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Many viral diseases are endemic in cattle populations worldwide. The ability of many viruses to cross the
placenta and cause abortions and fetal malformations is well understood. There is also significant
evidence that viral infections have additional actions in dairy cows, which are reflected in reduced con-
ception rates. These effects are, however, highly dependent on the time at which an individual animal
first contracts the disease and are less easy to quantify. This paper reviews the evidence relating to five
viruses that can affect fertility, together with their potential mechanisms of action. Acute infection with
non-cytopathic bovine viral diarrhea virus (BVDV) in mid-gestation increases abortion rates or causes the
birth of persistently infected calves. BVDV infections closer to the time of breeding can have direct effects
on the ovaries and uterine endometrium, which cause estrous cycle irregularities and early embryo mor-
tality. Fertility may also be reduced by BVDV-induced immunosuppression, which increases the suscep-
tibility to bacterial infections. Bovine herpesvirus (BHV)-1 is most common in pre-pubertal heifers, and
can slow their growth, delay breeding, and increase the age at first calving. Previously infected animals
subsequently show reduced fertility. Although this may be associated with lung damage, ovarian lesions
have also been reported. Both BHV-1 and BHV-4 remain latent in the host following initial infection and
may be reactivated later by stress, for example associated with calving and early lactation. While BHV-4
infection alone may not reduce fertility, it appears to act as a co-factor with established bacterial patho-
gens such as Escherichia coli and Trueperella pyogenes to promote the development of endometritis and
delay uterine repair mechanisms after calving. Both Schmallenberg virus (SBV) and bluetongue virus
(BTV) are transmitted by insect vectors and lead to increased abortion rates and congenital malforma-
tions. BTV-8 also impairs the development of hatched blastocysts; furthermore, infection around the time
of breeding with either virus appears to reduce conception rates. Although the reductions in conception
rates are often difficult to quantify, they are nevertheless sufficient to cause economic losses, which help
to justify the benefits of vaccination and eradication schemes.

� 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Although viral disease remains a major cause of financial loss to
the modern cattle industry, its potential impact on fertility is
generally underestimated, and the main mechanisms of action
are often unclear. Factors including trade globalization, increases
in herd size, and environmental change have contributed to the
spread of existing pathogens and the introduction of disease into
regions and animal populations that were previously free of it
[1]. Poor fertility and udder health/milk quality remain the two
major causes of concern among dairy producers [2]. In terms of
fertility, the ability of viruses to cause abortions and fetal malfor-
mations has probably received the most attention [3]. The outcome
is generally dependent on the stage of pregnancy during which the
initial infection occurs. The effects of viral diseases on reproductive
performance are, however, much more pervasive and can have
many subtle effects through reductions in conception rates and
increased risk of culling through failure to conceive in a timely
fashion. Excluding fertilization failure, approximately 40% of
bovine embryos die in the first three weeks after service or insemi-
nation, with cows returning to estrus after 21–24 d. A further
10%–20% of embryos are lost between days 24–60 of gestation
[4]. In comparison, abortion rates on cattle farms are usually quite
low (5%–10%) and have many potential etiologies that are often
difficult to diagnose reliably [5]. In addition to the loss of the fetus,
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an abortion does, however, often have adverse effects on the fate of
the dam. Depending on the stage of gestation when it occurs, the
cow either may need to be rebred (thus increasing her calving
interval) or may start the next lactation prematurely. In one study,
for example, 4.8% of 7768 Holstein heifers aborted. This increased
their risk of leaving the herd without completing a first lactation
2.73 times. One third of the animals which did not complete a first
lactation either died or had to be culled within 50 d of calving [6].
The present short review focuses on five different viral infections
showing a variety of mechanisms that can have an impact on dairy
cow fertility.
2. Bovine viral diarrhea virus

Bovine viral diarrhea virus (BVDV) is discussed first and in the
most detail, as its effects on fertility have been the most widely
studied; thus, more is understood about its potential underlying
mechanisms. BVDV is a Flaviviridae pestivirus that is endemic in
many countries worldwide, with a prevalence of 40%–90% in indi-
vidual cattle and 28%–66% in cattle herds [7,8]. It comprises a
single-stranded, positive-sense RNA genome that is classified by
sequence differences as type 1 or 2 (BVDV-1 or BVDV-2). There is
also a third type, BVDV-3 (a Hobi-like, atypical pestivirus). The
virus exists as either non-cytopathogenic (ncp) or cytopathogenic
(cp) biotypes, with the ncp biotype causing the majority of field
losses [9]. BVDV exhibits vertical transmission from mother to
fetus, has a broad tissue tropism, and can infect the host either
transiently or persistently [10]. Such RNA viruses display signifi-
cant genetic variation, facilitating the emergence of new species
[11]. Mammalian cells normally produce type I interferons (IFNs)
in response to viral infection, which then trigger a cascade of
antiviral pathways. BVDV causes immunosuppression through its
ability to inhibit IFN production, thereby delaying the host’s
responses and enhancing the ability of the virus to complete its
replication cycle [12,13].

BVDV infection generally occurs via the oronasal route, but
direct transmission to the reproductive tract via semen or embryo
transfer is also possible [14,15]. Acutely infected animals usually
eliminate the virus within 10–14 d, but transmissible virus can
persist for much longer in some animals that have apparently
recovered [16]. In rare cases, bulls develop a persistent infection
of the testes—an immune-privileged site. More commonly, BVDV
is detectable by reverse transcription polymerase chain reaction
(RT-PCR) in semen for some months after an initial acute infection,
although the continued risk of viral transmission appears to be
unlikely after nine weeks [15]. Fetal infection with ncp BVDV
before the development of immune competence (i.e., prior to ges-
tation day 120) results in early embryonic death, later abortion, or
the birth of an immunotolerant calf that is persistently infected (PI)
[17]. The PI calf can continuously shed virus from all secretions,
and is therefore a major source of infection within a herd.

The effects of acute BVDV infection vary extensively depending
on both biotype and virulence, and this can lead to either avoid-
ance or initiation of apoptotic and innate immune responses. Ncp
BVDV can dampen innate immune responses in several ways
[13,18]. The virus is first detected by toll-like receptor (TLR)-3 or
TLR-7/TLR-8 located in intracellular compartments or by cytoplas-
mic pattern-recognition receptors (RIG-I, DDX58), which detect
single-stranded RNA. The downstream signaling pathway from
TLR-3 involves the IFN regulatory factor (IRF)-3 and IRF-7, which
usually upregulate the transcription of type I IFNs. The BVDV pro-
tein Npro targets IRF-3 toward proteasomal degradation, thus
inhibiting downstream signaling and preventing the IFN rise [18].
Guanylate-binding protein 4 (GBP4), an IFN-inducible GTPase,
can also inhibit this pathway while leaving NF-jB signaling intact
[19]. In addition, the secreted BVDV structural protein Erns

degrades viral RNA through its extracellular function as a ribonu-
clease [20].

