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Abstract

Bovine viral diarrhoea is a disease of cattle known to cause severe reproductive dysfunction
and immunosuppression in infected animals. It has also been reported that the BVD virus
(BVDV) is able to cross species barriers infecting non-bovine species such as sheep, goats, deer
and alpacas. The ability of BVDV to infect species other than cattle is of great concern when
developing control or eradication programs for BVDV, particularly in areas where cattle
regularly come into contact with other susceptible species. As such, the main objective of this
thesis was to investigate the epidemiological and clinical effects associated with BVDV

infections in sheep and other commonly farmed Australian livestock species.

Firstly, the clinical and reproductive outcomes following acute infections of pregnant ewes was
studied. Twenty two ewes were experimentally infected with BVDV-1c between 59 to 69 days
of gestation and the clinical and reproductive outcomes of these ewes were compared to those
of a control group of 11 BVDV naive and uninfected ewes. In the naive ewe flock a lambing
rate of 172.7% was recorded, lambs were born clinically normal and had a high survival rate.
In comparison, a lambing rate of just 31.8% was reported for the infected ewe flock, as well as
poor lamb survival and lambs presenting with a wide range of pathological lesions; including
anasarca, hydranencephaly and skeletal deformities. A viable, neonatal, BVDV-1c persistently

infected (PI) lamb was also born during this study.

Three experimental trials then investigated the ability of a neonatal BVDV-1c PI lamb to infect
susceptible sheep and cattle. Results indicated that there was a low rate of transmission to
susceptible ewes and lambs (n=9) co-paddocked with the PI lamb. The remaining two trials
showed no transmission to susceptible steers; housed either adjacent to (n=5) or exposed
directly to (n=5) the Pl lamb. Furthermore, the transmissibility of BVDV-1c from sheep

undergoing acute BVDV-1c infections was studied by co-paddocking five experimentally



infected wethers with five susceptible wethers. Results confirmed acute infection in the

experimentally infected wethers however the naive sheep did not seroconvert.

In addition, the clinical and haematological effects associated with acute BVDV-1c infections
in alpacas were investigated. Results indicated that transmission of BVDV can occur naturally
from PI cattle to alpacas housed together. However, there were no apparent signs of infection
in any of the alpacas. Lastly, the presence Pestivirus-specific antibodies was determined for
875 South Australian sheep and 245 Northern Territory water buffalo at a prevalence of 0.34%

and 4.5%, respectively.

This body of work has indicated that acute BVDV-1c infections of pregnant ewes can lead to
severe reproductive losses and the birth of persistently BVDV-1c infected lambs. However,
results also indicate that sheep are unlikely to play a pivotal role in the spread and persistence
of the virus in Australia. Further work needs to be undertaken to fully understand the role other

non-bovine species have in the spread and persistence of the virus in Australia.
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Chapter 1: An introduction to ruminant pestiviruses

Bovine viral diarrhoea virus (BVDV) and Border disease virus (BDV) are economically
important and highly prevalent viruses of domestic ruminants which, along with Classical swine
fever virus (CSFV) in pigs, belong to the genus Pestivirus. While Pestiviruses have previously
been considered to be host specific, both BVDV and BDV have been shown to cross species
barriers, infecting species other than those from which they were originally isolated from
(Nettleton and Entrican 1995). As a result BVDV and BDV are often referred to collectively as

“ruminant pestiviruses” (McFadden et al. 2012).

1.1 Pestivirus diversity

Pestiviruses are enveloped, 50nm spherical particles containing single stranded RNA (Nettleton
and Entrican 1995) of positive polarity and belong to the Flaviviridae family. Completing the
Flaviviridae family are three other genera; Hepacivirus, Flavivirus and Pegivirus (International
Committee on Taxonomy of Viruses 2014) which all up total over 50 species including well
known viruses Hepatitis C (HCV), Yellow fever virus, Dengue virus, tick-borne encephalitis
virus and West Nile virus. Although there are many similarities within the genetic makeup of
the flaviviruses, it has been reported that pestiviruses are more closely related to the

Hepacivirus genus than to the other Flaviviridae genera (Schweizer and Peterhans 2014).

The genus Pestivirus includes four well-known species; Bovine viral diarrhoea virus-1 (BVDV-
1) and BVDV-2 in cattle, Border disease virus (BDV) in sheep and Classical swine fever virus
(CSFV) in pigs (Broaddus et al. 2009). In addition there have been a growing number of new
and emerging Pestivirus species identified (Becher et al. 2014) and include; Bungowannah
virus - isolated from pigs in an Australian piggery (Kirkland et al. 2007), Atypical (HoBi-like)
pestivirus - identified in Europe, Asia and South America (Stahl et al. 2010), Pronghorn
antelope virus (Vilcek et al. 2005) and a giraffe species from Kenya (Harasawa et al. 2000).
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Bovine viral diarrhoea virus

Bovine viral diarrhoea virus, previously identified as “Mucosal disease virus”, was first
identified in the United States of America in 1946 amongst cattle herds showing signs of severe
diarrhoea and ulcerations of the alimentary tract mucosa (Olafson et al. 1946). Since this time
it has been determined that there are two distinct BVDV species, BVDV-1 and BVDV-2 (Kahrs
2001; Ridpath et al. 2010). Originally this division was based primarily on phylogenetic
analysis of the virus however, since this time, antigenic differences between the two species

have been identified (Ridpath et al. 1994; Ridpath et al. 2000).

The main difference observed between BVDV-1 and BVDV-2 was the failure of vaccines and
diagnostic tests, based on BVDV-1 strains, to control and detect BVDV-2 strains (Ridpath et
al. 2010). The split into two species is further supported by the fact that infection with BVDV-
2 often leads to more severe and sometimes fatal infections (Kahrs 2001; Houe 2003). Since
the split of BVDV-1 from BVDV-2 further phylogenetic analysis has been completed and has
identified 12 BVDV-1 strains (a-1) and two BVDV-2 strains (a and b) with each strain appearing

to originate from different geographical areas (Ridpath et al. 2010).

Border Disease virus

The ‘hairy’ coated, trembling lambs associated with BDV were first observed in sheep flocks
from the border counties of England and Wales during the 1940s, however the disease was not
named until 1959 (Hughes and Kershaw 1959). Since its discovery it was questioned whether
BDV was a strain of BVDV or a separate group within the Pestivirus genus. In 1994 a study of
two ovine Pestivirus strains identified that they were clearly different to both BVDV and CSFV
(Becher et al. 1994) and since this time BDV species have been phylogenetically classified in

to seven numbered genotypes (Oguzoglu 2012).

11



Similar to BVDV, the seven BDV genotypes are classified and named according to where they
were originally isolated from. The seven genotypes are; the ‘classical’ BDVs from the USA,
UK, Australia and New Zealand forming BDV-1a and -1b (Becher et al. 2003; Strong et al.
2010), the ovine isolates from Germany forming BDV-2 (Becher et al. 2003), the ovine and
Gifhorn isolates from Switzerland forming BDV-3 (Becher et al. 2003; Stalder et al. 2005),
isolates from Pyrenean chamois and Spanish sheep forming BDV-4 (Arnal et al. 2004; VValdazo-
Gonzalez et al. 2006), ovine isolates from France forming BDV-5 and BDV-6 (Dubois et al.
2008) and isolates from Turkey and Italy forming BDV-7 (Thabti et al. 2005; Giammarioli et

al. 2011).

The birth of ‘hairy’ coated, trembling lambs in Australia and New Zealand resulted in the

colloquial term for BDV, “Hairy shaker disease” (Manktelow et al. 1969).

Biotypes

In addition to the multiple species/strains of BVDV and BDV identified, there are two biotypes
of each species; cytopathic and non-cytopathic (Nettleton et al. 1992; Schweizer and Peterhans
2014). The non-cytopathic biotype, for both BVDV and BDV, can be maintained within a
population (Schweizer and Peterhans 2014) and is associated with acute infections as well as
the reproductive and immunosuppressive effects commonly observed with Pestivirus infections
(Schweizer and Peterhans 2014). It is also the non-cytopathic biotype which is responsible for
the development of persistently infected individuals. In comparison, the cytopathic biotype is
less common and is not maintained within a population. Instead, the cytopathic biotype, for
both BVDV and BDV, only occurs in persistently infected animals through the mutation of the
non-cytopathic biotype (Nettleton and Entrican 1995; Schweizer and Peterhans 2014). This

mutation leads to dual infection in these animals with homologous cytopathic and non-
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cytopathic biotypes, resulting in the onset of mucosal disease and high mortality rates in

infected sheep and cattle (Loken 1995; Schweizer and Peterhans 2014).

1.2 Outcomes of infection

Infections with ruminant pestiviruses can either result in acute or persistent infections. Acute
infections with non-cytopathic biotypes of BVDV or BDV are generally clinically inapparent,
but can result in immunosuppression and the onset of other diseases including mastitis and
respiratory disease (Fulton et al. 2002; Wellenberg et al. 2002). The more severe clinical signs
associated with Pestivirus infections arise from the ability of these viruses to cross the placenta
and establish an infection within the developing foetus (Nettleton and Entrican 1995; Niskanen
and Lindberg 2003). When infection develops in pregnant females, poor pregnancy rates, early
embryonic death, abortions, stillbirths, physical malformations and the birth of Pl animals are

common (Grooms 2004; Lindberg et al. 2006; Broaddus et al. 2009).

The severity of the clinical signs observed as a result of Pestivirus infections in ruminants is
dependent upon the pregnancy status of the animal, the type of infection that animal is
experiencing (acute or persistent) and the infecting species or strain of Pestivirus. While the
severity of infection has not been reported to differ clinically between the 7 BDV genotypes,
the outcomes of infection associated with BVDV appear to be dependent on the infecting strain.
Acute infections with any of the BVDV-1 strains generally result in clinically mild signs
compared to the BVDV-2 strains which have been shown to lead to severe clinical disease,

including pyrexia and high mortality rates (Schweizer and Peterhans 2014).

Acute Infections

When susceptible, non-pregnant cattle develop an acute infection with one of the many BVDV-

1 strains, clinical signs are often mild or inapparent. The clinical signs associated with acute
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infections with non-cytopathic biotypes can include, but are not limited to, moderate fever,
oculo-nasal discharge, inappetance, decreased milk production and mild diarrhoea (Nettleton
and Entrican 1995). These acute BVDV-1 infections have also been shown to cause
immunosuppression and result in an increased susceptibility to other diseases such as mastitis
and bovine respiratory disease (Fulton et al. 2002; Wellenberg et al. 2002) (Lindberg et al.
2006; Laureyns et al. 2010). Often these secondary infections are recognised and treated while

the underlying BVDV infection goes undetected (Lindberg et al. 2006).

Acute infection with cytopathic biotypes are less common, however they have been associated
with interstitial oophortis (Grooms 2004). In comparison, acute infections with BVDV-2 strains
in susceptible, non-pregnant cattle have been shown to result in thrombocytopenia, pyrexia and

high mortality rates (Schweizer and Peterhans 2014)

In sheep, acute infections with BDV are short lived with generally inapparent or mild clinical
signs observed (Nettleton 1990). The clinical sings often associated with acute BDV infections
in non-pregnant sheep have included pyrexia, conjunctivitis, nasal discharge and diarrhoea

(Nettleton et al. 1998).

Foetal Infection

Acute infections with either BVDV or BDV in susceptible, pregnant females have been reported
to result in severe reproductive losses. These reproductive losses can occur throughout
pregnancy, however what clinical outcomes are observed is dependent upon the stage of

gestation at which infection develops (Nettleton et al. 1998; Grooms 2004).

The foetus is first able to respond to an antigenic stimuli (immunocompetence) during mid
gestation (100-125 days in cattle (Grooms 2004); 60-80 days in sheep (Nettleton et al. 1998)).
As such, the outcomes following foetal infection with ruminant Pestiviruses are dependent on
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whether infection developed before, during or after this stage of foetal development (Nettleton

1990; Nettleton and Entrican 1995; Broaddus et al. 2009).

When acute infection develops prior to, or soon after, conception (-9-45 days in cattle (Grooms
2004); 0-60 days in sheep (Nettleton et al. 1998)) poor conception rates, poor pregnancy rates
and early embryonic death are commonly reported (Grooms 2004). Similarly, infection of a
pregnant female during early gestation (0-100 days in cattle (Grooms 2004); 0-60 days in sheep

(Nettleton and Entrican 1995)) can often result in foetal death.

It is thought that due to the high levels of virus present in both the dam and the foetus, virus
replication is so fast and uncontrolled that the death of the foetus is most likely (Nettleton 1990).
Foetal death can occur soon after maternal infection has developed, resulting in the foetus being
absorbed/aborted or foetal death may not develop until weeks after initial infection, when an
abortion or stillbirth is observed (Nettleton et al. 1998). As foetal death can occur at any time
throughout gestation, irrespective of when the maternal infection with BVDV or BDV occurred,

pinpointing the time of infection in the dam is often difficult.

A critical developmental period for the foetus occurs at organogenesis (100-150 days in cattle
(Grooms 2004); 60-80 days in sheep (Nettleton et al. 1998)). If foetal infection with either
BVDV or BDV occurs during this period then neurological and/or physical malformations may
occur in newborns. Developmental malformations associated with Pestivirus infections have
included cataracts, cerebellar hypoplasia, porencephaly and hydrocephaly, skeletal deformities,
arthrogryposis and anasarca (Baker 1990; Kahrs 2001). In addition, lambs infected with BDV
may present with a small and weak stature, an inability to stand, have violent
trembling/contractions of the muscles in the hind legs and most commonly have what is termed
‘fuzzy’, hair-like wool (Nettleton and Entrican 1995; Nettleton et al. 1998). Colloquially these

lambs have been known as ‘hairy shakers’. Infection of the foetus after
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organogenesis/immunocompetence (150 days in cattle; 80 days in sheep) generally results in

foetuses born normal and antibody positive to BVDV or BDV.

Persistent Infection

Prior to the development of foetal immunocompetence (0-120 days in cattle (Grooms 2004); O-
80 days in sheep (Nettleton et al. 1998)), the foetus is immunotolerant and unable to identify
between self-antigens and antigens of the infecting virus. If maternal infection with a non-
cytopathic biotype of BVDV or BDV was to develop during this period then the foetus can be

born persistently infected (PI) (Nettleton et al. 1998; Grooms 2004).

Persistent infection results due to viral proteins being recognised, by the developing foetus, as
self-antigens and thus are not cleared from the body (Grooms 2004). These animals generally
have poor growth rates, remain stunted, are more susceptible to other diseases (Houe 1993) and
continuously shed the virus in their excretions and secretions for the duration of their lives
(Brownlie et al. 1987; Lindberg and Houe 2005). As such Pl animals are epidemiologically the
most significant reservoir of transmissible infection of ruminant Pestiviruses and their presence
in a population allows for the continual spread of the virus on farms (Laureyns et al. 2010).
Although it is not uncommon for Pl animals to die at a young age, many have been reported to

survive up until, and past, breeding age (Nettleton 1990; Brock et al. 1997).

Persistent infections do not result from maternal infection with the cytopathic biotype. Rather,
mutation of the non-cytopathic biotype in Pl animals can occur, resulting in dual infection with
homologous cytopathic and non-cytopathic biotypes. This dual infection can lead to the onset
of Mucosal Disease and high mortality rates in Pl animals (Loken 1995; Schweizer and

Peterhans 2014).

16



1.3 Economic Cost

Infections with BVDV or BDV have been reported to have a significant financial impact on
producers. The major financial losses associated with ruminant Pestivirus infections are
attributed to reproductive disease and resultant calving/lambing losses, as well as the
immunosuppressive effects which can result in poor growth, decreased production and
increased susceptibility to other diseases (Houe 2003). It has previously been mentioned that
infection with ruminant pestiviruses can impair the immunity of infected animals, which can
increase the susceptibility to and severity of other diseases such as mastitis, diarrhoea and
respiratory disease (Fulton et al. 2002; Wellenberg et al. 2002; Laureyns et al. 2010). While
these diseases are identified and treated, the underlying BVDV or BDV infection often goes
unidentified and untreated (Lindberg et al. 2006; Laureyns et al. 2010) and the economic losses

associated with ruminant Pestivirus infections are higher as a result (Laureyns et al. 2010).

Bovine viral diarrhoea virus

In regards to BVDV infections in cattle, many estimates have been calculated. Where acute
infections are clinically inapparent and the majority of losses are related to reproductive disease
and the production of Pl animals, financial losses to producers have been estimated at between
$AUD 31 and $AUD 199 per cow (in the infected herd) (Houe 2003; Gunn et al. 2004; Lindberg
et al. 2006; Reichel et al. 2008). However, where a BVDV outbreak occurs simultaneously with
other diseases, particularly mastitis (Niskanen et al. 1995; Waage 2000) financial losses have
been estimated up to $AUD 500 per cow (in the infected herd) (Houe 2003; Lindberg et al.
2006). This increase in losses is thought to be primarily due to the increased incidence, ongoing
treatment and resultant reduction in milk premiums (for dairy herds) due to infection with these
secondary diseases (Houe 2003). Similarly, a BVDV outbreak in a South Australian dairy herd

resulted in financial losses to that producer of an estimated $SAUD 144,700 over two years due
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primarily to production losses (calves and milk) as well as losses relating to secondary

infections (Lanyon.S.R. et al. 2012).

Border disease virus

Unlike BVDV, estimates regarding the financial losses associated with BDV infection in sheep
are limited. One report from 1984 estimated that an earlier BDV outbreak was thought to cost
a producer more than 20% of the expected years earnings (Sharp and Rawson 1986). This loss
was associated primarily with a decrease in lambing rates and poor growth rates of surviving
lambs (Sharp and Rawson 1986). Since this time other estimates relating to the economic effect

of BDV infection on producers have not been reported.

1.4 Diagnosis

Effective diagnostic differentiation between individuals that are naive, acutely infected or Pl is
critical for diseases such as BVDV and BDV. In order for this to be done, effective and accurate
diagnostic tests first need to be established. The diagnostic accuracy (utility) of a test is based
upon the ability of that test to differentiate between individuals which are diseased and non-
diseased. Diagnostic sensitivity relates to the percentage of diseased individuals which are
correctly identified as positive by the test, while diagnostic specificity relates to the percentage
of non-diseased individuals which are correctly identified as negative by the test (Saah and
Hoover 1997). Current diagnostic tests for ruminant Pestiviruses include those for the detection
of BVDV or BDV-specific antibodies (Ab), BVDV or BDV-specific antigen (Ag) or the virus

itself (Saliki and Dubovi 2004).

Antibody testing

Acute infections with BVDV or BDV result in a short period of viral excretion between 3 and

10 days post infection which is then followed by the development of antibodies generally
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between 7 and 14 days (Collins et al. 2009). These antibodies can be detected, retrospectively,
through the use of antibody detection methods including virus neutralisation test (VNT),
antibody enzyme linked immunosorbent assays (ELISA) and agarose gel immunodiffusion

(AGID).

The most commonly used diagnostic tests for detecting BVDV/BDV-specific antibodies are the
VNT and AGID (Saliki and Dubovi 2004). While the VNT is a highly specific test, it has
limitations including cross-reactivity with other Pestivirus strains (Kirkland and Mackintosh
2006), requires tissue culture facilities, is time consuming and is expensive to run (Cho et al.
1991; Houe et al. 2006). Testing by VNT is also limited to serum samples. Similarly, testing
by AGID is highly sensitive and is used for serum samples. While AGID can reliably detect
antibodies to Pestiviruses, the test is also cross-reactive across all Pestivirus infections
(Kirkland and Mackintosh 2006). Antibodies induced by vaccination have not been shown to

effect AGID testing (Kirkland and Mackintosh 2006).

In comparison, the ELISA is quick, requires less infrastructure, is suited to processing large
numbers of samples and is relatively inexpensive and simple to perform (Saliki and Dubovi
2004). Sensitivities and specificities for antibody ELISA’s have been reported, relative to VNT,
to range from 95% to 99% and 97% to 100%, respectively (Cho et al. 1991; Horner and Orr
1993; Kramps et al. 1999; Lanyon et al. 2013) making them an accurate and rapid alternative
to VNT and AGID. Antibody ELISAs can also be used to test a variety of samples including
serum, bulk milk, colostrum and pooled serum (Nettleton and Entrican 1995; Lanyon et al.
2013; Jenvey et al. 2015). There has been some concern regarding the use of antibody ELISAs
in areas where vaccination is common as it is believed that the antigenic composition of BVDV

vaccines inhibits the accuracy of the ELISA (Saliki and Dubovi 2004).

19



While a positive result on any one of these Ab tests indicates that an animal has previously
undergone an acute infection to BVDV or BDV and is generally not a PI, a negative result
cannot conclude that the animal is naive to these viruses. An animal persistently infected with
BVDV or BDV will also, generally, return a negative result for antibodies to Pestivirus
infections. Persistent infection with BVDV or BDV implies that these animals were infected
prior to immune-competence developing and have not undergone an acute infection, thus
antibodies are not present in these animals. As such further antigen or virus-specific testing

needs to be undertaken to identify if these animals are naive or PlI.

Similarly, in countries where there are multiple circulating strains of BVDV, Pl animals can
become acutely infected with a BVDV strain other than that of the persisting strain (Fulton et
al. 2003). Likewise, young PI animals will often test positive for antibodies to BVDV due to
the presence of circulating colostral antibodies (Fux and Wolf 2012). As such, a positive result
for antibodies to BVDV cannot definitively rule out an animal as being persistently infected. If
an animal is suspected of being persistently infected with BVDV then virus or virus-specific

antigen testing should also be undertaken.

Virus or virus-specific antigen testing

The detection of BVD or BD viruses or virus-specific antigen is generally undertaken to identify
those animals which are persistently infected. Commonly used antigen testing includes
immunohistochemistry (IHC) and antigen ELISA while virus isolation and reverse transcriptase

polymerase chain reaction (RT-PCR) is used for virus detection.
Immunohistochemistry is considered as a highly reliable diagnostic method as it is suitable for
large scale testing and has been shown to detect Pl animals with 100% sensitivity and 98.8%

specificity when used on ear notch tissue samples (Cornish et al. 2005). A limitation of IHC is
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that it is restricted to tissue samples, is labour intensive, is prone to technical error and as such

requires experienced personnel to subjectively score each sample (Driskell and Ridpath 2006).

In comparison, the antigen ELISA is a simple, rapid and cost effective method for identifying
samples positive for BVDV or BDV-specific antigen (Shannon et al. 1991; Horner et al. 1995).
Antigen ELISAs can be used on a variety of samples including serum, milk and ear notch
supernatants and have been considered a worthy alternative to other viral detection methods
(Shannon et al. 1991; Horner et al. 1995). The sensitivity and specificity of antigen ELISAS,
when compared to virus isolation, have been reported to range from 67% to 100% and 90% to
100%, respectively (Mignon et al. 1992; Sandvik and Krogsrud 1995; Brinkhof et al. 1996).
However, testing of serum samples has been reported as being less sensitive compared to testing
of ear notch supernatants (Saliki and Dubovi 2004; Cleveland et al. 2006; Lanyon et al. 2014b).
This reduction in sensitivity for serum samples is due to the ability of colostral antibodies to
inhibit the accurate detection of Pl individuals for up to several weeks after birth (Fux and Wolf
2012). This phenomenon has previously been reported in calves and is often referred to as the
‘colostral diagnostic gap’ (Fux and Wolf 2012). As a result it is often considered best practice
to test serum samples from young animals after 3 months of age (Zimmer et al. 2004) or
combine antigen testing with RT-PCR to ensure accurate identification of animals persistently

infected with BVDV or BDV.

While the antigen ELISA is considered an accurate and rapid testing method, in recent years
the concept of the antigen ELISA has been refined into an even quicker and more convenient
point-of-care test. The point-of-care test allows animals to quickly be tested before, or as, they
come onto a farm and takes just 20 minutes to perform. This quick protocol thus allows the
point-of-care tests to be run in the field. Similar to the standard antigen ELISA, point-of-care

tests can be used on serum, milk and ear notch tissue samples (IDEXX 2010). However, unlike
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the standard antigen ELISA, point-of-care tests are not considered suitable for large scale

testing.

Virus-specific antigen testing is used to identify individual animals which are persistently
infected however, it is unable to differentiate between different virus species or strains. In order
to determine what the infecting Pestivirus species is within a population virus, testing should
be undertaken in addition to antigen and/or antibody testing. It was thought for many years that
virus isolation was the gold standard for BVDV and BDV diagnosis (Saliki and Dubovi 2004).
Although virus isolation is still used today, RT-PCR is becoming more widely used and
accepted as the gold standard for Pestivirus diagnosis (Lanyon et al. 2014a). In comparison to
virus isolation, RT-PCR is quicker, cheaper, is not restricted to labs with cell culture facilities
and is highly sensitive (Kim and Dubovi 2003; Houe et al. 2006). RT-PCR can also be used to
test a variety of samples including blood, milk and tissue samples (Bhudevi and Weinstock
2003; Kim and Dubovi 2003), is reliable even when colostral antibodies are present (Zimmer
et al. 2004) and is able to differentiate between Pestivirus species including BVDV-1 and

BVDV-2 (Letellier et al. 1999).

Although both virus and virus-specific antigen testing is predominantly used to identify animals
persistently infected with BVDV or BDV, these diagnostic methods have also been shown to
detect acutely infected individuals. It has been reported that animals suffering from an acute
Pestivirus infection undergo a short period of viral excretion between 3 and 10 days post
infection (Brownlie et al. 1987; Nettleton and Entrican 1995; Collins et al. 2009). As such the
testing of acutely infected animals soon after infection may return a positive result for BVD or
BD virus or virus-specific antigen despite not being persistently infected. Consecutive testing
of individuals for virus at least 19 days apart, will allow for the correct identification of

individuals which are acutely or persistently infected (Meyling et al. 1990).
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1.5 Control and eradication

While control and eradication programs have been initiated in many countries, particularly
throughout Europe, they are predominantly in relation to BVDV infection in cattle. So far, there
are currently no peer-reviewed documents relating to the control or eradication of BDV in
sheep. As such this section relates solely to BVDV control in cattle, however due to the
epidemiological similarities between BVDV and BDV, equivalent methods could be used when

controlling BDV in sheep.

In the past, many BVDV control programs focussed on vaccination use as the primary means
to reduce/prevent the development of clinical disease within a herd (Stahl and Alenius 2012).
While vaccination is thought to be efficient in preventing against clinical disease and protecting
animals from viraemia and/or foetal infection, PI calves have still been shown to develop in
vaccinated herds (\Van Campen et al. 2000). As such many of the current BVDV control and
eradication programs do not solely rely on vaccination/protecting animals from acute infection
(Lindberg and Houe 2005; Laureyns et al. 2010). Current control programmes embody two
primary elements: 1. preventing infection of susceptible animals and 2. identifying and
eliminating animals which are persistently infected. These elements can then be used in

conjunction with, or without, vaccination use.

Preventing infection of susceptible animals

In order to effectively reduce both the immunological and reproductive effects of BVDV
infection on a population, preventing susceptible animals, particularly those that are pregnant,
from infection is essential. The primary method by which this is undertaken is by increasing
on-farm biosecurity measures. These can include using only farm-bred replacement heifers,
minimizing the movement of cattle between properties, reducing the co-mingling of different

management herds, serological testing of new cattle for BVD virus and quarantining new
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animals before joining the herd (Nettleton and Entrican 1995; Houe et al. 2006). Increasing
these biosecurity measures not only assists in the self-clearance of BVDV from a population
and subsequent reduction in BVDV prevalence (Stahl and Alenius 2012) but may also help
reduce reinfection of cleared herds. While improved biosecurity is considered by some to be
the central element of BVDV control (Stahl and Alenius 2012), many programs have used these
measures in conjunction with the identification and elimination of Pl individuals to reduce virus

circulation (Houe et al. 2006).

Identifying and eliminating persistently infected animals

Direct contact between Pl and susceptible animals is the most common and effective route of
transmission for BVDV (Lindberg and Houe 2005). As such the identification and removal of
these P1 animals can be beneficial to the control the disease within infected populations (Brock
2004; Presi et al. 2011). The identification and subsequent removal of these Pl animals is
undertaken through the detection of individual PI animals using antigen/viral and antibody
testing or differentiating between PI and non-infected herds through antibody testing (Presi et

al. 2011).

The first of the large-scale BVDV eradication and control programs was initiated during the
early 1990s, in Denmark, Finland, Norway and Sweden (Lindberg et al. 2006; Presi et al. 2011).
These programs relied upon differentiating between persistently BVDV infected and non-
infected herds using antibody screening (Presi et al. 2011). Herds identified as being
persistently infected were subsequently tested for individual Pl animals. Regardless of the
initial prevalence of disease, it took approximately 10 years for each of these countries to reach
the final phase of eradication (Lindberg et al. 2006; Presi et al. 2011). In comparison, the Swiss
eradication program used diagnostic testing to identify individual, Pl animals by antigen testing
every animal and removing those which returned positive results (Presi et al. 2011; Stahl and
Alenius 2012). Although a logistically challenging method this program eliminated 97% of Pl
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animals in the first phase of the program and after 2 years 17,000 P1 animals had been identified

(Presi et al. 2011; Stahl and Alenius 2012).

Regardless of which identification method is used, the final element for effective BVDV control
is through continuous monitoring of negative herds to ensure that these herds remain free from
the virus. This is generally achieved by antigen testing newborn calves (e.g. ear-notch samples)

and newly purchased animals (e.g. blood/serum samples).

Risks to Pestivirus control

While eliminating Pl animals has been shown to efficiently reduce the prevalence of BVDV
within a herd, there have been studies which have reported the persistence of the virus even in
the absence of these Pl animals (Barber and Nettleton 1993; Moerman et al. 1993). For herds
considered cleared of BVDV and thus susceptible to reinfection it is important that other
potential sources of infection are understood and considered in management/control programs.
While there are numerous potential sources of infection, such as on farm equipment, flies,
bedding and workers clothing (Lindberg and Alenius 1999; Lindberg and Houe 2005), only

those which involve direct transmission from infected animals will be discussed here.

It has been reported that despite the absence of, or contact with, a Pl animal, BVDV was able
to persist in a herd for 2 and a half years. This study suggested that the persistence of BVDV
was as a result of animals undergoing an acute infection and the short period of viral excretion
these animals undergo prior to the development of antibodies (Brownlie et al. 1987; Collins et
al. 2009). Although acutely infected animals have been shown to undergo a short period of viral
excretion, the amount of virus excreted by these animals is substantially less than the amounts
excreted by animals which are persistently infected with BVDV (Young et al. 2006; Kosinova
et al. 2007). Nevertheless there is a risk that acutely BVDV infected animals aid in the
persistence of BVDV in a population
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Virus has also been identified in semen from acutely BVDV infected bulls, a phenomenon
called “prolonged testicular infection” whereby a localised persistent BVDV infection occurs
in the testes (Kirkland et al. 1997; Givens et al. 2009). Despite testing antibody positive in
serum, virus can be consistently detected in the semen of these animals for up to 33 months
following an acute infection (Givens et al. 2003; Givens et al. 2009). While the potential for
viral transmission from bulls with prolonged testicular infection appears to be low, transmission
of BVDV from bulls with prolonged testicular infection to susceptible females has been shown

to occur following insemination (Kirkland et al. 1997; Niskanen et al. 2002).

Cross-species transmission of BVDV has been shown to occur in species such as sheep, goats
and deer as BVDV-specific antibodies and, in some species, the birth of Pl animals have been
reported (Snowdon et al. 1975; Scherer et al. 2001). In many countries the potential for viral
transmission from these non-bovine species is low to non-existent, as cattle rarely come in to
contact with these species. However, for many countries the co-pasturing of cattle and non-
bovine species is common, and as such cross species transmission could pose a risk to the

effective control of BVDV.

Understandably there is not a “one-size-fits-all” approach to the control and eradication of
Pestiviruses (Ridpath 2010). The design of each program varies and is dependent on factors
including; the prevalence of ruminant pestiviruses within the country, the density of animal
populations, animal movement protocols, the accurate identification of infected animals/herds
and the ability for ruminant pestiviruses to cross species barriers and succeed within other

potential hosts.
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1.6 Cross species transmission

Historically, Pestiviruses were named after the species from which they were originally
isolated; bovine pestivirus (BVDV) from cattle and ovine pestivirus (BDV) from sheep
(Uttenthal et al. 2005). However, numerous studies have indicated that Pestiviruses,
particularly BVDV and BDV, are capable of infecting a wide range of species, not just those
from which they were originally isolated (Edwards et al. 1995; Vilcek and Belak 1996). Both
BVDV and BDV have been shown to elicit an antibody response in multiple species, (Nettleton
1990) primarily from the order Artiodactyla, an order made up of 10 families and 240 species

(Grubb 2005).

Bovine viral diarrhoea virus

Since its discovery in 1946, antibodies to BVDV have been identified in cattle, sheep (Scherer
et al. 2001), goats (Bachofen et al. 2013), deer (Nettleton 1990), camels (Gao et al. 2013),
alpaca (Goyal et al. 2002) and a wide variety of ruminant wildlife (Nettleton 1990). While
cross-species transmission of BVDV has been recorded in many species, it is of particular
importance to understand its effects on sheep due to farming methods often resulting in the

interaction of cattle and sheep.

