located in the fetal cells of the placentomes, whereas
staining of maternal cells was sparse. Real-time PCR detected
pestiviral RNA in the fetal organs and placentomes, which were
upon sequencing (approx. 300 bp in the 50-UTR) identical to the
sequence isolated from the persistently infected calf in two heifers
or contained only one single point mutation in the third heifer.
Based on the unequivocally positive results of the immunohisto-
chemical and virologic examinations of all fetal organs, the fetuses
of the three viraemic heifers were diagnosed as persistently
infected with BDV. Interestingly, heifers that carried a persistently
infected fetus had significantly higher percentage of optical
density (OD) in the antibody ELISA after day 40 compared with
the other heifers, and the values of the relative optical density in
ELISA increased significantly with increasing duration of infection.
This phenomenon had not been previously described for BDV
infection but was known for BVDV infection; cows at 180 days of
pregnancy and with a fetus persistently infected with BVDV had
titres ten times those of cows with a non-infected fetus (Brownlie
et al., 1998). Comparison of cows with and without a fetus
persistently infected with BVDV showed that OD values were
significantly related to duration of pregnancy, time of sampling
and fetal infection status (Lindberg et al., 2001; Stokstad et al.,
2003). Compared with cows carrying a non-infected fetus, cows
that were pregnant with a persistently infected fetus had titres that
rose faster and were significantly higher after day 135 of pregnancy
(Stokstad et al., 2003).

Attempts to generate persistently infected fetuses using BDV-
infected semen were unsuccessful in two experiments (Frei et al.,
2014; Braun et al., 2015b; Züblin, 2016; Braun et al., 2018). In the
first experiment, five heifers were inseminated with BDV-infected
semen from a persistently infected bull (Frei et al., 2014; Braun
et al., 2015b). All inseminated heifers seroconverted but failed to
conceive, most likely because of poor semen quality. The
experiment was repeated, but the design was modified and fertile
semen from an Eringer bull was added to the BDV-infected semen
(Züblin, 2016; Braun et al., 2018). All five inseminated cows
seroconverted and four conceived. The cows were slaughtered
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56 days after insemination and examination of the uteri, placentae
and fetuses revealed no macroscopic or histological lesions, and
immunohistochemical and molecular examinations for pestivi-
ruses were negative. Genotyping of fetal tissue identified the
Eringer bull as the sire of all fetuses. It was concluded that
insemination using BDV-infected semen causes seroconversion in
cows but does not produce persistently infected fetuses. Thus, it
appears that insemination of cows with BDV-infected semen plays
a minor role in the transmission of BDV. This is supported by the
observation that of 61 calves born to cows inseminated with BVDV-
infected semen, only two (3.3%) were persistently infected
(Kirkland et al., 1994). Assuming a similar infection rate for
BDV-infected semen, a minimum of 30 cows would have to be
inseminated to obtain one persistently infected calf. Furthermore,
acute BVDV infection only generates persistently infected offspring
when it occurs between approximately 30–120 days of gestation
(Brownlie, 1990). Infection in the first month of gestation usually
results in loss of pregnancy and return to estrus, or possibly the
birth of a normal non-infected calf.

Transmission of BDV from cattle to sheep

To our knowledge, the natural transmission of BDV from
persistently infected cattle to co-housed pestivirus-naive sheep
has not been documented. However, there are close similarities in
the clinical pictures of BDV and BVDV infections in sheep and cattle
(Carlsson, 1991), and therefore the true source of the infection may
not have been investigated in all reports. In regions where BVDV is
endemic, cattle have a relatively high seroprevalence, which is
accompanied by a relatively low prevalence of persistently infected
animals in the population. Based on the considerable cross-
reactivity of antibodies to BVDV and BDV, cattle seropositive for
BVDV are protected against BDV, which may explain why BDV has
not become established in the bovine population (Peterhans et al.,
2010). Accordingly, of almost 7500 cattle identified as persistently
infected in the context of the mandatory BVDV eradication
program in Switzerland during the first three phases (2008–
2011), only eight were infected with BDV (Stalder et al., 2016).
Similarly, in an epidemiological study relating to the BVDV control
program in Western Austria, only 13 of 232 cattle persistently
infected with pestivirus were infected with BDV (Schoepf et al.,
2016). Thus, although cattle are generally more prolific in shedding
pestiviruses and have a higher prevalence of persistent infection
than small ruminants, both of which theoretically increase the
infection pressure, transmission of BDV from cattle to sheep
appears to be of minor significance (Løken, 19921 ; Barrett et al.,
2011). It should be remembered however that BVDV may be
transmitted from cattle to sheep and generates a clinical picture
indistinguishable from that of true Border disease (Carlsson, 1991).
For instance, of 14 sheep seropositive for pestiviruses in Northern
Ireland, neutralisation studies with BVDV and BDV showed
significantly higher titres against BVDV in all cases (Graham
et al., 2001). For these reasons, small ruminants should not be
ignored as a source of BVDV in eradication programs for cattle
(Preyler-Theiner et al., 2009; Kaiser et al., 2017).

Clinical and haematological findings in cattle after transient BDV
infection

Mild fever and abortion were the only clinical signs in eight
heifers that were 47–73 days pregnant and kept in close
1 See: Løken, T., 2000. Border disease in goats. In: Tempesta, M. (Ed.). Recent
advances in goat diseases. International Veterinary Information Service, Ithaca NY.
www.ivis.org (Accessed 22 January 2019).
confinement with nine sheep persistently infected with BDV (
Krametter-Frötscher et al., 2010a). Nine calves co-housed with two
sheep persistently infected with BDV developed mild to moderate
mucosal lesions on the palate, corners of the mouth, lips and
gingiva of the incisors. However, those lesions were in all
likelihood not attributable to BDV infection because analogous
lesions were also seen in calves that did not seroconvert after oral
challenge with BDV (Reichle, 2009; Braun et al., 2014).

Pestivirus-naive heifers kept in close confinement with a calf
persistently infected with BDV did not have clinical signs that
could be linked to BDV infection (Frei, 2014; Braun et al., 2015a).
The same was true for two studies in which heifers were
inseminated with BDV-infected semen (Frei, 2014; Braun et al.,
2015b; Von Büren, 2016; Braun et al., 2018). Even though
seroconversion strongly suggested infection of the cattle used in
these experiments, general health was not affected. To obtain a
more objective view of the general health condition of cows
inseminated with BDV-infected semen, eating and rumination
variables of the cows were recorded using a custom-made halter
equipped with a pressure sensor in the noseband, and intraruminal
temperature was recorded using an intraruminal temperature
bolus (Braun et al., 2018). Duration of eating and rumination,
number of regurgitated cuds per day, the number of chewing cycles
per cud and the intraruminal temperature were not affected. By
contrast, insemination with BDV-infected semen caused signifi-
cant transient leukopenia attributable to lymphopenia, which was
most pronounced on day 6 after insemination (Von Büren, 2016;
Braun et al., 2018). Significant transient leukopenia was also seen
in lambs (Thabti et al., 2002) and pregnant ewes (García-Pérez
et al., 2009) that were experimentally infected with BDV, and
leukopenia and lymphopenia occurred in calves that were
experimentally infected with BVDV strains of varying virulence
(Chase et al., 2015, and references therein).

