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ABSTRACT

SURVEILLANCE AND CONTROL OF ENZOOTIC BOVINE LEUKOSIS IN
ATLANTIC CANADA

Emily Elizabeth John
University of Prince Edward Island, 2020

Advisors:
Dr. J Trenton McClure
Dr. Marguerite Cameron

This research included four studies investigating bovine leukemia virus (BLV) in
Atlantic Canada (New Brunswick, Newfoundland and Labrador, Nova Scotia, and
Prince Edward Island).

The current herd-level prevalence of BLV in dairy herds in Atlantic Canada was
determined in the first study. The within-herd prevalence was estimated based on
testing bulk tank milk for anti-BLV antibody levels. A risk assessment and management
program workbook was designed and implemented using a subset of dairy herds in
Atlantic Canada to investigate management factors associated with the BLV estimated
within-herd prevalence. Herd-level prevalence for BLV was high with at least 88% of
dairy herds in Atlantic Canada containing at least one BLV-seropositive cow. Farms
with a history of diagnosing clinical disease associated with BLV infection, as well as
farms where calves received colostrum from cows of unknown BLV status, were more
likely to have an estimated within-herd BLV prevalence of at least 25% compared to
herds without a history of clinical disease or herds where calves did not receive
colostrum from BLV-unknown or BLV-infected cows.
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The second study investigated the variability between bulk tank milk samples
from the same herd collected over different sampling intervals, as well as the variability
between samples collected from different farms. Farms in the Canadian Maritimes
(New Brunswick, Nova Scotia, and Prince Edward Island) participated. Samples from
2013 were collected at 1-month intervals and those from 2016 were collected at 3-month
intervals. Samples were analyzed for the presence of anti-BLV antibodies and estimated
within-herd prevalence was calculated for each herd. The most variability was seen in
samples collected from different herds, and the least variability was seen in samples
from the same herd collected at 3-month intervals. This information can help in
designing sample collection intervals for disease monitoring or control programs.

The third study investigated the age group of calves, heifers, and adult cows in
which BLV was first identified. Most previous research has focused on adult cows, but
calves and heifers are also able to become infected with BLV prior to entering the
milking herd. Blood samples were collected from 6 pre-weaned calves, 6 weaned
heifers, and 6 breeding-age heifers on 56 dairy farms in Atlantic Canada, and a
questionnaire was administered to farmers asking about age-specific management
factors for these three age groups as well as for adult cows. The majority of farms had
BLV first identified in either the adult milking herd or in pre-weaned calves.
Management factors associated with the age group where BLV was first identified
included the number of times weaned heifers were regrouped after weaning, the type of
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fly control used in breeding-age heifers, the use of foot-trimming implements in
breeding-age heifers, and whether the farm purchased bred heifers.

The final study investigated the utility of commonly available, cost-effective
diagnostic tests to predict proviral load (PVL) in BLV-seropositive cows. It is suspected
that cows with a higher PVL are a higher infection risk to naïve cows than those with a
low PVL. Currently there is no commercial test for PVL in cows, and so blood and milk
were collected from 339 BLV-seropositive cows as well as basic demographic
information. PVL was determined using qPCR, and blood was also used for
determining anti-BLV antibody levels and for performing complete blood counts. Milk
samples were analyzed for standard components by the regional dairy herd improvement
agency, as well as having anti-BLV antibodies measured. The milk antibody level, as
well as blood lymphocyte count, were significantly associated with increasing PVL.
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1. INTRODUCTION