Infections with BVDV in sheep have been shown to develop either by the natural transmission
of the virus between cattle and sheep or through experimental, inoculation trials. The clinical
effects on sheep, following BVDV infections have been reported as being similar to those seen
in BVDV affected cattle or BDV affected sheep (Scherer et al. 2001). Table 1 shows a subset
of these occurrences and the outcomes associated with BVDV infection in sheep and other

domestic ruminant species.
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Table 1: Outcomes of infection with BVDV in domestic ruminant species other, than cattle

Species  Strain Cause of infection
Sheep BVDV-1 Unknown natural infection
BVDV-2 Unknown natural infection
Experimental infection via
MDV
intravenous inoculation
Experimental infection via
BVDV
intravenous inoculation
Experimental infection via
BVDV
inoculation
Experimental infection via
BVDV-2 intravenous and intranasal
inoculation
Experimental infection by
BVDV-1c
subcutaneous inoculation
Goat BVDV-1 Unknown natural infection
Natural transmission, possibly from
BVDV-1
cattle
Experimental infection via
BVDV
intramuscular inoculation
BVDV Infected vaccine
Natural infection via experimental
BVDV-1
exposure to Pl calf
Natural infection via exposure to Pl
BVDV-1

goat

Outcome

Antibody and virus detected, lambs with low
birth weight, poor growth, sporadic
abortions

Antibody and virus detected, lambs with low
birth weight, poor growth, sporadic
abortions

Antibody response in ewes, poor lambing
rates, Pl lamb born

Antibody response in ewes, high rate of
abortions and foetal deaths, low birth
weights of lambs

Arthrogryposis, brachygnathia, anasarca,
porencephaly, hydranencephaly, cerebellar
hypoplasia, leukoenceophalomalacic lesions,
Antibody response and severe ulcerative
placentitis in ewes, poor lambing rates, birth
of Pl lamb

Antibody response in ewes, poor lambing
rates, birth of PI lamb

Antibody and virus detected, kids with low
birth weight, poor growth, sporadic

abortions

P1 goat detected

Antibody response in does, high rate of
reproductive failure

Antibody response in does, severe
reproductive failure

Antibody response in does, high rate of
abortion, two PI kids

Antibody response in does, development of

P1 kids

Reference

(Pratelli et al. 2001)

(Pratelli et al. 2001)

(Snowdon et al. 1975)

(Parsonson et al. 1979)

(Hewicker-Trautwein

et al. 1995)

(Scherer et al. 2001)

(Evans et al. 2015)

(Pratelli et al. 2001)

(Krametter-Froetscher

et al. 2010a)

(Loken et al. 1991a)

(Loken et al. 1991b)

(Bachofen et al. 2013)

(Bachofen et al. 2013)
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Table 1 continued.

Species  Strain Cause of infection QOutcome Reference

Natural infection via experimental
Goat BVDV-1b Antibody response (Broaddus et al. 2007)
exposure to Pl calf

Natural infection via experimental
BVDV-2a Antibody response (Broaddus et al. 2007)
exposure to Pl calf

Alpaca BVDV Natural infection Antibodies to BVDV detected (Goyal et al. 2002)

Anorexia and lethargy in acutely infected
BVDV-1b Natural infection (Carman et al. 2005)
animals, abortion, birth of Pl cria

BVDV-1 Natural infection Persistent infection of cria (Mattson et al. 2006)

Antibodies to BVDV detected, stillbirths,
BVDV-1 Natural infection (Barnett et al. 2008)
congenital disease and stunted growth of cria

BVDV Natural infection Antibodies to BVDV detected (Cockcroft et al. 2015)

Antibodies to BVDV detected, mild clinical
Natural infection via experimental
BVDV-1b signs including nasal discharge and elevated ~ (Byers et al. 2011)
exposure to Pl alpaca
body temp

Antibodies to BVDV detected, no signs of
Llama BVDV-1 Experimental infection (Wentz et al. 2003b)
disease, abortion

Irrespective of the route of transmission, acute BVDV infections in sheep have been shown to
result in the development of BVDV-specific antibodies between 14 and 30 days after exposure
(Scherer et al. 2001; Evans et al. 2015) although there are often no observable clinical signs of
infection in these animals (Evans et al. 2015). While acute BVDV infections in non-pregnant
sheep are clinically inapparent, acute BVDV infections in pregnant ewes have led to severe
reproductive losses, similar to those observed in BVDV infected cattle. Previous studies have
reported lamb/foetal losses of anywhere from 52% to 100% following infection of pregnant
ewes with BVDV (Snowdon et al. 1975; Parsonson et al. 1979; Scherer et al. 2001; Evans et
al. 2015). Studies have also reported severe neurological and physical abnormalities in lambs
born to mothers infected during mid gestation with abnormalities including; arthrogryposis,

brachygnathia, hydranencephaly, porencephaly and anasarca (Hewicker-Trautwein et al. 1994;
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Hewicker-Trautwein et al. 1995). The birth of immunotolerant and persistently BVDV infected
lambs have also been reported following maternal infection between 38 and 78 days of gestation
(Snowdon et al. 1975; Parsonson et al. 1979; Scherer et al. 2001; Evans et al. 2015). While
many BVDV PI lambs have survived only to a few weeks of age (Evans et al. 2015), some
BVDV-2 PI sheep have been reported to survive past 6 months of age (Scherer et al. 2001).
Either way the presence on farm of a Pl lamb poses a potential risk to the spread and persistence

of BVDV not only within sheep populations but also within cattle herds.

It has also been reported that alpacas and Ilamas (South American Camelids) can be acutely
infected with BVDV and develop BVDV-specific antibodies following exposure. Similar to
acute infections in cattle and sheep the clinical signs of acute BVDV infections in alpacas are
often mild or non-existent but can include lethargy, anorexia and a break in the fleece(Carman
et al. 2005). However, unlike in cattle and sheep, diarrhoea does not appear to be a consistent

feature of acute BVDV infections in alpaca (Carman et al. 2005).

As acute BVDV infections in camelids tend to go undetected, it is more often the chronic or
persistent form of infection that is reported. Common signs of chronic or persistent BVDV
infections in camelids include chronic ill-thrift, poor weight gain or being underweight, severe
nasal discharge and pneumonia (Carman et al. 2005; Mattson et al. 2006). Similar to cattle and
sheep, when acute BVDV infections develop in pregnant camelids reproductive losses such as
early embryonic death, abortion, stillbirth, premature birth (Wentz et al. 2003a; Carman et al.
2005) and the birth of persistently BVDV infected cria (Mattson et al. 2006; Byers et al. 2009)

are possible.

Border disease virus

While there have been fewer reports relating to the cross-species transmission of BDV,
compared to BVDV, a number of non-ovine species have shown to develop acute and/or
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persistent BDV infections. These species include cattle (McFadden et al. 2012), goats

(Nettleton et al. 1998) and pigs (Vilcek and Belak 1996). Table 2 shows a subset of these

occurrences and the outcomes associated with BDV infection in some of these domestic species.

Table 1: Outcomes of infection with BDV in domestic ruminant species, other than sheep

Species  Strain
Cattle BDV-1a
BDV
BDV
BDV
BDV-3
BDV
Goats BDV
BDV
BDV-3
Deer BDV-4

Cause of infection

Mating with bull Pl with BDV

Mixed grazing with sheep

Experimental infection by oral

inoculation

Co-mingling with Pl sheep

Natural transmission from PI
sheep
Natural transmission from PI

calf

Unknown natural infection

Experimental infection via

intramuscular inoculation

Unknown natural infection

Unknown natural infection

Outcome

Antibody response and low pregnancy

rate in heifers

Antibody response in cattle

Antibody response in one calf

Antibody response in calves

Antibody response in heifers, >50%
abortion rate and the birth of a PI calf
Antibody response in heifers, persistent
foetal infection

Abortions, poor kid survival, nervous
signs in kids

Antibody response in dams, high rate of
reproductive failure

Antibodies detected, severe diarrhoea,
rough hair coat and slow growth in kids
Antibody response detected in one red

deer

Reference

(McFadden et al. 2012)

(Braun et al. 2013)

(Braun et al. 2014)

(Braun et al. 2014)

(Krametter-Froetscher et

al. 2010b)

(Braun et al. 2015)

(Toplu et al. 2011)

(Loken et al. 1991a)

(Li et al. 2013)

(Marco et al. 2011)

Acute infections with BDV in cattle have been shown to result from direct contact with sheep

naturally and persistently infected with BDV or by experimental infection. It has been reported

that these acute infections can result in seroconversion, abortion in heifers (Krametter-

Froetscher et al. 2008; Krametter-Froetscher et al. 2010b) and the birth of persistently BDV

infected calves (Braun et al. 2015).

31



It has also been reported that BDV can transmit naturally from persistently BDV infected cattle
to naive and susceptible heifers. In New Zealand in 2012 it was identified that poor reproductive
performance in 62 dairy heifers and a low pregnancy rate of 23% was associated with a bull
which was persistently infected with BDV (McFadden et al. 2012). Similarly, in 2015, the co-
mingling of a BDV PI calf with six pregnant heifers resulted in seroconversion in all six heifers

and persistent infection in the foetuses of three others (Braun et al. 2015).

Studies have also shown serological evidence that BDV infection can occur in goats in Africa,
America, Australia and Europe (Nettleton 1990). Experimental infections of BDV in goats have
led to severe placentitis and clinical and pathological signs similar to those seen in sheep

infected with BDV (Nettleton 1990).

1.7 History of ruminant pestiviruses in Australia

Clinical and pathological symptoms of mucosal disease virus (MDV) were first reported in
Australian cattle in 1957 (Blood et al. 1957). While diarrhoea and nasal/buccal mucosal lesions
were observed in these animals antibodies to the virus were not reported and transmission of
the virus to susceptible animals was unsuccessful. The next documented case of BVDV related
disease was two years later, in 1959, where severe scouring was observed in a group of South
Australian yearling cattle (McCormack et al. 1959). Despite these two earlier cases, the first
serological evidence for BVDV was not reported in Australia until 1962 (French 1962). Since
this time the understanding and effect of BVDV in Australian cattle has increased and it is now
considered as one of the top five cattle diseases in Australia, estimated to cost the cattle industry

a total of $114.4 million per annum (MLA 2016).

Unlike many other cattle producing countries there are a limited number of BVDV strains
identified in Australia. A study in 2010 reported that the more clinically severe BVDV-2 species
was not present in Australia and that while BVDV-1a was identified, there was a 96%
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predominance of BVDV-1c in Australia (Ridpath et al. 2010). This limited variability in strains

is thought to be as a result of Australia’s geographical location and strict biosecurity measures.

In comparison, the first reported case of Pestivirus infection in sheep was in 1964. This study
identified antibodies to the C24V virus (BVDV-1) in sheep from Victoria and Tasmania
(French and Snowdon 1964). In 1972 a condition of lambs, presenting with hairy birth coat,
poor growth, nervous abnormalities and suggestive of BDV, was reported (Acland et al. 1972).
Despite the similarity with BDV it was noted that these signs could also be due to infection
with BVDV. While it appears that infections with BDV were not common in Australian sheep,
many of these earlier reports did not have the diagnostic methods which are available today. As
a result the misdiagnosis of the infecting Pestivirus strain may have resulted. Nonetheless, there
is limited published information available regarding Pestivirus infections in Australian sheep,

particularly from the last 30 years.

Prevalence

Reported historical prevalences for BVDV (or MDV) and/or BDV in Australian sheep and
cattle are presented in Table 3. The first seroprevalence survey for antibodies to BVDV in
Australian livestock was a 1964 study. This study reported seroprevalences in cattle, at the
individual animal level, ranging from 13% in South Australia to 65% in Victoria. This study
also reported seroprevalences in sheep at the individual animal level of 14% in Victoria and
24% in Tasmania (French and Snowdon 1964). Similarly, the first national seroprevalence
study was undertaken in 1967 and reported that 61% of Australian cattle and 89% of Australian
cattle herds were positive for BVDV antibodies (St George et al. 1967b). Since this time
national prevalences to BVDV appear to have remained stable in cattle populations. A non-peer
reviewed seroprevalence study from 2010 reported a national herd seroprevalence of 86% while
state seroprevalences ranged from 83% in Queensland to 100% in South Australia (Taylor
2010).
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In comparison, the most recent disease prevalence study, as far as the authors are aware, relating
to Pestivirus infections in sheep was in 1984. While this study reported that <4% of Victorian
sheep flocks showed signs of BDV infection, results were determined through a postal survey
sent to stud sheep producers and not by diagnostic testing (Lim and Carnegie 1984). The most
recent seroprevalence study in sheep was in 1971 and reported a national flock seroprevalence
of 13% (St George 1971). Since this time it remains unknown to what extent BDV or BVDV

are present in Australian sheep populations.
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Table 3: Reported prevalences of Pestivirus-specific antibodies in Cattle and Sheep from Australia

Herd/Flock or Infecting Number
Year State Species | Prevalence Methods Reference
Animal level Pestivirus Species Sampled
1964 VIC Cattle 65% Animal BVDV-1 215 VNT (French and Snowdon 1964)
QLD Cattle 51% Animal BVDV-1 142 VNT (French and Snowdon 1964)
WA Cattle 63% Animal BVDV-1 157 VNT (French and Snowdon 1964)
TAS Cattle 51% Animal BVDV-1 69 VNT (French and Snowdon 1964)
SA Cattle 13% Animal BVDV-1 15 VNT (French and Snowdon 1964)
VIC Sheep 14% Animal BVDV-1 208 VNT (French and Snowdon 1964)
TAS Sheep 24% Animal BVDV-1 59 VNT (French and Snowdon 1964)
1967 National Cattle 61% Animal MDV 4504 VNT (St George et al. 1967a)
National Cattle 89% Herd MDV Bill5 VNT (St George et al. 1967a)
1971 National Sheep 13% Flock MDV 416 VNT (St George 1971)
1971 National Sheep 8% Animal MDV 832 VNT (St George 1971)




Table 3 continued

Herd/Flock or

Infecting Number
Year State Species | Prevalence Methods Reference
Animal level Pestivirus Species Sampled
1984 VIC Sheep <4% Flock BDV 481 Postal survey for symptoms of BDV | (Lim and Carnegie 1984)
1997 SA Cattle T7% Animal BVDV 617 AGID (Durham and Paine 1997)
2006 QLD Cattle 45% Animal BVDV 7838 VNT (Taylor et al. 2006)
2010 NSW Cattle 97% Herd BVDV 91 AGID/ELISA (Taylor 2010)
NT Cattle 96% Herd BVDV 25 AGID/ELISA (Taylor 2010)
QLD Cattle 83% Herd BVDV 105 AGID/ELISA (Taylor 2010)
SA Cattle 100% Herd BVDV 7 AGID/ELISA (Taylor 2010)
TAS Cattle 87% Herd BVDV 23 AGID/ELISA (Taylor 2010)
WA Cattle 100% Herd BVDV 146 AGID/ELISA (Taylor 2010)
VIC Cattle 94% Herd BVDV 9 AGID/ELISA (Taylor 2010)
National Cattle 86% Herd BVDV 406 AGID/ELISA (Taylor 2010)




1.8 Thesis outline

In order to effectively control and/or eradicate BVDYV, understanding cross-species
transmission and the role of non-bovine species in the spread and persistence of the virus is
critical. A large number of non-bovine species have previously been reported as susceptible to
BVDV infection however, for this body of work, sheep were of particular interest due to the

close affiliation between BDV and BVDV and the large number of sheep farmed in Australia.

In 2015 Meat and Livestock Australia reported that the National herd sizes for sheep and cattle
(both beef and dairy) in Australia were 70.9 million and 27.4 million, respectively (MLA 2016).
Of these, 74% of sheep and 39% of cattle are farmed across South Australia, Victoria and New
South Wales (MLA 2016) a total area less than 30% of Australia’s total land mass (Geoscience
Australia 2004). While it is unknown what the prevalence of BVDV is in Australian sheep
flocks, in 2010 it was reported that the majority (86%) of Australian cattle herds have been
exposed to BVDV (Taylor 2010). The high prevalence of BVDV in cattle herds and the close
proximity, and large numbers, of sheep and cattle in Australia highlights a need in

understanding the effects of cross-species transmission of BVDV between cattle and sheep.

While previous studies have reported various effects relating to BVDV infection in sheep, these
studies have used types or strains of the virus not predominant in Australia with the majority of
these studies undertaken prior to 2002. As such, results may not be indicative of the effects
relating to current acute and/or persistent infections with BVDV-1c in sheep. It remains
unknown if current acute BVDV infections in sheep are clinically apparent, what reproductive
outcomes result from infection of pregnant ewes during early/mid gestation, if viable BVDV
Pl lambs can develop and if they can in turn infect susceptible sheep and cattle. It is also
unknown what the seroprevalence to Pestiviruses is in Australian sheep flocks and what other

Australian livestock species are at risk of infection. Therefore the objective of this thesis was
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to investigate important aspects regarding the epidemiological and clinical impacts of BVDV

infection in sheep and other commonly farmed Australian livestock species.

The individual projects of this thesis aimed to:

1. validate a commercially available, diagnostic test for the accurate detection of BVDV-
specific antibodies in sheep serum

2. determine what clinical signs and reproductive loses are associated with acute BVDV-
1c infection in pregnant ewes

3. characterise the pathological consequences seen in lambs following acute maternal
BVDV-1c infection between 59 and 69 days gestation

4. investigate the infectivity of a BVDV-1c Pl lamb with regards to susceptible sheep
and cattle

5. produce viable and persistently BVDV-1c infected lambs

6. investigate the infectivity of sheep undergoing an acute BVDV-1c infection

7. determine what clinical signs are associated with acute BVDV-1c infection in alpacas

8. understand the prevalence of BVDV-specific antibodies in potential, non-bovine,

reservoir hosts in Australia

In Chapter 2 three serological assays for the detection of BVDV-specific antibodies were
validated for use on sheep serum to enable the accurate detection of acute BVDV infections in
sheep. In Chapter 3 the clinical effects associated with acute BVDV-1c infections in pregnant
ewes was investigated. The first paper in this chapter reports on the clinical and reproductive
outcomes observed in ewes acutely infected with BVDV-1c during early/mid gestation. The
second paper reports on the pathological malformations in lambs associated with foetal
infection with BVDV-1c during early/mid gestation. In Chapter 4 the ability of BVDV-1c
infected sheep to infect susceptible sheep and cattle was investigated. The first paper in this

chapter reports on the infectivity of a neonatal, BVDV-1c Pl lamb and its ability to infect
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susceptible sheep and cattle. The second paper reports on whether sheep undergoing an acute
BVDV-1c infection can infect co-housed, susceptible sheep. In Chapter 5 the clinical and
haematological effects associated with acute BVDV-1c infections in alpacas was investigated.
Lastly, in Chapter 6, seroprevalences for Pestivirus-specific antibodies were determined for

South Australian sheep and Northern Territory water buffalo.
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Chapter 2: Diagnosis of BVDV-specific antibodies in sheep serum

To effectively control a disease such as BVDV, access to accurate and reliable diagnostic tools
is required. For BVDV, the differentiation between individual animals that are naive, acutely
infected or persistently infected with the virus is important. Current diagnostic tests for BVDV
detection are used to identify either BVDV-specific antibodies, BVDV-specific antigen or the

virus itself (Saliki and Dubovi 2004).

In cattle, diagnostic tests for BVDV antibodies are commonly used to screen herds for sero-
converted animals. Such diagnostic tests include agarose gel immunodiffusion (AGID), virus
neutralisation test (VNT) and enzyme linked immunosorbent assay (ELISA) (Lanyon et al.
2014a). In Australia, the AGID has been the preferred antibody detection method for many
years (Kirkland and Mackintosh 2006), although antibody ELISAs are growing in popularity
due to being rapid to perform, relatively inexpensive and appropriate when testing large

numbers of samples (Lanyon et al. 2014a).

Although BVDV is predominantly a disease of cattle, antibodies to the virus have been reported
in a wide range of non-bovine species, including sheep (Pratelli et al. 2001). Despite the
quantity of diagnostic tests available for the detection of BVDV-specific antibodies in cattle,
the validation of many of these tests is lacking for non-bovine species. In order to accurately
determine the full effect of BVDV infections on sheep and, in turn determine whether sheep
populations might be acting as a reservoir source of BVDV infection, an accurate test for
identifying BVDV-specific antibodies in sheep first needs to be identified. Due to the large
number of samples to be tested and financial constraints associated with the following studies,

an accurate, rapid and relatively inexpensive diagnostic method was required.
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2.1 Identifying BVDV-1specific antibodies in sheep serum

The primary outcome for this manuscript was to compare three serological diagnostic assays:
the AGID and two commercially available ELISAs, and validate them for the detection of
BVDV-specific antibodies in sheep serum, following experimental infection with BVDV-1c.
This manuscript has been published by the Journal of Veterinary Diagnostic Investigation, vol

29(2), pp 181-185.
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Original article: Investigation of AGID and two commercial ELISAs for the

detection of Bovine viral diarrhea virus-specific antibodies in sheep serum

CA Evans, SR Lanyon and MP Reichel (2017)

Investigation of AGID and two commercial ELISASs for the detection of Bovine viral diarrhea virus-

specific antibodies in sheep serum
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Investigation of AGID and two
commercial ELISAs for the

detection of Bovine viral diarrhea
virus—specific antibodies in sheep serum

Caitlin A. Evans,' Sasha R. Lanyon, Michael P. Reichel

Abstract. Effective control and the eventual eradication of Bovine viral diarrhea virus (BVDV) from cattle populations
depend on the accurate identification of infected animals. Although typically a disease agent of cattle, BVDV is known
to infect a wide variety of nonbovine species, including sheep. However, validation of serologic tests in these nonbovine
species, particularly sheep, is lacking. We analyzed 99 sheep sera (57 samples from Pestivirus-naive sheep, and 42 samples
from BVDV-inoculated sheep) in order to investigate 3 serologic tests: the agarose gel immunodiffusion (AGID) and 2
commercial enzyme-linked immunosorbent assays (ELISAs) for detection of BVDV antibodies. At the manufacturer’s
cutoff thresholds, the AGID performed with 95.2% diagnostic sensitivity; ELISA-A performed with sensitivity of
90.5% and ELISA-B with 69.1%. All 3 tests performed with 100% diagnostic specificity. Two-graph receiver operating
characteristic analysis showed that performance characteristics were optimized, such that both diagnostic sensitivity and
diagnostic specificity were >95% for both ELISAs, if the thresholds were altered to 34.9% inhibition for ELISA-A and

63.5 signal-to-noise ratio for ELISA-B.

Key words: Bovine viral diarrhea virus; serologic tests; sheep; test validation.

Bovine viral diarrhea virus (BVDV; family Flaviviridae) is
a virus of the Pestivirus genus, which also includes Border
disease virus (BDV) in sheep and Classical swine fever virus
in pigs.” BVD is a highly prevalent disease of cattle that is
associated with immunosuppression® and reproductive
losses.” It is widely acknowledged that BVDV has signifi-
cant economic impacts on cattle industries, with estimates
ranging from US$40,000 to US$100,000 per infected herd
per year.” Several studies have shown that systematic control
or eradication of BVDV is economically beneficial in
endemically infected cattle populations.*'* Control of BVDV
is largely reliant on testing for BVDV-specific antibodies,
virus, viral RNA, or viral antigen. Detection of the virus (or
its subunits) is critical for the identification of persistently
infected (PI) individuals, which are epidemiologically
important for the maintenance and spread of the virus.* The
detection of specific antibodies indicates seroconversion in
response to a previous infection in unvaccinated animals.
Serologic tests for BVDV antibodies enable naive and
exposed herds to be identified. Animals testing negative in a
seropositive herd are consistent with PI animals and may
warrant further testing for the presence of the virus.

In Australia and New Zealand, there are a number of sero-
logic tests available for the identification of BVDV-specific
antibodies in cattle, including agarose gel immunodiffusion

(AGID), virus neutralization test (VNT), and enzyme-linked
immunosorbent assay (ELISA; Australian and New Zealand
Standard Diagnostic Procedures. Ruminant pestivirus infec-
tions, 2006, https://goo.gl/NwD5xN).2° Although it is still
thought of as the gold standard for identification of BVDV
infection, VNT is relatively expensive and labor intensive
when compared to ELISA and AGID, which are rapid and
inexpensive, even for large-scale testing. One commercial
ELISA has been validated relative to the VNT and was
shown to have excellent performance on cattle sera, with
diagnostic sensitivity (DSe) of 96.7% and diagnostic speci-
ficity (DSp) of 97.1%.'° That same study showed that the
performance of the AGID did not differ significantly from
that of the ELISA."

Although BVD is most well known as a disease of cattle,
many studies have identified infection in a wide range of
other ruminant and pseudoruminant species, including
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sheep,?! goats,' deer," and alpaca.® Similarly, BDV infec-
tion has been reported in cattle, with a bull in New Zealand
identified as being persistently infected with BDV." Infec-
tion with BVDYV in sheep is of particular importance given
their proximity to cattle in some commercial production
systems, and the reproductive losses that have been
observed following infection of pregnant ewes with
BVDV.’ For example, abortion rates of 52—100% have been
observed in ewes infected with BVDV at 25-100 d
ges‘[ation,s’m’22 and the birth of BVDV PI lambs has also
been reported.>*

In Australia and New Zecaland, there is little information
available regarding the current state of infections with pesti-
viruses in sheep. The only known study regarding the preva-
lence of pestiviruses in sheep in Australia is a postal survey
in 1979, which identified only 4% of flocks with Pestivirus
infection.'" However, the prevalence of BVDV in cattle is
reported to be >86% in Australia (Taylor L. Findings of an
Australia wide serological survey of beef and dairy herds for
bovine viral diarrhoea virus conducted between 2007 and
2009. Australian Cattle Vets 2010;57) and 63% in New Zea-
land." Tt has also been identified that only the BVDV-1
genotypes can be found in this region,'* with a predomi-
nance (96%) of BVDV-1c¢ in Australia.'® It is clear that there
is a gap in the knowledge regarding Pestivirus infections in
sheep, but, in order to accurately undertake a prevalence
survey of this region, the correct detection techniques need
to be identified. Therefore, we sought to optimize 3 sero-
logic assays: the AGID and 2 commercially available ELI-
SAs for the detection of BVDV-specific antibodies in sheep
serum.

Materials and methods

Animals

Fifty-four sheep were used in our study: 25 wethers and 29
ewes; all were Merino x Border Leicester ewes and wethers
from the University of Adelaide’s commercial flock at its
Roseworthy Campus, South Australia. The flock is known to
be Pestivirus naive based on previous testing. All animal
experiments were approved by the University of Adelaide
Animal Ethics Committee prior to this project (S-2012-240
and S-2012-248).

Sera

Blood samples were collected from all 54 sheep at the begin-
ning of the project. The naive status was confirmed in all of the
assays used in our study. Forty-two of the sheep were then
given subcutaneous inoculations of 2 mL of freeze—thawed
serum previously collected from a South Australian BVDV PI
cow. Serum from the PI cow was typed as BVDV-1¢.” Three
sheep were not inoculated, although remained with the flock;

the remaining 9 sheep were excluded from further participation
in the project for practical reasons.

Blood samples were collected 6 wk postinoculation
from the 42 inoculated sheep and from the 3 sheep that
were not inoculated. Therefore, in total, 57 blood samples
were collected from Pestivirus-naive sheep, and 42 sam-
ples from BVDV-inoculated sheep. All blood samples were
centrifuged at 3,000 x g for 20 min, and serum was ali-
quoted into 1.2-mL microtubes before storage at —80°C
until assayed.

Detection of BVDYV antibodies using AGID
and ELISA

The 99 serum samples were tested using an AGID® assay that
uses the C24V reference strain (BVDV-1a)"? as the antigen,
with a score of 0 considered negative and scores of 1-3 con-
sidered positive. The AGID is recognized to be group reac-
tive and capable of detecting antibodies to both BVDV and
BDV (https://goo.gl/15GnYh).

The serum samples were also tested using 2 commercial
BVDYV antibody ELISAs. Samples were analyzed by the
first ELISA (A)b as per the manufacturer’s instructions
where results were expressed in percentage inhibition
(%Inh). The manufacturer’s recommended cutoff for posi-
tive samples was >50%Inh. This ELISA has been stated by
the manufacturer to detect antibodies to BVDV-1a, -1b,
and -2.

Samples were also analyzed by a second ELISA (B),°
wherein results were expressed as signal-to-noise ratio (S/N).
The manufacturer’s recommended cutoff for positive sam-
ples for that assay is <40 S/N (note: as this is a blocking
ELISA, low S/N values signify a positive result). This ELISA
has been stated by the manufacturer to detect antibodies to
both BVDV and BDV.

Statistical analysis

The performance characteristics of the AGID and both ELI-
SAs were calculated wusing EpiTools (https://goo.gl/
NCMJUO). The ELISA results were dichotomized using the
manufacturer’s recommended cutoffs, and the true exposure
status (inoculated or uninoculated) was used as the reference
status. A confidence level of 95% was used.

A 2-graph receiver operating characteristic (TG-ROC)
analysis (https://goo.gl/LG9XZx) was performed on the
data from each ELISA. Data from the blocking ELISA-B
were transformed using the following formula: 100 —
(S/N). From the TG-ROC analysis, optimal cutoff values
for maximizing test efficiency (minimizing misclassifica-
tion) or maximizing Youden J statistic were determined,
and the corresponding test performance characteristics,
with confidence intervals, were calculated. Cutoff values
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Table 1. Performance characteristics of the agarose gel
immunodiffusion (AGID) and 2 enzyme-liked immunosorbent
assays (ELISAs) at the manufacturer’s cutoffs.*

Test Diagnostic sensitivity Diagnostic specificity
AGID? 95.2 (83.8-99.4) 100.0 (93.7-100.0)
ELISA-A" 90.5(77.4-97.3) 100.0 (93.7-100.0)
ELISA-B° 69.1 (52.9-82.4) 100.0 (93.7-100.0)

* Numbers in parentheses are 95% confidence intervals. An AGID score
of 0 was considered negative; scores of 1-3 were considered positive.
ELISAs were interpreted according to manufacturer’s cutoffs for

positive samples of >50%Inh and <40 S/N, for ELISA-A and ELISA-B,
respectively. Lowercase letters refer to Sources and Manufacturers section.
1 Two-tailed z-test showed significant difference from AGID (p = 0.0018)
and ELISA-A (p = 0.0146).

for ELISA-B were extracted from the TG-ROC analysis in
the 100 — (S/N) manipulated form, then back-calculated
and are presented here as S/N.

Pairwise 2-tailed z-tests (https://goo.gl/xDBbGz) were
performed to examine statistically significant differences in
performance characteristics between tests, and before and
after optimization. A p value of <0.05 was considered signifi-
cant.

Results

The baseline samples from the 57 uninoculated sheep all
tested negative for BVDV antibodies in all 3 assays at the
manufacturer’s cutoffs. Conversely, of the 42 exposed sheep,
27 of these tested positive on each of the 3 assays and all but
1 (41) sheep were found to be positive in at least 1 of the
assays. The 3 assays (interpreted at manufacturer’s cutoffs)
all performed with 100% DSp but lower DSe (Table 1), with
ELISA-B showing significantly lower sensitivity than the
AGID (p =0.0018) and ELISA-A (p = 0.0146).

At the manufacturer’s cutoff value for each of the 3 tests,
DSp was optimal (100%) but DSe was limited, particularly
for ELISA-B (Table 1). AGID had the highest sensitivity
(95.2%), followed by ELISA-A (90.5%) and ELISA-B
(69.1%).

The TG-ROC analysis identified 2 possible optimal cut-
offs for each of the ELISAs, in order to maximize test effi-
ciency (minimize misclassification) and maximize Youden J
statistic, respectively (Figs. 1, 2). For ELISA-A, DSe
improved at both optimized cutoffs relative to the manufac-
turer’s cutoff, but the improvements were not statistically
significant. No changes in DSp were observed for ELISA-A.
For ELISA-B, significant improvements in DSe were
observed at both the adjusted cutoff for maximal test effi-
ciency (p = 0.0005) and the cutoff for maximized Youden J
statistic (p < 0.0001), with no significant reductions in DSp.
The optimal cutoffs and corresponding test characteristics

are presented in Table 2. There were no significant differ-
ences in performance characteristics among the 3 assays
(AGID, ELISA-A, and ELISA-B) when the optimal ELISA
thresholds were used.

Discussion

In order to improve the DSe of both ELISA kits, TG-ROC
analysis was undertaken. TG-ROC results for ELISA-A indi-
cated that by lowering the manufacturer’s cutoff from
50%]Inh to 34.9%Inh, specificity remained optimal but sensi-
tivity increased from 90.5% to 95.2% for both test efficiency
and Youden J statistic. In comparison, TG-ROC analysis for
ELISA-B returned different cutoff values for test efficiency
and Youden J statistic. Results of the TG-ROC analysis indi-
cated that in order to increase test efficiency and minimize
the number of misclassified samples, increasing the manu-
facturer’s cutoff from 40 S/N to 63.5 S/N maintained an opti-
mal specificity while increasing sensitivity from 69.1% to
97.6%. However, in order to maximize the Youden J statistic,
the manufacturer’s cutoff had to be increased to 83 S/N. At
this cutoff, DSe was 100%; however, specificity decreased
from 100% to 98.2%. Both identified cutoff values for
ELISA-B are valid options.