Clinical findings in cattle persistently infected with BDV

To date, there are few descriptions of the clinical findings in
cattle persistently infected with BDV (Cranwell et al., 2007;
McFadden et al., 2012; Frei et al., 2014; Braun et al., 2015a). The
range of clinical signs seen in three cases from the United Kingdom
were very similar if not identical to that of BVDV infection
(Cranwell et al., 2007); a 13-month-old heifer had a history of
wasting and diarrhoea, a two-and-a-half-year-old heifer had
diarrhoea and other signs of mucosal disease and a small and
weak new-born calf died soon after birth. All three cases were
positive for BVDV by ELISA and confirmed as persistently infected
with BDV using RT-PCR.

A case from New Zealand involved a three-year-old Belted
Galloway bull that was examined because the pregnancy rate in a
group of 62 dairy heifers was only 23% after a 57-day mating period
(McFadden et al., 2012). The bull, which had been sourced from a
farm with 2000 sheep, was small for his age and lacked typical
masculine characteristics such as a thickened neck. Scrotal
circumference was 22 cm compared with the minimum acceptable
threshold of 34 cm. BVDV antigen ELISA was done twice and was
positive both times, and subsequent PCR identified the virus as
BDV. The bull was slaughtered and BDV was detected in splenic,
testicular and lymphatic tissues. The histological diagnosis was
severe chronic testicular degeneration and atrophy. Border disease
virus was also detected in sheep from the farm where the bull
originated.

Three bull calves that tested pestivirus positive in the
mandatory BVDV eradication program in Switzerland and were
confirmed to be persistently infected with BDV using genotyping
underwent further study (Frei et al., 2014). There were two Swiss
Braunvieh and one Swiss Braunvieh � Limousin calves, which
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originated from three mixed farms with cattle and sheep. One calf
was slightly underweight, had a stocky body type and suffered
from enteritis, bronchopneumonia and omphalitis. The calf did not
respond to treatment, deteriorated, became recumbent and was
euthanized (Fig. 2(a)). Although the other two calves were
clinically healthy and had a good body condition and appetite,
their growth was retarded. One of these calves was raised in
quarantine and later used in experiments involving exposure of
pestivirus-naive cattle to BDV (Frei, 2014; Braun et al., 2015a) and
the insemination of pestivirus-naive heifers with BDV-infected
semen (Frei et al., 2014; Braun et al., 2015b; Züblin, 2016; Braun
et al., 2018). The bull was clinically healthy and afebrile during his
entire life, but sexual maturity was delayed until the age of about
400 days. The bull had good libido but had incomplete erection
resulting in impotentia coeundi and, therefore electroejaculation
was required for semen collection. The semen had poor quality and
a high viral load with a virus titre of 2.51 �108 (50% tissue culture
infective dose [TCID50]/ml) and 1.44 �106 (TCID50/106 sperm cells).
When the bull was slaughtered at the age of 14 months (Fig. 2(b)),
BDV was detected in the testes, and histological examination
showed severe testicular degeneration. Lesions seen in the bones
of the extremities of all three bulls are described in the following
section.

Morphological findings in cattle persistently infected with BDV

A number of organ systems are affected in cattle persistently
infected with BDV, and the lesions described vary and are
considered ‘BDV-induced’ or ‘highly likely BDV-induced’ (Monies
et al., 2004; Hilbe et al., 2009). Examples are testicular degenera-
tion and atrophy, which occurred in a bull that had only a few
Fig. 2. (a) Swiss Braunvieh calf from a mixed cattle and sheep farm that is
persistently infected with Border disease viruses (BDV). The calf was 115 days of age,
weighed 41 kg and was terminally ill. Postmortem examination showed severe
apostematous bronchopneumonia, severe purulonecrotic omphalitis and osteope-
nia and osteopetrosis of the humerus and femur. (b) Fourteen-month-old Swiss
Braunvieh bull persistently infected with Border disease viruses (BDV). The bull had
a normal body condition but was small for his age.
remaining seminiferous tubules, a small number of spermatids and
no active spermatogenesis (McFadden et al., 2012).

Skeletal lesions consisting of osteopetrosis-like or osteoporo-
sis-like changes as well as so-called growth arrest lines have been
described in the bones of calves persistently infected with BDV.
Affected bones had a marbled appearance and were unstable and
susceptible to fracture (Hilbe et al., 2000; Frei et al., 2014).

Radiographic and computed tomographic examination of a calf
with lameness in the right hind limb and swelling of the lateral
aspect of the right stifle revealed characteristic lesions of the femur
and tibia, and this prompted the same examination in two other
persistently infected calves (Frei et al., 2014). All three calves had
different stages of bone lesions that corresponded to lesions
described in calves persistently infected with BVDV (O’Connor and
Doige, 1993; Scruggs et al., 1995; Hilbe et al., 2000; Nuss et al.,
2005; Webb et al., 2012) including focal metaphyseal radiopacities
and radiolucencies, cortical thickening of the diaphysis and
concentric zones of sclerosis (‘bone in bone’, ‘growth arrest lines’).
Histological examination showed that the growth arrest lines
reflected plump and interwoven retained primary trabeculae
(osteopetrosis).

Placental changes in cows with persistently infected offspring
were described in a previous section (Experimental transmission
of BDV from sheep to cattle).