Many of the economic losses attributed to BVDV are due to sub-
optimal fertility, in addition to causing abortion and fetal defor-
mity at later stages of gestation [10,17]. BVDV-induced
immunosuppression increases susceptibility to other diseases,
which may then also affect fertility. Conception rates fell by up
to 44% following experimental infections with BVDV either 9 d
before or 4 d after insemination [21]. The review by Fray et al.
[22] cited many similar results that have been reported following
ncp BVDV infection in the field, in spite of the occasional report
to the contrary. Since then, Rüfenacht et al. [23] measured fertility
parameters in Swiss dairy herds with a high prevalence of BVDV
using individual seroconversion measurements to assess the time
of likely exposure. Infection during the first 45 d of gestation did
not influence non-return rates, but infection in mid-gestation
was associated with an increased abortion rate from 6.1% to
15.8%. The timing of exposure is clearly critical, as Rodning et al.
[24] reported that when PI animals were introduced to naïve hei-
fers 50 d prior to the start of breeding, they developed active
immunity and there was no adverse effect on reproductive perfor-
mance. Newcomer et al. [25] undertook a meta-analysis of 46 stud-
ies to determine the potential benefits of vaccination against BVDV
on three reproductive outcomes. Vaccinated cows experienced a
reduction in both abortion and fetal infection rates of nearly 45%
and 85%, respectively, compared with unvaccinated cohorts, while
the risk of becoming pregnant was smaller but nevertheless
improved by about 5%. It is likely that a change of this magnitude
would fail to reach significance in smaller studies due to a lack of
statistical power.

A variety of mechanisms have been suggested to account for
such reductions in fertility via effects on the ovary, uterus, and
early embryo. BVDV antigen was detectable in ovaries 60 d after
acute infection [26] and in oocytes and follicular cells of PI heifers
[27]. Animals infected with BVDV develop oophoritis [26] and have
impaired ovulation and ovarian steroidogenesis [27–29]. When
heifers were infected with acute ncp BVDV, follicular growth pat-
terns were affected through the subsequent two estrous cycles,
including reduced growth of dominant follicles [30]. Similarly,
when heifers were infected 9 d before a synchronized estrus,
luteinizing hormone (LH) pulsatility was decreased, there was a
delay from ovulation to the progesterone rise, and subsequent pro-
gesterone levels were lower [28,31]. These results align with stud-
ies showing that various types of stress can either delay or inhibit
ovulation mechanisms [32,33], while both heat stress and intra-
mammary infection can reduce follicular steroidogenesis, disrupt
follicular dominance, and reduce the pre-ovulatory LH surge [34].
Any acute infection occurring at this critical stage of the estrous
cycle is likely to have a similar effect.

The uterine endometrium is also recognized as a major site for
BVDV infection [17,29]. BVDV was found in the uterus 7–16 d after
infecting heifers with BVDV by either intravenous inoculation or by
breeding to a PI bull [14,35], while ncp BVDV was isolated from
uterocervical mucus 24 d after initial infection [22]. BVDV antigen
was also detected in macrophage-like cells of the endometrium in
23% of 65 cows examined in a slaughterhouse survey [36]. There is
good evidence for two mechanisms by which the uterine presence
of BVDV may have detrimental effects on fertility: first, by predis-
posing cows toward the development of endometritis; and second,
by interference with the establishment of pregnancy. The bovine
uterus is colonized with many bacterial species following calving
in over 90% of cows [37]. These bacteria should be cleared rapidly
using mucosal defense systems and an innate immune response
involving endometrial epithelial and stromal cells in addition to
professional immune cells [38,39]. This early innate response is
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crucial to avoid the development of uterine disease; nevertheless,
many dairy cows do develop metritis and/or endometritis (esti-
mated at around 40% and 20% of all animals, respectively) [38].
In cultured bovine endometrial cells, experimental infection with
ncp BVDV inhibited a variety of immune pathways normally acti-
vated in response to a challenge with bacterial lipopolysaccharide
(LPS), including downregulation of many interferon-stimulated
genes (ISGs), which are an important part of uterine defense
mechanisms [40,41]. Infection with ncp BVDV was also able to
switch endometrial prostaglandin production from prostaglandin
(PG)F2a to PGE2 [42]. PGF2a is recognized as an immune enhancer,
while PGE2 acts as an immune suppressor and is luteotrophic
[43,44]; therefore, this switch may also reduce the endometrial
immune response to bacteria and increase the likelihood of a
cow developing a persistent corpus luteum [45], which is often
found in association with uterine disease [46].

Maternal recognition of pregnancy in cows is achieved through
the production of interferon tau (IFNT) by the trophectoderm of the
elongating conceptus [47,48], which inhibits the development of
endometrial oxytocin receptors, thereby preventing luteolysis
[49,50]. IFNT is a type I IFN that is structurally related to IFN-a
and IFN-b but lacks viral responsive elements in its promoter and
is therefore not upregulated by viral infection [51]. IFNT does, how-
ever, bind to the same IFN-a/IFN-b receptor on the uterine endo-
metrium. Together with progesterone, IFNT programs the uterine
endometrium to develop a receptive environment for implanta-
tion, including upregulation of many ISGs [50,52,53]. These are
likely to have crucial roles in the establishment of pregnancy via
modulation of uterine immunity, stromal remodeling, hyperplasia
of the endometrial glands, and development of the uterine vascu-
lature [52,54]. Acute infection with ncp BVDV alone has been
shown to have a limited influence on endometrial gene expression
in vitro [40]. However, infection did interfere with the ISG regula-
tory IRF-STAT1 and STAT2 pathways to inhibit IFNT-induced ISG
expression including ISG15, HERC5, USP18 (involved in protein
modification via ISGylation), DDX58, IFIH1 (cytosolic detection of
viral RNA) and IFIT3, MX2, RSAD2, and SAMD9 (immune regulators
with antiviral activity) [41]. Upregulation of the endometrial
ISGylation pathway is an important process in early pregnancy that
is conserved across mammalian species [55]. Therefore, dysregula-
tion of the antiviral IFN response by BVDV can undoubtedly inter-
fere with IFNT signaling in the endometrium, suggesting another
mechanism whereby infection in early gestation may reduce con-
ception rates.