Which cutoff value is preferable is dependent on the pur-
pose of the test and the costs associated with false-negatives
relative to false-positives. If the accurate identification of
seropositive individuals is the objective, then the 83 S/N cut-
off is appropriate wherein sensitivity is maximized. By con-
trast, if the accurate identification of negative animals is
critical—for example, if antibody screening is being used for
identification of negative individuals that are potential PI
animals as a precursor to virus testing—then specificity is
critical and the 63.5 S/N is appropriate. The correct identifi-
cation of these individuals is critical in most control and
eradication programs, as the elimination of a PI animal
removes the most epidemiologically important source of
infection.!” However, in areas that use vaccination, PI ani-
mals may be antibody-positive as a result of an immunologic
response to a heterologous strain. Therefore, caution should
be taken when interpreting results from herds that use vac-
cination as a control method.

The AGID and 2 commercial ELISAs assessed in our
study have useful performance characteristics for detection
of BVDV-specific antibodies in sheep sera. We suggest that
in order to optimize performance characteristics to >95% for
both DSe and DSp of both ELISAs, the thresholds be altered
to 34.9%Inh for ELISA-A and 63.5 S/N for ELISA-B. It is,
however, important to be aware of limitations in the ability
of serologic tests to discriminate between Pestivirus species.
To ensure that the identification of BVDV-infected or non-
infected sheep is correct, further work is required on the
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Figure 1. Output of a 2-graph receiver operating characteristics analysis (A) and Youden J statistic and test efficiency (B) of ELISA-
A" for the detection of antibodies specific to Bovine viral diarrhea virus, using the true infection status of 99 sheep sera as the reference
standard. ELISA results are expressed as percent inhibition (%Inh). Solid black lines indicate suggested cutoff values for Youden J statistic
and test efficiency as well as the manufacturer’s recommended cutoff.
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Figure 2. Output of a 2-graph receiver operating characteristics analysis (A) and Youden J statistic and test efficiency (B) of ELISA-
B¢ for the detection of antibodies specific to Bovine viral diarrhea virus, using the true infection status of 99 sheep sera as the reference
standard. ELISA results are expressed as signal-to-noise (S/N) ratio (top axis); however, data were transformed (100 — S/N; bottom axis).
Solid black lines indicate suggested cutoft values for Youden J statistic and test efficiency as well as the manufacturer’s recommended
cutoff.

Table 2. Optimal cutoff values as determined by 2-graph receiver operating characteristic analysis for maximizing test efficiency
(minimizing misclassification) and maximizing Youden J statistic and the corresponding test performance characteristics for ELISA-A®
and ELISA-B.“*

Test Criteria Positive cutoff Diagnostic sensitivity Diagnostic specificity

ELISA-A (%Inh) Test efficiency >34.9 95.2 (84.2-98.7) 100.0 (93.7-100.0)
Youden J statistic >34.9 95.2 (84.2-98.7) 100.0 (93.7-100.0)

ELISA-B (S/N) Test efficiency <63.5 97.6 (87.7-99.6)t 100.0 (93.7-100.0)
Youden J statistic <83.0 100.0 (91.6-100.0) 98.2 (90.7-99.7)

* Numbers in parentheses are 95% confidence intervals. %Inh = percent inhibition; S/N = signal-to-noise ratio.
+ Significant improvement over diagnostic sensitivity at manufacturer’s cutoft; p = 0.0005.
I Significant improvement over diagnostic sensitivity at manufacturer’s cutoff; p <0.0001.
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2.2 Chapter discussion

Achieving a high sensitivity and specificity for diagnostic tests is required for the accurate
identification of infected animals. However, concurrent one hundred percent sensitivity and
specificity cannot always be achieved and sometimes one performance characteristic has to be
favoured over the other. With regards to the diagnostic testing for antibodies to BVDV, the type
of infection we are trying to detect, either acute or persistent infection, is important when
determining which characteristic is more significant. Is it more important to detect individuals,
which are antibody positive (are or have been acutely infected with BVDV) or individuals

which are antibody negative (BVDV naive or persistently BVDV infected)?

It was reported that by changing the manufacturer’s cut-off for the two ELISASs investigated in
this study, sensitivity of the test, and the accurate identification of antibody positive sheep,
could be increased in both assays. Results of the Prionics ELISA showed that by lowering the
manufacturer’s cut-off from the suggested 50%Inh to 34.9%Inh, sensitivity was increased from
90.5% to 95.2% while maintaining optimal (100%) specificity (the accurate detection of
antibody negative animals). Similarly, results for the IDEXX ELISA showed that by increasing
the manufacturer’s cut-off from 40S/N to 63.5S/N, sensitivity could be increased from 69.1%
to 97.6%, while likewise maintaining optimal specificity. Optimal sensitivity could be achieved
in the IDEXX ELISA, although this comes at a cost to specificity and was not considered to be
a viable option due to the possibility of misidentifying persistently BVDV infected sheep as

acutely infected.

From the results of this study it was decided that the IDEXX ELISA, with a positive cut-off of

63.5S/N, was most suitable for use throughout the remaining studies, due to it achieving the

highest sensitivity whilst retaining 100% specificity of the three diagnostic tests. Now that a
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suitable diagnostic test has been identified to detect Pestivirus infections in sheep, the true

relationship between BVDV infections and sheep populations in Australia can be investigated.
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Chapter 3: Outcomes of acute BVDV-1c infections in pregnant ewes

The control of BVDV in cattle populations has been successful in many parts of the world
(Lindberg et al. 2006; Presi et al. 2011) due to the identification and removal of PI cattle (Presi
et al. 2011). However, many of these control programs focus on cattle populations alone and
ignore the potential risk posed to, and by, other non-bovine species. In Australia, cattle and
sheep often live in close proximity throughout many farming regions and it has previously been
reported that BVDV-1c can naturally transmit from cattle to sheep (Evans et al. 2015). As a
result it has been questioned whether, in the absence of continual re-infection from endemically
infected cattle populations, the 70.9 million sheep found within Australia (MLA 2016) could

pose a risk to the spread and persistence of BVDV within Australian cattle populations.

Previously it has been reported that acute infections in pregnant ewes, with varying strains of
BVDV, can result in high abortion/stillborn rates, neurological lesions, skeletal deformities
and/or the birth of persistently BVDV infected lambs (Hewicker-Trautwein et al. 1995; Scherer
et al. 2001). Similarly, for ewes infected with the predominant Australian strain, BVDV-1c,
highly reduced lambing rates and the birth of a persistently infected lamb have been reported
(Evans et al. 2015). However, a flaw in this study was the absence of a similarly managed,
uninfected and pregnant ewe flock. Although lambing losses were severe in this study, it was
not clear if the reported lambing losses were due primarily to BVDV-1c infection or other
management practices. Therefore, the full reproductive effect BVDV-1c infection has on
lambing rates in Australian sheep is unknown. Furthermore, the clinical signs of infection

present in pregnant ewes, acutely infected with BVDV-1c, is also unknown.

In comparison, it has been well documented that animals persistently infected (P1) with BVDV
are the main transmission source of BVDV and that the identification and elimination of these
animals is critical when controlling the virus. Although predominantly a disease of cattle, the
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birth of persistently BVDV infected lambs has been reported on a number of occasions
(Snowdon et al. 1975; Scherer et al. 2001; Evans et al. 2015). In many cases the viability of
these BVDV PI lambs has been poor however even a limited presence on farm may aid in the
spread of the virus to susceptible animals. Therefore before the risk posed by BVDV-1c PI
lambs in the spread of BVDV within Australia can be investigated, it first needs to be

determined if viable BVDV-1c Pl lambs can be produced.

It was recently reported that the experimental infection of a pregnant ewe at, approximately, 67
days gestation resulted in the birth of a BVDV-1c Pl lamb (Evans et al. 2015). This finding is
in line with the gestational age at infection (0 — 80 days) of lambs born persistently infected
with Border disease virus (Nettleton 1990) and suggests an appropriate timeframe for foetal
infection in order to study the successful development and viability of persistently BVDV-1c

infected lambs.

The following two manuscripts report the results of an experimental trial whereby ewes were
experimentally inoculated with BVDV-1c between 59 and 69 days of gestation. The timing of
infection was determined such that the potential for Pl lamb development was increased and

abortions/absorptions decreased.
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3.1 Findings in ewes

The primary outcome of this manuscript was to report on the clinical and reproductive
differences between ewes infected with BVDV-1c during early/mid gestation compared to ewes
which remained naive to the virus. The following manuscript details these findings and has

been published by the Journal of Small Ruminant Research Vol 149, Pp. 121-127.
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Original article: Clinical responses and reproductive outcomes in pregnant ewes
experimentally infected with bovine viral diarrhoea virus (Type-1c) between days

59 and 69 of gestation

CA Evans, MP Reichel, F Hemmatzadeh and PD Cockcroft (2017)

Clinical responses and reproductive outcomes in pregnant ewes experimentally infected with bovine

viral diarrhoea virus (Type-1c) between days 59 and 69 of gestation

Journal of Small Ruminant Research Vol 149, Pp. 121-127
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Low lambing rates and the birth of persistently infected (PI) lambs have previously been recorded in sheep
infected with BVDV. However, there is little information available in regards to the clinical profile of acute
BVDV infections in sheep. As a result the aim of this study was to investigate the clinical, haematological
and reproductive responses in pregnant ewes infected with the predominant Australian BVDV strain,
BVDV-1c.

Twenty-two pregnant ewes were experimentally inoculated with serum derived from a BVDV PI cattle

gf}gm\/;)rds: serum between 59 and 69 days gestation. A further 11 pregnant ewes were left uninfected. No clini-
Sheep cal changes were observed in the inoculated ewe group although a mild leukopaenia and a prolonged

decrease in eosinophil counts was detected. Severe foetal losses, physical and neurological abnormalities
in lambs and the birth of a persistently infected lamb was also recorded in the inoculated ewe group.
Results from this study suggest that acute BVDV-1c infections in sheep are clinically in-apparent, unless
infection occurs in a pregnant flock, where severe reproductive losses can be seen at lambing. To elimi-
nate the reproductive losses associated with BVDV infection close contact between sheep and cattle, of
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Persistent infection

unknown BVDV status, should be avoided during the joining and pregnancy periods.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Expressions of acute bovine viral diarrhoea (BVDV) infections
in cattle can range from subclinical to severe illness, depending
on the type and strain of virus present (Baker, 1995; Saliki and
Dubovi, 2004). Pyrexia, mild leukopaenia, immunosuppression and
awide array of reproductive losses are commonly observed follow-
ing acute BVDV outbreaks (Wellenberg et al., 2002). Reproductive
dysfunction results from the ability of BVDV to cross the placenta
and establish an infection within the developing foetus (Nettleton
and Entrican, 1995; Niskanen and Lindberg, 2003), with the out-
comes dependent of the stage of gestation at which infection took
place (Grooms, 2004). A variety of reproductive outcomes includ-
ing; abortion, foetal absorption, animals born with congenital or
neurological abnormalities as well as animals born with persistent

* Corresponding author at: School of Animal and Veterinary Sciences, Roseworthy
Campus, Roseworthy, SA 5371, Australia.
E-mail address: caitlin.a.evans@adelaide.edu.au (C.A. Evans).
1 School of Veterinary Medicine, Faculty of Health and Medical Sciences, Univer-
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0921-4488/© 2017 Elsevier B.V. All rights reserved.

BVDV infections commonly occur following infection of pregnant
cattle (Grooms, 2004; Broaddus et al., 2009).

In susceptible cattle populations, persistently BVDV infected (PI)
animals are the main source of infection. These PI animals shed
high quantities of virus in their excretions and secretions (Niskanen
and Lindberg, 2003) and are capable of infecting BVDV naive ani-
mals. Permanently infected animals arise when infection of the dam
occurs prior to the foetus developing immunocompetence, during
early to mid-gestation (18-125 days) (Grooms, 2004).

Previous studies have shown that BVDV-specific antibodies
occur in a variety of non-bovine species, including sheep (Scherer
et al,, 2001), deer (Nettleton, 1990), goats (Bachofen et al., 2013),
camels (Gao et al., 2013), pigs (Tao et al., 2013) and alpaca (Goyal
et al., 2002). The clinical manifestations and reproductive losses
associated with BVDV infection in sheep are of particular interest
due to their frequent proximity to cattle in many countries and
the risk of cross-species transmission. Several studies have been
undertaken to determine the reproductive losses associated with
maternal infection with BVDV. Results from these studies indicate
high abortion rates, ranging from 52 to 100%, in ewes infected with
BVDV between 25 and 100 days gestation (Snowdon et al., 1975;
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Parsonson et al., 1979; Scherer et al., 2001; Evans et al., 2015). It
has also been demonstrated that the birth of persistently BVDV
infected lambs may occur when infection takes place early in ges-
tation (Snowdonetal., 1975; Schereretal.,2001; Evans etal.,2015).
However, the majority of these studies have used types or strains
of virus not typically found in Australia, where infection appears to
be predominated by a single type-1 strain in cattle (Ridpath et al.,
2010). The clinical profile of acute infections of BVD Type 1-c in
adult sheep is not known.

The aim of the study was to investigate the clinical, haemato-
logical and reproductive responses in pregnant ewes infected with
the predominant Australian BVDV strain, BVDV-1c.

2. Materials and methods
2.1. Experimental animals

The study was approved by the University of Adelaide’s Animal
Ethics Committee prior to commencement of this project (S-2014-
111A).

The Merino ewes used in this study were sourced from the
University of Adelaide’s commercial flock, resident at its Rosewor-
thy Campus in South Australia. Eighty two ewes were tested for
both BVDV-specific antibodies by IDEXX BVDV/MD/BDV p80 Pro-
tein Antibody Test Kit (IDEXX Laboratories Inc, Rydalmere, NSW),
and BVDV-specific antigen by IDEXX Bovine Viral Diarrhoea Virus
(BVDV) Antigen Test Kit/Serum Plus ELISA (IDEXX Laboratories Inc,
Rydalmere, NSW). All animals were found to be negative for BVDV
antibodies and antigen according to the cut-off value established for
the antibody ELISA by Evans et al. (in press), and the manufacturer’s
cut-off for the antigen ELISA.

2.2. Breeding management of the experimental ewes

During April 2015, the oestrus cycles of the experimental sheep
were synchronised using a commercially available progesterone
releasing intra-vaginal device (EAZI-BREED CIDR sheep and goat
device, Animal Health, Pfizer Australia Pty Ltd). The CIDR’s were
removed sequentially from groups of 20 ewes on days 14, 15 and
16 and from 22 ewes on day 17 post CIDR insertion. Upon CIDR
removal, each group of ewes were randomly allocated to one of
four paddocks. Each of these paddocks housed two or three Border
Leicester or Merino rams. The ewes and rams were separated at
25 days post CIDR insertion following an 8-11 day mating period.
The ewes were then left undisturbed until transabdominal ultra-
sound scanning at 59 days following the first CIDR removal.

2.3. Source of BVDV Typel-c inoculum

In September 2014 blood was taken from a persistently BVDV-
1c infected heifer from a farm in Meningie, South Australia. This
heifer was produced in an earlier study at the University of Ade-
laide’s Roseworthy Campus, South Australia, and was confirmed to
be persistently infected with BVDV-1c (Lanyon et al., 2014). Blood
was collected into 10 ml collection tubes and then centrifuged at
2400 x g for 10 min. Serum was decanted off and stored at —80°C
in 10 ml tubes. The serum was tested for the presence of BVDV-
specific antibodies and BVDV-specific antigen by ELISAs (ibid) was
thawed (at 2-8 °C overnight) once only prior to use.

2.4. The experimental groups

Ewes confirmed pregnant by ultra-sound scanning were ran-
domly assigned to one of two treatment groups. The control group
consisted of 11 ewes, pregnant with 23 foetuses while the inocu-
lated group, consisted of 22 ewes, pregnant with 42 foetuses. Ewes

in the inoculated group were subcutaneously infected with 2 ml
freeze-thawed BVDV PI cattle serum, between 59 and 69 days of
gestation. Each 2 ml dose of BVDV PI serum contained, equal to,
1.3 x 107 of viral genome copy numbers, based on the absolute
quantification in a real-time quantitative reverse transcriptase PCR
method.

Animals from both control and inoculated treatment groups
were maintained in two paddocks separated by a 1.5m gap and
were fed ad lib feed and water. All animals, ewes and lambs from
both treatment groups, were systematically observed on a daily
basis using a defined checklist of clinical signs as indicators of over-
all health and wellbeing. Lambs were also weighed weekly from day
of birth (DOB) until eight weeks of age.

Ewes had rectal temperatures taken at each blood sampling time
point and were scanned for pregnancy by ultrasound on days 14,
21, 35, 49, 56 and 98 post-inoculation. Foetal losses were recorded
when a ewe was found not pregnant at scanning. All ewes that
carried their pregnancies to term were allowed to lamb naturally.

2.5. Sampling protocols

Blood samples were taken from all the experimental ewes on
the following days where day 0 is the day on which the ‘inoculated
group’ was inoculated: 0, 3, 5, 7, 10, 12, 14, 17 and then weekly
until a week prior to lambing. Blood samples were taken into plain
vacutainer serum tubes and EDTA collection tubes by venepuncture
of the jugular vein.

Lambs from both treatment groups had DOB and weekly weights
recorded, until 8 weeks of age. Ear notch and blood samples (plain
vacutainer serum tubes and EDTA collection tubes) were also col-
lected on DOB from all lambs born in the inoculated group. Blood
samples were then collected from all live lambs weekly until eight
weeks of age. Aborted foetuses, stillborn lambs and deceased lambs
from the inoculated treatment group were submitted to the Vet-
erinary Diagnostic Laboratory of the University of Adelaide for
post-mortem examination and sample collection.

Serum was obtained from the blood samples by centrifuging the
plain vacutainer serum tubes at 2400 x g for 10 min and the serum
decanted in to 1 ml storage tubes before being stored at —80 °C.

2.6. Serum and tissue analysis

Thawed serum samples from all ewes were tested for BVDV-
specific antibodies using the IDEXX BVDV Ab P80 ELISA, where
signal-to-noise ratios (S/N) of <63.5% were considered positive as
per Evans et al. (in press). Thawed serum samples were also tested
for BVD viral antigen using the IDEXX BVDV Antigen ELISA (IDEXX
Laboratories, Rydalmere, NSW) whereby a sample was considered
positive if it had an S-N value of <0.3, as per manufacturer’s instruc-
tions.

All serum samples from live, inoculated treatment group lambs
were tested for BVDV-specific antibodies using a competitive ELISA,
the IDEXX BVDV Ab P80 protein test kit. Either serum, peritoneal
fluid or ear tissue samples from all live, aborted or dead lambs, from
the inoculated treatment group, were tested for BVD viral antigen
using IDEXX BVDV Serum/Ag PLUS ELISA (IDEXX Laboratories Inc.
Rydalmere, NSW), as per manufacturer’s instructions.

EDTA blood samples from all ewes, on days 0-21 post inocula-
tion, were analysed using a CellDyn Machine (model: 3700). Blood
samples collected into EDTA tubes were analysed within 48 h of the
samples being taken to determine the haematological parameters:
total and differential leukocyte counts, haemoglobin concentra-
tion, haematocrit, mean corpuscular volume, mean corpuscular
haemoglobin concentration, and platelet counts.
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Fig. 1. The number of inoculated treatment group ewes positive for BVDV-specific antibodies on each sampling day from day of inoculation (Day 0) until 70days post

inoculation.

2.7. Reverse transcriptase-PCR

Serum samples which returned a positive result by antigen
ELISA were then tested by RT-PCR to confirm result. Total viral RNA
was extracted from the freeze-thawed serum samples using the
QIAmp Viral RNA Mini Kit (Qiagen, Germany). Reverse transcrip-
tion and PCR was then undertaken by running the viral RNA samples
through the QIAGEN OneStep RT-PCR Kit (Qiagen, Germany) using
the primer pair BVD-292F (CTA GCC ATG CCC TTA GTA GGA CTA),
and BVD-292R (CAA CTC CAT GTG CCATGTAC AGC A). Each reac-
tion consisted of 5x QIAGEN OneStep RT-PCR Buffer, 400 uM dNTP
mix, 0.6 M of each Primer, QIAGEN OneStep RT-PCR Enzyme Mix,
RNAse Inhibitor, RNAse free water and 5 ] of template RNA in a
total reaction volume of 50 pl. Reverse transcription and PCR were
undertaken under the following thermal cycler conditions (per
manufacturer’s instructions): 30 min at 50°C, followed by 15 min
at 95 °C followed by a 40 cycles of 1 min at 94 °C, 1 min at 52 °C and
1 min at 72°C. Termination of the reaction was completed with a
final extension of 10 min at 72 °C. Lastly, the PCR products were
analysed by electrophoresis on a 2% agarose gel and stained with
Gel-Red.

2.8. Analytical statistical methods

The means and 95% confidence intervals were calculated for rec-
tal temperature, all haematological parameters and lamb weights
for both treatment groups. Where 95% confidence intervals were
observed not to overlap, a significant difference was recorded

A Pearson Chi-squared test was carried out on all reproductive
performance outcomes to determine if any significant differences
occurred between the two treatment groups.

3. Results
3.1. Seroconversion to BVDV in the ewes

Serum samples analysed using the cut-off value established by
Evansetal. (in press) of <63.5%S/N indicated that all 22 of the inocu-
lated treatment group seroconverted between 14 and 49 days post
inoculation (Fig. 1). Five ewes (23%) had seroconverted by Day 14;
15 ewes (68%) by Day 17; 18 ewes (82%) by Day 21 and 22 (100%)
ewes by Day 35. Antibody titres for all infected ewes were very
strong, with values falling below 20% S/N by the final sampling on
Day 70 post-inoculation.

Fig. 2. RT-PCR gel for serum samples from 4 ewes taken on Day 7 post BVDV inoc-
ulation which were antigen ELISA positive. Well 1=Ewe 55; Well 2 =Ewe 15; Well
3=Ewe 43; Well 4=Ewe 11; Well 5=positive control; Well 6 =negative control.

Antigen was detected in four ewes from the inoculated ewe
group (Ewes 11, 15, 43 and 55) on Day 7 post inoculation by anti-
gen ELISA. This result was confirmed by PCR with all four ewes
returning positive results by RT-PCR (Fig. 2).

None of the ewes in the control treatment group seroconverted
with titres well above the cut-off value of 63.5% S/N throughout the
pre-lambing study period.

3.2. Clinical parameters

No differences in daily observed clinical signs were identified
between the two treatment groups. Mean rectal temperatures for
both ewe treatment groups were similar throughout the study
period (Fig. 3) with the majority of values falling within the ref-
erence range of 39-40°C (Terra, 2009). However, on Day 5 post
inoculation the mean rectal temperature of the inoculated group
was 40.4 °C, which was marginally higher than that of the normal
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Fig. 3. Mean rectal temperature for control and inoculated ewe treatment groups from day of inoculation (Day 0) until 70 days post inoculation, 95% confidence intervals
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Fig. 4. Complete pregnancy losses (%) for 11 control ewes and 22 BVDV inoculated
ewes, from day of inoculation (Day 0) until 98 days post inoculation.

reference range for sheep. Similarly on Days 7, 35 and 49 post inoc-
ulation the control group had mean rectal temperatures marginally
higher than the normal reference range.

There were significant differences in the mean rectal temper-
atures between the two treatment groups on Days 14, 49 and 70
post inoculation (Fig. 3). The mean rectal temperature of the inocu-
lated group was significantly higher (0.5 °C) than that of the control
group on Days 14 and 70 while the control group was significantly
higher (0.3 °C) on Day 49 post inoculation.

Mean haematology counts are given in Table 1 for both ewe
treatment groups. On Day 3 post inoculation the mean white blood
cell count was significantly lower in the inoculated group compared
to the control group. Similarly on Day 5 lymphocyte, red blood cell,
haemoglobin and haematocrit counts were all significantly lower
in the inoculated group. Also on Day 5 the inoculated group had
a higher average monocyte count compared to the controls. There
were also consistently lower eosinophil counts in the inoculated
group from Day 3 to 12 and again on Day 28 compared to the control
group.

3.3. Reproductive performance

Complete pregnancy losses where no foetuses remain in the ewe
for both treatment groups are given in Fig. 4. The earliest pregnancy
loss recorded was at the Day 14 post inoculation scan in a ewe from
the inoculated treatment group. Another ewe from the inoculated
treatment group was found to be empty on the Day 35 scan; two
more on Day 49 and six more on Day 56. During this time none of
the control ewes were scanned as empty.

Lambing started at Day 86 post inoculation and continued until
Day 98. During this period six ewes from the inoculated treatment
group either aborted, gave birth to stillborn lambs only or were not
seen to lamb. In comparison only one control ewe had a complete
pregnancy loss, giving birth to a single stillborn lamb.

By the end of the lambing period just six of the 22 inoculated
treatment group ewes had viable pregnancies (at least one live lamb
born). A total of nine lambs (21.4%), from a possible 42 foetuses,
were born alive in the inoculated ewe group (Fig. 5) resulting in a
lambing percentage of 31.8% (Table 2). Only four of these lambs sur-
vived until 8 weeks of age resulting in a percentage lamb survival at
8 weeks of age of just 18.2% (Table 2). Of the 33 non-viable foetuses
from the inoculated treatment group there were 5 (11.9%) observed
abortions, 7 (16.7%) stillborn lambs and 21 (50%) unobserved abor-
tions/absorptions/losses (Fig. 5). Post mortems of aborted, stillborn
and live lambs born to inoculated ewes showed a wide vari-
ety of physical abnormalities including, anasarca, arthrogryposis,
brachygnathia, porencephaly, hydrancephaly and ‘hair-like’ wool.

In comparison, 10 of the 11 control ewes had viable pregnancies
with a total of 19 lambs (82.6%), from a possible 23 foetuses, born
alive (Fig. 5). Fifteen of these lambs survived until 8 weeks of age.
This gave the control ewe group alambing percentage of 172.7% and
percentage lamb survival at 8 weeks of age of 136.4% (Table 2). Of
the four foetuses lost to the control group two (8.7%) were stillborn
lambs and two (8.7%) were unobserved losses (Fig. 5).

Mean lamb weights from DOB until 8 weeks of age are given
in Fig. 6. Lambs born to inoculated ewes tended to be lighter than
lambs born to control ewes. However significant differences were
only seen at DOB, week1 and week 2 time points.
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Mean haematological values for inoculated and control ewe groups from day of inoculation (Day 0) until Day 35 post infection, with 95% confidence intervals given in brackets.
Values that are significantly different between the two treatment groups on any day are highlighted in grey.

unobserved foetal

losses

observed abortions

Foetal

m Control

stillborn lambs

outcome

W Inoculated

lambs born alive

Treatment group Day 0 Day 3 Day 5 Day 7 Day 10 Day 12 Day 14 Day 17 Day 21 Day 28 Day 35
Inoculated 4.0 (£0.4) 3.8 (x0.5) 4.3(£0.6) 3.7 (£0.6) 4.6 (£0.5) 4.9 (£0.5) 4.6 (£0.5) 4.9(£0.5) 4.4(0.5) 4.2 (x0.4) 4.9 (x0.7)
White blood cell count (x10°/L)
Control 4.1(x0.5) 5.1(0.7) 5.4 (+0.8) 4.8 (+1.0) 5.7 (+1.4) 5.9 (+0.9) 4.6 (+0.6) 5.6 (+1.2) 4.1(x0.7) 4.5 (+0.9) 4.2 (x0.8)
Inoculated 1.5 (0.2) 1.4(20.2) 1.6 (0.3 1.9 (£0.5) 1.7 (£03) 2.1(0.3) 1.9 (:03) 1.9 (0.3) 2.0 (x0.4) 1.9 (£0.4) 1.9 (£0.5)
Lymphocyte count (x10°/L)
Control 1.5 (:0.2) 2.1(20.5) 2.6 (+0.4) 2.3(20.8) 2.4 (£1.1) 2.5(20.5) 2.0 (0.3) 2.3(20.9) 1.7 (£0.4) 1.5 (£0.3) 1.4 (£0.4)
Inoculated 1.6 (£0.3) 1.4 (0.3) 1.5 (£0.2) 1.0 (20.2) 1.4 (£0.2) 1.7 (:03) 1.6 (:0.2) 1.8(£0.3) 1.2 (20.2) 1.0 (£0.2) 1.6 (£0.2)
Neutrophil count (x10°/L)
Control 1.7 (+0.4) 1.6 (20.3) 1.3 (+0.5) 1.0 (£0.3) 1.6 (£0.3) 1.7 (+0.3) 1.3 (+0.4) 1.8 (£0.4) 1.0 (x0.3) 1.1(20.3) 1.4 (:0.3)
Inoculated 10.5 (£0.4) 11.0(05) | 10.6(0.4) | 10.6(:0.4) | 10.3(+0.4) | 10.7(x0.8) | 10.8(:0.8) | 10.3(+0.4) | 10.2(+0.4) | 10.5(:05) | 10.3(:0.5)
Red blood cell count (x10'%/L)
Control 10.6 (+0.5) 10.9 (+0.8) 11.5(x03) | 10.7(:0.8) | 11.6(¢16) | 10.7(0.8) | 10.6(+0.8) | 10.5(0.5) | 10.4(+0.7) | 10.4(0.5) 9.8 (£0.6)
Inoculated 0.4 (£0.1) 0.5(0.1) 0.6 (£0.1) 0.4 (£0.1) 0.6 (£0.1) 0.6 (£0.1) 0.5 (£0.1) 0.6 (£0.1) 0.5 (£0.1) 0.5 (£0.1) 0.5 (£0.1)
Monocyte count (x10°/L)
Control 0.3 (20.1) 0.4(20.1) 0.4 (+0.1) 0.4 (20.1) 0.5 (£0.1) 0.5 (0.2) 0.5 (x0.1) 0.6 (20.1) 0.5 (£0.2) 0.5 (£0.2) 0.4 (£0.1)
Inoculated 0.4 (+0.1) 0.3(20.1) 0.4 (+0.1) 0.2 (20.1) 0.4 (20.1) 0.4 (x0.1) 0.4 (x0.1) 0.5 (20.1) 0.6 (20.1) 0.6 (20.1) 0.6 (20.1)
Eosinophil count (x10°/L) o7
Control 0.6 (+0.1) 0.9(20.3) 1.1 (+0.4) 1.0 (0.4) 1.0 (£0.3) 0.8 (+0.3) ( 0 2 0.7 (x0.2) 0.7 (£0.2) 1.2 (£0.3) 0.9 (£0.2)
Inoculated 0.1 (£0.0) 0.2 (£0.0) 0.2 (0.1) 0.2 (£0.1) 0.2 (£0.1) 0.2 (£0.0) 0.2 (£0.1) 0.2 (£0.0) 0.2 (£0.1) 0.2 (£0.1) 0.3 (£0.1)
Basophil count (x10°/L)
Control 0.1 (£0.0) 0.2(x0.1) 0.2 (£0.1) 0.1 (£0.0) 0.1(£0.1) 0.2 (£0.1) 0.2 (£0.2) 0.2 (£0.1) 0.2 (£0.1) 0.2 (£0.2) 0.1(£0.1)
. /) Inoculated 129.5(+3.5) | 133.6(£5.1) | 128.4(+33) | 128.3 (+4.1) | 124.5(¢3.3) | 128.5(+7.8) | 129.5 (+8.5) | 124.8(+3.7) | 123.6 (¢3.7) | 128.0(52) | 124.9 (+4.6)
coun
& Control 129.6 (£5.5) | 129.9 (+7.8) | 139.1(£5.8) | 129.5(+7.3) | 138.8 (+15.6) | 129.1(¢7.6) | 127.9 (+7.4) | 126.6 (+6.3) | 127.4(¢5.9) | 125.5 (¢6.0) | 121.1(£6.8)
Inoculated 0.4 (+0.0) 0.4(£0.0) 0.4 (+0.0) 0.4 (£0.0) 0.4 (£0.0) 0.4 (£0.0) 0.4 (£0.0) 0.4 (£0.0) 0.4 (£0.0) 0.4 (£0.0) 0.4 (£0.0)
it count (L/L)
Control 0.4 (+0.0) 0.4 (£0.0) 0.4 (+0.0) 0.4 (£0.0) 0.4 (£0.0) 0.4 (£0.0) 0.4 (£0.0) 0.4 (£0.0) 0.4 (£0.0) 0.4 (£0.0) 0.4 (£0.0)
eV (1) Inoculated 35.4 (£0.9) 34.1(:0.8) 34.1(:0.9) | 34.5(x09) | 34.5(:0.8) | 34.2(x0.9) | 35.0(0.9) | 34.3(:0.8) | 35.1(+0.8) | 352(¢0.9) | 35.0(£0.8)
Control 35.5 (+1.3) 33.9 (+1.1) 34.1(+1.1) | 35.2(+14) | 34.0(+15) | 344(x12) | 352(+12) | 345(x11) | 351(+11) | 35.4(:12) | 352(+12)
MCH (pg) Inoculated 12.4 (£0.3) 12.1(:0.3) 121(x03) | 122(#0.2) | 121(202) | 12.1(£0.3) | 12.0(x02) | 121(02) | 12.1(x02) | 12.2(x0.3) 12.1(0.3)
Pe Control 12.2 (+0.3) 12.0 (:0.3) 12.1(:03) | 12.2(:03) | 121(:03) | 12.1(x0.3) | 12.1(x0.3) | 12.0(+0.3) | 12.3(#0.3) | 12.1(0.4) | 12.4(:03)
MOHC /) Inoculated 348.9 (+4.3) | 356.1(+4.2) | 356.0 (+5.4) | 349.7 (+4.9) | 352.2 (+4.4) | 354.5(+5.4) | 343.9(¢5.3) | 353.4(¢5.2) | 346.0(+4.1) | 346.5(¢5.5) | 347.4(£6.2)
Control 346.1(+9.3) | 354.3(+7.3) | 355.9 (¢8.3) | 346.8(+9.7) | 356.1(¢8.6) | 351.3(+8.0) | 343.8(#6.7) | 349.0 (+10.5) | 349.4 (+6.2) | 343.1(¢9.2) | 351.3 (46.6)
Platelet £ 6a0%/L) Inoculated 339.7 (+62.9) | 259.6 (+77.8) | 226.3 (+48.6) | 195.4 (+48.2) | 217.5 (+49.4) | 226.1 (£55.7) | 231.0 (£50.2) | 193.3 (53.0) | 245.6 (+55.0) | 272.4 (+66.0) | 296.3 (+68.5)
latelet count (x
Control 301.7 (+86.9) | 327.9 (+118.6) | 310.9 (£92.4) | 239.3 (£73.7) | 303.1(£89.7) | 233.9 (+82.2) | 174.0 (+51.8) | 152.4 (+54.5) | 244.2 (+74.2) | 199.2 (:74.0) | 197.3 (+60.4)
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Fig. 5. Breakdown of foetal outcomes from 22 BVDV inoculated ewes, pregnant with 42 foetuses, and 11 control ewes, pregnant with 23 foetuses.