Diagnosis of BDV infection in cattle

Techniques for the detection of ruminant pestiviruses, pesti-
virus antigens and pestivirus antibodies include virus isolation,
ELISA (enzyme-linked immunosorbent assay), AGID (agarose gel
immunodiffusion), SNT (serum neutralisation), IHC (immunohis-
tochemistry), in situ hybridization and RT-PCR (reverse transcrip-
tase polymerase chain reaction). These techniques and their
advantages and limitations have been summarised (Saliki and
Dubovi, 2004; Goyal, 2005; Hilbe et al., 2007; Dubovi, 2013;
Lanyon et al., 2014a). Even though virus isolation is still considered
the gold standard, this technique is cumbersome, time consuming
and expensive. Therefore, antigen and antibody detection are used
routinely to detect pestivirus infections at the herd level and in
individual animals. However, these techniques cannot reliably
differentiate BVDV and BDV infections and the diagnostic
sensitivities and specificities are low (Kirkland, 2017). In contrast
to BVDV, there is no antibody available for the reliable detection of
BDV in IHC. Therefore, a different approach, involving two
antibodies is used, with one antibody that is broadly reactive to
pestiviruses and one that is BVDV-specific. Thus, tissues from BDV-
infected animals react positively with the former and negatively
with the latter antibody (Hilbe et al., 2007; Braun et al., 2015a). As
the pestivirus antibody used (Braun et al., 2015a) is cross-reactive
with many pestivirus species, a negative staining with the BVDV-
specific antibody might originate from an infection with various
pestiviruses, and further analyses are required to finally identify
the pestivirus species. Likewise, different classical and real-time
RT-PCR protocols are available for the detection of BDV and BVDV,
but a broadly reactive (referred to as pan-pestivirus reactive) PCR
method that has high sensitivity to the different pestivirus species
is required for diagnostic purposes. Genotyping of the pestivirus is
then achieved in positive samples by nucleotide sequencing
(Ridpath, 2003; Stalder et al., 2016). Similarly, an ELISA that
differentiates BDV and BVDV antibodies is not available, and one
must be aware that commercial tests marketed for the detection of
‘BDV antibodies in sheep’ or ‘BVDV antibodies in cattle’ simply
detect antibodies against ruminant pestiviruses including BDV and
BVDV. However, cross-neutralisation (cross-SNT) using different
BVDV and BDV strains can determine the specificity of the
antibodies, provided that the virus strains used as challenge
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viruses are adapted to the current local epidemiological situation
(Kaiser et al., 2017). Selecting the appropriate virus strains is
essential, because pestiviruses are highly diverse. For example,
BVDV-1 contains at least 21 different subgenotypes (Yeşilba�g et al.,
2017) and knowledge of the diversity of BDV (Fig. 1B and
Supplementary Table 2) is likely to increase in the future. Finally,
in addition to the selection of the appropriate material for the
various diagnostic methods, the time point of sample collection is
critical. Maternal antibodies can interfere with antigen and
antibody detection in young animals (Lanyon et al., 2014b), and
an ELISA done in periparturient cows might produce a false-
negative result because of a possible drop in serum immunoglob-
ulin concentrations in the dam over that period (Bachofen et al.,
2013a).

Recommendations for the prevention of BDV infection in cattle

Commingling of sheep and cattle is the biggest risk factor for
BDV infection in cattle (Krametter-Frötscher et al., 2010a; Braun
et al., 2013a, 2014; Kaiser et al., 2017), whereas the transmission of
BDV from wildlife species, even though theoretically possible, is of
minor importance (Casaubon et al., 2012; Martin et al., 2015;
Fernández-Aguilar et al., 2016; Paniagua et al., 2016; Rodríguez-
Prieto et al., 2016). For effective prevention of transmission of BDV
from sheep to cattle, commingling of sheep and cattle in barns or
on pasture should be avoided, particularly in the lambing season,
when infection pressure is greatest (Kaiser et al., 2017). An added
benefit of keeping sheep, goats and cattle separate is the lower risk
of malignant catarrhal fever, a fatal disease of cattle caused by
ovine herpes virus 2 (Russell et al., 2009). When separate housing
or pasturing of sheep and cattle is not an option, examination of the
sheep for pestiviruses should be considered (Kaiser et al., 2017).
Although BDV has been isolated from goats (De Mia et al., 2005;
Oguzoglu et al., 2009; Toplu et al., 2011; Li et al., 2013; Rosamilia
et al., 2014; Giammarioli et al., 2015) the authors of these papers
have found no reports of transmission of BDV from goats to cattle.
The explanation lies probably in the fact that the prevalence of BDV
is very low in goats in comparison to sheep and that the survival
rate of the conceptus is mostly very low when infection occurs
early in gestation (Krametter-Froetscher et al., 2010a), similar to
pregnant goats infected with BVDV (Bachofen et al., 2013b).

In addition to sheep, cattle persistently infected with BDV pose
a risk to other commingled cattle, particularly those in early
pregnancy because of the potential of persistent infection of the
fetus. Although in the context of mandatory BVDV eradication
programs, cattle persistently infected with BDV are identified as
pestivirus-infected, special laboratory techniques are required to
confirm BDV infection. It is anticipated that national programs for
the eradication of BVDV will result in eradication of BVDV in the
bovine population. However, to guarantee timely detection of
potential BDV or BVDV transmission from sheep to cattle,
surveillance of pestivirus infections should continue in mixed
sheep and cattle farms where the infection status of the sheep is
unknown. While the pressure of infection in the era before
eradication of BVDV might have been rather from cattle to sheep
(Barrett et al., 2011), the situation changes or has changed
dramatically in countries with eradication (Sandvik, 2014). As
herd and population immunity wane after eradication of BVDV, at
least in countries where vaccination is prohibited, there is also a
greater risk of BDV transmission from sheep to cattle. However,
management of the bovine population and biosecurity measures
might strongly influence the likelihood of transmission, as, for
example, despite having a largely pestivirus-naive bovine popula-
tion 10 years after start of the eradication program in Switzerland,
transmission of BDV from sheep to cattle did not markedly increase
(Kaiser et al., 2017).
Conclusions

Border disease was not previously considered a bovine disease
because the virological and clinical features of BD and BVD are
similar and thus the two diseases were difficult to differentiate.
Border disease virus infection is of importance in countries with
mandatory BVD virus eradication programs because BD virus is
transmissible from sheep to cattle, from cattle to cattle and from
cattle to sheep. This complicates BVDV eradication programs and
may make complete eradication impossible. Thus, to effectively
eradicate BVDV from the bovine population, infection of cattle with
BDV must be prevented. To achieve this, separate housing and
pasturing of sheep and cattle are recommended.

Conflict of interest

None of the authors of this paper has a financial or personal
relationship with other people or organisations that could
inappropriately influence or bias the content of the paper.

Acknowledgement

The authors thank Hanspeter Stalder for designing Figs. 1A and
B.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.tvjl.2019.01.006.

References

Arnal, M., Fernández-de-Luco, D., Riba, L., Maley, M., Gilray, J., Willoughby, K., Vil9cek,
S., Nettleton, P.F., 2004. A novel pestivirus associated with deaths in Pyrenean
chamois (Rupicapra pyrenaica pyrenaica). J. Gen. Virol. 85, 3653–3657.

Bachofen, C., Bollinger, B., Peterhans, E., Stalder, H., Schweizer, M., 2013a. Diagnostic
gap in Bovine viral diarrhea virus serology during the periparturient period in
cattle. J. Vet. Diagn. Invest. 25, 655–661.

Bachofen, C., Vogt, H.R., Stalder, H., Mathys, T., Zanoni, R., Hilbe, M., Schweizer, M.,
Peterhans, E., 2013b. Persistent infections after natural transmission of bovine
viral diarrhoea virus from cattle to goats and among goats. Vet. Res. 44, 32.