There has been considerable research on the effects of BVDV on
bovine embryos following concern that naïve cows might develop
BVDV following embryo-transfer procedures. Embryos produced
using both in vivo and in vitro techniques have been infected with
either ncp or cp virus at all stages from oocyte to hatched blasto-
cyst. The affinity of BVDV for in vivo-derived embryos varied
according to the strain of BVDV [56,57]. Uterine inoculation with
ncp BVDV-1 in the medium used for embryo transfer on day 7 of
a synchronized estrous cycle resulted in 6/10 heifers becoming
pregnant 30 d later, but these pregnancies had been lost within
the following 30 d [58]. Although BVDV replicated efficiently in
cumulus cells surrounding bovine oocytes, this did not affect the
development of the blastocysts subsequently produced by in vitro
fertilization [59]. Similarly, when oocytes, zygotes, 8-cell embryos,
morulae, and hatched blastocysts were infected with either ncp or
cp virus, development was only adversely affected with cp BVDV
and when the zona pellucida was not present [60]. In a more recent
study, cumulus-oocyte complexes were infected with BVDV-1,
BVDV-2, or BVDV-3 at different doses [57]. BVDV-1 had no effect
on the embryos that did develop, and BVDV-2 infection actually
increased cleavage rates but did not affect blastocyst rates. In both
cases, however, the degenerate embryos tested positive. Overall,
the oocytes infected with BVDV-1 and BVDV-2 developed normally
but carried the virus. BVDV-3 (Hobi-like virus) reduced both cleav-
age and blastocyst rates, so would be expected to cause pre-
implantation embryo loss in vivo. Bielanski et al. [35] used semen
from a PI bull on superovulated cows, collected day 7 embryos,
and transferred washed embryos to clean recipients. Although
BVDV was detected in the pre-transfer embryos, it did not infect
the new host. From this work, it was concluded that the risk of
transmission of BVDV to host cows via embryo transfer was mini-
mal providing correct washing procedures were applied, as recom-
mended by International Embryo Transfer Society guidelines [61].
This resulted in low copy numbers of virus, as measured by a sen-
sitive quantitative polymerase chain reaction (qPCR) technique
[62].

In summary, acute ncp BVDV infection causes intracellular
changes to ovarian and endometrial tissues through combined
effects on pathways regulating immunity. These effects can reduce
cow fertility by causing estrous cycle irregularities, early embryo
mortality, and immunosuppression. Infections during mid-
gestation increase abortion rates or may give rise to the birth of
PI calves.
3. Bovine herpesvirus-1

Infectious bovine rhinotracheitis (IBR) is a highly contagious
respiratory disease caused by bovine herpesvirus (BHV)-1 that is
characterized by acute inflammation of the upper respiratory tract.
BHV-1 is a virus of the family Herpesviridae and subfamily Alpha-
herpesvirinae. Although some countries have achieved IBR eradica-
tion [63], the disease remains endemic in dairy herds in many parts
of the world, including Britain and Ireland [8,64]. A recent meta-
analysis found a pooled prevalence of BHV-1 of 40% in Chinese cat-
tle [65]. It is a major contributing factor in calf pneumonia, which
remains the most common cause of mortality and morbidity in
dairy calves between 1 and 5 months of age [66]. BHV-1 can also
cause conjunctivitis, abortions, encephalitis, and generalized sys-
temic infections [5,63]. After the first infection, the virus is never
fully eliminated, remaining latent in nerve cells of the brain. From
there, it can be reactivated in times of stress, mediated via
increased glucocorticoids [67–69]. BHV-1 is only one of a diverse
range of pathogens that can contribute to bovine respiratory dis-
ease (BRD) including several other viruses (i.e., bovine respiratory
syncytial virus (BRSV), parainfluenza III virus (PI3), BVDV, and cor-
ona viruses), bacteria (e.g., Mannheimia haemolytica, Haemophilus
somnus, Pasteurella spp., and Mycoplasma), and fungal genera
(e.g., Aspergillus) [70].

Numerous epidemiology studies in various countries around
the world have determined that up to 46% of calves contract BRD
[70,71]. For the calves that survive, there is mounting evidence of
longer term consequences of juvenile disease on adult perfor-
mance [72,73]. BRD-affected animals have reduced growth rates
[71,74], which in turn delay the age at first breeding and first calv-
ing. This is often associated with bronchopneumonic lesions and
pleural adhesions [75]. For example, first parity was delayed by a
median of six months in heifers that had BRD in the first three
months of life [76]. Bach [74] reported that calves experiencing
four episodes of BRD before first calving had 1.87 ± 0.14 greater
odds of failing to complete their first lactation in comparison with
healthy calves. Another study found that calving intervals were
increased by 12% in mature cows that had experienced severe
BRD as calves during their first three months [77,78]. In Irish herds
with a seasonal calving pattern that were identified as positive by a
bulk tank BHV-1 enzyme linked immunosorbent assay (ELISA), the
three-week calving rate was significantly lower in multiparous
cows in comparison with BHV-1 negative herds [79]. Two related
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epidemiology studies in Ethiopia found significantly higher rates of
uterine infection and retained fetal membranes in cows that were
seropositive for BHV-1 [80,81]. A meta-analysis of over 7500 ani-
mals showed an overall decrease in abortion risk of 60% in preg-
nant cattle vaccinated against BHV-1[82].

A number of studies have investigated the effects of treating
cattle with modified live IBR vaccine around the time of breeding.
Heifers inoculated at estrus [83], the day after [84], or on days 7 or
14 post-breeding [85] developed mild oophoritis characterized by
foci of necrosis, a few necrotic follicles, and mononuclear cell accu-
mulation in the corpus luteum. Heifers inoculated on days 21 or 28
post-breeding did not have lesions in the corpus luteum, but there
were numerous necrotic follicles [85]. Such lesions were not found
in ovaries from which BHV-1 was not isolated [84]. Vaccination at
estrus was followed by a reduction in circulating progesterone
[84,86]; conception rates were also reduced [86,87]. Although this
review relates primarily to cows, there is evidence that young bulls
exposed to BHV-1 at about six months of age had reduced sperm
quality six months later [88]. Givens [89] recently reviewed the
effects of a number of viral diseases on bulls and the transmission
risks of these diseases via semen.

In summary, a high proportion of dairy calves experience BRD,
which is often associated with BHV-1 infection. This slows growth,
leading to an increased age at first calving. Fertility, risk of culling,
and abortion rates are all subsequently increased. Information on
the direct effects on the reproductive tract is sparse, but there is
some evidence that infection can have a direct effect on ovarian
function.
4. Bovine herpesvirus-4

BHV-4 is a double-stranded DNA virus that is highly prevalent
in some dairy herds and has been associated with reduced fertility
[90,91]. In common with other herpes viruses, it can remain latent
in the host following an initial infection in several cell types includ-
ing macrophages. This results in a persistent infection [92], which
can be reactivated in vitro by glucocorticoids [93,94]. There is
evidence from measuring seroconversion that it can also be
reactivated in vivo during the periparturient period [95] and in
association with clinical metritis [96].

Like BVDV, BHV-4 can readily infect the uterus and has been
associated with metritis and endometritis; however, its role in fer-
tility is somewhat unclear, as it has often also been found in con-
trol cows that did not have uterine infection. In addition, tested
cows were usually also positive for recognized bacterial pathogens
including Escherichia coli, Trueperella pyogenes, Streptococcus spp.,
and Histophilus somni [97–100]. Nevertheless, there is evidence
that BHV-4 can be associated with reduced fertility. A comparison
between cows requiring one or two inseminations to conceive and
those needing more than two inseminations found a higher preva-
lence of BHV-4 in the cows requiring more inseminations [101].
Klamminger et al. [100] also recorded reduced risks of infected ani-
mals either being inseminated before 80 d after calving or conceiv-
ing within 200 d.