3.4. BVDV status of lambs

Of the nine live lambs born to the inoculated treatment group
five of them were positive for BVDV-specific antibodies but neg-
ative for BVDV antigen. Four of these antibody positive lambs
survived until 8 weeks of age. The remaining four live lambs

Table 2

were negative for BVDV-specific antibodies and positive for BVDV
antigen. Three of these lambs died within 24 h of birth with the
remaining lamb surviving the 8 week post lambing study period.
Pre-colostral serum and weekly serum samples from week 2 to
week 8 from this lamb returned a positive ELISA antigen confirming
that the lamb was persistently infected with BVDV.

Reproductive performance outcomes for 11 control ewes and 22 ewes inoculated with BVDV between 59 and 69 days gestation.

Number of Ewes

Number of ewes with

total pregnancy loss

Number of ewes
birthing live lambs

Lambing percentage

Percentage lamb
survival at 8 weeks of
age

Control
Inoculated
Pearson Chi-Square

11
22

1(9.1%)
16 (72.7%)
P=0.001

10 (90.9%)
6(27.3%)
P=0.001

172.7%
31.8%
P=0.000

136.4%
18.2%
P=0.000
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Fig. 6. Mean weekly lamb weights from day of birth (DOB) to 8 weeks of age, for lambs from control (n=15) and inoculated (n=4) treatment group ewes. 95% confidence

intervals are shown.

Six of the stillborn/aborted lambs from the inoculated treatment
group were negative for BVDV-specific antibodies and positive for
BVDV antigen. A further three stillborn/aborted lambs were posi-
tive for BVDV-specific antibodies and negative for BVDV antigen.
The remaining three foetuses were unable to be collected and thus
BVDV status on these lambs is not defined.

All lambs (live and stillborn) from the control ewe group were
negative for both BVDV-specific antibodies and BVDV antigen.

4. Discussion

No changes in food consumption, alertness or faecal consistency
have been recorded in ewes infected with BDV (Garcia-Perez et al.,
2009) while effects of BVDV infections in cattle can range from sub-
clinical to severe illness depending on the type and strain of virus
present (Baker, 1995; Saliki and Dubovi, 2004). Results from the
present study are consistent with previous findings in sheep with
no obvious clinical signs of infection identified (Garcia-Perez et al.,
2009).

Despite the absence of any obvious clinical signs, differences
in average rectal temperature were recorded between the two
treatment groups. Inoculated treatment group ewes recorded the
highest mean rectal temperature of 40.4°C on Day 5, 0.4 °C higher
than the normal reference range for sheep (Terra, 2009). From
previous studies it is understood that pyrexia can occur any time
between 5 and 14 days post infection with both BVDV in cattle and
BDV in sheep (Travén et al., 1991; Nettleton et al., 1998; Garcia-
Perez et al., 2009). Although the timing of two out of the three
temperature increases recorded in this study are in line with pre-
vious findings, the temperatures recorded in the inoculated ewes
are either not statistically different from those of the control ewes
or are not consistently high enough to be categorised as a pyrexia
according to reference values.

Haematologically there were mild differences between the
control and inoculated ewes. The leukopaenia observed in the inoc-
ulated ewe group at Day 3 is in line with previous work relating
to BDV infection in sheep. It has been well documented that dur-
ing the short-lived viraemic period experienced in acutely infected
sheep, mild leukopaenia can be observed between 2 and 11 days
postinfection (Nettleton et al., 1998; Garcia-Perez et al.,2009). Sim-
ilarly in cattle, leukopaenia has been associated with viraemia in
acutely BVDV infected animals (Baker, 1995; Muller-Doblies et al.,
2004). Although viraemia was not detected, by antigen ELISA, in

any of the inoculated ewes on Day 3, antigen was detected in four
ewes on Day 7. These results were confirmed with the use of RT-PCR
and indicate a viraemia beginning 4-7 days post infection in these
ewes. This is temporally consistent with the leukopaenia results
seen on Day 3.

However, the most significant haematological difference
between the two treatment groups was the substantially lower
eosinophil counts seen in the inoculated treatment group from
Day 3 to Day 12. Low eosinophil counts in ruminants often occurs
in response to stress or corticosteroid increases and inflammatory
responses, where parturition and adverse weather conditions have
been linked to corticosteroid induced eosinopenia (Morris, 2009).
It is not understood why low eosinophil counts were observed for
such a prolonged period of time in the inoculated treatment group
but it is possible that acute BVDV infections cause a higher level of
stress on animals than previously recognised.

There was a high and severe impact on the reproductive perfor-
mance of the ewes infected with BVDV. There was a substantially
lower lambing percentage observed in the inoculated treatment
group (31.8%) compared to the control ewe group (172.7%). This
low lambing percentage was due to 16 of the 22 inoculated ewes
aborting or giving birth to only dead lambs. These results are in line
with previous findings with abortion rates in pregnant ewes rang-
ing from 43% (Evans et al., 2015) to 100% (Parsonson et al., 1979),
following acute BVDV infections.

Monitoring of pregnancy losses was achieved by trans-
abdominal ultra-sound scanning every seven to 14 days from Day
0 to 56 post inoculation and a post lambing scan at Day 98. Losses
were detected from 14 days on-wards in the inoculated treatment
group. These losses would not normally be observed until lambing
in a commercial setting, when a high number of barren ewes would
be identified. Severe foetal abnormalities were seen in aborted and
stillborn lambs from the inoculated treatment group which is con-
sistent with previous reports of both BVDV and BDV infection in
sheep (Hewicker-Trautwein et al., 1995; Garcia-Perez et al., 2009).

Another loss to producers is the reduced lamb weights seen
in lambs from ewes infected with BVDV. Significant differences
in mean lamb weights were seen on DOB, week 1 and week 2
although there was an overall trend that lambs from inoculated
ewes were smaller than those from control ewes. The lack of sig-
nificance between the two lamb treatment groups, from week 3
onwards, may be due to the low number of lambs, and the wide
spread of weights, from the inoculated treatment group (n=4)
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surviving until 8 weeks of age. However, these findings are in com-
parison to what has been previously reported in cattle infected with
BVDV, and sheep infected with BDV, such that maternal infection
with BVDV/BDV causes intrauterine growth restriction and subse-
quent low birth weights and growth retardation of offspring (Done
et al.,, 1980; Caffrey et al., 1997). Further work in this area needs
to be undertaken in order to understand the effect BVDV infection
has on the growth of lambs.

Also of importance in this study, was the birth of a viable BVDV-
1c PI lamb. This lamb was determined to be persistently infected
with BVDV-1cdue to consecutive samples testing positive for BVDV
antigen and negative for BVDV antibodies, by ELISA. Although a
number of lambs, aborted/stillborn or born alive, were positive for
virus and negative for BVDV antibodies, only one lamb survived
past 24 h of age and on to the end of the study. This indicates that
although survival of PI lambs is poor they can persist past a few
hours of age, and as such have the potential, like that of PI cattle,
to infect any naive and susceptible animals they come in to contact
with. The risk of infection posed by a BVDV PI sheep as a reservoir
of infection for cattle or sheep has not been defined.

5. Conclusion

Infection of pregnant ewes with BVDV-Type 1c by experimen-
tal inoculation between 59 and 69 days gestation caused severe
reproductive losses and a viable PI lamb. Apart from the reproduc-
tive losses the infection in the ewe caused no observable clinical
changes in the ewes with rectal temperatures remaining within
normal temperatures or marginally high. A mild leukopaenia and
a prolonged decrease in eosinophil counts was detected. To elim-
inate the risks associated with BVDV infection in pregnant ewes,
close contact between sheep and cattle of unknown BVDV status
should be avoided during the joining and pregnancy periods. It also
suggests that in cases where abortion storms and physical abnor-
malities in lambs are seen, BVDV infection should be considered
as a possible cause, particularly in areas where sheep and cattle
regularly come in to contact with one another.
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3.2 Findings in lambs

The primary objective of this manuscript was to report on the developmental outcomes seen in
aborted and live born lambs following BVDV-1c infections in utero. This manuscript reports
on the extensive pathological findings observed in fifteen lambs born during this trial and has

been prepared for submission in the Journal of Veterinary Pathology (submitted).
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Abstract

Acute bovine viral diarrhea virus (BVDV) infections in sheep are largely clinically in-
apparent although BVDV infection in pregnant ewe flocks has been shown to result in
severe lambing losses, the development of persistently infected lambs and lambs
born with developmental malformations. The predominant Australian BVDV strain
(BVDV-1c) has previously been shown to cause substantial lambing losses, however
the pathological outcomes in lambs following gestational infection with BVDV-1c are
unknown. Following experimental infection of pregnant ewes with BVDV-1c between
59 and 69 days of gestation, fifteen aborted, stillborn, dead or euthanized lambs were
examined. Six lambs were identified to be BVDV antibody positive and BVDV antigen
negative lambs while nine lambs were identified as BVDV antibody negative and
BVDV antigen positive. A wide range of pathological lesions were identified in both
subsets of lambs; anasarca, intrahepatic cholestasis, neurological malformations
(hydrancephaly, porencephaly, cerebellar dysplasia) and skeletal malformations
(arthrogryposis, facial asymmetry, brachygnathia) were most commonly observed.
Anasarca in conjunction with a cholestatic hepatopathy was observed in four/nine
antibody negative and antigen positive lambs. A hairy coat associated with primary
follicular dysplasia, a developmental lesion normally identified with BDV infected
lambs, was also identified in one lamb presenting with tremors and cerebellar
dysplasia (“hairy shaker”). Findings from this study indicate that early-mid gestational

infection of lambs with BVDV-1c can cause severe developmental malformations.

Keywords: Bovine Viral Diarrhea; Sheep; Border Disease Virus; Fetal development;

Pathology
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Bovine viral diarrhea virus (BVDV) is a highly prevalent disease of cattle which, along
with Border disease virus (BDV) in sheep and Classical swine fever virus (CSFV) in
pigs, belongs to the Pestivirus genus'®. Both BVDV and BDV have been shown to
easily cross between several species including a wide range of ruminants 7.
Previous experimental infections of pregnant ewes with BVDV-2 have led to high
abortion/stillborn rates, but no developmental deformities in lambs?3, while
experimental infections of pregnant ewes with other BVDV subtypes have led to
neurological lesions and skeletal deformities'**2. Immunotolerant and persistently
infected lambs have also been shown to occur following infection of the ewe between

55 and 67 days of gestation®23.

In Australia, there is a predominance of a single BVDV Type-1 strain (BVDV-1c)
reported??. Experimental infection with BVDV-1c in pregnant ewes has led to severe
fetal losses and the birth of a persistently infected lamb®, however the pathological
outcomes seen in lambs following gestational infections with this and other strains of
BVDV has not been well recorded. As a result, the pathological effects of BVDV-1c
infection on the foetal development of lambs, particularly during the period of
organogenesis, is not fully understood. The aim of this study was therefore to
characterise the pathological consequences seen in lambs born to ewes

experimentally infected with BVDV-1c between 59 and 69 days gestation.

Materials and Methods

All animal experiments were approved by the University of Adelaide’s Animal Ethics

Committee prior to this project (S-2014-111A).
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Animals

Merino and Merino x Border Leicester lambs were produced following the
synchronisation and natural mating of a group of 22 Merino ewes. All the ewes were
experimentally inoculated with serum from a BVDV-1c persistently infected heifer by
subcutaneous injection, between 59 and 69 days gestation and housed and sampled
as per Evans, et al. 7. The time to the first detection of antibodies to BVDV ranged
from 14-35 days post inoculation. All the ewes were kept in an outside paddock with
ad lib feed and water. Ewes were left to lamb naturally and lambs remained with their

mothers until either death or euthanasia at 8 weeks of age occurred.

Sample collection

The lambs born to the infected ewes were blood sampled on the day of birth. Further
blood samples were taken weekly until either death or euthanasia. Blood samples
were taken into plain evacuated serum tubes and spun at 2,400 x g for 10 minutes.
Serum was then decanted and stored in 1ml tubes at -80°C. In place of serum
samples, peritoneal fluid was collected from aborted and stillborn lambs and also

stored at -80°C.

Fifteen aborted, stillborn, dead or euthanized lambs were submitted to the Veterinary
Diagnostic Laboratory of the University of Adelaide and underwent post-mortem
examination and sample collection within 6 hours of death or abortion/stillbirth. Full
post mortem investigations were unable to be carried out on 2 submitted
lambs/fetuses due to the effects of severe predation. Fetuses aborted/absorbed
outside of the lambing period (79 and 88 days post inoculation) were not submitted
for post mortem examination. Brain, liver, lung, lymph node, spleen, thymus and
kidney samples were taken from all lambs, and skin samples were also taken from

lambs that presented with ‘hair-like’ wool. Duplicate samples of each tissue type were
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taken, one sample was stored at -80°C and the other fixed in 10% neutral-buffered

formalin.

BVD antibody testing

Serum samples from live born lambs, and peritoneal fluid samples from
stillborn/aborted lambs, were tested for BVDV-specific antibodies using the IDEXX
BVDV/MD/BDV p80 Protein Antibody Test Kit (IDEXX Laboratories Inc, Rydalmere,
NSW). Samples which returned a signal-to-noise ratio (S/N) of <63.5% were

classified as positive for BVDV-specific antibodies as determined by Evans, et al. °.

BVD virus testing

Serum samples from live born lambs, and peritoneal fluid samples from
stillborn/aborted lambs, were tested for BVD virus using the IDEXX Bovine Viral
Diarrhea Virus (BVDV) Antigen Test Kit/Serum Plus ELISA (IDEXX Laboratories Inc,
Rydalmere, NSW). Samples with S-N values >0.300 were classified as positive for

BVDV antigen as per the manufacturer’s instructions.

Nucleotide sequencing

Total viral RNA was extracted from freeze-thawed serum samples for Lamb 15 and
the originating PI cattle serum which was used to inoculate ewes. Reverse
transcription and PCR was then undertaken by running the viral RNA samples
through the QIAGEN OneStep RT-PCR Kit (Qiagen, Germany) using the primer pair
BVD-292F (CTA GCC ATG CCC TTA GTA GGA CTA), and BVD-292R (CAACTC
CAT GTG CCATGTAC AGC A). Each reaction consisted of 5x QIAGEN OneStep
RT-PCR Buffer, 400uM dNTP mix, 0.6 uM of each Primer, QIAGEN OneStep RT-
PCR Enzyme Mix, RNAse Inhibitor, RNAse free water and 5uL of template RNA in a

total reaction volume of 50uL. The reaction was run under the following thermal
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cycler conditions (per manufacturer’s instructions): 30min at 50°C for cDNA
synthesis, followed by 15min at 95°C then 40 cycles of 1min at 94°C, 1 min at 52°C

and 1min at 72°C before termination with a final extension of 10min at 72°C.

Both RT-PCR products were purified and submitted to the Australian Genome
Research Facility Ltd for sanger-sequencing of the 5’-UTR region in both directions,
using the same primers as mentioned above. The sequences were then aligned
against one of the Australian type specific strains (accession number AB300674.1) to
create a 292bp block of the 5’-UTR region of the BDVD genome, for each sample.
Nucleotide sequences for BVDV-1, BVDV-2 and BDV reference strains were
obtained from GenBank for nucleotide alignments using Clustal-W program?*3. A
phylogenetic tree based on the 5’-UTR sequences was constructed using the

neighbour-joining method within the MEGA program (Version 6.06).

Histopathologic analysis

Formalin-fixed tissues were trimmed to 5 mm thick sections and embedded in
paraffin blocks by routine histopathological technique. Tissues were sectioned at 5
pum and stained with Harris’s haematoxylin and eosin (HE). Selected sections were
also stained with Fouchet’s and Luxol Fast Blue using standard techniques. Images
of sections were taken using an Olympus DP25 camera mounted on an Olympus
BX43 microscope and captured with labSensTM software (Olympus Corporation,

Philadelphia).

Results
Seroconversion of ewes
The time to seroconversion for each of the 22 ewes, the gestational age of the

fetuses at which seroconversion was detected and the fetal outcomes are listed in
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Table 1. Antibodies to BVDV were first detected in ewes as early as 14 days post
inoculation and as late as 35 days post inoculation. Lambing occurred between 79
and 88 days post inoculation. Fifteen aborted, stillborn or live lambs were submitted
for gross pathology. They consisted of six BVDV antibody positive and BVDV antigen

negative lambs and nine BVDV antibody negative and BVDV antigen positive lambs.
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Table 1 (a) Reported pregnancy losses in 22 ewes experimentally inoculated with BVDV-1c between 59 and 69 days of gestation compared to

time to seroconversion;

Seroconversion in ewes detected

Total number of

No. of ewes with

No. of ewes with lambs

No. of ewes with surviving

(b) Fetal losses, and corresponding lamb IDs, in lambs born to ewes experimentally inoculated with BVDV-1c between 59 and 69 days of

gestation compared to time to seroconversion in ewes

Days after Fetal age in ewes aborted/stillborn lambs surviving <24hrs lambs
inoculation days (x5 days)
14 78 5 4 1 -
17 81 9 6 2 1
21 85 4 3 1 1
28 92 3 2 0 1
35 99 1 1 - -
Total 22 16 4 3

Seroconversion in ewes detected Aborted/stillborn lambs Lambs surviving <24hrs Surviving lambs
Total number of
igggilzggg daF;;a(Ii%g;al;s) fetuses Total number Lamb ID Total number Lamb ID Total number Lamb ID
14 78 9 7 - 2 1and 12 - -
17 81 19 14 8,9 and 10 3 13 and 14 2 4 and 15
21 85 7 5 2and 7 1 6 1 5
28 92 6 5 11 - - 1 3
35 99 1 1 - - - -
Total 42 32 - 6 - 4 -




Antibody positive and Antigen negative lambs

The post mortem findings in six antibody positive and antigen negative lambs are
detailed in Table 2. Five of these lambs were born alive and all but one (Lamb No. 3)
were undersized when compared to normal birth weight ranges for this breed (weight
range 3.5 — 6.0 kg; Oldham, et al. 2%). Two lambs died within 24 hours of birth, and

the remaining three lambs survived until eight weeks of age.

Skeletal deformities were observed in three of these lambs, including arthrogryposis
and severe rotational deformity and convexity of the skull (frontal bones, occipital
bones) and nasal bones (n =1, figures 1 and 2), facial asymmetry (n = 2), and
brachygnathia superior (n=1). Hydrancephaly (Figure 3) with cystic septum
pellucidum was also observed in the lamb with arthrogryposis (Figure 4). Mild to
moderate mesenteric lymphadenomegaly was observed in three lambs. The
gastrointestinal tract distal to the abomasum had not formed (intestinal aplasia) in the
lamb with arthrogryposis and severe skull deformities. Suppurative

bronchopneumonia was present in one lamb that survived until eight weeks of age.
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Figures 1 — 3, fetal lesions associated with experimental infection with BVDV-1c,
antibody positive-antigen negative lambs. Figure 1 and 2, skull, lamb No. 2. Rotational
deformity and convexity of the skull, most notable in frontal, nasal and occipital bones.

Figure 3, lamb No. 2, brain. Hydrancephaly. Figure 4. Lamb No. 2. Arthrogryposis

Antibody negative and Antigen positive lambs

The post mortem findings for nine antibody negative and antigen positive lambs are
detailed in Table 2. Four lambs were born alive but died within 24 hours of birth; only
one lamb (Lamb No. 15) survived until eight weeks of age, which was subsequently
confirmed to be persistently infected. All lambs in this group were undersized when
compared to normal birth weight ranges (weight range 3.5 — 6.0 kg; Oldham, et al.
20), Of the lambs that were aborted, gestational age was estimated to be between
115 and 125 days and the lambs weighed between 1.17 and 2.31 kg; sex and age

were unable to be determined for one lamb due to severe predation.

77



Four of the lambs (No. 7 - 10) were affected by a distinct subset of lesions
characterised by generalised anasarca (Figure 5) cholestatic hepatopathy (Figures 6
and 7), meconium staining of the skin and fleece (interpreted as fetal distress in
utero) and advanced fetal autolysis. Histologically, there was widespread distension
of canaliculi by bile plugs and mild to moderate hepatic extramedullary
hematopoiesis. Examination of lung from these fetuses identified meconium and
fetal squames within alveoli, consistent with distress in utero. Aside from this subset
of lambs, a cholestatic hepatopathy and pronounced extramedullary haematopoiesis
were also observed in one lamb born alive that presented with cerebellar dysplasia
and hair-like wool (Lamb No. 13). Autolysis in lambs with cholestatic hepatopathy
precluded detailed hepatic assessment in all bar lamb No 13; aside from widespread

intrahepatic cholestasis, no further hepatobiliary lesions were noted in this lamb.
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Figures 5 — 11, fetal lesions associated with experimental infection with BVDV-1c,
antibody negative-antigen positive lambs. Figure 5, lamb No. 7: Fetal anasarca.
Figure 6, lamb No. 8 (15-1299), liver. The liver has rounded lobar borders and is
discoloured orange with friable parenchyma (cholestatic hepatopathy, fetal autolysis).
Figures 7: Lamb No. 13, liver. Canaliculi are distended by bile plugs. Sinusoids contain
haematopoietic precursors. Hematoxylin and Eosin. Figures 8 and 9. Lamb No. 13,
cerebellum. Irregular folia atrophy, folial oedema, depletion and necrosis of granular
cells, and ectopia and degeneration of Purkinje cells. Figure 10. Lamb No. 13. Fleece
is hair-like. Figure 11. Lamb No. 13, haired skin from dorsolateral hind limb. A

predominance of primary hair follicles is observed throughout the dermis.
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Gross neurological lesions were observed in three of eight lambs in this group for
which the brain was available for examination, comprising porencephaly (n = 2),
cerebellar hypoplasia and dysplasia (n = 1, Figures 8 and 9) and white matter
rarefaction in cerebellar peduncles (n =1). Cerebellar lesions were characterised by
irregular folia atrophy, folial oedema, depletion and necrosis of granular cells, ectopia
and degeneration of Purkinje cells, and mild non-suppurative meningoencephalitis in
most affected regions. The lamb with cerebellar dysplasia and white matter
rarefaction presented clinically with dysstasia, and the fleece was found to be hair-
like (Figure 10) with a predominance of primary follicles seen histologically (Figure
11). Histological examination of the brain in lambs with porencephaly identified
thinning of the corticies, neuronal loss and malacia, and focal infiltration by pigment
laden mononuclear cells in the region adjacent to the pore. Other findings in this
group included bilateral hydronephrosis (n = 2), non-fusion and laxity at growth plates
of long and flat bones (n = 1), mild brachygnathia superior (n = 1), and moderate
unilateral thyroid gland enlargement. Bone and thyroid lesions were not further
examined by histopathology. Thymus was examined from the four lambs that

survived until eight weeks of age, however there were no significant findings.
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Table 2: A summary of the gross and histopathological post-mortem lesions seen in 15 sheep fetuses and lambs from 22 ewes experimentally

inoculated with bovine viral diarrhea virus (-1c¢) between 59 and 69 days gestation

Body weight  Crown Rump  Age at
at birth (kg) Length* (cm) death!

Antibody positive and antigen negative lambs

Lamb ID Sex Clinical, Gross and Histopathological Findings

1 F 2.6 44 <24hrs Mild ataxia
5 M 35 52 Born dead gry)/lc;;ailgcephaly, arthrogryposis, severe skull deformity, intestinal

Brachygnathia superior, mild facial asymmetry, nasal convexity,

3 M 3.6 i 8 weeks mesenteric lymphadenomegaly

4 M 2.7 - 8 weeks Mild facial asymmetry, mesenteric lymphadenomegaly
5 M 3.2 - 8 weeks Bronchopneumonia, mesenteric lymphoid hyperplasia,
6 * 1.3 42 <lhr None

Antibody negative and antigen positive lambs
Anasarca, porencephaly, dislocation and laxity at growth plates of

7 F 1.3 34 -~ da_lys all long and flat bones, right thyroid enlargement, cholestatic
gestation
hepatopathy
8t M 2.3 46 125 days Anasarca, cholestatic hepatopathy
gestation
118 days Anasarca, porencephaly, brachygnathia superior, bilateral
9 M 1.5 38 : . .
gestation hydronephrosis, cholestatic hepatopathy
10t * 2.1 * * Anasarca, cholestatic hepatopathy
11 F 1.2 34 D CEVE None
gestation

12 F 2.1 44 <lhr None



Table 2 cont.

Cerebellar dysplasia, dysstasia, ‘hair-like' wool covering body
= 3 2L = ST (primary follicular dysplasia), cholestatic hepatopathy

Ataxia, 'hair-like' wool over shoulders and dorsolateral hind limbs,
14 F 1.6 43 <24hrs bilateral hydronephrosis
15 F 2.5 - 8 weeks Mesenteric lymphadenomegaly
* = unknown

T = brain/spinal and/or reproductive tract missing due to predation
T = CRL of lambs which died <24hrs after birth only
! = approximate gestational age at death calculated from CRL816



Sequence alignment and phylogenetic tree

Phylogenetic analysis revealed both the inoculating cattle serum and lamb 15 were

100% homologous with one another and were located within the BVDV-1 clade. The

most closely related BVDV-1 species were those of the Australian and New Zealand

BVDV-1c strains (Figure 12).
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Figure 12: Neighbour-joining phylogenetic tree using MEGA program (Version 6.06)

comparing the 5’-UTR nucleotide region from the inoculating cattle serum and Lamb

15 (BVvD2016.Cow and BVD2016.Lamb) with known BDV, BVDV-2 and BVDV-1

reference strains. Ten of the recognized BVDV-1 strains are identified by a bracketed

letter following the accession number.
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Discussion

The ovine fetus is unable to respond to an antigenic stimuli until 60 to 80 days of
gestation and is deemed immunotolerant during this time!’. When an infection, such
as BVDV, takes place prior to this gestational period the infective status of the fetus
is unpredictable 1. In the current study two subsets of lambs (antigen negative and
antibody positive; antigen positive and antibody negative) were identified. It is likely
that these two subsets of lambs occurred due to the inoculation of ewes between 59
and 69 days of gestation, during this ‘unpredictable’ fetal period. Within these two
subsets a wide range of pathological malformations were identified which again are
thought to be due to the gestational age of the fetuses at inoculation. Similar
pathological malformations as those identified in this study have been recorded
following BVDV and BDV infections in preghant ewes between 16 and 105 days
gestation®1423, However it is also possible that the variation in malformations
observed between lambs can be attributed to the different lengths of time between
inoculation and fetal infection, suggested by the variation in time to seroconversion

observed in the ewes.

Previously studies have identified that following the natural infection of pregnant
ewes with Border disease virus, the virus quickly spreads to the placenta and infects
the fetus within one week of infection'’. If the same principle applies to BVDV
infection in pregnant ewes then it can be assumed that infection of the fetuses in this
study occurred between 66 and 76 days of gestation. However, it is unclear if the
‘one week following infection’ applies from when the ewes contracted the virus or
from when they themselves were infectious (viraemic). Irrespective of this,
seroconversion was first detected in the ewes of the current study between 14 and
35 days post inoculation (73 — 114 days of gestation). It is likely that this wide

gestational window could explain the significant variation in lesions and fetal



outcomes identified in the lambs from this study. However, the true age at infection
for each of the lambs is unknown and estimates can only be made based on the size
of the lamb at post mortem, or birth, and the physical/neurological abnormalities each

lamb presented with.

In general, the pathological findings in antigen negative and antibody positive lambs
were less severe to those seen in antigen positive and antibody negative lambs. Five
of the 6 antigen negative lambs were born alive, with 3 of these surviving until 8
weeks of age, at which time they were euthanized. In these 6 lambs, a range of
developmental abnormalities were observed, including hydrancephaly,
arthrogryposis, facial asymmetry and brachygnathia. While the exact timing of fetal
infection for each lamb in the present study is unknown, the pathological
malformations in the present study have previously been identified following fetal
infections with BVDV and BDV in cattle and sheep respectively’®. The differences
in dose, infection route and the virulence of the viruses used in these previous
studies does make direct comparisons difficult. Nevertheless, previous studies
investigating BVDV infection in cattle have documented the association of calves
presenting with hydrancephaly, porencephaly, brachygnathia and arthrogryposis
following maternal infection during early to mid-gestation (80-150 days of gestation)
210, Similarly in sheep, pathological malformations such as arthrogryposis,
brachygnathia and hydrancephaly have been associated with BDV infection in sheep
between 55 and 76 days of gestation %1, a similar time frame to the infection period

in the present study.

Bronchopneumonia was identified in one lamb from the antigen negative subset of
lambs, which may or may not be reflective of immunosuppression due to BVDV

infection. Although a positive relationship between bronchopneumonia and BVDV
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has previously been identified 4 the cause of the presenting bronchopneumonia in

this lamb is unknown.

In the subset of antigen positive lambs, advanced foetal autolysis and small foetal
size was identified in the majority of aborted lambs. These findings suggest that
these lambs died soon after BVDV infection had occurred, possibly due to
overwhelming viral replication. It has been previously specified that the most
dangerous time for the ovine fetus to be infected with BDV is in the first 60 days of
gestation as viral infection is uncontrolled and foetal death is common?'’. It has also
been identified that foetal deaths relating to both BVDV or BDV infections, in cattle or
sheep, can either occur rapidly, leading to reabsorption of the fetus, or may not occur
until many weeks or months later, when small fetuses are aborted 1. The majority
of the small, aborted fetuses examined in the current study were not observed until

lambing had begun, well after the predicted time of death (Figure 2).

Fetal anasarca (hydrops fetalis) and intrahepatic cholestatic hepatopathy were
identified in 5 of the 9 antigen positive lambs. Fetal anasarca is the result of impaired
fluid exchange and proposed and known causes include genetic etiologies, fetal
infections, fetal anaemia, cardiac or renal disease and malformations of the placenta
152124 placentae were not examined in this study. In cattle, the detection of BVDV
antigen in aborted fetuses has previously been associated with anasarca and
hydrocephalus 4. Similarly in sheep anasarca has been reported in two fetuses from
ewes experimentally infected with a non-cytopathic strain of BVDV!2. In regards to
the present study, there appears to be a strong association between mid-gestational
infection with BVDV-1c and the development of antigen positive and antibody
negative lambs presenting with fetal anasarca and a cholestatic hepatopathy. The

pathogenesis of the cholestasis is unclear; however, given the absence of
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hepatocellular degeneration, necrosis or significant parenchymal inflammation or
fibrosis, intrahepatic cholestasis as a result of haemolysis or increased fetal RBC
turnover must be considered. Although extramedullary hematopoiesis is a considered
a normal finding in the fetus, haematopoietic infiltrates appeared more pronounced in
lambs with intrahepetaic cholestasis than other lambs examined in this study, which

may support haemolysis as the cause for observed cholestasis.

Additional lesions in antigen negative lambs included porencephaly in two lambs, and
cerebellar dysplasia and white matter rarefaction in one lamb which also presented
with muscular tremors, ‘hair like’ wool and an increased predominance of primary
wool follicles usually associated with BDV or ‘hairy-shaker’ disease in sheep *°. The
presentation of ‘hairy’ lambs has previously been described following infection with
BVDV at 54 days of gestation® however as far as the authors are aware the
predominance of primary hair follicles has not previously been described in BVDV

affected lambs.