Barrett, D.J., More, S.J., Graham, D.A., O’Flaherty, J., Doherty, M.L., Gunn, H.M., 2011.
Considerations on BVD eradication for the Irish livestock industry. Irish Vet. J.
64, 12.

Becher, P., Shannon, A.D., Tautz, N., Thiel, H.J., 1994. Molecular characterization of
border disease virus, a pestivirus from sheep. Virology 198, 542–551.

Becher, P., Meyers, G., Shannon, A.D., Thiel, H.J., 1996. Cytopathogenicity of border
disease virus is correlated with integration of cellular sequences into the viral
genome. J. Virol. 70, 2992–2998.

Becher, P., Orlich, M., Shannon, A.D., Horner, G., König, M., Thiel, H.J., 1997.
Phylogenetic analysis of pestiviruses from domestic and wild ruminants. J. Gen.
Virol. 78, 1357–1366.

Becher, P., Avalos Ramirez, R., Orlich, M., Cedillo Rosales, S., König, M., Schweizer, M.,
Stalder, H., Schirrmeier, H., Thiel, H.J., 2003. Genetic and antigenic
characterization of novel pestivirus genotypes: implications for classification.
Virology 311, 96–104.

Braun, U., Bachofen, C., Büchi, R., Hässig, M., Peterhans, E., 2013a. Infection of cattle
with Border disease virus by sheep on communal alpine pastures. Schweizer
Archiv für Tierheilkunde 155, 123–128.

Braun, U., Bachofen, C., Schenk, B., Hässig, M., Peterhans, E., 2013b. Investigation of
border disease and bovine virus diarrhoea in sheep from 76 mixed cattle and
sheep farms in eastern Switzerland. Schweizer Archiv für Tierheilkunde 155,
293–298.

Braun, U., Reichle, S.F., Reichert, C., Hässig, M., Stalder, H.P., Bachofen, C., Peterhans,
E., 2014. Sheep persistently infected with Border disease readily transmit virus
to calves seronegative to BVD virus. Vet. Microbiol. 168, 98–104.

Braun, U., Hilbe, M., Janett, F., Hässig, M., Zanoni, R., Frei, S., Schweizer, M., 2015a.
Transmission of border disease virus from a persistently infected calf to
seronegative heifers in early pregnancy. BMC Vet. Res. 11, 43.

Braun, U., Frei, S., Schweizer, M., Zanoni, R., Janett, F., 2015b. Transmission of border
disease virus to seronegative cows inseminated with infected semen. Res. Vet.
Sci. 100, 297–298.

Braun, U., Janett, F., Züblin, S., von Büren, M., Hilbe, M., Zanoni, R., Schweizer, M.,
2018. Insemination with border disease virus-infected semen results in
seroconversion in cows but not persistent infection in fetuses. BMC Vet. Res. 14,
159.

https://doi.org/10.1016/j.tvjl.2019.01.006
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0005
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0005
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0005
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0010
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0010
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0010
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0015
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0015
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0015
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0020
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0020
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0020
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0025
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0025
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0030
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0030
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0030
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0035
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0035
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0035
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0040
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0040
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0040
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0040
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0045
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0045
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0045
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0050
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0050
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0050
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0050
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0055
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0055
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0055
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0060
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0060
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0060
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0065
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0065
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0065
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0070
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0070
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0070
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0070


U. Braun et al. / The Veterinary Journal 246 (2019) 12–20 19
Brownlie, J., 1990. The pathogenesis of bovine virus diarrhoea virus infections. Rev.
Sci. Tech. 9, 43–59.

Brownlie, J., Hooper, L.B., Thompson, I., Collins, M.E., 1998. Maternal recognition of
foetal infection with bovine virus diarrhoea virus (BVDV) — the bovine
pestivirus. Clin. Diagn. Virol. 15, 141–150.

Büchi, R., 2009. Epidemiologische Untersuchungen über die Ansteckung von
Rindern durch mit Border-Disease-Virus infizierte Schafe auf Alpweiden. Dr
Med Vet Thesis. University of Zurich, Switzerland.

Carlsson, U., 1991. 1991. Border disease in sheep caused by transmission of virus
from cattle persistently infected with bovine virus diarrhoea virus. Vet. Rec.128,
145–147.

Carlsson, U., Belák, K.,1994. Border disease virus transmitted to sheep and cattle by a
persistently infected ewe: epidemiology and control. Acta Vet. Scand. 35, 79–88.

Caruso, C., Peletto, S., Cerutti, F., Modesto, P., Robetto, S., Domenis, L., Masoero, L.,
Acutis, P.L., 2017. Evidence of circulation of the novel border disease virus
genotype 8 in chamois. Arch. Virol. 162, 511–515.

Casaubon, J., Vogt, H.R., Stalder, H., Hug, C., Ryser-Degiorgis, M.P., 2012. Bovine viral
diarrhea virus in free-ranging wild ruminants in Switzerland: low prevalence of
infection despite regular interactions with domestic livestock. BMC Vet. Res. 8,
204.

Chase, C.C.L., Thakur, N., Darweesh, M.F., Morarie-Kane, S.E., Rajput, M.K., 2015.
Immune response to bovine viral diarrhea virus — looking at newly defined
targets. Anim. Health Res. Rev. 16, 4–14.

Colom-Cadena, A., Cabezón, O., Rosell, R., Fernández-Aguilar, X., Blanch-Lázaro, B.,
Tetas, E., Lavín, S., Marco, I., 2016. The European hare (Lepus europaeus) as a
potential wild reservoir for ruminant pestiviruses. Prev. Vet. Med. 131, 60–63.

Cranwell, M.P., Otter, A., Errington, J., Hogg, R.A., Wakeley, P., Sandvik, T., 2007.
Detection of border disease virus in cattle. Vet. Rec. 161, 211–212.

De Mia, G.M., Greiser-Wilke, I., Feliziani, F., Giammarioli, M., De Giuseppe, A., 2005.
Genetic characterization of a caprine pestivirus as the first member of a putative
novel pestivirus subgroup. J. Vet. Med. B 52, 206–210.

Dubois, E., Russo, P., Prigent, M., Thiéry, R., 2008. Genetic characterization of ovine
pestiviruses isolated in France, between 1985 and 2006. Vet. Microbiol.130, 69–
79.

Dubovi, E.J., 2013. Laboratory diagnosis of bovine viral diarrhea virus. Biologicals 41,
8–13.

Fernández-Aguilar, X., López-Olvera, J.R., Marco, I., Rosell, R., Colom-Cadena, A.,
Soto-Heras, S., Lavín, S., Cabezón, O., 2016. Pestivirus in alpine wild ruminants
and sympatric livestock from the Cantabrian Mountains, Spain. Vet. Rec. 178,
586.