Unlike ncp BVDV, BHV-4 is cytopathic, and infection can kill
endometrial epithelial and stromal cells [102,103]. Accumulating
evidence supports the view that BHV-4 can act as a co-factor with
established uterine pathogens to promote the development of
endometritis [99,104,105]. Replication of BHV-4 depends on imme-
diate early gene 2 (IE2) transactivation, and it has been shown that
this promoter is upregulated by PGE2, tumor necrosis factor-a
(TNF-a), Escherichia coli, and LPS, all of which are associated with
bacterial infection of the endometrium [104,106]. BHV-4 in turn
activates the interleukin (IL)-8 gene promoter in endometrial cells
[103,107]. This is a key chemokine that attracts granulocytes to
the uterus. In a recent study, Tebaldi et al. [108] measured global
gene transcription caused by the BHV-4 infection of cultured bovine
endometrial stromal cells. In addition to IL-8, anothermainpathway
that was activated involved the upregulation of matrix metallopro-
teinase (MMP)-1. MMPs are involved in the remodeling of the post-
partum endometrium [109]. They are also important in controlling
the balance of immune responses. On the one hand, their proteolytic
activity can promote immune cell migration and activate cytokines
such as IL-1, IL-8, TNF-a, and defensins [110]. On the other hand,
over-activation of MMPs has been associated with many
immunopathological outcomes (reviewed in Ref. [108]).

In summary, the evidence to date suggests that BHV-4
infections are quite common in dairy cows. The virus on its own
probably does not cause clinical uterine disease, but it can be reac-
tivated from latency in the endometrium following calving and
then act together with bacterial pathogens to increase the risk of
uterine disease by disrupting innate immunity and impairing
uterine repair mechanisms.
5. Schmallenberg virus

Schmallenberg virus (SBV) first emerged in Europe in 2011.
Phylogenetic analysis showed that it belongs to the Simbu sero-
group of the genus Orthobunyavirus [111]. SBV is transmitted by
Culicoides midges and affects both domestic and wild ruminants
including sheep, goats, and cattle. The clinical signs of disease in
adult cows are quite mild and include fever, a drop in milk yield,
and diarrhea with peak viremia 4–7 d post-infection [112]. SBV
can both persist in and cross the placenta to replicate in the fetus
itself [113]. Depending on the time of exposure, this may result in
abortion or severe congenital malformations causing dystocia and
the birth of non-viable calves [114,115]. A case control study on
Swiss dairy farms found that the abortion rate increased to 6.5%
in 2012 when the SBV infection started, in comparison with a rate
of 3.7% the year before [116].

While these effects on the fetus are the most obvious sign of dis-
ease, there is also evidence for adverse effects on the establishment
of pregnancy and/or early embryo development. Similar to BVDV, it
is possible that SBV infection during early pregnancy may disrupt
IFNT production, thus compromising the survival of the conceptus.
Like BVDV, SBV uses a non-structural protein (in this case NSs) that
degrades cellular RNA polymerase II, resulting in the inhibition of
type I IFN production and an increase in virulence [117]. The impact
of the 2011 epidemic on the productivity of dairy cattle in the
Netherlands and parts of Germany was assessed at the herd level
in a study by Veldhuis et al. [118], who compared milk production,
fertility, and mortality during the epidemic with those from an ear-
lier reference period. In both countries, there was a small but
demonstrable decline in fertility parameters during the epidemic,
including a significant increase in the number of repeat insemina-
tions required and a decrease of about 5% in the 56-day non-
return rate (from 61.5% to 55.7%). A further analysis was under-
taken based on the effects of SBV on Swiss dairy cows [119]. This
was analyzed at the individual animal level and similarly found that
the number of inseminations per cow was higher during the epi-
demic for cows showing clinical signs of infection in comparison
with non-clinical animals from case and control herds. In this study,
the non-return rate was not affected, although this may have been
influenced by farms with affected animals stopping their services
during the period of active infection.
6. Bluetongue virus

Bluetongue virus (BTV) is an important Orbivirus virus infection
of both domestic and wild ruminants. Its geographical distribution
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is primarily dependent on the distribution of Culicoides midges,
which are the insect vectors [120]. Many serotypes of BTV exist,
including the BTV-8 strain, which is currently circulating in Europe
[121]. In addition to potentially causing high morbidity and mor-
tality and reduced milk production, BTV affects reproductive per-
formance in dairy cows [122,123]. The virus can cross the
placenta, and bovine fetuses infected before 130 d of gestation
develop fatal malformations of the central nervous system [124].
Later studies on BTV-8 also found a higher incidence of congenital
malformations in newborn calves [122]. Cows that were seroposi-
tive for BTV in a Californian study were significantly older at first
calving [125]. Fetal mortality increased during an outbreak of
BTV-8 in Belgium in 2007 [126]. An early epidemiological study
provided evidence for lower conception rates and longer calving-
to-conception intervals in cattle [124]. More recently, this was con-
firmed from data obtained after an outbreak of BTV-8 in the
Netherlands [127]. This study found that infected cows were five
times more likely to return to service within 56 d after their first
artificial insemination (AI) and required 1.7 times more insemina-
tions. Using a different analytical approach, Nusinovici et al. [123]
provided evidence that French cows infected with BTV-8 experi-
enced reduced fertility if they had been inseminated from four
weeks before until five weeks after the date of disease detection
within the herd. Together, these studies provide good evidence
that BTV-8 infection prevents initial conception and/or has an
adverse effect on early embryos.

Experimental infection of pre-implantation cattle embryos was
only cytopathic in embryos with damaged zona pellucidae; there
was no evidence of BTV transmission to the early embryo in
viremic donors [128]. Days 8–9 hatched blastocysts were, how-
ever, susceptible to BTV-8 infection, showing growth arrest and
increased apoptosis [129]. There is again evidence that BTV has
the ability to inhibit IFN synthesis. In this case, viral NS4 protein
is able to counteract the host’s immune response by downregulat-
ing the expression of type I IFN and ISGs [130]. As discussed above
for BVDV, this may potentially negate the signals normally
associated with the maternal recognition of pregnancy.