Mild skeletal malformations were seen in only two lambs, one which presented with
non-fusion of growth plates in long and flat bones and the other with mild
brachygnathia superior. Previously bone lesions associated with BVDV infection
have been observed in persistently infected bovine fetuses, characterised by
impaired trabecular modelling, thought to be due to decreased osteoclastic activity?®.
However in the present study bone lesions were not examined histologically limiting
further interpretation and discussion on pathogenesis. Lastly, unilateral thyroid
enlargement, bilateral hydronephrosis and mesenteric lymphadenomegaly were also

identified in individual antigen negative lambs.
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Generally with BVDV and BDV infections in ruminants, immunotolerant and
persistently infected animals are born apparently healthy * without the range of
pathological malformations seen during this study. It is likely that the malformations
seen in the current subset of lambs developed due to the timing of the infection. In
many of the ewes there was an extended length of time to seroconversion possibly
resulting in fetal infection occurring during the period of organogensis. Due to the
majority of antigen positive lambs dying either in utero or as young neonates
concurrent testing could not be undertaken, and the accurate identification of which
of these lambs were truly persistently infected with BVDV-1c could not be achieved.
Only one antigen positive lamb survived to 8 weeks of age and by sequencing of the

5-UTR region was determined to be persistently infected with BVDV-1c.

In summary, this study details the gross and histopathological lesions identified in
lambs, infected in utero by the predominant BVDV strain in Australia, BVDV-1c.
Anasarca and neurological and skeletal malformations were the most common
consequences following fetal infection with anasarca associated only with lambs
antibody negative and antigen positive. This study also reported primary follicular
dysplasia in sheep infected with BVDV, a development normally identified with BDV

infected lambs.
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3.3 Chapter discussion

An original objective of this trial was to produce as many viable BVDV-1c Pl lambs as possible
while limiting the number of foetal losses. Previously it had been reported that the development
of persistently BDV infected lambs results from the infection of ewes prior to 80 days of
gestation (Nettleton 1990; Schweizer and Peterhans 2014). However it has also been reported
that infection with BDV in the first 60 days of gestation can result in a high rate of foetal death,
as during this time virus replication is uncontrolled and resulting foetal death is common
(Nettleton 1990). As artificial insemination was not an option in the design of this experiment
the closest gestational window that could be achieved between ewes was 10 days. As such the
final gestational window of 59-69 days was chosen as it fell within the optimal period for viable
Pl lamb development, and decreased the chance of high foetal death/low lambing rates

occurring.

The inclusion of an uninfected, control ewe group within this study allowed for the comparison
of a number of clinical, haematological and reproductive effects to be recorded in relation to
acute BVDV infection of pregnant ewes. Results from this study revealed that, overall, acute
BVDV-1c infections in sheep are clinically in-apparent with only a mild rise in temperature, a
mild leukopaenia and a prolonged decrease in eosinophil counts being recorded. These
clinically in-apparent findings are in line with what has previously been reported in both, cattle
acutely infected with BVDV (Nettleton and Entrican 1995) and sheep acutely infected with
BDV (Nettleton 1990). As such results indicate that acute BVDV-1c infections are clinically

inapparent in non-pregnant sheep making them difficult to detect in a commercial flock.

In contrast to the literature indicating that fewer foetal deaths occur during acute BDV
infections in pregnant ewes, acute BVDV-1c infection between 59 and 69 days gestation in
pregnant ewes in this study resulted in a high foetal death rate. A lambing percentage of just
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31.8% was recorded from infected ewes in this study. In comparison, pregnant ewes of the same
gestational stage and managed under the same conditions, but naive to BVDV, reported a
lambing percentage of 172.7%. These results support previous findings by Evans et al. (2015)
that reported that severe lambing losses are possible when acute BVDV-1c infections develop
within a pregnant ewe flock. However due to the inclusion of an uninfected and similarly
managed pregnant ewe flock in the current study, it can now be confirmed that the high lamb

losses are due to BVDV-1c infection rather than other poor management practices.

High lamb losses were not the only reproductive outcome observed in BVDV-1c infected ewes
in this study. A wide range of pathological lesions were seen in both live-born and aborted
lambs from infected ewes. These pathological lesions included anasarca, skeletal deformities,
hydranencephaly, porencephaly and primary follicular dysplasia, many of which have
previously been observed in lambs born to ewes infected with either BVDV (Hewicker-
Trautwein et al. 1995; Scherer et al. 2001) or BDV (Nettleton et al. 1998; Garcia-Perez et al.
2009) during mid-gestation. However as far as the authors are aware this is the first report of

histologically confirmed primary follicular dysplasia associated with BVDV infection in sheep.

Despite the confirmation that acute BVDV-1c infections in pregnant ewes can severely impact
lambing rates and lamb survival, an important objective for this study was to produce viable
persistently BVDV-1c infected lambs. While nine lambs/foetuses were confirmed to be BVDV-
antibody negative and BVDV-antigen positive, only one of these lambs survived to an age
where consecutive testing could be carried out to confirm persistent infection. The remainder
of the antigen positive lambs either died soon after birth or were non-viable, aborted foetuses.
These results suggest that persistently BVDV-1c infected ovine foetuses are unlikely to develop
to term and if they do, survival past a few days of age is poor. However the birth of a single,
viable BVDV-1c PI lamb during this study still highlights the need to fully understand the role

sheep populations play in the spread of BVDV throughout Australia as even a single Pl animal
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may have the potential to infect large numbers of susceptible individuals. Currently however,

it is unknown if a BVDV-1c Pl ovine is able to infect susceptible sheep and cattle.
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Chapter 4: Transmission of BVDV-1c in sheep

The effective epidemiological control of a virus, such as BVDV, cannot be achieved unless all
significant sources of infection are identified. As BVDV has been shown to readily infect many
non-bovine species (Nettleton 1990), cattle populations may not be the only source of infection
of the virus. The persistence of BVDV may also be due to interactions between different species
of infected and susceptible livestock, such as cattle and sheep. While BVDV infections have
been shown to occur naturally in sheep (Pratelli et al. 2001; Evans et al. 2015), it is unknown
whether BVDV infected sheep are able to maintain an infection within a population and/or

transmit the virus back to cattle.

Previous studies, including those in Chapter 3, have shown that the development and survival
of BVDV-1c PI lambs does not occur readily. However, a single BVDV-1c Pl lamb was shown
to survive to euthanasia, at eight weeks of age. Understanding the ability of a BVDV-1c Pl
lamb to infect susceptible animals is crucial in determining the importance of sheep in the
epidemiology of BVDV infections and their inclusion in control programs for BVDV both in

Australia and elsewhere.

The identification and removal of Pl cattle having been shown to effectively control BVDV in
many parts of the world (Lindberg et al. 2006; Presi et al. 2011). However, BVDV has been
reported to circulate within a herd for up to two and a half years in the absence of, or following
no direct contact with, P cattle (Barber and Nettleton 1993; Moerman et al. 1993). It is believed
that the persistence of the virus under these circumstances may be due to a short period of viral

excretion in animals undergoing acute BVDV infections.

In Chapter 3 it was demonstrated that BVDV naive control ewes did not become infected when
separated from ewes undergoing acute BVDV infections by a 1.5m, double fenced gap. This
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1.5m gap between paddocks is shorter in distance than current minimum buffer zone
recommendations (3m) for limiting disease spread (Boardman 2015). Although the distance
between treatment groups of ewes was less than recommended, transmission of BVDV-1c did

not occur between infected and control ewes.

This leads to question whether sheep undergoing an acute BVDV-1c infection are able to infect
Pestivirus naive animals. Understanding the potential for acutely BVDV-1c infected sheep to
spread the virus to susceptible animals needs to be determined in order to fully understand the

role acutely infected sheep play in the epidemiology of BVDV within Australia.

The following two manuscripts report on the results of a series of natural infection trials from

sheep persistently or acutely infected with BVDV-1c to pestivirus naive sheep and cattle.

To investigate the infectivity of a BVDV-1c Pl lamb <8 weeks of age, three simultaneous
experimental trials were undertaken. The aim of these trials was to investigate the infectivity of
the BVDV-1c Pl with regards to naive cattle and sheep using sero-conversion as an indication
of infection. The three trials consisted of: ewes and lambs co-paddocked with the PI lamb for
an extended period of time, steers housed adjacent to the Pl lamb and steers exposed directly to

the PI lamb.

To investigate the infectivity of acutely BVDV infected sheep, five Pestivirus naive wethers

were co-paddocked with five wethers undergoing an acute BVDV-1c infection and were

monitored for sero-conversion.
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4.1 Transmission from persistently infected sheep

The manuscript presented in this section reports on the infective nature of a persistently BVDV
infected, neonatal lamb to pestivirus naive sheep and cattle. This manuscript has been prepared

for submission to the Veterinary Record (submitted).
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Original article: Natural transmission of BVDV-1c from a persistently infected,

neonate lamb to naive sheep and cattle

CA Evans, F Hemmatzadeh, MP Reichel and PD Cockcroft

Natural transmission of BVDV-1c from a persistently infected, neonate lamb to narve sheep and cattle

Veterinary Record (submitted)
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Abstract

This study investigated the transmission of BVDV-1c from a neonatal PI lamb to naive sheep
and cattle using three treatment groups: four naive ewes and their 5 lambs, which were co-
paddocked with the PI lamb, five steers, which were housed in a paddock adjacent to the Pl
lamb and five steers, which were directly exposed to the Pl lamb. Serum samples were collected
and tested for BVDV-specific antibodies. Serum samples from the Pl lamb, from day of birth
to 8 weeks of age, were tested for BVDV-specific antibodies and antigen and submitted for real

time-PCR to determine the viral load present at each week of age.

Only one lamb from the co-paddocked group developed BVDV-specific antibodies following
co-mingling while all the steers in both the cattle treatment groups remained BVDV antibody
negative. Real time-PCR results from the PI lamb showed lower viral loads from day of birth
to 6 weeks of age, compared to results at 7 and 8 weeks of age. This may reflect maternal

colostral BVDV antibodies concentrations in the neonate lamb or other viral properties.

Keywords: BVDV, transmission, sheep, cattle, neonate lamb
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Introduction
Bovine viral diarrhoea virus (BVDV) belongs to the Pestivirus genus, along with Border disease
virus (BDV) in sheep and Clinical swine fever virus in pigs and is an important reproductive

and immunosuppressive disease of cattle (Edwards and others 1986; Grooms 2004).

Previous studies have shown that BVDV infections may also occur in a wide range of non-
bovine ruminant species, including sheep (Scherer and others 2001), goats (Bachofen and
others 2013), deer (Nettleton 1990) and alpacas (Goyal and others 2002). Many of the
reproductive losses seen in cattle infected with BVDV have also been reproduced in sheep, with
high abortion rates, the birth of congenitally and neurologically abnormal lambs and the birth
of persistently BVDV infected lambs (Evans and others 2017b; Hewicker-Trautwein and others

1995; Scherer and others 2001) being previously reported.

In Australia, there is a predominance of a single BVDV type 1 strain, BVDV-1c (Ridpath and
others 2010). While the survival of BVDV-1c PI has been shown to be poor (Evans and other
2015; Evans and others 2017b) even the limited survival of these animals indicates a need to
understand if young PI lambs are capable of transmitting BVDV-1c to susceptible animals. As
such, the aim of this study was to determine if a BVDV-1c PI, neonate lamb was capable of
infecting naive sheep and cattle by either direct exposure or through close proximity in adjacent

paddocks.

Materials and Methods

The study was approved by the University of Adelaide’s Animal Ethics Committee (S-2015-

124 and S-2014-111B).
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Experimental animals

A BVDV PI lamb was produced during a preceding study undertaken at the University of
Adelaide (Evans and others 2017b). The dam of this lamb had been experimentally inoculated
with BVDV-1c PI cattle serum between 59 and 69 days of gestation and was confirmed to be
antibody positive and virus negative. The resultant lamb had consumed colostrum and as such
was positive for BVDV-specific antibodies at all time periods. An ear notch sample, taken on
the day of birth, tested positive for BVDV-specific antigen by IDEXX Bovine Viral Diarrhoea
Virus (BVDV) Antigen Test Kit/Serum Plus ELISA (IDEXX Laboratories Inc, Rydalmere,
NSW). Phylogenetic analysis of the Pl lamb and the inoculating P1 cattle serum were found to
be 100% homologous and were most closely related to the BVDV-1 species of Australia and

New Zealand, BVDV-1c strains (unpublished data).

The PI lamb was housed with its dam in a BVDV-1c antibody-positive flock. This flock
consisted of ewes which had previously undergone acute infections to BVDV-1c and four
antibody positive and antigen negative lambs, produced by these ewes during the preceding
study (Evans and others 2017b). All lambs, including the PI, were aged <1 week of age at the

commencement of the study.

The naive animals used in this study were weaned Angus steers, Merino ewes and Merino-X
lambs sourced from the University of Adelaide’s commercial farm, resident at its Roseworthy
Campus in South Australia. All lambs were aged <1 week of age at the commencement of the
study. All animals were tested prior to inclusion in this study for both antibodies to BVDV and

BDV.

Treatment groups
Three treatment groups were used to study transmission of BVDV-1c from a neonate Pl lamb

to naive sheep and cattle.
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Treatment group A — Comingled sheep

Four confirmed BVDV naive ewes and their five BVDV naive lambs were co-paddocked with
the neonate PI lamb, and its BVDV-1c seroconverted flock, in a small, outdoor yard (size 30 x
25 m) for a period of eight weeks. Co-paddocking commenced on the day of birth (DOB) of

the PI lamb and when all naive lambs were <1 week old.

Treatment group B — Adjacent paddock steers

Five BVDV naive steers were housed in an adjoining yard to the neonate P lamb (and its flock)
for a period of four weeks. These yards were situated outdoors but allowed for direct contact
interactions along the common fence line, particularly during feeding, when feed for both

groups was fed out along this common fence line. Separate water troughs were used for each

group.

Treatment group C — Direct exposure steers

Five BVDV naive steers were housed in a small paddock, >100m from both treatment groups
A and B. On the day of exposure each steer was restrained in a cattle crush and exposed to the
P1 lamb for a period of 5 minute. The lamb was restrained in a 1m x 0.5m tub which was placed
in close proximity to the steer’s face (Figure 1). Direct contact between the steers and the Pl
lamb did occur, as well as inhalation of the air surrounding the PI lamb. This process was

repeated 4 weeks later.
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Figure 1: Close proximity of the neonate Pl lamb and steers from treatment group C

Sampling
Blood was collected into plain 5ml vacutainer serum tubes by venepuncture from the jugular or

caudal vein.

Treatment group A
Animals from treatment group A were sampled weekly from Day 0 (the day the trial started)

until Day 56.

Treatment groups B and C

Animals from both treatment groups were sampled three times only, on Days 0, 28 and 56.

Serum analysis
Thawed serum samples from all sheep, including the PI lamb, were tested for BVDV-specific
antibodies using the IDEXX BVDV Ab P80 ELISA, with interpretation as per Evans and others

(2017a) for sheep, otherwise as per manufacturer’s instructions for cattle. Samples were also
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tested for BVD viral antigen using the IDEXX BVDV Antigen ELISA as per manufacturer’s

instructions.

Quantitative-PCR

Quantitative polymerase chain reaction (QPCR) was carried out on all serum samples collected
from the PI lamb. Firstly, total viral RNA was extracted using the QIAmp Viral RNA Mini Kit
(Qiagen, Germany) following the manufacturer’s instructions. Viral RNA was then used to
quantify the viral load in selected serum samples using the Power SYBR® Green RNA-to C1™

1-Step Kit (Applied Biosystems, USA), as per the manufacturer’s instructions.

A 229 bp fragment of the S’UTR (un-translated region) of the BVD virus was amplified by an
in-house real time-PCR using primer pair BVD-292F (CTA GCC ATG CCC TTA GTA GGA
CTA), and BVD-292R (CAA CTC CAT GTG CCATGTAC AGC A). The purified PCR
product was cloned into pGEM T-easy vector (Promega Inc., USA) through A-T ligation. The
resulted 3307bp construct was transformed into E. coli DH5a competent cells. Ten positive
clones were identified by blue/white screening. Plasmids were extracted using QIAmp Spin
Miniprep Kit (Qiagen, Germany) from these ten clones and were confirmed by sequencing
using forward and reverse M13 primers. No diversity was observed in any of the sequences.

The pGEM-T easy vector containing the 5’UTR fragment was named pGEM-BVD-UTR.

DNA concentration for the extracted plasmid was measured using a NanoDrop 1000
Spectrophotometer (Thermo Fischer Scientific, USA). The plasmid copy number per microlitre

was calculated using an online calculator (http://cels.uri.edu/gsc/cndna.html). A ten-fold serial

dilution of the pPGEM-BVD-UTR plasmid DNA was used for all Q-PCR assays.

To generate standard curves for the pPGEM-BVD-UTR plasmid, each dilution was tested in

triplicate and used as quantification standards to set up the standard curve. At the same time
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0.66ul of viral RNA from each serum sample was tested in an aliquot of the same reaction mix
as the standards. These samples were run in triplicate and the Ct values for the samples and
standards were compared. The plasmid copy number logarithm was plotted against the

measured Ct values for each sample.

Results
Pl lamb
This lamb tested positive for BVDV-specific antibodies at all sampling time points and positive
for BVDV antigen from Day 21 to Day 56 (Table 1). Real time-PCR revealed BVD viral copy
numbers/ml for this lamb were consistent from DOB to Day 42 and were highest at Day 49 and

56 with 1.3 x 10° and 1.3 x 10° viral genome copies/ml recorded, respectively.

Treatment group A

Ewes and lambs from treatment group A were all negative for BVDV antibodies and BVDV-
specific viral antigen at all sampling time points, except one lamb. Serum samples from this
lamb, Lamb 5, were positive for BVDV antibodies at Day 49 and Day 56 post co-paddocking,

with antibody S/N ratios of 18.9% and 17.1% recorded respectively.

Treatment groups B and C

All steers from treatment groups B and C remained negative for BVDV antibodies and BVDV-

specific viral antigen at all sampling time points.
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Tables
Table 1: Antibody ELISA, antigen ELISA and qPCR titres for the persistently BVDV infected neonate lamb from day of birth (DOB) to 8 weeks of age.

Antibody ELISA S/N ratios <63.5% are classified as positive; antigen ELISA results >0.3 are classified as positive.

DOB Serum

Units (ear
notch) | DOB | Day 7

Day Day Day Day Day Day Day

14 21 28 35 42 49 56
Antibody SIN% N/A | 1592 | 1657 | 15.02 | 1845 | 19.33 | 20.12 | 19.91 | 21.14 | 18.66
Antigen | Corrected 326 | 346 | 015 | 025 | 1.86 | 259 | 219 | 215 | 245 | 27

optical density

copy 1.3 X 1.3 X 1.3 X 1.3 X 1.3 X 1.3 X 1.3 X 1.3 X 1.3 X
gPCR numberml | VAL 18 | 108 | 105 | 108 | 108 | 105 | 105 | 108 | 108




Discussion

Consistently strong serum antigen results indicate that, despite the positive antibody results,
this lamb was persistently infected with BVDV. Pre-colostral blood samples were not obtained
from this lamb and explain why a positive antibody result was recorded, in serum samples, on
Day 0 and thereafter. The ingestion of colostrum, and associated colostrum derived antibodies
to BVDV-L1g, is believed to be the reason behind the negative antigen results recorded on Days
7 and 14. This phenomenon has previously been documented and is often called the ‘colostral
diagnostic gap’ and relates to maternal antibodies inhibiting diagnostic testing and the accurate
detection of the virus, in Pl animals, for up to several weeks (Brock and others 1998; Fux and

Wolf 2012; Lanyon and others 2014; Zimmer and others 2004).

In comparison, qPCR results showed that viral copy numbers were consistently detected, at 10°
copies/ml, from Day O — 42 and then increased to 10° copies/ml at Day 49. Whether these
initially lower viral loads are due to colostrum ingestion (and hence antibody interference) is
not well understood. Previously mean gPCR values from serum collected from PI calves
indicated a viral load of 10%! copies of BVDV RNA per 5ul from newborn calves (pre-
colostral), which then dropped to 10 after colostral ingestion before rising to 10>° by 70 days

of age (Fux and Wolf 2012).

Direct contact with a BVDV PI animal is thought to be the main source of transmission between
animals, due to the large quantities of virus shed in bodily fluids such as nasal/saliva excretions
and the urine of Pls (Brownlie and others 1987; Meyling and others 1990; Lindberg and Houe
2005). Similar to the ‘diagnostic gap’ phenomenon, it is possible that colostral antibodies may
temporarily suppress virus replications in Pl animals, thus reducing the quantity of virus being

shed by these animals during the first 4-6 weeks of life (Meyling and others 1990). In the present
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study, the viral loads reported for the PI lamb were obtained for serum samples only however

and the viral loads of nasal and saliva secretions were not determined.

Only a single lamb from treatment group A developed an antibody response to BVDV.
Antibodies were detected in this lamb at both the 49 and 56 day sampling time points. Although
the time to seroconversion in the lamb in this study falls within previously recorded time frames
for infection, it is unknown when exactly infection occurred, but the rate of transmission

appears low.

Similarly, none of the steers from either treatment group B or C showed indications of BVDV
antibodies at any of the sampling time points, after exposure to a Pl lamb. This suggests that
the transmission of BVDV-1c from an antibody-positive Pl neonate lamb up to the age of 8
weeks, to naive cattle, does not occur readily either after 5 minutes of close exposure or by way
of a shared fence line. Transmission of BVDV from cattle to sheep has been reported on a
number of occasions from PI cattle aged 6 months to 2 years of age (Carlsson 1991; Fulton and
others 2005; Niskanen and others 2000). Similarly studies relating to the transmission of
Pestiviruses from sheep to cattle, although limited to two studies, used Pl sheep over one year
of age (Carlsson and Belak 1994; Braun and others 2014). While transmission was shown to

occur in these previous studies, the current study showed a low rate of transmission only.

The only other study, as far as the authors are aware, which used a neonatal Pl animal
investigated the transmission of BVDV to susceptible sheep from a Pl lamb aged between 0
and 227 days (Plant and others 1977). Antibody development occurred in both lambs and adult
sheep. This study did suggest that lambs were infected more readily than adult sheep, when the
Pl lamb was <4 weeks of age (Plant and others 1977), a finidng which is similar to what was

reported in the current study.

112



Although the pathogenicity of BVDV-1c is unknown, it is likely to be of a low virulence, such
as the other BVDV-1 strains 1b, 1e and 1k (Ridpath and others 2007), and thus results in low
viral shedding in infected animals. However, differences in virulence of the infecting virus
strain, as well as differences in housing, the age and number of Pl animals used, the presence
of colostral derived antibodies in Pl animals and trial design do make establishing comparisons

with previous studies difficult.

In summary, this study has demonstrated that transmission of BVDV-1c from a neonatal
BVDV-1c Pl lamb, which had successful passive transfer of maternal antibodies, to naive sheep
and cattle does not occur readily. Although this study investigates the transmission of BVDV
to susceptible animals after a species transfer, suppression of virus replication due to colostral
antibody ingestion is believed to explain the low transmission of BVDV-1c reported in the
current study. Findings of this study have also indicated a need for further work to be
undertaken to; determine if weaned BVDV PI sheep are able to infect susceptible animals;
determine the full effect of colostral antibodies on the infectivity of young BVDV PI animals,
including cattle; and determine if serum viral load relates to the amount of virus excreted by a

PI animal in nasal or saliva secretions.
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4.2 Transmission from acutely infected sheep

The manuscript presented in this section reports on the infective nature of acutely BVDV-1c
infected sheep to pestivirus naive sheep. It has been accepted for publication by the Journal of

Small Ruminant Research Vol 153 Pp. 5-8.
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ARTICLE INFO ABSTRACT

Keywords: Bovine viral diarrhoea virus (BVDV) is an economically important disease of cattle known to cause
BVDV immunosuppression and reproductive dysfunction in infected animals. Although predominantly a disease of
Sheep cattle other ruminant species, such as sheep, have been shown to undergo infection with similar outcomes as

Acute infection
Transmission

those observed in cattle.

The main source of BVDV transmission is known to be persistently infected (PI) animals which shed large
quantities of virus through all secretions and excretions. However, it is believed that BVDV is able to persist
within herds even after the removal of these PI animals. Although not proven, this persistence is thought to be
due to the short period of viral excretion shown to occur in acutely infected animals. As a result the aim of this
study was to determine if transmission of BVDV could occur between sheep undergoing an acute BVDV infection
and sheep naive to BVDV.

Five wethers, experimentally infected with BVDV-1c, were co-mingled with five pestivirus naive wethers for a
period of seven weeks. Weekly blood samples were collected and tested for the presence of BVDV-specific
antibodies and BVDV antigen. Acute infection was successful in the experimentally inoculated animals, with
antibodies detected in all five wethers by Day 35 post inoculation. Transmission of BVDV-1c was not shown to

occur between these acutely BVDV-1c infected wethers and the naive wethers co-mingled with them.

Bovine viral diarrhoea virus (BVDV) is a highly prevalent and
economically important disease of cattle (Nettleton and Entrican, 1995)
where infections with the virus can lead to both immunosuppression
(Wilhelmsen et al., 1990) and reduced reproductive performance
(Grooms, 2004). Abortions, stillbirths as well as the birth of calves
with physical abnormalities and those persistently infected with BVDV
are all common outcomes following BVDV infection of a pregnant cow
(Nettleton and Entrican, 1995; Grooms, 2004). The reproductive out-
comes seen are a result of the virus’s ability to cross the placenta and
establish an infection within the developing foetus (Nettleton and
Entrican, 1995) and are dependent on the stage of gestation when
infection occurred (Grooms, 2004; Broaddus et al., 2009).

The spread and persistence of BVDV in cattle populations is due to
presence of the highly infectious, persistently infected (PI) animals. It
has been well documented that these PI animals shed large quantities of
virus through all secretions and excretions and as such are the main
source of BVDV transmission in cattle (Brownlie et al., 1987; Lindberg
and Alenius, 1999; Lindberg and Houe, 2005). As a result many BVDV
control programmes target the identification and elimination of these
animals (Lindberg and Alenius, 1999) in order to reduce the prevalence
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of the disease.

However it is believed by some that these PI animals are not the
only source of BVDV infection. It has been documented that cattle
acutely infected with BVDV also undergo a short viraemic period prior
to the development of BVDV antibodies (Brownlie et al., 1987). In cattle
this viraemic period is identifiable by the detection of BVD virus in
serum, blood, buffy coat cells and/or nasal secretions between 3 and
10 days after infection has taken place (Brownlie et al., 1987; Brownlie,
1990; Collins et al., 2009). The presence of detectable virus during this
period brings forth the idea that acutely infected animals could be a
source for further infections, in the absence of PI animals. Although it
has been indicated that PI animals are essential for BVDV survival, the
virus has been shown to circulate in herds for up to a two and a half
years in the absence of, or no direct contact with, PI cattle (Barber and
Nettleton, 1993; Moerman et al., 1993).

Although typically a disease of cattle, BVDV has been shown to
infect a range of other ruminant species including goats (Bachofen
et al., 2013), deer (Nettleton, 1990) and sheep (Scherer et al., 2001). A
number of studies have investigated the reproductive effects associated
with BVDV infection in sheep, with high abortion rates, neonatal lamb
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Fig. 1. Individual antibody ELISA titres for the ten experimental sheep. Antibody titres are given as 1/(S/N%) due to ELISA used being a competitive ELISA. Animals in red were
experimentally inoculated with BVDV PI cattle serum, while those in green were naive animals, housed with those undergoing acute infection. Cut-off, as established by Evans et al.
(2017), is indicated by the dashed line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

deaths and the birth of BVDV PI lambs being recorded (Parsonson et al.,
1979; Scherer et al., 2001; Evans et al., 2015). However transmission
rates of BVDV from infected sheep, both acutely infected and PI, have
not been quantified. Recently it has been shown that BVDV PI sheep are
capable of infecting naive cattle (Braun et al., 2014) however transmis-
sion of BVDV from acutely infected sheep has not been studied. The aim
of this study was to determine if naive sheep would become infected
and sero-convert when co-mingled and housed with sheep undergoing
an acute BVDV infection.

Five merino cross adult sheep (wethers) were experimentally
infected by inoculation of 2ml of BVDV PI cattle serum by sub-
cutaneous injection in the neck. The BVDV PI cattle serum was collected
from a confirmed persistently BVDV-1c infected heifer that was
produced during earlier experimental work undertaken at the
University of Adelaide (Lanyon et al., 2014) and had been stored at
—80 °C for approximately 12 months. Each 2 ml dose of BVDV PI serum
contained, equal to, 1.3 x 10° of viral genome copy numbers, based on
the absolute quantification in a real-time quantitative reverse tran-
scriptase PCR method.

The five experimentally infected sheep were then co-mingled and
kept as a single group with five pestivirus naive adult sheep (wethers)
for seven weeks in a small paddock (size 30 x 25 m) with shared feed
and water sources. All the animals were blood sampled weekly from the
day of BVDV inoculation (Day 0) until 49 days post inoculation. Blood
samples were collected into plain evacuated tubes by venepuncture of
the jugular vein. All animals were assessed daily for observational signs
of ill health and were condition scored at weekly intervals at the time of
blood sampling. All animal experiments were approved by the
University of Adelaide’s Animal Ethics Committee prior to this project
(S-2016-013).

Serum was harvested by centrifuging the blood filled plain evac-
uated tubes at 2400 g for 10 min. Serum was poured off in to 1 ml
storage tubes and stored at —80 °C. Thawed serum samples were then
tested for BVDV-specific antibodies using the IDEXX BVDV/MD/BDV
p80 Protein Antibody Test Kit (IDEXX Laboratories, Rydalmere, NSW),
following the manufacturer’s instructions developed for sheep serum.
Samples which returned a signal-to-noise ratio (S/N) of <63.5%, as
determined by Evans et al. (2017), were considered positive for BVDV-
specific antibodies. Serum samples from Days 42 and 49 post infection
were also submitted to the Elizabeth McArthur Agricultural Institute

(New South Wales, Australia), where they were tested by an agar gel
immunodiffusion (AGID?) assay for BVDV antibodies. This AGID assay
uses the C24V reference strain as the antigen, with a score of 0
considered negative and scores of 1-3 considered positive.

Thawed serum samples were also tested for BVDV by Antigen Test
Kit/Serum Plus ELISA (IDEXX Laboratories Inc, Rydalmere, NSW).
Samples which returned an S-N ratio of > 0.300 were considered
positive for BVDV virus, as per the manufacturer’s instructions.

Total viral RNA was extracted from freeze-thawed serum samples of
all inoculated sheep (Days 7, 14 and 21) using the QIAmp Viral RNA
Mini Kit (Qiagen, Germany). A serum sample volume of 280 pl, instead
of 140 ul, was used with manufacturer’s instructions altered as in-
structed. Reverse transcriptase polymerase chain reaction (RT-PCR)
was then performed, where the viral RNA samples were run through the
QIAGEN OneStep RT-PCR Kit (Qiagen, Germany) using the primer pair
BVD-292F (CTA GCC ATG CCC TTA GTA GGA CTA), and BVD-292R
(CAA CTC CAT GTG CCATGTAC AGC A). Each reaction consisted of 5 x
QIAGEN OneStep RT-PCR Buffer, 400 uM dNTP mix, 0.6 uM of each
Primer, QIAGEN OneStep RT-PCR Enzyme Mix, RNAse Inhibitor,
RNAse free water and 5 pl of template RNA in a total reaction volume
of 50 pl. Reverse transcriptase and PCR were undertaken under the
following thermal cycler conditions (per manufacturer’s instructions):
30 min at 50 °C, followed by 15 min at 95 °C followed by a 40 cycles of
1 min at 94 °C, 1 min at 52 °C and 1 min at 72 °C. A final extension of
10 min at 72 °C terminated the reaction before the PCR products were
analysed by electrophoresis on a 2% agarose gel and stained with Gel-
Red.

The earliest positive result for the presence of BVDV-specific
antibodies in the inoculated sheep was on Day 21 post inoculation.
By Day 35 post inoculation all five experimentally inoculated sheep
returned positive results for BVDV antibodies (Fig. 1). None of the five
naive sheep showed any change in antibody status throughout the study
period (Fig. 1).

Results from the AGID assay confirmed that all 5 infected sheep
were positive for BVDV antibodies on Days 42 and 49. A score of 3 was
recorded for W03 on both Day 42 and 49 while the remaining four
sheep achieved scores of 1 on each of these days. AGID assay also
confirmed that the five naive sheep had remained negative, with a score
of 0 being recorded for all samples submitted.

Antigen was not detected in any of the infected or naive animals by
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Fig. 2. RT-PCR gel for the five inoculated sheep on Days 7. 14 and 21 post inoculation. Well 1 = W01, Day 7; Well 2 = W02, Day 7; Well 3 = W03, Day 7; Well 4 = W04, Day 7; Well
5 = W05, Day 7; Well 6 = W01, Day 14; Well 7 = W02, Day 14; Well 8 = W03, Day 14; Well 9 = W04, Day 14; Well 10 = W05, Day 14; Well 11 = W01, Day 21; Well 12 = W02, Day
21; Well 13 = W03, Day 21; Well 14 = W04, Day 21; Well 15 = W05, Day 21; Well 16 = positive control; Well 17 = negative control.

antigen ELISA with all samples returning a score of less than 0.3% (S-
N). However, RT-PCR confirmed that all five inoculated sheep were
positive for virus on one or more time points from Day 7-21 post
infection (Fig. 2).