Fernández, M., Braun, U., Frei, S., Schweizer, M., Hilbe, M., 2018. Border disease virus
infection of bovine placentas. Vet. Pathol. 55, 425–433.

Frei, S., 2014. Übertragung des Border-Disease-Virus von einem persistent
infizierten Rind auf seronegative Rinder durch Kontaktinfektion und
virushaltiges Sperma. Dr Med Vet Thesis. University of Zurich, Switzerland.

Frei, S., Braun, U., Dennler, M., Hilbe, M., Stalder, H.P., Schweizer, M., Nuss, K., 2014.
Border disease in persistently infected calves: radiological and pathological
findings. Vet. Rec. 174, 170.

Frölich, K., Streich, W.J., 1998. Serologic evidence of bovine viral diarrhea virus in
free-ranging rabbits from Germany. J. Wildl. Dis. 34, 173–178.

García-Pérez, A.L., Minguijón, E., Estévez, L., Barandika, J.F., Aduriz, G., Juste, R.A.,
Hurtado, A., 2009. Clinical and laboratorial findings in pregnant ewes and their
progeny infected with border disease virus (BDV-4 genotype). Res. Vet. Sci. 86,
345–352.

Giammarioli, M., La Rocca, S.A., Steinbach, F., Casciari, C., De Mia, G.M., 2011. Genetic
and antigenic typing of border disease virus (BDV) isolates from Italy reveals the
existence of a novel BDV group. Vet. Microbiol. 147, 231–236.

Giammarioli, M., Rossi, E., Casciari, C., Bazzucchi, M., Torresi, C., De Mia, G.M., 2015.
Genetic characterization of border disease virus (BDV) isolates from small
ruminants in Italy. Virus Genes 50, 321–324.

Giangaspero, M., Harasawa, R., 2014. Characterization of genotypes among bovine
viral diarrhea virus type 1 strains according to palindromic nucleotide
substitutions in the genomic 50-untranslated region. J. Virol. Methods 195, 34–
53.

Gibbons, D.F., Winkler, C.E., Shaw, I.G., Terlecki, S., Richardson, C., Done, J.T., 1974.
Pathogenicity of the border disease agent for the bovine foetus. Br. Vet. J. 130,
357–360.

Gómez-Romero, N., Basurto-Alcántara, F.J., Verdugo-Rodríguez, A., Lagunes-
Quintanilla, R., Bauermann, F.V., Ridpath, J.F., 2018. Detection of border disease
virus in Mexican cattle. Transbound. Emerg. Dis. 65, 267–271.

Goyal, S.G., 2005. Diagnosis. In: Goyal, S.M., Ridpath, J.F. (Eds.), Bovine Viral Diarrhea
Virus: Diagnosis, Management, and Control. Blackwell Publishing, Ames, pp.
197–208.

Graham, D.A., Calvert, V., German, A., McCullough, S.J., 2001. Pestiviral infections in
sheep and pigs in Northern Ireland. Vet. Rec. 148, 69–72.

Grant, D.M., Dagleish, M.P., Bachofen, C., Boag, B., Deane, D., Percival, A., Zadoks, R.N.,
Russell, C.G., 2015. Assessment of the rabbit as a wildlife reservoir of bovine viral
diarrhea virus: serological analysis and generation of trans-placentally infected
offspring. Front. Microbiol. 6, 1000.

Greiser-Wilke, I., Grummer, B., Moennig, V., 2003. Bovine viral diarrhoea eradication
and control programmes in Europe. Biologicals 31, 113–118.

Hamers, C., Dehan, P., Couvreur, B., Letellier, C., Kerkhofs, P., Pastoret, P.P., 2001.
Diversity among bovine pestiviruses. Vet. J. 161, 112–122.

Hilbe, M., Ossent, P., Zlinszky, K., Ehrensperger, F., 2000. Abnormal bone
development associated with bovine virus diarrhea virus (BVDV) infection in a
newborn calf. Eur. J. Vet. Pathol. 6, 115–119.
Hilbe, M., Stalder, H., Peterhans, E., Haessig, M., Nussbaumer, M., Egli, C., Schelp, C.,
Zlinszky, K., Ehrensperger, F., 2007. Comparison of five diagnostic methods for
detecting bovine viral diarrhea virus infection in calves. J. Vet. Diagn. Invest. 19,
28–34.

Hilbe, M., Camenisch, U., Braun, U., Peterhans, E., Stalder, H., Zlinsky, K.,
Ehrensperger, F., 2009. Mucosal lesions in a sheep infected with the border
disease virus (BDV). Schweizer Archiv für Tierheilkunde 151, 391–396.

Hornberg, A., Fernández, S.R., Vogl, C., Vil9cek, S., Matt, M., Fink, M., Köfer, J., Schöpf,
K., 2009. Genetic diversity of pestivirus isolates in cattle from Western Austria.
Vet. Microbiol. 135, 205–213.

Isken, O., Postel, A., Bruhn, B., Lattwein, E., Becher, P., Tautz, N., 2018. CRISPR/Cas9-
mediated knock-out of DNAJC14 verifies this chaperone as a pivotal host 2 factor
for RNA replication of pestiviruses. J. Virol. doi:http://dx.doi.org/10.1128/
JVI.01714-18 (in press).

Kaiser, V., Nebel, L., Schüpbach-Regula, G., Zanoni, R.G., Schweizer, M., 2017.
Influence of border disease virus (BDV) on serological surveillance within the
bovine virus diarrhea (BVD) eradication program in Switzerland. BMC Vet. Res.
13, 21.

Kawanishi, N., Tsuduku, S., Shimizu, H., Ohtani, Y., Kameyama, K., Yamakawa, M.,
Tsutsui, T., Matsuura, K., Ohashi, S., Isobe, T., Yamada, S., 2014. First isolation of
border disease virus in Japan is from a pig farm with no ruminants. Vet.
Microbiol. 171 (1–2), 210–214.

Kirkland, P.D., Mackintosh, S.G., Moyle, A., 1994. The outcome of widespread use of
semen from a bull persistently infected with pestivirus. Vet. Rec. 135, 527–529.

Kirkland, P.D., 2017. Border disease. Manual and Diagnostic Tests and Vaccines for
Terrestrial Animals. Office International des Epizooties (OIE) (Chapter 2.7.1.).

Krametter-Frötscher, R., Benetka, V., Möstl, K., Baumgartner, W., 2008a.
Transmission of border disease virus from sheep to calves — a possible risk
factor for the Austrian BVD eradication programme in cattle? Wiener
Tierärztliche Monatsschrift 95, 200–203.