7. Conclusions and future developments

This literature review confirms that many common viral infec-
tions of cattle have adverse effects on dairy cow fertility. Abortions
and fetal abnormalities are easy to quantify, although in many
cases the causal factor remains unknown. In contrast, reductions
in conception rates are much more difficult to detect reliably.
The effects are dependent on the exact stage of the reproductive
cycle when the animal becomes infected, and are influenced by
herd and season. Some viruses can remain latent, and reactivation
around calving is likely in association with the metabolic stress of
early lactation. Others have synergistic actions with other infec-
tious agents, either directly or indirectly by promoting immuno-
suppression in the host. This may interrupt reproductive
processes such as ovulation and implantation as well as predispos-
ing the animals to bacterial infections of the reproductive tract.
Determination of significant effects on fertility rates in the field
is dependent on having significant power in the study to detect
potentially small changes. It is also complicated by our inability
to capture reliable data on many other factors that influence
fertility, such as the previous disease and vaccination history and
the current metabolic status of individual cows. In vitro studies
using primarily uterine endometrial cells and embryos have pro-
vided useful evidence on mechanisms of action. However, very
few studies have made a thorough examination of the effects on
the reproductive tract of viral infection in vivo. This is understand-
able, given the costs involved and the practicalities of maintaining
infectious cows in containment facilities over a sufficient period of
time. Despite these limitations, the available data do strongly sug-
gest that viral disease plays a key but currently under-recognized
role in reducing cow fertility.

Given the importance of viral diseases in global cattle produc-
tion, attempts to eradicate—or at least reduce—the prevalence of
such diseases is vital. Rigorous quarantine procedures can help
prevent the spread of novel diseases between countries. National
measures can incentivize farmers to increase their use of regular
testing and vaccination. Local regulatory organizations must
remain vigilant to detect novel viral diseases or variant strains of
existing viruses as rapidly as possible after their emergence. Dis-
ease monitoring may also be facilitated by new technologies, such
as a computational approach to pathogen discovery based on
bioinformatic analysis of RNA sequencing data from whole blood
[131]. Such measures should pay dividends by improving concep-
tion rates and longevity within the dairy herd.

Acknowledgements

The work in the authors’ laboratory was funded by contribu-
tions from the Royal Veterinary College, the China Scholarship
Commission, and the Commonwealth Scholarship Commission.
The authors thank Professor Joe Brownlie and Miss Olivia Anstaett
for their generous provision of BVDV for use in in vitro experi-
ments. RVC manuscript number is PPS_01849.
Compliance with ethics guidelines

D. Claire Wathes, Chike F. Oguejiofor, Carole Thomas, and
Zhangrui Cheng declare that they have no conflict of interest or
financial conflicts to disclose.

References

[1] Newcomer BW, Walz PH, Givens MD. Potential applications for antiviral
therapy and prophylaxis in bovine medicine. Anim Health Res Rev 2014;15
(1):102–17.

[2] More SJ, McKenzie K, O’Flaherty J, Doherty ML, Cromie AR, Magan MJ. Setting
priorities for non-regulatory animal health in Ireland: results from an expert
Policy Delphi study and a farmer priority identification survey. Prev Vet Med
2010;95(3–4):198–207.

[3] Ali H, Ali AA, Atta MS, Cepica A. Common, emerging, vector-borne and
infrequent abortogenic virus infections of cattle. Transbound Emerg Dis
2012;59(1):11–25.

[4] Wathes DC, Diskin MG. Reproduction, events and management: Mating
management: fertility. In: Reference module in food sciences.
Amsterdam: Elsevier; 2015. p. 1–11.

[5] Daniel Givens M, Marley MSD. Infectious causes of embryonic and fetal
mortality. Theriogenology 2008;70(3):270–85.

[6] Bach A. Ruminant nutrition symposium: optimizing performance of the
Offspring: nourishing and managing the dam and postnatal calf for optimal
lactation, reproduction, and immunity. J Anim Sci 2012;90(6):1835–45.

[7] Walz PH, Grooms DL, Passler T, Ridpath JF, Tremblay R, Step DL, et al. Control of
bovine viral diarrhea virus in ruminants. J Vet Intern Med 2010;24(3):476–86.

[8] Velasova M, Damaso A, Prakashbabu BC, Gibbons J, Wheelhouse N,
Longbottom D, et al. Herd-level prevalence of selected endemic infectious
diseases of dairy cows in Great Britain. J Dairy Sci 2017;100(11):9215–33.

[9] Ridpath JF. BVDV genotypes and biotypes: practical implications for diagnosis
and control. Biologicals 2003;31(2):127–31.

[10] Peterhans E, Schweizer M. Pestiviruses: how to outmaneuver your hosts. Vet
Microbiol 2010;142(1–2):18–25.

[11] Eigen M. Viral quasispecies. Sci Am 1993;269(1):42–9.
[12] Charleston B, Carr BV, Morrison WI, Fray MD, Baigent S. Establishment of

persistent infection with non-cytopathic bovine viral diarrhoea virus in cattle
is associated with a failure to induce type I interferon. J Gen Virol 2001;82(Pt
8):1893–7.

[13] Baigent SJ, Goodbourn S, McCauley JW. Differential activation of interferon
regulatory factors-3 and -7 by non-cytopathogenic and cytopathogenic bovine
viral diarrhoea virus. Vet Immunol Immunopathol 2004;100(3–4):135–44.

[14] Bielanski A, Sapp T, Lutze-Wallace C. Association of bovine embryos produced
by in vitro fertilization with a noncytopathic strain of bovine viral diarrhea
virus type II. Theriogenology 1998;49(6):1231–8.

[15] Givens MD, Riddell KP, Edmondson MA, Walz PH, Gard JA, Zhang Y, et al.
Epidemiology of prolonged testicular infections with bovine viral diarrhea
virus. Vet Microbiol 2009;139(1–2):42–51.

http://refhub.elsevier.com/S2095-8099(19)30793-3/h0005
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0005
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0005
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0010
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0010
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0010
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0010
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0015
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0015
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0015
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0020
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0020
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0020
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0025
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0025
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0030
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0030
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0030
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0035
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0035
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0040
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0040
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0040
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0045
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0045
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0050
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0050
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0055
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0060
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0060
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0060
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0060
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0065
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0065
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0065
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0070
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0070
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0070
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0075
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0075
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0075


D.C. Wathes et al. / Engineering 6 (2020) 26–33 31
[16] Collins ME, Heaney J, Thomas CJ, Brownlie J. Infectivity of pestivirus following
persistence of acute infection. Vet Microbiol 2009;138(3–4):289–96.

[17] Lanyon SR, Hill FI, Reichel MP, Brownlie J. Bovine viral diarrhoea:
pathogenesis and diagnosis. Vet J 2014;199(2):201–9.

[18] Chen Z, Rijnbrand R, Jangra RK, Devaraj SG, Qu L, Ma Y, et al. Ubiquitination and
proteasomal degradation of interferon regulatory factor-3 induced by Npro
from a cytopathic bovine viral diarrhea virus. Virology 2007;366(2):277–92.

[19] Wang J, Liu B, Wang N, Lee YM, Liu C, Li K. TRIM56 is a virus- and interferon-
inducible E3 ubiquitin ligase that restricts pestivirus infection. J Virol
2011;85(8):3733–45.