The results of this study indicate that BVDV transmission did not
occur between the acutely BVDV infected sheep and the co-housed
BVDV naive sheep. The antibody titres for all five naive sheep remained
negative throughout the study period despite the first of the infected
sheep sero-converting by Day 21 post infection. In support of these
findings, previous experimental infection trials have shown no trans-
mission of BVDV to fully susceptible in-contact cattle (Radostits and
Littlejohns, 1988; Uttenthal et al., 2006) despite accounts of circulating
BVDV in herds previously cleared of PI animals (Barber and Nettleton,
1993; Moerman et al., 1993). It has been thought that the current lack
of transmission from acutely infected sheep could be due to the virus
strain used, its virulence and/or the resulting amount of virus shed by
the animal following infection (Bolin and Grooms, 2004; Ridpath,
2010).

In 2007 Ridpath et al. studied three strains of BVDV-1 (1b, 1e and
1k) and discovered that, according to the three clinical criteria, none of
these strains could be classified as high virulence. This study also
discovered that although there were differences in virulence between
the three strains it appeared that there is a continuum of virulence
associated with BVDV-1 strains, unlike what is seen with BVDV-2
strains (Ridpath et al., 2007). It has also been previously recorded that
there is a positive relationship between the amount of virus shed by an
animal and the virulence of the infecting BVDV strain (Hamers et al.,
2000). Although the virulence for the strain used in this study (BVDV-
1c) has not been determined it is probable that it is of a low virulence,
such as the 1b, 1e and 1k strains and there is low viral shedding in these
animals as a result.

In addition, the absence of transmission reported in this trial could
also be due to the low viral loads excreted by acutely infected animals.
It has been documented that acutely infected animals undergo a period
of viral detection and subsequent virus shedding (Brownlie et al., 1987)
however the viral loads excreted by acutely infected animals are
substantially lower than those of persistently infected animals (Young
et al,, 2006; Kosinova et al., 2007). Quantitative analysis for the
amount of virus present in the inoculated sheep was not undertaken
during this study.

In summary this study found that experimental sheep infected using
serum from a bovine heifer PI with BVDV 1c strain by subcutaneous
inoculation did not transmit the infection to co-mingled BVDV naive
sheep during a 7 week study period. The results of this study indicate
that infected sheep in the acute phase of infection with the BVDV 1c
strain have very low transmission rates and that persistence of BVDV in

sheep populations is unlikely to be due to acutely infected individuals.
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4.3 Chapter discussion

The development and survival of a persistently BVDV-1c infected lamb highlights the
importance of determining the role of sheep populations in the persistence of BVDV within
Australia. Although the PI lamb in this study was <8 weeks of age and subsequently had not
been weaned, it was important to understand if this animal was capable of transmitting BVDV-

1c to Pestivirus naive sheep and cattle.

Results from this study identified that cattle subjected to either direct contact with or housed
adjacent to a persistently BVDV-1c infected lamb, did not develop antibodies to BVDV.
However, one lamb, co-paddocked in the group which contained the PI lamb, was confirmed
to have developed BVDV-specific antibodies by the end of the sampling period. These results
indicated that the rate of transmission from a pre-weaned BVDV PI lambs, which have had
successful passive transfer of maternal antibodies, to susceptible animals is low. It also suggests
that transmission from these PI lambs appears to occur more readily to sheep than between

species, or that a prolonged period of close contact is required.

The low rate of transmission reported in this study may however be due to the persistency of
colostrum derived maternal BVDV antibodies. In young PI calves it has been previously
reported that colostral antibodies can bind to the circulating virus and inhibit the accurate
detection of these animals (Fux and Wolf 2012). This phenomenon is known as the ‘colostral
diagnostic gap’ (Brock et al. 1998; Fux and Wolf 2012). Whether this phenomenon also

influences the amount of virus excreted by a Pl animal, after colostral ingestion, is unknown.

Quantitative PCR results from this study indicated that the amount of virus detected in serum
from the PI lamb on weeks 7 and 8 of age were 10 times greater than what was detected over
the previous 6 weeks. This is similar to what has previously been observed in newborn calves
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where serum viral copies dropped substantially after colostrum ingestion, before rising again
by 70 days of age (Fux and Wolf 2012). However, whether a decrease in serum viral copy
numbers coincide with a decrease in the amount of virus a Pl animal is excreting is unknown.
Furthermore, the transmission of BVDV from a neonatal PI lamb was shown to be low, it cannot
be assumed that transmission rates from an older BVDV Pl ovine will be the same. In this study
the PI lamb was euthanized at 8 weeks of age, at the end of the experimental period, and as

such further work with an older Pl animal could not be undertaken.

Another means by which the virus is believed to be maintained within a population is through
animals undergoing acute infections. It has been reported that prior to the development of
antibodies in acutely BVDV infected cattle a short vireamic period occurs (Brownlie et al.
1987). It has therefore been assumed that when susceptible individuals come in to contact with
these acutely infected and vireamic animals, transmission of BVDV may occur (Barber and
Nettleton 1993; Moerman et al. 1993). In order to fully understand the role sheep populations
play in the spread and persistence of BVDV, it was important to look at all possible sources of

infection in sheep, including the risk posed by those acutely infected.

Experimental infection of five wethers with BVDV-1c resulted in virus being detected by RT-
PCR in the serum of all five animals, between Day 7 and Day 21 post infection. Although virus
was detected in all acutely infected wethers, none of the co-housed and Pestivirus naive wethers
showed any antibody development to BVDV. The five naive animals remained Pestivirus naive
throughout the trial which indicates that the infectivity of BVDV-1c from acutely infected sheep
to naive sheep is low. Whether the lack of transmission is due to infection occurring in a non-
bovine host or the low virulence and associated low viral shedding of the BVDV-1c strain or

just that acute infections do not result in transmission, is unknown.
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Overall, results from these studies suggest that there is low risk of BVDV-1c being transmitted
from acutely BVDV-1c infected sheep or from pre-weaned BVDV PI lambs which have had
successful passive transfer of maternal antibodies. This low transmission rate further suggests
that the persistence of BVDV-1c throughout Australia is unlikely to be due to sheep
populations, particularly due to the apparent poor survival rate of BVDV-1c Pl lambs (Evans
et al. 2015; Evans et al. 2017). While the risks posed to and by sheep infected with BVDV-1c
on the persistence of the virus within Australia is becoming more quantified, it remains
unknown what other commonly farmed livestock species are at risk of BVDV-1c infection and

what role they may play in the spread of the disease.
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Chapter 5: Acute BVDV-1c infections in alpacas

In order for an effective BVDV control program to be developed in Australia, identifying the
livestock species at risk of BVDV infection and which of these have the potential to act as a
reservoir source of infection needs to be determined. Due to the large number of sheep in
Australia it was critical to first understand the role sheep play in the spread and persistence of
BVDV. However, sheep are not the only non-bovine species which have been identified as
susceptible to infection with BVDV. Alpacas have been shown to develop BVDV-specific
antibodies following exposure to the virus, with BVDV infected alpacas previously being
identified in the USA (Kim et al. 2009), UK (Foster et al. 2005), Australia (Cockcroft et al.
2015) and Switzerland (Danuser et al. 2009). Foetal losses and the birth of persistently BVDV
infected crias have also been reported (Carman et al. 2005; Mattson et al. 2006) and indicates

that alpacas may be a potential reservoir source of BVD infection.

In Australia, alpacas have increased in popularity due to their high quality fleece, desirability
as a companion animal and ability to guard sheep from foxes. As alpacas are often kept in close
proximity with sheep in Australia, and susceptible to BVDV infection, it was considered
important to understand the susceptibility of alpacas to infection with the predominant
Australian BVDV strain (BVDV-1c), in particular when naturally transmitted from BVDV-1c
Pl cattle. Antibodies to BVDV have previously been reported in South Australian alpacas at a
prevalence of 2.7% (Cockcroft et al. 2015), however the clinical effects associated with acute

BVDYV infections are unknown.
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5.1 Findings in alpacas

The following manuscript reports on the clinical, haematological and selected biochemical
changes in acutely BVDV-1c infected alpacas following natural transmission from a Pl heifer.
This manuscript has been accepted for publication (on 30/05/17) by the Australian Veterinary

Journal (in press).
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Abstract

Although predominantly a disease of cattle, bovine viral diarrhoea virus (BVDV) is known to
infect other ruminant and camelid species such as sheep and alpacas. The aims of this study
were to determine if BVDV naive alpacas would become acutely infected and seroconvert to
the predominant Australian strain of BVDV following co-mingling with a persistently
BVDV-1c infected heifer; and to determine what, if any, clinical signs, haematological
responses and selected biochemical changes can be seen due to acute BVDV-1c infections in
alpacas. A persistently infected heifer and four alpacas were co-mingled and housed together
for a period of two weeks. Weekly blood samples were collected and twice weekly clinical

examinations were performed on the 4 alpacas.

Serum analysis by antibody ELISA indicated that all four alpacas were positive for BVDV-
specific antibodies between 35 and 54 days post mixing with the persistently BVDV-1c
infected heifer. Viral antigen was detected by antigen ELISA in two alpacas on Days 21 and

35 post initial mixing.
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In general all the physical clinical parameters measured were normal. Serum biochemical and
haematological analysis in 2 of the alpacas revealed marginally low sodium, chloride and
elevated potassium concentrations, a lymphocytosis, a monocytosis and a neutrophilia at

some point during the study period either in one or both of the alpacas.
This study has shown that infection in Australian alpacas readily occurs when a persistently
BVDV-1c infected bovine animal is co-mingled with naive alpacas and that acute infections

are clinically mild and undetectable without serological testing.

Keywords: Alpaca; Antibody; Bovine viral diarrhoea virus; Clinical; ELISA
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Introduction
Alpacas are increasing in popularity as a farmed livestock species in Australia and superior

quality animals can command high prices. Their value lies predominantly in the quality of

their fleece and their desirability as a companion animal. They also have a utility in guarding
sheep from foxes and as a meat animal for exclusive restaurants. Numbers in Australia were
estimated, in 2013, at 160,000 registered animals * although the population is now thought to

be approximately 200,000 (Jane Vaughan, personal communication)

Bovine viral diarrhoea virus (BVDV) is a highly prevalent disease of cattle widely distributed
throughout the world 2. Although predominantly a disease of cattle, BVDV is known to be
able to cross species barriers and infect other ruminant species including sheep 2, goats 4, deer

5 and camelid species including alpacas .

It has been shown that alpacas can develop BVDV-specific antibodies following exposure to
the virus and BVDV infected alpacas have been identified in many countries including the
USA 7, UK & Australia ® and Switzerland *°. Usually it is the persistent form of BVDV
infection in alpacas that is reported with common signs including chronic ill-thrift, poor
weight gain or being underweight, severe nasal discharge, high rectal temperatures and
pneumonia ' 2, In the acute form of the disease clinical signs are often mild or non-existent,
although they can include lethargy, anorexia and a break in the fleece 3. It has also been
noted that diarrhoea is not a consistent feature of BVDV infection in alpacas *? and that
infections during pregnancy can lead to similar reproductive losses to those seen in cattle
including early embryonic death, abortion, stillbirth, premature birth 1214 and the birth of

persistently BVDV infected cria 11 %°,

In a survey of just over 12,000 North American and Canadian alpacas, 46 BVDV isolates

were identified. Once genotyped these 46 isolates were identified as belonging to the same
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BVDV genotype, type 1b 7 despite the presence of types 1a, 1b and BVDV type-2 being
identified in cattle from the same areas /. However in Australia it is only the BVDV-type 1
species that has been identified in cattle, with an overwhelming predominance (>96%) of the
BVDV-1c genotype 6. Although BVDV-specific antibodies have been identified in
Australian alpacas ° it is unclear which genotype this is. Similarly it is unknown what clinical

signs manifest in alpacas acutely infected with BVDV-1c.

The aims of this study were to determine if BVDV naive alpacas would become acutely
infected and seroconvert following co-mingling with a persistently BVDV-1c infected heifer
and to determine the clinical signs, haematological responses and selected biochemical

changes associated with acute BVDV-1c infections in the alpacas.

Materials and Methods

Animals
Four alpacas (three adults and one cria born on Day 4 of the trial) were bought from a farm in
South Australia, Australia and were housed in a roofed 98m? pen, at the University of

Adelaide’s Roseworthy Campus, South Australia from November 2015 to January 2016.

Blood samples collected into serum vacutainer tubes on the day of arrival from the farm. Serum
samples were tested to confirm their BVDV negative antibody and antigen status by a
competitive antibody ELISA, IDEXX BVDV/MD/BDV p80 Protein Antibody Test Kit
(IDEXX Laboratories, Rydalmere, NSW), and antigen ELISA, IDEXX BVDV Ag Serum Plus

Test (IDEXX Laboratories, Rydalmere, NSW), respectively.

The BVDV PI heifer used in this study was confirmed to be persistently infected with BVDV-

1c by genotyping ',
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All animal experiments were approved by the University of Adelaide’s Animal Ethics

Committee prior to this project (S-2015-123) being undertaken.

Trial Design

The alpacas and the P heifer were housed in a roofed 98m? pen enclosed on three sides with
an open front. The animals were allowed to co-mingle for two weeks (Figure 1). The heifer
was removed from the pen after this time. The alpacas remained housed in their pen for a

further six weeks.

U

i
I
I i

Figure 1: Housing of alpacas and PI heifer in roofed 98m? pen enclosed on three sides.

The alpacas were checked daily and clinical examinations were performed on days O (the day
of mingling), 4, 7, 11, 14, 18, 21, 25, 28, 32, 35, 39 and 42. Blood samples were collected on
9 occasions, on day 0 and then again on days 7, 14, 21, 28, 35, 42, 49 and 54. Blood samples

were collected into 5ml EDTA and 5ml serum tubes by venepuncture of the jugular vein.

Antibody and antigen testing
Serum was collected by centrifuging the blood filled plain vacutainer serum tubes at 2400 g

for 10 minutes. Serum was then poured off in to 1ml storage tubes and stored at -80°C.
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All the thawed serum samples from the alpacas were tested for BVDV-specific antibodies
using the competitive IDEXX BVDV/MD/BDV p80 Protein Antibody Test Kit (IDEXX
Laboratories, Rydalmere, NSW) following the manufacturer’s instructions developed for
sheep serum. The manufacturers cut-off and the cut-off reported by Evans et al. (in press) 18
were used to determine sero-positive samples; signal-to-noise ratios (S/N) of <40% were
considered positive as per manufacturer’s recommendations while S/N of <63.5% were
considered positive by Evans et al. (in press) 8. Serum samples were also tested for BVDV
antigen using the IDEXX BVDV Antigen ELISA (IDEXX Laboratories, Rydalmere, NSW)
whereby a sample was considered positive if it had an S-N value >0.3, as per manufacturer’s

instructions.

Testing by PCR

Serum samples that returned a positive or elevated (>0.2 S-N) result on antigen ELISA were
tested by reverse transcriptase polymerase chain reaction (RT-PCR) to determine BVDV
status. Total viral RNA was extracted from the freeze-thawed serum samples using the
QIlAmp Viral RNA Mini Kit (Qiagen, Germany). Viral RNA samples were then run through
the QIAGEN OneStep RT-PCR Kit (Qiagen, Germany) so as to undertake reverse
transcription and PCR in the same tube. Primer pair BVD-292F (CTA GCC ATG CCC TTA
GTA GGA CTA), and BVD-292R (CAA CTC CAT GTG CCATGTAC AGC A), were used
to amplify a 292 bp block of highly conserved region of the BVDV genome from the position
of 102 to 394 of the 5" UTR of NADL strain genome, GeneBank Accession number:
BV1133739) Each reaction consisted of 5x QIAGEN OneStep RT-PCR Buffer, 400uM dNTP
mix, 0.6 uM of each Primer, QIAGEN OneStep RT-PCR Enzyme Mix, RNAse Inhibitor,
RNAse free water and 5uL of template RNA in a total reaction volume of 50uL. Reverse
transcription and PCR were undertaken under the following thermal cycler conditions (per

manufacturer’s instructions): 30min at 50°C, followed by 15min at 95°C followed by a 40
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cycles of 1min at 94°C, 1 min at 52°C and 1min at 72°C. The reaction was terminated with a
final extension of 10min at 72°C. The PCR products were analysed by electrophoresis on a

2% agarose gel and stained with Gel-Red.

Clinical signs

A clinical examination was performed on each of the 3 adult alpacas and the following
clinical parameters were evaluated: demeanour (alertness and reactiveness), temperature,
heart rate (HR), respiration rate (RR), capillary refill time (CPR), mucosal membrane colour
(MM), faecal consistency, oro-nasal discharge, lacrimation and number of compartment 1
(C1) movements in two minutes. In comparison, the cria only had information about
demeanour, temperature, HR, RR, CPR and MM recorded. The descriptors and normal ranges

used for each clinical sign are detailed in Table 1 and 2.

Table 1: The descriptors used for the clinical signs; Alertness, Reactiveness, Oro-nasal

discharge, Lacrimation, MM and Faecal score

Clinical Sign Score

mild moderate severe
ATrees HEIEY dullness dullness depression NS M M

slowto  veryslow

Reactiveness ~ normal react to react unreactive N/A N/A N/A
O_ro—nasal normal mild moderate severe N/A N/A N/A
discharge

Lacrimation  normal mild moderate severe N/A N/A N/A

MM pale pink red cyanotic jaundiced N/A N/A
Faecal dry normal soft soft not mild moderate severe
consistency pellets pellets pellets pelleted diarrhoea diarrhoea diarrhoea

Table 2: Normal reference ranges for the clinical signs; Temperature, Heart rate, Respiration
rate, Capillary refill time and C1 movements. Normal ranges are given for both adult alpacas

and crias.

141



Clinical Sign
Temperature (°C)

Heart rate (beats/min)

Respiration rate
(breathes/min)

Capillary refill time
(sec)

C1 movements/min

Normal range
(adult)

37.5-38.9
60 —-90
10-30
<2

0-5

Blood biochemistry and haematology

Normal range

(cria)

37.8-38.9

60-120

10-30

<2

N/A

References

Adult %
Cria
Adult %
Cria®
Adult %
Cria %
Adult &
Cria %

Adult %

Thawed serum samples from two adult alpacas (#3 and #5) were submitted to the Veterinary

Diagnostics Laboratory, Roseworthy Campus for serum biochemistry to measure the values

of the following analytes; sodium, urea, potassium, total protein and chloride. The results

were compared to the reference intervals identified for alpacas by Hengrave, Tschudi, Martig,

Liesegang and Meylan *®and are given in Table 3.

Table 3: Normal reference ranges for blood biochemistry and white blood cell counts in adult

alpacas as determined by Hengrave, Tschudi, Martig, Liesegang and Meylan

Serum
biochemistry

Haematology

Blood parameter

Sodium
Urea
Potassium
Total protein
Chloride
Lymphocytes
Monocytes
Neutrophils

Eosinophils

Normal range
148-155 (mmol/L)

4.5-9.1 (mmol/L)

4.0-5.2 (mmol/L)

56.2-70.4 (g/L)

111-146 (mmol/L)

1.1-5.2 (109L)
0.2-0.9 (10%L)
3.4-9.1 (10%L)
0.8-3.4 (10%L)
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Blood smears were prepared with fresh blood for both alpacas #3 and #5, at all sampling time
points, and air dried. Differential white blood cell (WBC) counts were performed on smears.
The number of lymphocytes, monocytes, neutrophils and eosinophils were determined by
manual counting of Diff Quick stained blood smears using the battlement technique.'® Manual
100-cell differential cell counts for WBC?® were undertaken to calculate the absolute WBC
counts for both alpacas. These values were compared to the reference ranges determined by

Hengrave, Tschudi, Martig, Liesegang and Meylan 2.,

Results

Antibody and antigen testing

Serum samples analysed using the manufacturer’s cut-off of <40 S/N% indicated that all four
alpacas seroconverted to BVDV antibody positive status between 35 and 54 days from initial
exposure to the PI heifer (Figure 2). Alpacas #3 and #5 were the first to seroconvert with
antibodies detected at Day 35 while Alpaca #1 was the last to show seroconversion with
antibodies detected on the final day of testing (Day 54). Alpaca #6, born on day 4, showed
seroconversion at Day 42, however this was actually Day 38 from its initial exposure with the
Pl heifer. The dam (Alpaca #5) of the cria did not develop an antibody response to BVDV
until 24 days after the cria was born. Therefore the antibodies detected in the cria were as a
response to acute infection and not due to gastro-intestinal absorption of maternal colostral

immunoglobulins.
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Figure 2: Individual antibody ELISA results for four alpacas, naturally exposed to a BVDV
PI heifer for two weeks, from day of initial exposure (Day 0) until 54 days post initial
exposure. Cut-offs for both the manufacturer’s cut-off and the cut-off established by Evans et

al. (in press) 8 are identified.

A positive antigen response according to the manufacturer’s cut-off threshold was detected in
one of the four alpacas using an ELISA. Figure 3 indicates a peak in antigen optical density in
Alpaca #6 on Day 35, 7 days before seroconversion was shown to occur (Figure 2). One other
alpaca (#5) showed elevated antigen levels of 0.2 S-N on Day 21, although this result was not
high enough to be classified as positive. As a result samples from these two alpacas were

tested by RT-PCR and a positive result was obtained in both animals (Figure 4).

1

= 08
@\ Alpaca #1
2 0.6
g 04 Al #3
P — paca
< OMenefaetarer's = = = = = = = = = = = = J = = = — — b - —————
2 utoff
o ¢ Alpaca #5
/ p————
g,:" -0.2
-0.4 Alpaca #6

DayO Day7 Dayl14 Day2l Day28 Day35 Day42 Dayb54
Days from co-mingling with PI heifer

Figure 3: Individual antigen ELISA optical density values for four alpacas, naturally exposed
to a BVDV PI heifer for two weeks, from day of initial exposure (Day 0) until 54 days post

initial exposure. Manufacturer’s cut off (0.3 S-N) is shown by the dashed line.
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Figure 4: RT-PCR gel. Well 1 = Alpaca #5, Day 21; Well 2 = Alpaca #6, Day 35; Well 3 =

positive control; Well 4 = negative control

Clinical signs

According to the classifications used (Tables 1 and 2) all values for alertness, reactiveness,
oro-nasal discharge, lacrimation, mucosal membrane colour, capillary refill time and C1
movements were classified as normal throughout the study period. All the abnormal signs are

underlined in Table 4.
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Table 4: Recorded temperature, respiration rate, heart rate and faecal consistency for all four alpacas from day of co-mingling with a PI heifer (Day 0) until
42 days later. Note: faecal consistency was not recorded for the cria (alpaca #6). Double underlined values are those which fall below normal reference

classifications, while single underlined values are those which fall above the normal reference classification. N = normal faecal consistency

Alpac Day Day Day Day Day Day Day Day Day Day Day Day Day
a 0 4 7 11 14 18 21 25 28 32 35 39 42
w #1 3.9 39 33 363 31 368 385 3l 369 31 377 367 371
4
E #3 37.6 38.6 38.2 36.8 37.8 37.2 37.8 37.2 36 37 37.9 374 37.1
x O
W < #5 375 38.1 38.1 374 - 38 38.1 38.2 37.6 37.9 38.2 37.6 37.9
E #6 39.1 39.1 - 39 39.2 39.6 394 38.9 39.3 38.6 38.9
> #1 16 32 20 20 24 20 16 20 16 30 30 20 24
<15
E E #3 36 24 16 16 20 28 20 24 20 16 30 20 16
< 3
E % #5 24 - 32 20 - 20 28 36 20 20 40 16 20
n o
s #6 28 56 40 52 32 40 24 20 30 36 24
" #1 72 80 76 80 60 76 116 72 72 64 64 76 56
E g #3 56 76 72 68 60 84 48 88 48 68 66 60 52
E§ #4572 72 48 - 52 48 4 4 40 60 48 4
we
T #6 144 176 120 240 192 164 200 148 80 132 180
5 #1 soft N N soft soft soft N N N soft soft - N
a2 pellet pellet  pellet  pellet pellet  pellet
= #3 soft  soft N N N N N N N soft N N N
u g pellet  pellet pellet
wz #5 N dry soft N - N N N N N N N N
S pellet  pellet



The range of temperatures seen in the adult alpacas (#1, #3 and #5) was from 36.0°C to
38.6°C however there was no pyrexia in any of the animals. In comparison the temperature
range seen in the cria (#6) was from 38.6°C to 39.6°C with a constant elevated body
temperature from Days 7 - 28. Respiration rates in the adult alpacas predominantly were
normal however they did range from 16 — 36 (breathes/min). In the cria respiration rates were
more elevated with a range of 20 — 56 (breathes/min). In adult alpacas the heart rates ranged
from 40 — 88 (beats/min) with one anomaly of 116 (beats/min) in Alpaca #1 on Day 21. For
the cria heart rate was much more elevated with a range of 80 — 240 (beats/min). Although
faecal consistency was predominantly normal in all adult alpacas there were the occasional

soft, or dry, pellets observed.

Blood biochemistry and haematology

The blood biochemistry analyte values for alpacas #3 and #5 are given in Table 5. Compared
to reference ranges given in table 3, Alpaca #3 had marginally low sodium, total protein and
chloride concentrations from Day 7 through to Day 42. Marginally low Urea concentrations

were also seen from Day 21 to 49 while potassium concentrations were above normal

reference ranges on all days.
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Table 5: Weekly blood biochemistry values for Alpacas #3 and #5 from Day 7 to Day 49 post
initial mixing with a BVDV PI heifer. Double underlined values are those which fall below
normal reference classifications, while single underlined values are those which fall above the

normal reference range.

Day7 Dayl1l4 Day2l Day28 Day35 Day42 Day49

Sodium (mmol/L) 140.3 1455 1614 1467 1462 1391  157.0

@ Urea(mmol/L) 4.6 6.0 4.2 3.1 3.6 3.1 3.0
8 Potassium (mmol/L) 5.9 6.5 6.8 5.8 5.3 5.7 6.1
??{ Total Protein (g/L) 501 53.9 60.1 524 525 50.7 60.5
Chloride (mmol/L) 103.9 108.5 118.9 109.9 110.7 106.3 119.7
Sodium (mmol/L) 1423 1396 153.4 1453 155.3 153.9 126.9

©  Urea (mmol/L) 59 3.6 29 3.2 21 2.1 1.6
8 Potassium (mmol/L) 55 55 5.4 5.0 4.7 5.4 4.0
%< TotalProtein(g/L) 563 521  57.6 560 574 566 382
Chloride (mmol/L) 105.1 105.3 1145 111.7 115.6 115.8 100.0

Similarly, Alpaca #5 had marginally different low serum concentrations of sodium on Days 7,
14, 28 and 49; total protein on Days 14, 28 and 49, chloride on Days 7, 14 and 49 and urea on
Days 14 to 49. Potassium concentrations for Alpaca #5 were elevated on Days 7, 14, 21 and

42.

White blood cell counts for alpacas #3 and #5 are shown in figures 5 and 6 respectively.
Compared to the reference ranges given in table 3, Alpaca #3 had a mild lymphocytosis
beginning on Day 21, peaking at Day 42 followed by a decline by Day 49 with a maximum
recorded value of 7.72 x 10° cells/L. There was also a mild monocytosis beginning on Day 35,

peaking at Day 42 and declining by Day 49 with a maximum value recorded of 1.78 x 10°%/L.
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Figure 5: Lymphocyte, monocyte, neutrophil and eosinophil cell counts for Alpaca #3 from
14-49 days post mingling with a BVDV PI heifer. Antibody ELISA results (1/(S/N)) for

Alpaca #3 on the corresponding days is shown as the solid line.
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Figure 6: Lymphocyte, monocyte, neutrophil and eosinophil cell counts for Alpaca #5 from
14-49 days post mingling with a BVDV PI heifer. Antibody ELISA results (1/(S/N)) for

Alpaca #5 on the corresponding days is shown as the solid line.

Similarly Alpaca #5 had a mild neutrophilia beginning on Day 21, peaking at Day 35

followed by a decline by Day 42 with a maximum recorded value of 11.97 x 10° cells/L.
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There was also a mild lymphocytosis beginning on Day 21, peaking at Day 42 followed by a

decline by Day 49 with a maximum value of 6.22 x 10° cells/L.

Discussion

Seroconversion in llamas following experimental infection with BVDV-1a, -1b and an
unknown gentoype, via nasal aerosolisation, has been detected between 14 and 30 days post
infection 4. In comparison, the present study found that following a two week mixing period
with a BVDV-I1c¢ PI heifer, all four alpacas had seroconverted (using the manufacturer’s cut-
off value for the ELISA) between 35 and 54 days post day of initial mixing. It is likely that
this ‘delay’ in seroconversion is due to transmission not occurring on the initial day of mixing
but rather sometime during the following 14 days. Due to the nature of the study it is hard to
determine precisely when infection took place in each of the four alpacas. What can be
determined however, is that the comingling of a BVDV-1c PI heifer with naive alpacas can
result in acute BVDV infection with the subsequent development of antibodies to BVDV-1c

and seroconversion.

When using the cut off for antibody positive samples of <63.5 S/N% as determined for sheep
by Evans et al. (in press)*® seroconversion was detected 7 and 14 days earlier in alpacas #3
and #1 respectively, compared to with the manufacturer’s cut-off. Using this higher threshold
0f <63.5 SIN% increases the sensitivity of this ELISA and resulted in one alpaca (#3) being
identified as positive as early as Day 28 post initial mixing with the PI heifer (Figure 2).
Irrespective of which cut-off is used, the results from this ELISA show a rise in antibody
levels and indicates that seroconversion had occurred in each of the four alpacas.

In order to confirm that infection with BVDV had taken place, serum samples were tested for
the presence of BVD virus. Viraemia was detected in the cria (#6) on Day 35 (31 days post
initial mixing), 7 days before seroconversion was observed, by both antigen ELISA and RT-
PCR. Similarly there was an increase in virus detected in Alpaca #5 on day 21, 14 days before
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seroconversion was detected. Although this increase in virus was not enough to confirm a
positive reading on ELISA the sample did read positive on RT-PCR (along with Alpaca #6)
and that virus was present and BVDV infection had occurred. These results are similar to
what has been identified in llamas whereby BVD virus can be detected between 6 and 27 days

prior to antibody detection 4.

In animals undergoing an acute infection to BVDV it is not uncommon for pyrexia to be
detected 2223 however this was not the case in this study. Although variations in temperature
were detected they were only slight variations on what is considered normal (Table 2) and not
dramatic changes. Majority of the abnormal temperatures seen in alpacas 1, 3 and 5 were
marginally lower than normal body temperatures. These lower temperatures cannot be
explained by cold weather as the project was undertaken in summer in Australia where
temperatures at sampling were >20°C at all time points. In comparison, the cria (#6) showed
consistent higher than normal body temperatures. Although consistent, these higher
temperatures start from 3 days after birth and as such are more likely to be linked to the
warmer weather, the stress associated with the study and that younger animals have higher
body temperatures to adults 2, and not pyrexia due to BVDV infection. There were no
physical abnormalities observed in any of the infected alpacas and the normal clinical
appearance of the animals would invariably mean that the infection would go undetected

during the acute phase of the disease.

Blood biochemistry results showed a trend towards lower than normal ranges for sodium,
blood urea, potassium, total protein and chloride for both alpacas sampled, across the majority
of days tested. The marginally low serum concentrations of sodium, urea, potassium and total
protein, as compared to the reference ranges in table 3, could not be attributed to any

detectable pathophysiological process including diarrhoea as the animals were clinically
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normal based upon physical signs. These marginal variations in blood biochemistry were

transient and could be diet related.

From the results of this study it has been shown that all WBC parameters remained within
normal limits in alpacas acutely infected with BVDV-1c. Although leucopaenia has
previously been identified between 3 and 14 days post infection in cattle both naturally and
experimentally infected with BVDV 2% 22this was not the case in this study. In the two
alpacas which underwent haematological analysis in this study there was a lymphocytosis
recorded in both alpacas. In addition there was a neutrophilia in one of the alpacas and a

monocytosis in the other.

Although some abnormalities in blood biochemistry, haematology and temperature were seen
in this study these results are inconclusive, in general all the clinical parameters measured
were normal. The acute BVDV-1c infections in alpacas are likely to go unnoticed by a farmer

or veterinarian.

Conclusion

This study has shown that acute infections in alpacas, with the predominant Australian strain
of BVDV (BVDV-1c), naturally occur when a P1 bovine animal is co-mingled with naive
alpacas. Results have also shown that these acute infections are clinically mild and
undetectable without serological testing. As previous studies have indicated the reproductive
losses that can occur in alpacas due to acute BVDV infections during pregnancy, the close
association of pregnant alpacas and cattle of unknown BVDV status should be carefully

considered in Australia in view of the results of this study.
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5.2 Chapter discussion

Results from this study indicated that natural transmission occurred readily between a BVDV-
1c PI heifer and BVDV naive alpacas. All four alpacas tested positive for BVDV-specific

antibodies by the end of the sampling period, thus indicating acute infection had occurred.