Krametter-Frötscher, R., Schmitz, C., Benetka, V., Bagó, Z., Möstl, K., Vanek, E.,
Baumgartner, W., 2008b. First descriptive study of an outbreak of border disease
in a sheep flock in Austria — a high risk factor for bovine viral diarrhea virus free
cattle herds: a case report. Vet. Med. 53, 625–628.

Krametter-Frötscher, R., Benetka, V., Rasser, K., Tockner, F., Moesslacher, G., Moestl,
K., Baumgartner, W., 2009. BVDV control program in Austria — is a monitoring of
the BDV status in sheep in Austria necessary? Vet. Med. 54, 517–524.

Krametter-Froetscher, R., Duenser, M., Preyler, B., Theiner, A., Benetka, V., Moestl, K.,
Baumgartner, W., 2010a. Pestivirus infection in sheep and goats in West Austria.
Vet. J. 186, 342–346.

Krametter-Frötscher, R., Mason, N., Roetzel, J., Benetka, V., Bagó, Z., Moestl, K.,
Baumgartner, W., 2010b. Effects of border disease virus (genotype 3) naturally
transmitted by persistently infected sheep to pregnant heifers and their
progeny. Vet. Med. 55, 145–153.

Lanyon, S.R., Hill, F.I., Reichel, M.P., Brownlie, J., 2014a. Bovine viral diarrhoea:
pathogenesis and diagnosis. Vet. J. 199, 201–209.

Lanyon, S.R., Sims, S.K., Cockcroft, P.D., Reichel, M.P., 2014b. Comparison of serum,
ear notches, and nasal and saliva swabs for bovine viral diarrhea virus antigen
detection in colostrum-fed persistently infected (PI) calves and non-PI calves. J.
Vet. Diagn. Invest. 26, 783–787.

Lindberg, A., Groenendaal, H., Alenius, S., Emanuelson, U., 2001. Validation of a test
for dams carrying foetuses persistently infected with bovine viral diarrhoea
virus based on determination of antibody levels in late pregnancy. Prev. Vet.
Med. 51, 199–214.

Li, W., Mao, L., Zhao, Y., He, K., Jiang, J., 2013. Detection of border disease virus (BDV)
in goat herds suffering diarrhea in eastern China. Virol. J. 10, 80.

Liu, L., Xia, H., Wahlberg, N., Belák, S., Baule, C., 2009. Phylogeny, classification and
evolutionary insights into pestiviruses. Virology 385, 351–357.

Løken, T., Krogsrud, J., Bjerkås, I., 1991. Outbreaks of border disease in goats induced
by a pestivirus-contaminated orf vaccine, with virus transmission to sheep and
cattle. J. Comp. Pathol. 104, 195–209.

Løken, T., 1992. Pestivirus infections in ruminants in Norway. Rev. Sci. Techn. 11,
895–899.

Luzzago, C., Ebranati, E., Cabezón, O., Fernández-Sirera, L., Lavín, S., Rosell, R., Veo, C.,
Rossi, L., Cavallero, S., Lanfranchi, P., Marco, I., Zehender, G., 2016. Spatial and
temporal phylogeny of border disease virus in Pyrenean chamois (Rupicapra p
pyrenaica). PLoS One 11, e0168232.

Mao, L., Liu, X., Li, W., Yang, L., Zhang, W., Jiang, J., 2015. Characterization of one
sheep border disease virus in China. Virol. J. 12, 15.

Martin, C., Duquesne, V., Adam, G., Belleau, E., Gauthier, D., Champion, J.L.,
Saegerman, C., Thiéry, R., Dubois, E., 2015. Pestiviruses infections at the wild and
domestic ruminants interface in the French Southern Alps. Vet. Microbiol. 175,
341–348.

McFadden, A.M., Tisdall, D.J., Hill, F.I., Otterson, P., Pulford, D., Peake, J., Finnegan, C.J.,
La Rocca, S.A., Kok-Mun, T., Weir, A.M., 2012. The first case of a bull persistently
infected with border disease virus in New Zealand. N. Z. Vet. J. 60, 290–296.

Mishra, N., Rajukumar, K., Vilcek, S., Kalaiyarasu, S., Behera, S.P., Dubey, P., Nema, R.
K., Gavade, V.B., Dubey, S.C., Kulkarni, D.D., 2016. Identification and molecular
characterization of border disease virus (BDV) from sheep in India. Comp.
Immunol. Microbiol. Infect. Dis. 44, 1–7.

Moennig, V., Becher, P., 2015. Pestivirus control programs: how far have we come
and where are we going? Anim. Health Res. Rev. 16, 83–87.

Monies, R.J., Paton, D.J., Vilcek, S., 2004. Mucosal disease-like lesions in sheep
infected with border disease virus. Vet. Rec. 155, 765–769.

Nettleton, P.F., 1990. Pestivirus infections in ruminants other than cattle. Revue
Scientifique et Technique 9, 131–150.

http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0075
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0075
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0080
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0080
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0080
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0085
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0085
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0085
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0090
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0090
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0090
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0095
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0095
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0100
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0100
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0100
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0105
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0105
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0105
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0105
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0110
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0110
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0110
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0115
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0115
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0115
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0120
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0120
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0125
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0125
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0125
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0130
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0130
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0130
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0135
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0135
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0140
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0140
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0140
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0140
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0145
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0145
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0150
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0150
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0150
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0155
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0155
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0155
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0160
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0160
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0165
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0165
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0165
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0165
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0170
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0170
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0170
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0175
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0175
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0175
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0180
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0180
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0180
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0180
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0185
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0185
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0185
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0190
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0190
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0190
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0195
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0195
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0195
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0200
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0200
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0205
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0205
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0205
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0205
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0210
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0210
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0215
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0215
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0220
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0220
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0220
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0225
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0225
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0225
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0225
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0230
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0230
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0230
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0235
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0235
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0235
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0240
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0240
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0240
http://dx.doi.org/10.1128/JVI.01714-18
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0245
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0245
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0245
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0245
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0250
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0250
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0250
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0250
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0255
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0255
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0260
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0260
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0265
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0265
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0265
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0265
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0270
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0270
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0270
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0270
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0275
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0275
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0275
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0280
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0280
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0280
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0285
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0285
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0285
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0285
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0290
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0290
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0295
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0295
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0295
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0295
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0300
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0300
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0300
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0300
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0305
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0305
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0310
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0310
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0315
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0315
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0315
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0320
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0320
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0325
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0325
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0325
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0325
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0330
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0330
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0335
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0335
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0335
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0335
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0340
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0340
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0340
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0345
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0345
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0345
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0345
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0350
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0350
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0355
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0355
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0360
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0360


20 U. Braun et al. / The Veterinary Journal 246 (2019) 12–20
Nettleton, P.F., Entrican, G., 1995. Ruminant pestiviruses. Br. Vet. J. 151, 615–642.
Nettleton, P., Willoughby, K., 2008. Border disease. In: Mahy, B.W.J., Van

Regenmortel, M.H.V. (Eds.), Encyclopedia of Virology. Academic Press, Oxford,
pp. 335–341.