[20] Zürcher C, Sauter KS, Schweizer M. Pestiviral Erns blocks TLR-3-dependent IFN
synthesis by LL37 complexed RNA. Vet Microbiol 2014;174(3–4):399–408.

[21] McGowanMR,Kirkland PD, Rodwell BJ, KerrDR, Carroll CL. Afield investigationof
the effects ofbovineviral diarrheavirus infectionaround the timeof insemination
on the reproductive performance of cattle. Theriogenology 1993;39(2):443–9.

[22] Fray MD, Paton DJ, Alenius S. The effects of bovine viral diarrhoea virus on
cattle reproduction in relation to disease control. Anim Reprod Sci 2000;60–
61:615–27.

[23] Rüfenacht J, Schaller P, Audigé L, Knutti B, Küpfer U, Peterhans E. The effect of
infection with bovine viral diarrhea virus on the fertility of Swiss dairy cattle.
Theriogenology 2001;56(2):199–210.

[24] Rodning SP, Givens MD, Marley MS, Zhang Y, Riddell KP, Galik PK, et al.
Reproductive and economic impact following controlled introduction of
cattle persistently infected with bovine viral diarrhea virus into a naive group
of heifers. Theriogenology 2012;78(7):1508–16.

[25] Newcomer BW, Walz PH, Givens MD, Wilson AE. Efficacy of bovine viral
diarrhea virus vaccination to prevent reproductive disease: a meta-analysis.
Theriogenology 2015;83(3):360–5.

[26] Grooms DL, Brock KV, Pate JL, Day ML. Changes in ovarian follicles following
acute infection with bovine viral diarrhea virus. Theriogenology 1998;49
(3):595–605.

[27] Fray MD, Mann GE, Clarke MC, Charleston B. Bovine viral diarrhoea virus: its
effects on ovarian function in the cow. Vet Microbiol 2000;77(1–2):185–94.

[28] Kafi M, McGowan MR, Kirkland PD, Jillella D. The effect of bovine pestivirus
infection on the superovulatory response of Friesian heifers. Theriogenology
1997;48(6):985–96.

[29] Grooms DL. Reproductive consequences of infection with bovine viral
diarrhea virus. Vet Clin North Am Food Anim Pract 2004;20(1):5–19.

[30] Grooms DL, Brock KV, Ward LA. Detection of bovine viral diarrhea virus in the
ovaries of cattle acutely infected with bovine viral diarrhea virus. J Vet Diagn
Invest 1998;10(2):125–9.

[31] Fray MD, Mann GE, Bleach EC, Knight PG, Clarke MC, Charleston B.
Modulation of sex hormone secretion in cows by acute infection with
bovine viral diarrhoea virus. Reproduction 2002;123(2):281–9.

[32] Dobson H, Smith RF. What is stress, and how does it affect reproduction?
Anim Reprod Sci 2000;60–61:743–52.

[33] Dobson H, Walker SL, Morris MJ, Routly JE, Smith RF. Why is it getting more
difficult to successfully artificially inseminate dairy cows? Animal 2008;2
(8):1104–11.

[34] Roth Z, Wolfenson D. Comparing the effects of heat stress and mastitis on
ovarian function in lactating cows: basic and applied aspects. Domest Anim
Endocrinol 2016;56(Suppl):S218–27.

[35] Bielanski A, Algire J, Lalonde A, Garceac A. Embryos produced from
fertilization with bovine viral diarrhea virus (BVDV)-infected semen and
the risk of disease transmission to embryo transfer (ET) recipients and
offspring. Theriogenology 2013;80(5):451–5.

[36] Firat I, Ak S, Bozkurt HH, Ak K, Turan N, Bagcigil F. Distribution of bovine viral
diarrhea virus (BVDV) in the genital system tissues of cattle. Vet Arh
2002;72:235–48.

[37] Sheldon IM, Lewis GS, LeBlanc S, Gilbert RO. Defining postpartum uterine
disease in cattle. Theriogenology 2006;65(8):1516–30.

[38] Sheldon IM, Cronin J, Goetze L, Donofrio G, Schuberth HJ. Defining
postpartum uterine disease and the mechanisms of infection and
immunity in the female reproductive tract in cattle. Biol Reprod 2009;81
(6):1025–32.

[39] Oguejiofor CF, Cheng Z, Abudureyimu A, Fouladi-Nashta AA, Wathes DC.
Global transcriptomic profiling of bovine endometrial immune response
in vitro. I. Effect of lipopolysaccharide on innate immunity. Biol Reprod
2015;93(4):100.

[40] Oguejiofor CF, Cheng Z, Abudureyimu A, Anstaett OL, Brownlie J,
Fouladi-Nashta AA, et al. Global transcriptomic profiling of bovine
endometrial immune response in vitro. II. Effect of bovine viral
diarrhea virus on the endometrial response to lipopolysaccharide. Biol
Reprod 2015;93(4):101.

[41] Cheng Z, Chauhan L, Barry AT, Abudureyimu A, Oguejiofor CF, Chen X, et al.
Acute bovine viral diarrhea virus infection inhibits expression of interferon
s-stimulated genes in bovine endometrium. Biol Reprod 2017;96
(6):1142–53.

[42] Cheng Z, Abudureyimu A, Oguejiofor CF, Ellis R, Barry AT, Chen X, et al. BVDV
alters uterine prostaglandin production during pregnancy recognition in
cows. Reproduction 2016;151(6):605–14.

[43] Lewis GS. Steroidal regulation of uterine resistance to bacterial infection in
livestock. Reprod Biol Endocrinol 2003;1(1):117.

[44] Herath S, Lilly ST, Fischer DP, Williams EJ, Dobson H, Bryant CE, et al. Bacterial
lipopolysaccharide induces an endocrine switch from prostaglandin F2a to
prostaglandin E2 in bovine endometrium. Endocrinology 2009;150(4):1912–20.
[45] Arosh JA, Banu SK, Kimmins S, Chapdelaine P, Maclaren LA, Fortier MA. Effect
of interferon-s on prostaglandin biosynthesis, transport, and signaling at the
time of maternal recognition of pregnancy in cattle: evidence of polycrine
actions of prostaglandin E2. Endocrinology 2004;145(11):5280–93.

[46] Opsomer G, Gröhn YT, Hertl J, Coryn M, Deluyker H, De Kruif A. Risk factors
for post partum ovarian dysfunction in high producing dairy cows in
Belgium: a field study. Theriogenology 2000;53(4):841–57.

[47] Kimura K, Spate LD, Green MP, Murphy CN, Seidel Jr GE, Roberts RM. Sexual
dimorphism in interferon-tau production by in vivo-derived bovine embryos.
Mol Reprod Dev 2004;67(2):193–9.

[48] Roberts RM. Interferon-s, a type 1 interferon involved in maternal recognition
of pregnancy. Cytokine Growth Factor Rev 2007;18(5–6):403–8.

[49] Wathes DC, Lamming GE. The oxytocin receptor, luteolysis and the
maintenance of pregnancy. J Reprod Fertil Suppl 1995;49:53–67.