In cattle, the common clinical signs associated with acute infections with BVDV are: fever,
oro-nasal discharge and diarrhoea (van Amstel and Kennedy 2010). Similarly in alpacas clinical
signs relating to acute BVDYV infections are mild to inapparent and include lethargy, anorexia
and a break in the fleece. Despite often being a sign of infection in cattle, diarrhoea has not
been reported as a consistent indicator of BVDV infection in alpacas (Carman et al. 2005; van
Amstel and Kennedy 2010). In the present study, clinical signs in infected alpacas were
inapparent with no indication of prolonged pyrexia or oro-nasal discharge, and although the
occasional soft or dry pellet was reported, diarrhoea was not observed. There was also no
change in behavior or temperament in any animal. These findings are in line with previous

reports of acute BVDV infections in alpacas.

Similarly, blood biochemistry and haematology revealed only limited and mild changes in the
two alpacas sampled. Blood biochemistry indicated slightly reduced levels of sodium, blood
urea, total protein and chloride. However as all alpacas were reported as being clinically normal
it is unlikely that these transient changes could be attributed to any pathophysiological
processes, such as diarrhoea. It is more likely that these changes are related to nutritional factors
and unrelated to the acute BVDV-1c infection. Likewise, haematological parameters tended to
remain within normal limits. The lymphocytosis, monocytosis and neutrophilia recorded in

these alpacas were mild and cannot be explained.
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Overall these results show that acute BVDV-1c infections can occur in alpacas following co-
mingling with BVDV PI cattle. Results also showed that acute infections in alpacas are
clinically inapparent and would most likely go undetected if infection was to occur. In non-
pregnant animals this has little obvious clinical impact, although reproduction may be affected
as it is in other species (Grooms 2004; Evans et al. 2017). However, if acute BVDV-1c
infections were to develop in pregnant alpacas, it is possible that similar reproductive outcomes
as those seen in cattle and sheep may also be observed. Previous reports have indicated that
BVDV infections in pregnant alpacas have resulted in abortion, stillbirth (Goyal et al. 2002;
Carman et al. 2005) and the birth of persistently BVDV infected cria (Carman et al. 2005;
Foster et al. 2005; Mattson et al. 2006), however, it is unknown how these outcomes relate to

infection with the predominant Australian strain, BVDV-1c.

Although the current study has demonstrated that acute BVDV-1c infections in are clinically
in-apparent, the reproductive effects associated with acute BVDV-1c in pregnant alpacas
remains unknown. Before an effective control program for BVDV can be established in
Australia, the full effect of the disease on pregnant alpacas needs to be understood. Further
work needs to be undertaken to determine what reproductive effects can result from BVDV-1c
infections in pregnant alpacas and whether viable and persistently BVDV-1c infected crias may
develop. Only then can the real risk alpacas pose to the spread and persistence of BVDV in

Australia be fully determined.
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Chapter 6: Prevalence of antibodies to Pestiviruses in Australian sheep and

other livestock species

Cross-species transmission of both BVDV and BDV has been shown to occur naturally.
Antibodies to BVDV have been identified in many non-bovine species including, sheep, goats,
alpacas and deer (Nettleton 1990), while antibodies to BDV have been identified in non-ovine
species including cattle (McFadden et al. 2012), goats (Nettleton et al. 1998) and pigs (Vilcek
and Belak 1996). In relation to sheep, it has been demonstrated that acute infections with the
predominant Australian BVDV strain (BVDV-1c) generally cause mild or inapparent clinical
signs of infection, except when infection occurs during pregnancy (Evans et al. 2015; Evans et
al. 2017). Infections during pregnancy have been shown to lead to high foetal losses, low
lambing rates, lambs born with developmental abnormalities or persistently infected with
BVDV-1c (Evans et al. 2015; Evans et al. 2017). While it has been reported that both BVDV
and BDV infections can naturally develop in sheep (Nettleton et al. 1998; Evans et al. 2015),
it is unknown to what extent Pestiviruses are currently circulating in Australian sheep

populations.

The most recent seroprevalence study for antibodies to Pestiviruses in Australian sheep was
undertaken in 1971. This study reported that 13% of Australian sheep flocks and 8% of
individual sheep had antibodies to mucosal disease/BVDV (St George 1971). Since this time
the only other published study relating to the prevalence of Pestiviruses in Australian sheep
was Vvia a postal survey of Victorian stud sheep producers in 1984. This study identified animals
that presented with clinical signs of Border disease virus (BDV) and reported that 3.5% of

individual sheep had clinical signs consistent with BDV (Lim and Carnegie 1984).
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Currently it is unknown how prevalent antibodies to Pestiviruses are in Australian sheep or
even if infection is occurring naturally. Understanding the current prevalence of BVDV and/or
BDV-specific antibodies within sheep populations will help to quantify the potential risk of
sheep as a reservoir source of BVDV infection in cattle. This will in turn assist in determining
if sheep should be included in the development of BVDV control/eradication programs in

Australia.

Infections with BVDV have also previously been reported in many farmed and feral ungulate
species common to Northern Australia, including camels and water buffalo (Martucciello et al.
2009; Gao et al. 2013). While camels are widespread across central and northern Australia
(Pople and McLeod 2010), large-scale testing of these animals was not possible within the time
frame of this project. However, we were given access to a historical data set of serum from
Northern Territory water buffalo (Bubalus bubalis) thanks to Berrimah Veterinary Laboratory
and the Northern Territory Government. Serological testing of these samples was possible and

would allow for a better understanding of the host range of BVDV within Australia.

Infections with BVDV have previously been reported in buffalo from Italy (Martucciello et al.
2009) and the Philippines (Mingala et al. 2009) however it is unknown if BVDV infections are
present in Australian water buffalo. In the Northern Territory of Australia farmed and feral
water buffalo are often located in areas were beef cattle production is widespread thus allowing
for the cross species transmission of BVDV between cattle and water buffalo to occur. Due to
the interest in identifying potential reservoir hosts of BVDV infection, understanding the

prevalence of BVDV in Australian water buffalo was considered important.

The following two manuscripts report the results of two state-wide serological studies for the
presence of antibodies to Pestiviruses in two potential reservoir hosts, sheep and water buffalo

(B.b).
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6.1 Prevalence of antibodies to Pestiviruses in sheep

The manuscript presented in this section reports the prevalence of antibodies to Pestiviruses,
BVDV and/or BDV, from 29 South Australian sheep farms. This manuscript has been prepared

for submission to the Australian Veterinary Journal (submitted).
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Short communication: Seroprevalence of antibodies to Pestivirus infections in

South Australian sheep flocks

CA Evans, SR Lanyon, R O’Handley, MP Reichel and PD Cockcroft

Seroprevalence of antibodies to Pestivirus infections in South Australian sheep flocks

Australian Veterinary Journal (submitted)
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Abstract

Bovine viral diarrhoea virus (BVDV) and Border Disease Virus (BDV) are of the genus
Pestivirus. They are known to cause significant reproductive and production losses, with
BVDV acknowledged as a major source of economic loss to the Australian cattle industry.
Very little is currently known about the prevalence and impact of Pestiviruses in the
Australian sheep industry. The present study aimed to examine the seroprevalence and impact
of both BVDV and BDV in South Australian sheep flocks. In total, 875 breeding ewes on 29
properties were serologically tested by ELISA, AGID and VNT assays for the presence of
Pestivirus specific antibodies. Three (0.34%) individual animals returned serological results
suggestive of previous BDV infection. All three positive animals were collected from one
property, giving a property level seroprevalence of 3.45% and a within flock seroprevalence
of 10%. These results suggest that BDV infection is present, albeit at a very low incidence, in
the South Australian sheep flock while BVDV infection appears to be absent. Consequently,

Pestiviruses are unlikely to impair production in South Australian sheep populations.

Keywords — AGID, Pestivirus, Sheep, South Australia, ELISA, VNT
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Bovine viral diarrhoea virus (BVDV) in cattle and Border disease virus (BDV) in sheep belong
to a group of RNA viruses from the Pestivirus genus. Infection with either BVDV or BDV in
susceptible animals can cause immunosuppression, growth restriction, the onset of other
diseases such as mastitis and respiratory disease while also causing severe reproductive
dysfunction in pregnant animals including abortions, congenital and physical defects of
offspring and the birth of highly infectious, persistently infected (PI) animals. Inter-species
transmission of both BVDV and BDV has been shown to occur naturally. Antibodies to BVDV
have been identified in a wide range of non-bovine species including sheep, goats and deer?,
while antibodies to BDV have been identified in cattle®, goats? and pigs® in addition to the

native ‘host’ species, sheep?.

There is very little currently known about the prevalence of Pestiviruses in Australian sheep. A
1971 study reported that 13% of Australian sheep flocks and 8% of individual Australian sheep
had antibodies to mucosal disease virus/BVDYV . Similarly, a postal survey to Victorian stud
sheep producers in 1984 reported only 3.5% of sheep presenting with symptoms of BDV?.
Limited diagnostic testing in that study revealed that eleven of the seventeen (65%) sheep farms
experiencing hairy-shaker-like signs had neutralising antibodies against mucosal disease virus
(BVDV), with the mean within-flock seroprevalence at 26.4%. Diagnostic testing for BDV
specific antibodies was not undertaken. To the authors’ knowledge, no further prevalence
studies on Pestiviruses have been undertaken on sheep in Australia since this time. Therefore,
the prevalence of Pestiviruses in the modern Australian sheep population is unknown.
Furthermore, whether the presence of Pestiviruses has a significant impact on the sheep industry

is unquantified.

It has recently been identified that the prevalence of BVDV in Australian cattle herds is as high
as 80% °. Losses to the Australian cattle industry due to BVDV infection are estimated to be at

least AU$114.4 million®. This has prompted discussion on the feasibility of systematic BVDV
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control programmes in Australia'l. The ability of non-bovine species to maintain BVDV
infection and act as a reservoir host has been identified as a possible threat to control efforts*.
Currently, it is unknown whether sheep populations in Australia are capable of sustaining an
active BVDV infection in the absence of continual re-infection from endemically infected cattle

populations.

The aims of the present study were: to determine the prevalence of exposure to BVDV or BDV
in South Australian sheep flocks; to assess the impact of Pestiviruses in the local sheep industry;
and, to examine whether the presence of Pestivirus antibodies in sheep are associated with the

presence of cattle on farm.

Samples had been previously collected for a study of toxoplasmosis in South Australian sheep
flocks (unpublished data). A total of 875 serum samples were collected from breeding ewes on
29 properties throughout South Australia. Properties were selected based on the availability of
lambing records and the geographic region (high rainfall Mediterranean (n=8), low rainfall
Mediterranean (n=12), South East (n=9)). A mean of 30 randomly selected ewes were sampled
on each property (range 28-32) by local veterinarians and blood samples were transported on
ice to the University of Adelaide’s Roseworthy Campus. On arrival, blood samples were
centrifuged at 2,400 x g for 10 mins and serum was decanted into 1ml storage tubes and stored

at -80°C.

Thawed serum samples were tested for the presence of Pestivirus-specific antibodies using the
IDEXX BVDV/MD/BDV p80 Protein Antibody Test Kit (IDEXX Laboratories Inc,
Rydalmere, NSW). Samples which returned a sample-to-negative ratio (S/N) of <63.5%?* were
considered to be positive for Pestivirus antibodies. Samples which were positive for antibodies
by ELISA were submitted to the Elizabeth Macarthur Agricultural Institute (EMAI) and

analysed by Agarose gel immunodiffusion assay (AGID) using the C24V reference strain
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(BVDV-1a) = as antigen. A score of 0 was considered negative and scores of 1-3 considered
positive. The ELISA-positive samples were also tested by virus neutralization test (VNT) at
EMAL, for BVDV and BDV-specific antibodies. The VNT titre was recorded as the last dilution
at which complete protection from cytopathic effect was observed, with a titre of <1:8 being

recorded as negative.

All samples from properties which included one or more ELISA-positive antibody samples
were also tested for BVDV-specific antigen by IDEXX Bovine Viral Diarrhoea Virus (BVDV)
Antigen Test Kit/Serum Plus ELISA (IDEXX Laboratories Inc, Rydalmere, NSW). This
ELISA kit has been shown to detect persistent infections with both BVDV and BDV in cattle®
14 In addition, this ELISA is not species specific and has been shown to detect persistently
BVDV infected sheep®. Samples which returned a corrected OD of >0.3 in the ELISA were
considered positive for Pestivirus-specific antigen, as per the manufacturer’s instructions. Sero-
prevalences with 95% confidence intervals (CI) were calculated using an online calculator®.

The Wilson score interval was used as the method for 95% CI calculation.

Table 1: Diagnostic results of four samples for BVDV/BDV antibodies by ELISA, AGID and

VNT
Sample Propert ELISA titre AGID score | VNT (BDV) | VNT (BVDV)
Number PEFLY | (Pos <63.5 S/N) (0-3) Titre Titre
1 1 19.5 0 Neg at 1:4 Neg at 1:4
2 2 17.0 2 512 256
3 2 49.6 1 256 8
4 2 17.4 2 >512 16

Four sera (0.46%) returned a positive result in at least one assay. The diagnostic results for
ELISA, AGID and VNT for those four samples are given in Table 1. Sample number 1 returned
a positive result by ELISA, but was negative by both AGID and VNT. Therefore, this sample
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has been considered negative for further analysis. The remaining three samples were positive
in all assays and, therefore, considered positive. This resulted in an animal level seroprevalence
of 0.34% (3/875; 95% CI: 0.12% — 1.00%). All three positive samples were collected from one
property giving a property level seroprevalence of 3.45% (1/29; 95% CI: 0.61% - 17.18%) and
a within property seroprevalence of 10% (3/30; 95% CI: 3.46% - 25.62%). This property was
located in the South-East of South Australia, near the Victorian border, and ran both sheep and
cattle on the property (Figure 1). None of the samples tested returned a positive result for

Pestivirus antigen.

4 —

*fPort Lincaln s 5
A0 low Rainfall

Mediterranean

Mediterranean

South-East

Mount Gambier

Figure 1: Distribution map of all 29 sampled South Australian sheep properties as shown by
sampling region. o = properties with only sheep present while A= properties with both sheep

and cattle present. Solid fill = property with samples positive for BVDV/BDV antibodies.

Virus neutralisation results indicated that the three positive samples were more indicative of an

antibody response to BDV infection rather than BVDV infection, as the BDV titres were higher
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than those for BVDV (Table 1). The results from this study indicate that only 0.34% of 875
South Australian sheep tested were positive for antibodies to BDV with no antibodies to BVDV
detected. This, in turn, suggests that BDV may be present in South Australian sheep but at a
very low incidence. Furthermore, the results suggest that infections with BVDV are unlikely to
occur in South Australian sheep populations despite high prevalence in South Australian
cattle!?. These results are in line with previous findings, where <10% of Australian sheep were
considered infected with Pestiviruses” 8. This suggests that sheep populations in South Australia
are unlikely to act as a reservoir of BVDV infection or suffer impaired production due to
Pestivirus infection and as such are likely to be of little to no consequence in regards to BVDV

control programs.
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6.2 Prevalence of antibodies to Pestiviruses in other livestock species

The manuscript presented in this section reports the prevalence of antibodies to BVDV in cattle
and water buffalo (Bubalus bubalis) from several geographical regions of the Northern
Territory of Australia. This manuscript has been published by the Australian Veterinary

Journal. Vol 94, Pp. 423- 426.
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Original article: Antibodies to bovine viral diarrhoea virus (BVDV) in water

buffalo (Bubalus bubalis) and cattle from the Northern Territory of Australia

CA Evans, PD Cockcroft and MP Reichel (2016)

Antibodies to bovine viral diarrhoea virus (BVDV) in water buffalo (Bubalus bubalis) and

cattle from the Northern Territory of Australia
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Antibodies to bovine viral diarrhoea virus (BVDV) in water buffalo
(Bubalus bubalis) and cattle from the Northern Territory of Australia

CA Evans,* PD Cockcroft and MP Reichel

Background Farmed and feral water buffaloes (Bubalus bubalis)
populations often coexist with cattle in the Northern Territory of
Australia, but their level of exposure to bovine viral diarrhoea
virus (BVDV) is unknown.

Methods Water buffalo (n = 245) and cattle (n = 184) serum
samples were collected by the NT Government as part of an ongo-
ing disease surveillance scheme at varying intervals between 1993
and 2001. All samples were frozen and stored at —80°C until test-
ing. Water buffalo samples from farming properties were identi-
fied as ‘farmed’ animals and the remaining samples as ‘feral’
populations. Serum samples were analysed using commercially
available ELISAs to test for the presence of BVDV antibodies.

Results Testing of historical water buffalo sera for BVDV antibo-
dies revealed a low level of exposure, with 4.5% (95% Cl + 2.6%)
being sero-positive; cattle from the same geographical area and
time period had higher levels of exposure at 74.5% (95% Cl & 6.3%).

Discussion This survey showed that water buffalo are suscepti-
ble to infection with BVDV. No persistently infected water buffalo
were identified in this study.

Keywords antibodies; bovine viral diarrhoea virus; cattle;

Northern Territory; water buffalo

Abbreviation BDV, border disease virus; BVDV, bovine viral
diarrhoea virus; CSFV, classical swine fever virus; NT, Northern
Territory; S/N, sample to negative; S/P, sample to positive

Aust Vet J 2016;94:423-426 doi: 10.1111/avj.12517

ovine viral diarrhoea virus (BVDV) is one of the most widely
B distributed and economically important pathogens of cattle.!
Depending on the type and isolate present in a population,
acute infections often produce unapparent or mild clinical signs and
remain largely undetected. However, immunosuppression and repro-
ductive losses from abortions, stillbirths and early calf deaths, as well
as the birth of persistently infected and highly viraemic animals can
also occur following infection."” Border disease virus (BDV) in sheep,
classical swine fever virus (CSFV), in pigs and BVDV belong to the
genus Pestivirus from the Flaviviridae family; however, unlike BDV
and CSFV, there are two distinct BVDV: types 1 and 23

Although principally a disease of cattle, antibodies to BVDV have
been isolated from other species, including sheep,* pigs,” goats,® deer,
alpaca’ and a variety of wild, predominantly ruminant species.®

*Corresponding author.

School of Animal and Veterinary Sciences, Roseworthy Campus, University of
Adelaide, Roseworthy, South Australia 5371, Australia; caitlin.a.evans@adelaide.
edu.au

© 2016 Australian Veterinary Association

Although there is a limited understanding of the pathophysiological
effects following BVDV infection in water buffalo (Bubalus bubalis),
mild clinical signs appear in experimentally infected water buftalo
calves’ and increases in abortion rates in water buffalo could be
linked to maternal infection with BVDV.'°

Water buffalo were first introduced to Australia in the late 1820s, as
a source of meat for settlers living in the Northern Territory (NT).
In 2014 an aerial survey estimated at least 100,000 water buffalo in
Arnhem Land in the NT."' Both feral and farmed water buffalo often
coexist with extensively farmed domestic beef cattle in the NT.

In Australia, BVDV can be found in the majority of dairy and beef
cattle herds and one study showed 91.5% of all Australian cattle
herds have evidence of past exposure to the virus, with one or more
animals in each herd being positive for BVDV antibodies.”” As a
result there is increasing interest in developing an Australia-wide
BVDV control program," despite the risk posed by other susceptible
species as potential reservoir hosts.

A pooled buffalo fetal serum sample from the NT collected in 1994
was identified positive for a BVDV-1 genotype,"* but it remains
unknown whether BVDV infection is present in Australian water
buffalo. It is possible that interactions between cattle and water buf-
falo in the NT are allowing for cross-species transmission.

The aim of this study was to assess whether antibodies to BVDV
were present in historical water buffalo serum samples from the NT
of Australia and to compare with seropositive cattle from the same
region between 1993 and 2001. This information will help develop a
better understanding of which Australian cattle species are at risk of
BVDV infection and provide further information for the formulation
of effective control programs.

Materials and methods

A total of 245 water buffalo serum samples were obtained through
the Berrimah Veterinary Laboratory, Darwin, from 18 different sur-
vey sites in the NT, north of Tennant Creek. The samples were col-
lected by the NT Government as part of an ongoing disease
surveillance scheme at varying intervals between 1993 and 2001. The
year and location of each sample was recorded; no information was
available regarding the age or sex of the water buffalo and only lim-
ited information on whether they were wild-caught or domestically
managed. Water buffalo samples identified as being from farming
properties were classified as ‘farmed’ animals and the remaining sam-
ples were believed to be from feral populations. Samples were frozen
and stored at —80°C until testing.

Cattle serum samples (n = 184) were collected by the NT Govern-
ment from 9 of the same locations as for the water buffalo and
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during a comparable timeframe. All samples were frozen and stored
at —80°C until testing.

Serum samples were analysed using commercially available ELISAs to
test for the presence of BVDV antibodies. The indirect ELISA used
for the water buffalo sera was the IDEXX BVDV/MD/BDV p80 Pro-
tein Antibody Test Kit (IDEXX Laboratories, NSW, Aust; specificity
97.6%, sensitivity 97.3%'?), according to the manufacturer’s instruc-
tions for bovine serum. This assay uses a non-species-specific conju-
gate and has been validated for use on cattle and sheep serum
samples. Samples that returned a sample to negative (S/N) ratio <40%
were considered positive as per the manufacturer’s instructions.

The direct ELISA used for the cattle sera was the IDEXX BVDV Anti-
body ELISA (IDEXX Laboratories), which uses a species-specific con-
jugate. Performance characteristics for the use of this assay on cattle
serum have been previously established, with sensitivity and specific-
ity of 96.7% and 97.1%, respectively.'® Samples that returned a
sample to positive (S/P) ratio <30% were considered negative and
>30% were considered positive, as per the manufacturer’s instructions.

All cattle samples that returned negative results on the antibody
ELISA were tested for BVDV antigen. Water buffalo samples that
returned negative antibody ELISA results, and were from locations
where positive antibody results were obtained, were also tested for
the presence of BVDV antigen. These samples were analysed using
the IDEXX BVDV antigen ELISA (IDEXX Laboratories). For both
cattle and water buffalo, samples that returned S/N ratio <30% in

Australian Veterinary Journal Volume 94, No 11, November 2016

Figure 1. Histogram of the frequencies of
bovine viral diarrhoea virus (BVDV) antibody
titre levels detected in sera samples from
water buffalo (n = 254) and cattle (n = 184)
collected across 19 farms in the Northern Ter-
ritory between1993 and 2001. (A) Antibody
titre levels in water buffalo sera. Red columns
are samples that returned negative results
(S/N ratio >40%), and blue columns are sam-
ples that returned positive results (S/N ratio
<40%). (B) Antibody titre levels in cattle sera.
Red columns are samples that returned nega-
tive results (S/P ratio <30%), and blue columns
are samples that returned positive results
(S/P ratio >30%). S/N, sample to negative; S/P,
sample to positive.

the antigen-capture ELISA were considered negative and those >30%
were considered positive, as per the manufacturer’s instructions.

The mean and 95% confidence intervals (95% CI) were calculated.

Results

Antibody S/N ratios for BVDV in water buffalo sera ranged from
5.0% to 119.0% and, using the manufacturer’s cut-off of 40%, 11/245
samples were positive for antibodies to BVDV (Figure 1a) (4.5%;
95% CI £2.6%) (Table 1). Of the 156 samples tested for BVDV anti-
gen, none returned positive results. The 11 seropositive water buffalo
samples were all found during 1 year at one location (farm A), where
cattle and water buffalo were both farmed. No additional antibody-
positive water buffalo were detected before or after this period.

Antibody S/P ratios for BVDV in cattle sera ranged from —-5.7% to
206.8% and, using the manufacturer’s cut-off of 30%, 137/184 sam-
ples were positive (Figure 1b), giving cattle a final proportion of
74.5% seropositive animals (95% CI £6.3%) (Table 1). The remain-
ing 53 cattle samples testing negative for BVDV antibodies were
tested for BVDV antigen, with none returning an S/N ratio consid-
ered positive on antigen ELISA.

Discussion

The results of the survey of water buffalo and cattle sera showed dis-
parate results for exposure to BVDV in these two bovid species. The

© 2016 Australian Veterinary Association
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Table 1. Proportion of water buffalo (n = 245) and cattle sera (n = 184) from the Northern Territory (NT) classified as positive for bovine viral diar-

rhoea virus antibodies

Location Water buffalo

Cattle

Total (n) Positive (n) Proportion (%)

95% Cl (%) Total (n) Positive (n) Proportion (%) 95% Cl (%)

(o)}
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—_

Beatrice Hill*
Berrimah*
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Cape Arnhem
Cobourg Peninsula
Daly River Port Keats
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- 0 = = b N DU DA =W

Darwin rural area*
Koolatong
Maningrida
Marrakai
Milingimbi
Murgenella

Nathan River
North-east Arnhem
North-west Arnhem

N U
0w O O

Numbulwar

>

South-east Arnhem

N
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Tiwi

Walker River
Other NT
Total
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245

_.
=
R
n

8.1-26.9 58

23

45
14

77.6
60.9

66.9-87.7
40.9-80.9

23
15 7

783
46.7

61.4-95.2
21.4-72

34 25 58.7-73.5

O O O O O O O O O O O O O o o o o

31
184

28
137

90.3
74.5

79.9-100

1.9-7.1 68.2-80.8

*Farmed.
Cl, confidence interval.

proportion of cattle positive for BVDV antibodies (74.5%) in our
survey is similar to that in previous studies outlining the prevalence
of BVD virus in cattle populations around Australia, with one study
finding 54% of individual Australian cattle were positive for BVDV
antibodies."

In contrast, only 4.5% of water buffalo samples were positive for
BVDV antibodies and all were located on the same property (farm
A), one of five locations where both cattle and water buffalo sera
were sampled. On this farm, 77.6% of cattle sera tested positive for
BVDV antibodies, which was the highest antibody numbers on any
of the properties sampled, and this may reflect cross-species trans-
mission between cattle and water buffalo or vice versa. The current
potential of water buffalo to infect cattle in northern Australia is
unknown, but is likely to be low, as evidenced by the low level of
antibodies observed in this survey and the absence of persistently
infected buffalo.
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Hugh Malcolm Deakin

(1928-2016)

ugh Malcolm Deakin, a Sydney grad-

uate of 1949, died at home at Cen-

tral McDonald, near Wisemans Ferry,
NSW, on 10 July 2016, just short of his 88th
birthday.

Hugh grew up in Epsom Rd, Rosebery, when
his family operated a big suburban dairy,
opposite the old Victoria Park racecourse.
However, the family also owned properties
near Picton, where he spent considerable
time, giving him also a rural background.

On graduation he was associated at Rand-
wick with VEH Davis, one of the few equine
veterinarians at the time, before setting up
his own mixed practice in Gardener’s Rd,
Rosebery, which he conducted for some
years. Seeking a change, he purchased a property at Appin, which
he worked as well as conducting a part-time large animal prac-
tice, mainly for his neighbours.

On selling the Appin property, he moved to Moss Vale, where he
was part of a group practice that catered for the booming dairy
industry of the 1960s. Eventually, he set up a mixed practice of
his own in Moss Vale. Following the death of his wife, Regina,
from cancer, Hugh sold the practice and moved back to Sydney,
from where he did some locums in country practices, mainly to
help out old friends, but included one locum in an equine prac-
tice in WA, during the breeding season.

After marrying Cynthia in 1987, he settled down in the Macdonald
Valley, where they had a Lowline cattle stud and bred Maremma
dogs. Again, his neighbours prevailed upon him to enter veteri-
nary practice and he didn’t need a great deal of persuasion to do
so. A few years ago, he suffered severe injuries in an accident with
a motor vehicle, which, together with failing eyesight, greatly
restricted his activities.

Outside of veterinary work his interests
focused on many aspects of horse sports.
As a young man, he rode trackwork at the
old Rosebery race course and, as an ama-
teur rider at picnic meetings in NSW, over
jumps at horse shows and in hunt club
point-to-points. Turning his attention to fox-
hunting, he had his own pack of hounds
when at Appin. At Moss Vale he played
polo for Goulburn, raced horses on country
tracks and was associated with the Bong
Bong Race Club, of which he was a life
member. He was also a long-time member
of the Australian Jockey Club (now the
Australian Turf Club) and a foundation
member of the Sydney Turf Club.

Hugh was very generous of his time in officiating at equestrian
events, frequently in an honorary capacity, whether it be horse
shows, endurance rides, hunt clubs, polo tournaments or race
meetings.

For a long period he was head equine veterinarian at the RAS
Show at Sydney and worked with several Olympic equestrian
teams training at Bowral.

He is survived by his wife, Cynthia, and four children from his pre-
vious marriage to Regina.

Hugh will be remembered in the profession for the help and
encouragement that he frequently gave to students and young
graduates.

AJ Chittick

doi: 10.1111/avj.12513

Australian Veterinary Journal Volume 94, No 11, November 2016
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6.3 Chapter discussion

The final step in clarifying the full effect of BVDV on sheep populations and the subsequent
role sheep play in the spread and persistence of BVDV throughout Australia is to understand
the prevalence of antibodies to ruminant Pestiviruses in sheep. While an Australia-wide
seroprevalence study could not be undertaken, we were able to test samples obtained for a
prevalence study of toxoplasmosis in South Australian sheep. A total of 875 serum samples
from breeding ewes, collected from 29 South Australian properties were tested for antibodies
to both BVDV and BDV. Border disease virus is the ovine Pestivirus and as such correct
identification of the two viruses was considered essential. Furthermore, natural infection of
cattle with BDV has previously been associated with high abortion rates (Krametter-Froetscher
et al. 2010b), low pregnancy rates (McFadden et al. 2012) and persistent infections in cattle
(Braun et al. 2015). Therefore testing for BDV-and BVDV-specific antibodies was considered

appropriate when testing sheep.

Results from this study suggested, that there was a low prevalence of antibodies to Pestiviruses
in South Australian sheep flocks. Only three samples, of the 875 tested, were positive for
antibodies to BVDV/BDV, with all three samples originating from the same property. This
resulted in a prevalence at the individual animal level of 0.34 % (95%CI: 0.12%-1.00%) and
3.45% (95%Cl: 0.16%-17.18%) at the property level. These findings are similar to historical
studies relating to Pestivirus infections in Australian sheep, which reported prevalences of
between 3.5% and 8% (St George 1971; Lim and Carnegie 1984) at the individual animal level

and 13% at the flock level (St George 1971).

The property from which all three positive samples were collected was recorded as being a
mixed sheep and cattle farming property. As such, it was originally thought that cross-species
transmission of BVDV must have been occurring from cattle and sheep. However, testing by
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VNT strongly suggested that the three positive samples were positive for antibodies to BDV
not BVDV. This serological survey demonstrated that Pestiviruses are present in South
Australian sheep at a relatively low level, and that serological results were suggestive of BDV

rather than BVDV.

The second study in this section focused on the presence of BVDV antibodies in 184 cattle and
245 water buffalo from the Northern Territory of Australia. This study reported that 74.5%
(95%Cl: £6.3%) of the cattle tested were positive for BVDV antibodies, which is in line with
previous reports in Australian cattle (Taylor 2010). In comparison only 4.5% (95%CI: +2.6%)
of the water buffalo tested were positive for BVDV antibodies. Results suggested that all 11
positive water buffalo were from a single property, which was also shown to farm cattle. While
the proportion of water buffalo positive for BVDV antibodies on this farm was 17.5%, the
proportion of BVDV antibody positive cattle was 77.6%. These findings suggest that cattle are
the true reservoir of BVDV infection, however cross-species transmission of BVDV may occur

between cattle and water buffalo in Australia.

Although natural infections with BVDV have been shown to occur in both sheep (Pratelli et al.
2001; Evans et al. 2015) and water buffalo (Mingala et al. 2009), the current studies indicate
that it is unlikely that these species are acting as a reservoir source of BVDV infection for cattle
in Australia. It appears that cattle are the true reservoir of BVDV in Australia and although
cross-species transmission can occasionally occur on mixed farming properties, infections with

BVDV do not appear to be actively circulating in these non-bovine species.
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Chapter 7: Discussion and Conclusions

While BVDV is predominantly considered a disease of cattle, numerous reports have indicated
that many non-bovine species including sheep, goats and alpaca are also susceptible to
infection. For a country such as Australia, cattle are frequently farmed in close proximity to
sheep and other non-bovine species. Therefore, understanding the clinical and economic
significance BVDV has on these non-bovine species and in turn the role these non-bovine
species play in the epidemiology, including the spread and persistence, of BVDV in cattle
populations is important, if effective control programs are to be developed. As such, the
objective of this thesis was to investigate important aspects of the epidemiological and clinical

impacts of BVDV in sheep, and other commonly farmed Australian livestock species.

Evidence from the studies in this thesis support the assertions that sheep populations pose a low
risk to the spread and persistence of BVDV-1c in Australia and that sheep are likely to be a
dead-end host. The seroprevalence study (Chapter 6.1) identified no BVDV-specific antibodies
in any of the 875 ewes tested and indicates that acute BVDV infections are rare in South
Australian sheep. This study did identify three sheep which were positive (seroprevalence of
0.34%) for BDV-specific antibodies indicating that BDV is present in Australia, although at a
low prevalence. This is, as far as the authors are aware, the first published report of BDV in

Australian sheep in 30+ years.