Nuss, K., Spiess, A., Hilbe, M., Sterr, K., Reiser, M., Matis, U., 2005. Transient benign
osteopetrosis in a calf persistently infected with bovine virus diarrhea virus.
Vet. Comp. Orthop. Traumatol. 18, 100–104.

O’Connor, B.P., Doige, C.E., 1993. Abnormal modelling of trabecular bone in calves.
Can. J. Vet. Res. 57, 25–32.

Oguzoglu, T.C., Tan, M.T., Toplu, N., Demir, A.B., Bilge-Dagalp, S., Karaoglu, T., Ozkul,
A., Alkan, F., Burgu, I., Haas, L., Greiser-Wilke, I., 2009. Border disease virus (BDV)
infections of small ruminants in Turkey: a new BDV subgroup? Vet. Microbiol.
135, 374–379.

Osburn, B.I., Castrucci, G., 1991. Diaplacental infections with ruminant pestiviruses.
Arch. Virol. Suppl. 3, 71–78.

Paniagua, J., García-Bocanegra, I., Arenas-Montes, A., Berriatua, E., Espunyes, J.,
Carbonero, A., Rosell, R., Marco, I., Cabezón, O., 2016. Absence of circulation of
Pestivirus between wild and domestic ruminants in southern Spain. Vet. Rec.
178, 215.

Passler, T., Walz, P.H., 2010. Bovine viral diarrhea virus infections in heterologous
species. Anim. Health Res. Rev. 11, 191–205.

Peletto, S., Caruso, C., Cerutti, F., Modesto, P., Zoppi, S., Dondo, A., Acutis, P.L.,
Masoero, L., 2016. A new genotype of border disease virus with implications for
molecular diagnostics. Arch. Virol. 161, 471–477.

Peterhans, E., Bachofen, C., Stalder, H., Schweizer, M., 2010. Cytopathic bovine viral
diarrhea viruses (BVDV): emerging pestiviruses doomed to extinction. Vet. Res.
41, 44.

Presi, P., Heim, D., 2010. BVD eradication in Switzerland — a new approach. Vet.
Microbiol. 142, 137–142.

Preyler-Theiner, B., Krametter-Frötscher, R., Theiner, A., Tichy, A., Möstl, K.,
Baumgartner, W., 2009. Seroprävalenzstudie von Pestivirusinfektionen bei
Ziegen in Vorarlberg. Wien. Tierärztl. Mschr. 96, 232–239.

Reichle, S.F., 2009. Untersuchungen bei Kälbern, die mit Border Disease infizierten
Lämmern zusammengehalten werden. Dr Med Vet Thesis. University of Zurich,
Switzerland.

Ridpath, J.F., Bolin, S.R., Dubovi, E.J., 1994. Segregation of bovine viral diarrhea virus
into genotypes. Virology 205, 66–74.

Ridpath, J.F., 2003. BVDV genotypes and biotypes: practical implications for
diagnosis and control. Biologicals 31, 127–131.

Ridpath, J.F., Passler, T., 2016. Editorial: control of pestivirus infections in the
management of wildlife populations. Front. Microbiol. 7, 1396.

Rodríguez-Prieto, V., Kukielka, D., Rivera-Arroyo, B., Martínez-López, B., de las
Heras, A.I., Sánchez-Vizcaíno, J.M., Vicente, J., 2016. Evidence of shared bovine
viral diarrhea infections between red deer and extensively raised cattle in
south-central Spain. BMC Vet. Res. 12, 11.

Rosamilia, A., Grattarola, C., Caruso, C., Peletto, S., Gobbi, E., Tarello, V., Caroggio, P.,
Dondo, A., Masoero, L., Acutis, P.L., 2014. Detection of border disease virus (BDV)
genotype 3 in Italian goat herds. Vet. J. 199, 446–450.

Rosell, R., Cabezón, O., Pujols, J., Domingo, M., Muñoz, I., Núñez, J.I., Ganges, L., 2014.
Identification of a porcine pestivirus as a border disease virus from naturally
infected pigs in Spain. Vet. Rec. 174, 18.

Rossmanith, W., Deinhofer, M., Janacek, R., Trampler, R., Wilhelm, E., 2010.
Voluntary and compulsory eradication of bovine viral diarrhoea virus in Lower
Austria. Vet. Microbiol. 142, 143–149.

Russell, G.C., Stewart, J.P., Haig, D.M., 2009. Malignant catarrhal fever: a review. Vet.
J. 179, 324–335.

Saliki, J.T., Dubovi, E.J., 2004. Laboratory diagnosis of bovine viral diarrhea virus
infections. Vet Clin. N. Am. Food Anim. Pract. 20, 69–83.

Sandvik, T., 2014. Border disease virus: time to take more notice? Vet. Rec. 174, 65–
66.

Schenk, B., 2012. Border-Disease-Infektionen in Betrieben mit gleichzeitiger Schaf-
und Rinderhaltung. Dr Med Vet Thesis. University of Zurich, Switzerland.

Schirrmeier, H., Strebelow, G., Tavella, A., Stifter, E., 2008. Border disease virus
infection in cattle — epidemiological and diagnostic impact. 7th ESVV Pestivirus
Symposium, Uppsala, Sweden, 16–19 September pp. 172.

Schoepf, K., Revilla-Fernández, S., Steinrigl, A., Fuchs, R., Sailer, A., Weikel, J.,
Schmoll, F., 2016. Retrospective epidemiological evaluation of molecular and
animal husbandry data within the bovine viral diarrhoea virus (BVDV) control
programme in Western Austria during 2009–2014. Berl. Münch. Tierärztl.
Wschr. 129, 196–201.

Schweizer, M., Peterhans, E., 2014. Pestiviruses. Annu. Rev. Anim. Biosci. 2, 141–163.
Scruggs, D.W., Fleming, S.A., Maslin, W.R., Groce, A.W., 1995. Osteopetrosis, anemia,

thrombocytopenia, and marrow necrosis in beef calves naturally infected with
bovine virus diarrhea virus. J. Vet. Diagn. Invest. 7, 555–559.

Serrano, E., Colom-Cadena, A., Gilot-Fromont, E., Garel, M., Cabezón, O., Velarde, R.,
Fernández-Sirera, L., Fernández-Aguilar, X., Rosell, R., Lavin, S., Marco, I., 2015.
Border disease virus: an exceptional driver of chamois populations among other
threats. Front. Microbiol. 6, 1307.