[50] Lonergan P, Forde N. Maternal–embryo interaction leading up to the initiation
of implantation of pregnancy in cattle. Animal 2014;8(Suppl 1):64–9.

[51] Roberts RM, Ealy AD, Alexenko AP, Han CS, Ezashi T. Trophoblast interferons.
Placenta 1999;20(4):259–64.

[52] Bazer FW. Pregnancy recognition signaling mechanisms in ruminants and
pigs. J Anim Sci Biotechnol 2013;4(1):23.

[53] Forde N, Carter F, Spencer TE, Bazer FW, Sandra O, Mansouri-Attia N, et al.
Conceptus–induced changes in the endometrial transcriptome: how soon
does the cow know she is pregnant? Biol Reprod 2011;85(1):144–56.

[54] Hansen PJ. The immunology of early pregnancy in farm animals. Reprod
Domest Anim 2011;46(Suppl 3):18–30.

[55] Hansen TR, Pru JK. ISGylation: a conserved pathway in mammalian
pregnancy. Adv Exp Med Biol 2014;759:13–31.

[56] Waldrop JG, Stringfellow DA, Riddell KP, Galik PK, Riddell MG, Givens MD,
et al. Different strains of noncytopathic bovine viral diarrhea virus (BVDV)
vary in their affinity for in vivo-derived bovine embryos. Theriogenology
2004;62(1–2):45–55.

[57] Da Silva Cardoso Pinto V, Alves MF, de Souza Nunes Martins M, Basso AC,
Tannura JH, Pontes JHF, et al. Effects of oocytes exposure to bovine
diarrhea viruses BVDV-1, BVDV-2 and Hobi-like virus on in vitro-produced
bovine embryo development and viral infection. Theriogenology 2017;
97:67–72.

[58] Gard JA, Givens MD, Marley MS, Galik PK, Riddell KP, Edmondson MA, et al.
Intrauterine inoculation of seronegative heifers with bovine viral diarrhea
virus concurrent with transfer of in vivo-derived bovine embryos.
Theriogenology 2010;73(8):1009–17.

[59] Tsuboi T, Imada T. Noncytopathogenic and cytopathogenic bovine viral
diarrhea-mucosal disease viruses do not affect in vitro embryonic
development into the blastocyst stage. Vet Microbiol 1996;49(1–2):127–34.

[60] Vanroose G, Nauwynck H, Soom AV, Vanopdenbosch E, Kruif A. Replication of
cytopathic and noncytopathic bovine viral diarrhea virus in zona-free and
zona-intact in vitro-produced bovine embryos and the effect on embryo
quality. Biol Reprod 1998;58(3):857–66.

[61] Gard JA, Givens MD, Stringfellow DA. Bovine viral diarrhea virus (BVDV):
epidemiologic concerns relative to semen and embryos. Theriogenology
2007;68(3):434–42.

[62] Gard JA, Givens MD, Marley MS, Galik PK, Riddell KP, Stringfellow DA, et al.
Bovine viral diarrhea virus (BVDV) associated with single in vivo-derived and
in vitro-produced preimplantation bovine embryos following artificial
exposure. Theriogenology 2009;71(8):1238–44.

[63] Ackermann M, Engels M. Pro and contra IBR-eradication. Vet Microbiol
2006;113(3–4):293–302.

[64] Ring SC, Graham DA, Sayers RG, Byrne N, Kelleher MM, Doherty ML, et al.
Genetic variability in the humoral immune response to bovine herpesvirus-1
infection in dairy cattle and genetic correlations with performance traits. J
Dairy Sci 2018;101(7):6190–204.

[65] Chen X, Wang X, Qi Y, Wen X, Li C, Liu X, et al. Meta-analysis of prevalence of
bovine herpes virus 1 in cattle in the mainland of China. Acta Trop
2018;187:37–43.

[66] McGuirk SM. Disease management of dairy calves and heifers. Vet Clin North
Am Food Anim Pract 2008;24(1):139–53.

[67] Miller JM, Van der Maaten MJ. Effect of primary and recurrent infections
bovine rhinotracheitis virus infection on the bovine ovary. Am J Vet Res
1985;46(7):1434–7.

[68] Rock D, Lokensgard J, Lewis T, Kutish G. Characterization of dexamethasone-
induced reactivation of latent bovine herpesvirus 1. J Virol 1992;66
(4):2484–90.

[69] Inman M, Lovato L, Doster A, Jones C. A mutation in the latency-related gene
of bovine herpesvirus 1 disrupts the latency reactivation cycle in calves. J
Virol 2002;76(13):6771–9.

[70] Johnson KF, Burn CC, Wathes DC. Rates and risk factors for contagious disease
and mortality in young dairy heifers. CAB Rev Perspect Agric Vet Sci Nutr Nat
Resour 2011;6(059):1–10.

[71] Johnson KF, Chancellor N, Burn CC, Wathes DC. Analysis of pre-weaning
feeding policies and other risk factors influencing growth rates in calves on
11 commercial dairy farms. Animal 2018;12(7):1413–23.

[72] Waltner-Toews D, Martin SW, Meek AH. The effect of early calfhood health
status on survivorship and age at first calving. Can J Vet Res 1986;50
(3):314–7.

[73] Svensson C, Liberg P. The effect of group size on health and growth rate of
Swedish dairy calves housed in pens with automatic milk-feeders. Prev Vet
Med 2006;73(1):43–53.

http://refhub.elsevier.com/S2095-8099(19)30793-3/h0080
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0080
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0085
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0085
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0090
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0090
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0090
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0095
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0095
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0095
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0100
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0100
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0100
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0105
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0105
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0105
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0110
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0110
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0110
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0115
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0115
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0115
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0120
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0120
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0120
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0120
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0125
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0125
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0125
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0130
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0130
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0130
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0135
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0135
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0140
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0140
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0140
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0145
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0145
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0150
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0150
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0150
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0155
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0155
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0155
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0160
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0160
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0165
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0165
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0165
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0170
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0170
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0170
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0175
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0175
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0175
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0175
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0180
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0180
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0180
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0185
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0185
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0190
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0190
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0190
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0190
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0195
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0195
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0195
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0195
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0200
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0200
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0200
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0200
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0200
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0205
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0205
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0205
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0205
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0210
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0210
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0210
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0215
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0215
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0220
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0220
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0220
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0220
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0220
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0225
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0225
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0225
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0225
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0225
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0230
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0230
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0230
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0235
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0235
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0235
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0240
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0240
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0245
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0245
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0250
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0250
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0255
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0255
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0260
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0260
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0265
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0265
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0265
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0270
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0270
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0275
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0275
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0280
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0280
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0280
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0280
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0285
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0285
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0285
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0285
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0285
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0290
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0290
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0290
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0290
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0295
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0295
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0295
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0300
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0300
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0300
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0300
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0305
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0305
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0305
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0310
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0310
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0310
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0310
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0315
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0315
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0320
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0320
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0320
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0320
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0325
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0325
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0325
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0330
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0330
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0335
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0335
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0335
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0340
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0340
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0340
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0345
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0345
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0345
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0350
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0350
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0350
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0355
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0355
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0355
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0360
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0360
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0360
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0365
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0365
http://refhub.elsevier.com/S2095-8099(19)30793-3/h0365


32 D.C. Wathes et al. / Engineering 6 (2020) 26–33
[74] Bach A. Associations between several aspects of heifer development and dairy
cow survivability to second lactation. J Dairy Sci 2011;94(2):1052–7.