While Chapter 6.1 reported that Pestivirus infections are uncommon in South Australian sheep,
this was a geographically limited cross-sectional study and the prevalence in other
states/territories of Australia are unquantified and need to be determined. Future cross-sectional
surveys could collect serum samples from properties where cattle and sheep co-graze or from
properties where higher than usual reproductive losses have recently been reported. While this
wouldn’t give an accurate representation of the prevalence of BVDV infections in Australian
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sheep populations, it would more accurately demonstrate if cross-species transmission is
naturally occurring from cattle to sheep, or not. Once this is known, State or National
seroprevalence studies could be undertaken. This would then determine the prevalence of both
BDV and BVDV-specific antibodies in sheep throughout other sheep farming regions of
Australia, as it has been more than 30 years since any prevalence work has been undertaken for
Australian sheep. However, results from Chapter 6.1 indicate that there is a low prevalence of

Pestivirus antibodies, and thus acute infections, in South Australian sheep.

The low risk sheep populations appear to pose to the spread and persistence of BVDV within
Australia is further supported by the papers presented in Chapter 4. These papers demonstrated
that there is low risk of BVDV-1c being transmitted from acutely BVDV-1c infected sheep or
from pre-weaned BVDV Pl lambs which have had successful passive transfer of maternal
antibodies. Transmission from BVDV infected sheep was only shown to occur on one occasion
and was as a result of co-paddocking a neonatal, Pl lamb with susceptible, naive ewes and
lambs. One lamb from this study was reported to develop BVDV-specific antibodies at 7 weeks
of age and was considered to be acutely infected with BVDV-1c (Chapter 4.1). In addition,
transmission was not shown to occur from interactions with the same PI lamb and naive cattle
(Chapter 4.1) or from sheep undergoing acute BVDV-1c infections (Chapter 4.2). This low rate
of transmission from BVDV infected sheep suggests that if cross-species transmission was to
occur from cattle to sheep, the likelihood that acutely infected sheep or pre-weaned BVDV PI
lambs (with successful passive transfer of maternal antibodies) would infect other susceptible

animals is low.

While these two papers suggest that the risk posed by BVDV infected sheep to the spread and
persistence of BVDV is low, there were a number of limitations that need addressing. Firstly,
only a single BVDV-1c PI lamb was produced in Chapter 3.1 and although its survival was

longer than that of BVDV-1c Pl lambs reported by Evans et al. (2015), it was of a small and
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weak stature. As such the studies relating to transmission of BVDV from a Pl lamb were carried
out earlier than planned, in case that Pl lamb did not survive. Because of this, the Pl lamb was
of a young age (0-8 weeks of age) and still affected by high levels of maternal antibodies
directed against BVDV, through ingested colostrum. It appears from an analysis of the present
study that colostral antibodies may not only inhibit the accurate detection but also the infective
nature of a young PI animal. Results from antigen ELISA testing of serum samples support the
conclusion that the lamb was persistently infected with BVDV, and indicate that the amount of
antigen in the serum dropped significantly after colostral ingestion, before increasing at 3 weeks
of age. Serum viral load when tested by RT-PCR was also shown to increase 10-fold at 7 weeks
of age. While the relationship between the concentration of virus present in serum and the
amount of virus shed in nasal or saliva secretions is not known, the results (lack of transmission)
do suggest that colostral antibodies have an influence on the amount of virus present in young
P1 animals. Unfortunately saliva swabs were not collected from the PI lamb to determine the

amount of virus actually being shed during the study period.

In addition, the ideal method to study transmission of BVDV from a PI lamb to susceptible
cattle might be to co-house them for a period of time. Unfortunately, due to the young age of
the PI lamb there were welfare concerns that in a co-housed situation the steers might kill the
lamb, whether intentionally or accidentally. Thus the two trials described (adjacent fence line
and 5 mins of contact/ambient air) were used. In retrospect, the amount of contact a lamb and
steer would undergo naturally would be limited, as such it was believed these two trial designs
were adequate to represent an on farm encounter for studying the ability of a neonatal, PI lamb
to infect susceptible cattle. While the papers from Chapter 4 indicate that the risk a neonatal
BVDV PI lamb poses to the spread of BVDV to susceptible animals is low, there is an
opportunity for further work to be undertaken in determining the risk posed by older BVDV PI
sheep, including co-housing them with naive cattle. However from the results presented

previously by Evans et al. (2015), and in Chapter 3, BVDV-1c PI lambs have a poor survival
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rate and the chance of a Pl lamb surviving long enough to pose a significant risk to the spread

of the virus is limited.

The absence of BVDV-specific antibodies in South Australian sheep, despite them being highly
susceptible under experimental conditions, combined with the low rate of transmission from
BVDV-1c infected sheep suggest that sheep are likely a dead-end host for BVDV. However,
work from this thesis has also demonstrated that if acute infection with BVDV-1c develops in
a pregnant ewe flock then severe reproductive losses are possible. Low lambing rates, poor
lamb survival, the birth of Pl lambs and severe physical malformations in lambs were observed
following maternal infection of ewes with BVDV-1c during early-mid gestation (Chapter 3).
These findings are similar to previous reports associated with other BVDV species/strains
(Parsonson et al. 1979; Pratelli et al. 2001; Scherer et al. 2001) and suggests that although the
current body of work focused on the pre-dominant Australian strain of BVDV (BVDV-1c),
severe reproductive losses are likely to occur following acute BVDV infections in pregnant

ewes, irrespective of the species or strain present.

Chapter 3 also reports that a single viable and persistently BVDV-1c infected lamb was
produced following maternal infection with BVDV between 59 and 69 days of gestation. While
this lamb survived until euthanasia at 8 weeks of age, the lamb was significantly smaller and
weaker than non Pl lambs of the same age. It is unknown to what age the surviving Pl lamb
would have lived had it not been euthanased. There was also a high foetal death rate and low
survival rate for lambs suspected of being persistently infected with BVDV (positive for BVDV
antigen and negative for BVDV antibodies) in this study. The poor survival of lambs suspected
of and confirmed to be P1 with BVDV-1c not only supports the findings of previous studies
(Evans et al. 2015) but also suggests that viability of BVDV PI sheep is poor. The poor survival

of BVDV-1c PI lambs further supports the low risk sheep populations pose to the spread and
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persistence of BVDV within Australia, as BVDV PI lambs appear to die long before having

any real chance of passing on the infection to susceptible animals.

This thesis also investigated BVDV infections on non-bovine species, other than sheep. Chapter
5 reported that acute BVDV infections in alpacas can develop, following the co-housing of a
PI heifer and susceptible alpacas. This paper also determined that the clinical signs associated
with acute BVDV-1c infections in alpacas are inapparent, a finding which is consistent with
previous reports in cattle and sheep (Nettleton and Entrican 1995). While the effects associated
with acute BVDV-1c infection in pregnant alpacas were not investigated in this thesis it is likely
that similar reproductive losses to those seen in acutely infected cattle and sheep would occur
as has also been reported in BVDV infected alpacas elsewhere (Carman et al. 2005; Mattson et
al. 2006). However to fully comprehend the role alpacas play in the spread and persistence of
BVDV further work should be undertaken in relation to the reproductive effects associated with
BVDV-1c infections in pregnant alpacas, particularly in relation to the development and

survival of BVDV-1c Pl crias.

Finally, this thesis reported on the presence of BVDV-specific antibodies in water buffalo
(Bubalus bubalis) from the Northern Territory of Australia (Chapter 6.2). Results from this
study determined that while there is a high prevalence (74.5%) of BVDV-specific antibodies in
cattle, there is only a low prevalence (4.5%) in water buffalo from the same geographical
regions. These findings would suggest that water buffalo (B. b.) are susceptible to acute
infections with BVDV however BVDV-specific antibodies in these populations appears to be

uncommon.

In conclusion, the research presented in this thesis contributes to a better understanding of the
role that non-bovine species play in the spread and persistence of BVDV-1c in Australia (and

possibly around the world). It is evident that infection of sheep with BVDV-1c can lead to
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severe reproductive losses and indicates a need to eliminate close contact of cattle, which may
be infected with BVDV, and pregnant sheep. However, results have also shown that sheep are
unlikely to play a pivotal role in the spread and persistence of the virus in Australia and the
inclusion of sheep in BVDV control and eradication programs appears to be unnecessary.
Furthermore, results from this study have indicated that alpacas are susceptible to acute BVDV-
1c infections following co-mingling with Pl cattle, although infections are clinically inapparent.
Finally, antibodies to BVDV and BDV were identified, at low prevalences, in Northern
Territory water buffalo and South Australian sheep, respectively. While it is clear that many
non-bovine species are susceptible to Pestivirus infections in Australia, further work needs to
be undertaken, in species other than sheep, before a suitable decision can be made regarding

their inclusion in BVDV control and eradication programs.
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Appendix 1: Supporting Publications — Published papers

The following manuscript supports the main body of work presented in this thesis. Although
the manuscript was published during the course of the PhD it is from work undertaken prior to
the commencement of the PhD and was submitted for the award of an Honours degree. It is

included here as a supporting publication.
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Bovine viral diarrhoea virus (BVDV) is an economically important disease of cattle, causing
severe reproductive losses and immunosuppressive effects in cattle populations worldwide.
Before a national BVDV control programme can be developed in Australia, it is important to
explore the possibility of sources of transmission from and through alternative susceptible
populations, such as sheep.

Transmission of BVDV to species other than cattle has been shown to occur following
both experimental and natural infection of other ruminants. The aims of this study were to
investigate the impact of an experimental infection with a local Australian strain of BVDV
(Type 1c) on the reproductive performance of pregnant ewes and the potential for natural
transmission of BVDV from persistently infected (PI) cattle to naive sheep.

Twenty-three BVDV naive, pregnant ewes were experimentally infected with BVDV by
subcutaneous inoculation with 2 mL freeze-thawed PI cow serum. Severe reproductive
losses including low lambing rates and a high number of young lamb deaths were seen
in these ewes. One PI lamb was also produced in this trial, but died at 15 days of age.

Nine BVDV naive sheep wethers were co-mingled with three BVDV Pl calvesin a 1500 sqm
paddock for four weeks. Transmission of infection, as indicated by seroconversion, occurred
in four of nine wethers during a four-week period of co-mingling.

The trials suggest that the potential for infection with BVDV derived from cattle for sheep
exists and needs to be taken into account when controlling BVDV infection in cattle.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

(Collett et al., 1988). BVDV is a highly prevalent pathogen,
endemic to most cattle-producing countries (including

Bovine viral diarrhoea virus (BVDV) is an important
pathogen of cattle and the causative agent of bovine viral
diarrhoea (BVD) and mucosal disease (MD) (Nettleton and
Entrican, 1995). Together with border disease virus (BDV)
insheep and classical swine fever virus (CSFV)in pigs, BVDV
belongs to the genus Pestivirus in the family Flaviviridae

* Corresponding author. Tel.: +61 8 83137882.
E-mail address: michael.reichel@adelaide.edu.au (M.P. Reichel).

http://dx.doi.org/10.1016/j.smallrumres.2014.11.018
0921-4488/© 2014 Elsevier B.V. All rights reserved.

Australia) (Ridpath, 2010). A study undertaken in 2010,
sampling 406 Australian cattle herds, showed that 86% of
herds had experienced some level of exposure to BVDV
(Taylor, 2010) and indicated a need for the development
of a national BVD control programme.

In 2012, Australia had a total of 6526 mixed sheep
and cattle farms, with a further 11,944 and 46,255 farms
specialising solely in sheep and cattle (beef and dairy)
production, respectively (Australian Bureau of Statistics,
2013). This high number of mixed farming practices in

192



C.A. Evans et al. / Small Ruminant Research 123 (2015) 314-319 315

Australia may present arisk for cross-species disease trans-
mission and the subsequent spread of diseases such as
Johne’s disease, ruminant pestiviruses and leptospirosis.

BVDV infection has been reported to occur in multiple
other species, including goats (Bachofen et al., 2013), deer
(Nettleton, 1990), camels (Gao et al., 2013), eland (Vilcek
et al., 2000), pigs (Tao et al., 2013) and (of particular rel-
evance to the Australian cattle industries) sheep (Scherer
et al.,, 2001).

Previous studies have demonstrated that sheep can be
both, experimentally and naturally infected with BVDV
(Vilcek et al., 1997; Passler and Walz, 2010; Braun et al.,
2013). The lambing rates of ewes infected with BVDV dur-
ing pregnancy are highly variable, with reported lamb
losses ranging from 0% to 85% (Snowdon et al.,, 1975;
Parsonson et al., 1979; Scherer et al., 2001). Studies by
Snowdon et al. (1975) and Scherer et al. (2001) have
observed the reproductive consequences in sheep follow-
ing experimental infection with different strains of BVDV
and BVDV type 2, respectively. These studies found that
reproductive losses were dependent on both the type and
the strain of BVDV used, as well as the stage of gestation
at which infection occurred. In Australia, there is an over-
whelming predominance (>96%) of one BVDV subgenotype,
BVDV type 1c (Ridpath, 2010), and although previous stud-
ies have described the effects of BVDV infection on sheep,
these studies primarily used types or strains of the virus not
commonly found in Australia. As such, these results may
not be indicative of the implications and losses associated
with BVDV infection of sheep in Australia.

The aims of this study were as follows: to assess the
impact of infection with an Australian strain of BVDV on
the reproductive performance of group of experimentally
infected, pregnant ewes and to identify the efficiency of
natural transmission of BVDV from PI cattle to sheep under
simulated farming conditions.

2. Materials and methods
2.1. Animals

All sheep used in this study were sourced from the University of Ade-
laide’s commercial flock, resident at its Roseworthy Campus. Prior to use
in this trial, the flock was tested for BDV and BVDV antibodies by Agarose
Gel Immunodiffusion (AGID) and found to be naive for pestiviruses.

All animal experiments were approved by the University of Adelaide’s
Animal Ethics Committee prior to this project (S-2012-248) being under-
taken.

2.2. Reproductive consequences of BVDV infection in pregnant ewes

Twenty-four ewes, confirmed pregnant by ultrasound examination,
were subcutaneously inoculated with 2 mL freeze-thawed BVDV-type 1c
PI cow serum at between 60 and 120 days of gestation. Serum samples
were collected from each ewe one week prior to inoculation, on the day
of inoculation, and weekly for six weeks post-inoculation. Serum samples
were tested for BVDV-specific antibodies using the Priocheck BVDV Ab
P80 ELISA (Prionics, Martinsried, Germany).

Ewes were observed for clinical signs of BVDV infection daily through-
out the trial and were pregnancy scanned by ultrasound on Days 28, 48
and 68 post-inoculation. Pregnancy losses were recorded when, either,
a pre-term abortion was observed, or a ewe was found not pregnant at
scanning. Day of gestation at inoculation was calculated back from the
day of lambing, assuming an average gestation length of 147 days (Forbes,
1967).

All ewes that carried their pregnancies to term were allowed to lamb
naturally. Serum samples were collected weekly from live lambs until six
weeks of age. Aborted foetuses and carcases of lambs that died after birth
were submitted to the Veterinary Diagnostic Laboratory of the University
of Adelaide for post-mortem examination, where abdominal or peritoneal
fluid and ear tissue samples were collected for virus detection. One ewe
(#24) died at 24 days post-inoculation. Post-mortem examination of this
ewe showed no evidence implicating BVD infection as the cause. Twin
foetuses were recovered from this ewe, with abdominal or peritoneal fluid
and tissue samples collected for inclusion in the study.

All serum samples from live lambs were tested for BVDV-specific anti-
bodies using the Priocheck BVDV Ab P80 ELISA (Prionics, Martinsried,
Germany), a competitive ELISA. Either serum, post-mortem fluid or ear
tissue samples from all live, aborted or dead lambs were tested for BVDV
viral antigen using IDEXX Serum/Ag PLUS ELISA (IDEXX Laboratories Inc.
Rydalmere, NSW), as per manufacturer’s instructions.

2.3. Transmission of BVDV from PI calves to naive wethers

A total of nine mature wethers (confirmed BVDV naive by AGID and
Ab ELISA) were co-mingled with three confirmed BVDV PI calves for four
weeks. During the first week, the calves and sheep were separated by a
fence but shared feed and water sources. For the following three weeks,
the calves and sheep were able to mingle unrestricted in a 1500 sqm pad-
dock under simulated farming conditions. Serum samples were collected
weekly from each wether, from the initial day of mixing (Day 0) until three
weeks post-separation (7 weeks post-mixing) and stored at —80°C until
testing.

Serum samples were tested for the presence of BVDV-specific anti-
bodies using the Priocheck BVDV Ab P80 ELISA (Prionics, Martinsried,
Germany). Any wethers that had not seroconverted within three weeks
of separation from the PI calves were considered uninfected.

2.4. BVDV antibody serology

Ewe, wether and lamb samples were tested for the presence of BVDV
antibodies by the Priocheck BVDV Ab P80 ELISA (Prionics, Martinsried,
Germany). Initial validation was carried out internally, establishing a new
positivity threshold for the competitive ELISA of 35% inhibition (Inh) after
comparison with AGID test results (performed at the Elizabeth Macarthur
Agricultural Institute (EMAI), Camden, NSW).

2.5. RT-PCR and characterisation of the persisting BVD strain

Total viral RNA was extracted from freeze-thawed serum samples
from the PIlamb (L14) and PI cow using the QIAmp Viral RNA Mini Kit (Qia-
gen, Germany). Copy DNA (cDNA) was synthesised using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, USA) with each
reaction consisting of 1x reverse transcriptase (RT) buffer, 4 uM dNTP
mix, 2.5U/pL MultiScribe Reverse Transcriptase (Applied Biosystems,
California, USA), 1 mM of a single 21-mer reverse primer (CTATCCTTCTCT-
GATTCTCTG) that targeted the 5 UTR of the BVDV genome and 10 pL
of RNA extract in a total reaction volume of 20 wL. cDNA was synthe-
sised under the following thermal cycler conditions (per manufacturer’s
instructions): 10 min at 25°C, followed by 120 min at 37°C. The reac-
tion was terminated by inhibition of the reverse transcriptase enzyme
for 5 min at 85°C.

Detection of BVDV was achieved by polymerase chain reaction
(PCR) amplification of a 292 base pair fragment that targeted the 5’
untranslated region (UTR) of the BVDV genome (Primers F: CTAGCCATGC-
CCTTAGTAGGACTA and R: CAACTCCATGTGCCATGTACAGCA). Reactions
were performed in a BioRad T100 Thermal cycler (BioRad USA). Each
reaction consisted of 1x reaction buffer (Fisher Biotech, Australia), 1 mM
MgCly, 0.2 mM dNTPs, 0.2 mM forward primer, 0.2 mM reverse primer,
0.2 wnLTaq DNA polymerase (Fisher Biotech, Australia) and 2 wL cDNA tem-
plate in a total reaction volume of 50 pL. The reaction was incubated for
2min at 94°C for initial denaturation, followed by 35 cycles of 95 °C for
30s, 55°C for 30s and 72 °C for 45 s. Positive PCR products were purified
using the MinElute PCR Purification Kit (Qiagen, Germany) and sequenced
at the Australian Genome Research Facility, Urrbrae, South Australia. Fur-
ther sequence analysis was carried out using ClustalX 2.1 and BioEdit
7.2.5.
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3. Results

3.1. Reproductive consequences of acute BVDV infection
in pregnant ewes

3.1.1. Seroconversion

All 23 ewes seroconverted to BVDV antibody positive
status (at the threshold of 35%Inh) between two and five
weeks post-inoculation. The mean observed time from
inoculation (Day 0) to seroconversion for these animals was
between 14 and 21 days (Fig. 1) (see Supplementary Table 1
for detailed inhibition results). No clinical signs of infection
were observed in any ewes.

Supplementary Table 1 related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.smallrumres.2014.11.018.

3.1.2. Reproductive performance

Of the 23 pregnant ewes inoculated with BVDV, only 13
ewes (56.6%; 95% CI: 36.3-76.8%) carried their pregnancies
to term. A further six ewes (26%; 95% CI: 8.1-44.1%) were
found to be not pregnant by pregnancy scanning and four
ewes (17.4%; 95% CI: 1.9-32.9%) aborted pre-term lambs
(Fig. 2).

3.1.3. Lamb survival

The 13 ewes that carried their pregnancies to term
delivered a total of 19 lambs. Seven lambs (36.8%; 95% CI:
15.2-58.5%) died between one hour and 15 days after birth.
Three died within 24 hours after birth and a further three
died within three days of birth (Table 1). One lamb died
at two weeks of age. Post-mortem examination showed
all full term lambs had been born alive (i.e. had breathed)
(Table 1).

A total of 12 lambs survived to marking, that is, until
the routine muster for management procedures including
castration and vaccination at two to five months of age. This
gave a lamb marking percentage (%) of
52.2% (95% CI: 30.8-72.6%). By comparison, the flock from
which the ewes in this study were sourced achieved a lamb
marking percentage of 120% (J. Matheson, pers. commun.).

3.1.4. BVDV antigen testing on lambs

Post-mortem abdominal or peritoneal fluids and/or ear
tissue obtained from two aborted foetuses (ewes 18 and 23)
and two foetuses recovered from the deceased ewe (ewe
24) at post-mortem examination returned positive BVDV
antigen ELISA results (Table 1). All lambs (n=19) born alive
returned negative BVDV antigen ELISA results, except for
two lambs (born to ewe #1) which died within three days
of birth and one lamb (L14), which died at fifteen days of
age (Table 1).

This lamb (L14) returned positive BVDV antigen ELISA
results on serum collected on the day of birth, at 12 days of
age, and on post-mortem peritoneal fluid (Table 2). How-
ever, this lamb also tested negative for BVDV antigen on
serum collected at 5 days of age, after confirmed colostrum
ingestion. PCR identified serum samples from the day of
birth and 12 days of age and the post-mortem peritoneal
fluid as positive for BVDV-specific RNA indicating that this

Table 1

Lamb survival following experimental BVDV infection of 23 pregnant ewes
(with corresponding estimated day of gestation at time of inoculation).
Ewes that did not lamb are not included. PI = positive for BVDV antigen on
sequential samples, Ag+ on post-mortem = positive, by antigen ELISA, for
BVDV virus on single (post-mortem) sample.

Ewe #  Estimated day of Lamb#  Outcome
gestation at which
infection occurred
25 63 L15 Healthy
7 67 L13 Healthy
L14 Death at 15 days, PI
11 80 L12 Healthy
26 87 n/a Death at <24 h
19 93 L11 Healthy
28 94 L10 Healthy
22 97 L09 Death at 1 day
n/a Death at<24h
2 99 LO8 Healthy
10 100 LO6 Healthy
LO7 Healthy
9 106 LO3 Healthy
12 106 L04 Healthy
LO5 Death at 2 days
6 109 LO1 Healthy
L02 Healthy
1 117 n/a Death at <24 h, Ag+
on post-mortem
n/a Death at 3 days,
Ag+on
post-mortem
23 Aborted n/a Ag+on
post-mortem
16 Aborted n/a
18 Aborted n/a Ag+on
post-mortem
24 Ewe died Fetus Ag+on
post-mortem
Fetus Ag+on

post-mortem

lamb was PI with BVDV. The serum collected from the PI
lamb at 5 days of age returned a negative PCR result.

All samples for this lamb returned positive BVDV anti-
body ELISA results despite the confirmation, by PCR, that
this lamb was persistently infected with BVDV. It was pre-
sumed that the Day 0 sample from this lamb was collected
prior to colostrum ingestion, however this cannot be com-
pletely confirmed. The positive antibody result on Day 0
may suggest that this lamb had consumed a small amount
of colostrum prior to blood collection.

3.2. Genotype of BVDV strain

Sequencing of the 5 UTR region confirmed that the
BVDV strain persisting in the PI cow from which the inoc-
ulating serum was collected showed 98% homology with
BVDV type 1c strains deposited with GenBank (GenBank
accession number: EU159702) (Xue et al., 2010). There was
also 99.6% homology between the sequences of the PI cow
and L14, with a single nucleotide polymorphism on the
212th position of the 292 bp UTR region sequenced, where
the cytosine was substituted for a thyamine. The high sim-
ilarity between the sequences from the PI cow and L14
indicate that cross-species transmission of the same BVDV
strain (BVDV type 1c) occurred.
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Fig. 1. Mean BVDV antibody results (with 95% confidence intervals) for experimentally infected ewe flock (23 ewes) from day of infection (Day 0) until 42
days post infection. Red line shows the 35%Inh cut off for positive samples. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Weekly reproductive status of ewes from inoculation (week 0) until all 23 ewes were confirmed not pregnant after an experimental inoculation
with 2 ml BVDV PI cow serum.

3.3. Transmission of BVDV infection from PI calves to to four of the nine (44.4%: 95% CI: 11.9-76.9%), previ-
naive sheep ously pestivirus naive wethers. The first wether (W04)
seroconverted by Day 21, with the final two wethers
During the four week mixing period, BVDV infection (W01 and WO02) seroconverting by Day 49 (Table 3). No
appeared to be transmitted (as evidenced by serocon- clinical signs of BVDV infection were observed in any
version within three weeks) from the three PI calves wethers.
Table 2

BVDV antibody (Ab) and antigen (Ag) ELISA and PCR results at different ages obtained from a lamb (L14) persistently infected with bovine viral diarrhoea
virus (BVDV) following foetal infection at approximately Day 67 of gestation.

Blood sample Ab ELISA (%INH?) Ag ELISA (corrected OD) PCR

Day of birth (0 days of age) 55.122 2.146 Positive
Week 1 (5 days of age) 99.512 0.022 Negative
Week 2 (12 days of age) 97.236 0.323 Positive
Post-mortem (15 days of age) 82.358 0.626 Positive

2 Percentage inhibition.
b Optical density (450 nm).
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Table 3

CA. Evans et al. / Small Ruminant Research 123 (2015) 314-319

BVDV antibody ELISA results for each of the four wethers showing positive infection to BVDV following a four-week co-mingling period with three BVDV
PI calves. Days are from when the calves were initially housed with wethers (Day 0) until three weeks post-separation of animals (Day 49). Values are
expressed as percent inhibition (Inh) with red values indicating positive BVDV antibody results.

ID number Day 0 Day 7 Day 14 Day 21 Day 28 Day 35 Day 42 Day 49
Wwo1 22.79 19.49 16.26 13.58 26.26 23.98 27.15 43.41
w02 24.97 20.97 7.24 7.64 6.50 10.89 26.26 48.78
Wwo4 28.36 20.79 29.59 62.76 86.99 70.24 80.24 77.56
W09 19.05 17.31 17.80 16.50 27.80 9.92 71.30 81.46

4. Discussion

Seroconversion in cattle following exposure to BVDV
can take anywhere between 13 and 28 days (Kirkland et al.,
1997; Niskanen and Lindberg, 2003; Lindberg et al., 2004),
while in experimental infection of ewes with BVDV type-
2, seroconversion took between 15 and 30 days (Scherer
et al,, 2001). The present study found that seven ewes (of
23)returned positive BVDV antibody results within 14 days
after inoculation with BVDV, while the remaining 16 ewes
seroconverted over the following three weeks (and at most
by 35 days post-inoculation). Mean Inhibition percentages
crossed the positive threshold after 14 and before 21 days.
By comparison, a study of heifers naturally infected with
the same BVDV strain used in the present study serocon-
verted between 14 and 28 days following exposure to a PI
cow (Lanyon et al., 2014b). Time to seroconversion for pes-
tivirus species thus appears to be similar, in both sheep and
cattle.

In the present study, 23 ewes experimentally inoculated
with BVDV had a marking percentage of just 52.2% (95% CI:
30.8-72.6%), with a total of 12 lambs surviving to mark-
ing. This percentage is considerably lower (less than half)
than the 120% marking percentage achieved in the flock
of origin (also pestivirus naive) over the same time period,
suggesting that the experimental introduction of BVDV into
a pestivirus naive, pregnant ewe flock can have the poten-
tial to negatively impact reproductive performance. The
authors do acknowledge that these flocks were managed
under different conditions, particularly during the time of
lambing, and differences in marking percentages may not
be exclusively attributed to BVDV infection. However, such
a drastic difference is suggesting that maternal infection of
BVDV accounted for a substantial percentage of the losses
seen in this trial.

Two Australian studies, undertaken in the late 1970s
showed lambing percentages between 20% and 100%
following experimental infection with BVDV during preg-
nancy (Snowdon et al., 1975; Parsonson et al., 1979). More
recently, a Brazilian study indicated that ewes inoculated
with BVDV type 2 had a final lambing percentage of just
53%(Scherer et al.,2001). Many of these reported reproduc-
tive outcomes of ewes following infection with BVDV were
reproduced during the present study, including low lamb-
ing percentages and a high number of early lamb deaths.

The present study demonstrated that an acute BVDV
infection in a pregnant ewe, inoculated at Day 67 of ges-
tation, can result in the birth of a BVDV PI lamb. This is in
agreement with a previous study where the development
of BDV PI lambs was reported to arise from the infection
in the ewe between days 60 and 80 of gestation (Broaddus

et al., 2009). BVDV PI lambs have resulted from infection
anywhere between days 38 and 78 of gestation (Parsonson
et al,, 1979; Scherer et al., 2001). In the present study, a
further six lambs (recovered foetuses or dead lambs) also
returned positive antigen ELISA results following mater-
nal infection between 65 and 117 days gestation (Table 1),
indicating that these lambs may too have been persistently
infected with BVDV. Although it is suspected that these
lambs were also PI, this cannot be confirmed as sequen-
tial samples were not possible. Nonetheless, these results
suggest that the gestational range for PI lamb production
may be much larger than that previously reported.

Strong BVDV antigen responses for both Day 0 and post-
mortem serum samples were observed for the confirmed
PIlamb in this study. However, false negative results were
observed at 5 days of age. Similar results were seen fol-
lowing PCR of the same samples and although limited,
these results suggest that colostrum-derived antibodies
may interfere with detection of BVDV antigen by both ELISA
and PCR. Previous studies have reported that a decrease in
a positive antigen signal (ELISA) and a decrease in the num-
ber of virus copies present (PCR) have been seen in Pl calves
due to the presence of maternal antibodies (Zimmer et al.,
2004; Fux and Wolf, 2012; Lanyon et al., 2014a). Further
study of the detection of BVDV (including the use of ear
notches) in young lambs would be valuable to more clearly
identify the period during which the detection of PI lambs
may be inhibited by interference from colostrum-derived
antibodies.

The twin (L13) to the confirmed PIlamb (L14) appeared
to be healthy, antibody positive and antigen negative. A
study by Schoder et al. (2004) reported a similar scenario
in cattle: at three months of age, one dizygotic twin heifer
tested BVDV antibody positive and BVD virus free while the
other heifer calf was antibody negative but virus positive.
These results indicate that the response to infection and
development of immunocompetence may vary between
foetuses and suggest that the windows for foetal infection
resulting in persistent infection are not absolute.

The confirmed BVDV Pl lamb in this study survived only
to 15 days of age, however, previous studies have shown
that lambs persistently infected with BVDV-2 have sur-
vived for up to 6 months of age (Scherer et al., 2001).
BVDV-2 is not found in Australia (Ridpath et al., 2010),
and, as such, the survivability of BVDV PI lambs in Australia
and, therefore, the ability of sheep flocks to maintain BVDV
infection and act as a reservoir of infection may require
further investigation with local strains and isolates.

This study was able to show that cross-species trans-
mission of BVDV from PI calves to sheep can occur under
simulated farming conditions. The first of these animals
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seroconverted by 21 days, when calves and sheep remained
co-mingled, with the remaining three wethers serocon-
verting after calves and sheep were separated. There is
a possibility that due to the extended period of time it
took W01 and WO02 to seroconvert, that these animals con-
tracted BVDV from sheep to sheep transmission.

The ability of naive sheep to become infected with BVDV
through co-mingling with PI cattle, however, indicates that
sheep may be at risk of contracting BVDV from endemi-
cally infected cattle populations. For the duration of this
study, no clinical signs were observed in any of the sheep
acutely infected with BVDV, by either experimental inoc-
ulation or natural infection. Thus, if infection with BVDV
was to occur in a flock of naive sheep it is quite possible
that there would be little to no indication that BVDV was
present. However, if that infection occurred in a flock of
pestivirus naive pregnant ewes, abortions and poor lamb-
ing rates may occur, resulting in severe economic losses to
the producer.

While the presence of PI cattle appears to be the most
dominant method by which BVDV is spread and main-
tained in cattle populations (Niskanen and Lindberg, 2003),
it is likely, once these PI cattle have been removed from a
population, that less efficient means of transmission, such
as cross-species transmission from reservoir populations,
may become more important. Further research in this area
would be beneficial. In particular, studies on the viability of
PIlambs, and efficiency of transmission from these animals
to naive sheep and cattle could reveal the potential of sheep
to act as a reservoir of BVDV, while studies on the current
prevalence of BVD in Australian sheep populations could
further inform on BVDV infection and associated losses in
the sheep industry.
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