Smith, D.B., Meyers, G., Bukh, J., Gould, E.A., Monath, T., Muerhoff, A.S., Pletnev, A.,
Rico-Hesse, R., Stapleton, J.T., Simmonds, P., Becher, P., 2017. Proposed revision
to the taxonomy of the genus Pestivirus, family Flaviviridae. J. Gen. Virol. 98,
2106–2112.

Ståhl, K., Alenius, S., 2012. BVDV control and eradication in Europe — an update. Jpn.
J. Vet. Res. 60 (Suppl), S31–S39.

Stalder, H.P., Meier, P., Pfaffen, G., Wageck-Canal, C., Rüfenacht, J., Schaller, P.,
Bachofen, C., Marti, S., Vogt, H.R., Peterhans, E., 2005. Genetic heterogeneity of
pestiviruses of ruminants in Switzerland. Prev. Vet. Med. 72, 37–41.

Stalder, H., Hug, C., Zanoni, R., Vogt, H.R., Peterhans, E., Schweizer, M., Bachofen, C.,
2016. A nationwide database linking information on the hosts with sequence
data of their virus strains: a useful tool for the eradication of bovine viral
diarrhea (BVD) in Switzerland. Virus Res. 218, 49–56.

Stalder, H.P., Marti, S., Flückiger, F., Renevey, N., Hofmann, M.A., Schweizer, M., 2017.
Complete genome sequences of three border disease virus strains of the same
subgenotype, BDSwiss, isolated from sheep, cattle, and pigs in Switzerland.
Genome Announc. 5 e01238–17.

Stokstad, M., Niskanen, R., Lindberg, A., Thorén, P., Belák, S., Alenius, S., Løken, T.,
2003. Experimental infection of cows with bovine viral diarrhoea virus in early
pregnancy �findings in serum and foetal fluids. J. Vet. Med. B 50, 424–429.

Strong, R., La Rocca, S.A., Ibata, G., Sandvik, T., 2010. Antigenic and genetic
characterisation of border disease viruses isolated from UK cattle. Vet.
Microbiol. 141, 208–215.

Sullivan, D.G., Chang, G.J., Akkina, R.K., 1997. Genetic characterization of ruminant
pestiviruses: sequence analysis of viral genotypes isolated from sheep. Virus
Res. 47, 19–29.

Thabti, F., Fronzaroli, L., Dlissi, E., Guibert, J.M., Hammami, S., Pepin, M., Russo, P.,
2002. Experimental model of border disease virus infection in lambs:
comparative pathogenicity of pestiviruses isolated in France and Tunisia. Vet.
Res. 33, 35–45.

Toplu, N., O�guzo�glu, T.Ç., Epikmen, E.T., Aydo�gan, A., 2011. Neuropathologic study of
border disease virus in naturally infected fetal and neonatal small ruminants
and its association with apoptosis. Vet. Pathol. 48, 576–583.

Valdazo-Gonzáles, B., Alvarez-Martínez, M., Sandvik, T., 2007. Genetic and antigenic
typing of border disease virus isolates in sheep from the Iberian Peninsula. Vet.
J. 174, 316–324.

Vannier, P., Leforban, Y., Carnero, R., Cariolet, R., 1988. Contamination of a live virus
vaccine against pseudorabies (Aujeszky’s disease) by an ovine pestivirus
pathogen. Ann. Vet. Res. 19, 283–290.

Vil9cek, S., Björklund, H.V., Horner, G.W., Meers, J., Belák, S., 1998. Genetic typing of
pestiviruses from New Zealand. N. Z. Vet. J. 46, 35–37.

Von Büren, M., 2016. Einfluss der Besamung mit Border-Disease-Virus-haltigem
Sperma auf die klinischen Gesundheitsparameter und das weisse Blutbild bei
Kühen. Thesis, Master of Veterinary Medicine. University of Zurich, Switzerland.

Webb, B.T., Norrdin, R.W., Smirnova, N.P., van Campen, H., Weiner, C.M., Antoniazzi,
A.Q., Bielefeldt-Ohmann, H., Hansen, T.R., 2012. Bovine viral diarrhea virus
cyclically impairs long bone trabecular modeling in experimental persistently
infected fetuses. Vet. Pathol. 49, 930–940.

Wernike, K., Schirrmeier, H., Strebelow, H.G., Beer, M., 2017. Eradication of bovine
viral diarrhea virus in Germany — diversity of subtypes and detection of live-
vaccine viruses. Vet. Microbiol. 208, 25–29.

Yeşilba�g, K., Alpay, G., Becher, P., 2017. Variability and global distribution of
subgenotypes of bovine viral diarrhea virus. Viruses 9, 128.

Züblin, S., 2016. Virologische und serologische Untersuchungen bei Kühen nach
Besamung mit Border-Disease-Virus-haltigem Sperma. Thesis, Master of
Veterinary Medicine. University of Zurich, Switzerland.

http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0365
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0370
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0370
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0370
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0375
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0375
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0375
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0380
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0380
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0385
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0385
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0385
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0385
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0390
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0390
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0395
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0395
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0395
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0395
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0400
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0400
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0405
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0405
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0405
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0410
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0410
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0410
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0415
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0415
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0420
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0420
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0420
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0425
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0425
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0425
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0430
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0430
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0435
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0435
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0440
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0440
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0445
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0445
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0445
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0445
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0450
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0450
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0450
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0455
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0455
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0455
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0460
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0460
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0460
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0465
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0465
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0470
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0470
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0475
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0475
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0480
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0480
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0485
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0485
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0485
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0490
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0490
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0490
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0490
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0490
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0495
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0500
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0500
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0500
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0505
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0505
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0505
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0505
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0510
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0510
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0510
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0510
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0515
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0515
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0520
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0520
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0520
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0525
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0525
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0525
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0525
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0530
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0530
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0530
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0530
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0535
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0535
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0535
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0540
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0540
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0540
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0545
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0545
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0545
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0550
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0550
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0550
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0550
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0555
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0555
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0555
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0560
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0560
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0560
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0565
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0565
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0565
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0570
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0570
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0575
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0575
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0575
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0580
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0580
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0580
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0580
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0585
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0585
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0585
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0590
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0590
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0595
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0595
http://refhub.elsevier.com/S1090-0233(18)30254-5/sbref0595

	Border disease in cattle
	Introduction
	Classification of Border disease viruses
	Distribution and epidemiology of BDV infection in cattle
	Experimental transmission of BDV from sheep to cattle
	Experimental transmission of BDV among cattle
	Transmission of BDV from cattle to sheep
	Clinical and haematological findings in cattle after transient BDV infection
	Clinical findings in cattle persistently infected with BDV
	Morphological findings in cattle persistently infected with BDV
	Diagnosis of BDV infection in cattle
	Recommendations for the prevention of BDV infection in cattle

	Conclusions
	Conflict of interest
	Acknowledgement
	Appendix A Supplementary data
	References