[75] Thompson PN, Stone A, Schultheiss WA. Use of treatment records and lung
lesion scoring to estimate the effect of respiratory disease on growth during
early and late finishing periods in South African feedlot cattle. J Anim Sci
2006;84(2):488–98.

[76] Correa MT, Curtis CR, Erb HN, White ME. Effect of calfhood morbidity on age
at first calving in New York Holstein herds. Prev Vet Med 1988;6(4):253–62.

[77] Hultgren J, Svensson C. Calving interval in dairy cows in relation to heifer
rearing conditions in southwest Sweden. Reprod Domest Anim 2010;45
(1):136–41.

[78] Svensson C, Hultgren J. Associations between housing, management, and
morbidity during rearing and subsequent first-lactation milk production of
dairy cows in Southwest Sweden. J Dairy Sci 2008;91(4):1510–8.

[79] Sayers RG. Associations between exposure to bovine herpesvirus 1 (BoHV-1)
and milk production, reproductive performance, and mortality in Irish dairy
herds. J Dairy Sci 2017;100(2):1340–52.

[80] Asmare K, Sibhat B, Ayelet G, Gebremedhin EZ, Lidete KA, Skjerve E.
Serological evidence of bovine herpesvirus-1, bovine viral diarrhea virus
and Schmallenberg virus infections in relation to reproductive disorders in
dairy cattle in Ethiopia. Acta Trop 2018;178:236–41.

[81] Sibhat B, Ayelet G, Skjerve E, Gebremedhin EZ, Asmare K. Bovine herpesvirus-
1 in three major milk sheds of Ethiopia: serostatus and association with
reproductive disorders in dairy cattle. Prev Vet Med 2018;150:126–32.

[82] Newcomer BW, Cofield LG, Walz PH, Givens MD. Prevention of abortion in
cattle following vaccination against bovine herpesvirus 1: a meta-analysis.
Prev Vet Med 2017;138:1–8.

[83] Smith PC, Nusbaum KE, Kwapien RP, Stringfellow DA, Driggers K. Necrotic
oophoritis in heifers vaccinated intravenously with infectious bovine
rhinotracheitis virus vaccine during estrus. Am J Vet Res 1990;51
(7):969–72.

[84] Van der Maaten MJ, Miller JM, Whetstone CA. Ovarian lesions induced in
heifers by intravenous inoculation with modified-live infectious bovine
rhinotracheitis virus on the day after breeding. Am J Vet Res 1985;46
(9):1996–9.

[85] Miller JM, Van der Maaten MJ. Experimentally induced infectious bovine
rhinotracheitis virus infection during early pregnancy: effect on the bovine
corpus luteum and conceptus. Am J Vet Res 1986;47(2):223–8.

[86] Perry GA, Zimmerman AD, Daly RF, Buterbaugh RE, Rhoades J, Scholz D,
et al. The effects of vaccination on serum hormone concentrations and
conception rates in synchronized naive beef heifers. Theriogenology
2013;79(1):200–5.

[87] Chiang BC, Smith PC, Nusbaum KE, Stringfellow DA. The effect of infectious
bovine rhinotracheitis vaccine on reproductive efficiency in cattle vaccinated
during estrus. Theriogenology 1990;33(5):1113–20.

[88] Alm K, Koskinen E, Vahtiala S, Andersson M. Acute BRSV infection in young AI
bulls: effect on sperm quality. Reprod Domest Anim 2009;44(3):456–9.

[89] Givens MD. Review: risks of disease transmission through semen in cattle.
Animal 2018;12(Suppl 1):S165–71.

[90] Donofrio G, Franceschi V, Capocefalo A, Cavirani S, Sheldon IM. Isolation and
characterization of bovine herpesvirus 4 (BoHV-4) from a cow affected by
post partum metritis and cloning of the genome as a bacterial artificial
chromosome. Reprod Biol Endocrinol 2009;7(1):83.

[91] Chastant-Maillard S. Impact of bovine herpesvirus 4 (BoHV-4) on
reproduction. Transbound Emerg Dis 2015;62(3):245–51.

[92] Osorio FA, Reed DE. Experimental inoculation of cattle with bovine
herpesvirus-4: evidence for a lymphoid-associated persistent infection. Am
J Vet Res 1983;44(6):975–80.

[93] Dubuisson J, Thiry E, Bublot M, Thomas I, Van Bressem MF, Coignoul F, et al.
Experimental infection of bulls with a genital isolate of bovine herpesvirus-4
and reactivation of latent virus with dexamethasone. Vet Microbiol 1989;21
(2):97–114.

[94] Donofrio G, van Santen VL. A bovine macrophage cell line supports bovine
herpesvirus-4 persistent infection. J Gen Virol 2001;82(Pt 5):1181–5.

[95] Graham DA, McNeill GJ, Calvert V, Mawhinney K, Curran W, Ball NW, et al.
Virological and serological evidence of bovine herpesvirus type 4 in cattle in
Northern Ireland. Vet Rec 2005;157(18):539–43.

[96] Nikolin VM, Donofrio G, Milosevic B, Taddei S, Radosavljevic V, Milicevic V.
First Serbian isolates of bovine herpesvirus 4 (BoHV-4) from a herd with a
history of postpartum metritis. New Microbiol 2007;30(1):53–7.

[97] Frazier K, Pence M, Mauel MJ, Liggett A, Hines ME II, Sangster L, et al.
Endometritis in postparturient cattle associated with bovine herpesvirus-4
infection: 15 cases. J Vet Diagn Invest 2001;13(6):502–8.

[98] Monge A, Elvira L, Gonzalez JV, Astiz S, Wellenberg GJ. Bovine herpesvirus 4-
associated postpartum metritis in a Spanish dairy herd. Res Vet Sci 2006;80
(1):120–5.

[99] Szenci O, Sassi G, Fodor L, Molnár L, Szelényi Z, Tibold J, et al. Co-infection
with bovine herpesvirus 4 and Histophilus somni significantly extends the
service period in dairy cattle with purulent vaginal discharge. Reprod Domest
Anim 2016;51(1):143–9.

[100] Klamminger S, Prunner I, Giuliodori MJ, Drillich M. Uterine infection with
bovine herpesvirus type 4 in dairy cows. Reprod Domest Anim 2017;52
(1):115–21.
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