1.1 Bovine Leukemia Virus

Bovine leukemia virus (BLV) is an oncogenic retrovirus in the genus
Deltaretrovirus. It is closely related to human T-cell lymphotrophic virus types I and II
and to simian T-cell lymphotrophic virus. It has a single-stranded RNA genome
consisting of 8714 nucleotides, encoding the essential retroviral gag, pro, pol, and env
genes that produce structural proteins and enzymes. The gag gene, after translation,
results in the production of 3 proteins: the matrix protein p15, the capsid protein p24,
and the nucleocapsid protein p24. The viral protease encoded by the pro gene facilitates
maturation of viral particles. Products of pol gene translation (reverse transcriptase,
RNase H, and integrase) facilitate viral RNA transcription to DNA and integration into
the host genome. The env gene results in the production of 2 proteins after translation:
the extracellular protein gp51 and the transmembrane protein gp30. The remainder of
the genome encodes the regulatory proteins Tax and Rex, which are involved in
regulation of viral transcription, leukemogenesis, and nuclear export of viral RNA; the
accessory proteins R3 and G4, involved in the maintenance of high viral loads; and viral
microRNAs that are strongly expressed in preleukemic and malignant cells (Polat et al.,
2017).
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Bovine leukemia virus preferentially infects CD5+ IgM+ B lymphocytes, but BLV
DNA in other subpopulations of B cells as well as T lymphocytes is also occasionally
identified (Frie and Coussens, 2015; Panei et al., 2013). After entry into a B
lymphocyte and reverse transcription, BLV proviral DNA preferentially integrates into
regions of the host genome that are highly transcribed (Barez et al., 2015). This allows
for high rates of viral DNA production – and therefore virus particle production – during
early infection. Over time, as the host immune system mounts a response, negative
selection eliminates the vast majority of B lymphocytes where the BLV provirus
integrated in close proximity to an active gene or promoter (Barez et al., 2015; Gillet et
al., 2013). This results in the main mechanism for viral propagation in more chronic
infection being clonal expansion of infected B lymphocytes rather than production of
virus particles from the infected lymphocytes (Barez et al., 2015; Gillet et al., 2013).
However, a case report where a single BLV-infected cow (i.e. a cow where the BLV
virus has integrated into the host genome) with a high proviral load had three separate
instances of viral reactivation and viral particle production suggests that in some cases,
the virus may reactivate spontaneously (Jaworski et al., 2019).

The viral gp51 protein is an essential component of the virus’s life cycle in helping
to form the viral envelope, and is located on the surface of the virion and thus a target
for host antibodies. This has resulted in genetic diversity of the gp51-encoding section
of the env gene, with amino acid substitutions occurring in both structural and nonstructural encoding sections of the gene. Next generation sequencing has identified ten
distinct genotype clusters of BLV worldwide based on differences in the gp51 gene
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(Polat et al., 2017). Genotype 1 has been primarily identified in Korea and Japan, with a
small number of sequences identified in cattle from South America (Brazil, Paraguay,
and Uruguay) as well as from the USA; genotype 2 has been identified in cattle from
South America (Argentina, Paraguay, and Peru); genotype 3 has been mainly identified
in Japan and Korea, although one sequence was located in the USA; genotype 4 has
been identified in cattle from Russia, France, and Belgium; genotype 5 has only been
identified in Costa Rica; genotype 6 has been mainly identified in cattle from Thailand;
genotype 7 has been identified in cattle from Russia and Moldova; genotype 8 has been
identified in cattle from Russia; genotype 9 has been identified in cattle from Bolivia;
and genotype 10 has been identified in cattle from Thailand and Myanmar. It appears as
though the predominant strains present in the USA are genotypes 1 and 3 (Polat et al.,
2017); however, no information is currently available to confirm whether these are also
the predominant strains present in Canada. As well as differing genotypes being present
worldwide, Murakami et al. (2019) demonstrated that different strains within genotypes
exist and that transmissibility and viral productivity vary with the different strains. This
may have an implication for disease control strategies, as it suggests certain strains are
less likely to be transmitted to naïve cows.

1.2 Prevalence

Bovine leukemia virus is found worldwide in domesticated cattle (both Bos taurus
and Bos indicus) as well as in zebu (Bos taurus indicus) and water buffalo (Bubalus
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bubalis) (Barez et al., 2015). The prevalence of infection varies widely both within and
between countries depending on cattle management systems. In Canada, the most recent
large-scale data collection, the National Dairy Study, indicated that approximately 88%
of dairy herds in Canada contain at least one BLV-seropositive cow (i.e. anti-BLV
antibodies are present in the cow’s blood or milk) [John, unpublished data]. This is
consistent with recent serological surveillance studies performed in Atlantic Canada,
where 89.3% of dairy herds shipping milk in 2018 contained at least one BLVseropositive cow [John, data included in thesis chapter 2]. Compared to previously
completed seroprevalence (i.e. determining the number of BLV-infected animals or
herds based on enzyme-linked immunosorbent assay (ELISA) status) studies, the herdlevel prevalence (i.e. whether or not at least one BLV-infected cow is present in a herd)
of BLV in dairy herds in some regions of Canada has increased: in 1999 the herd-level
prevalence of BLV in Manitoba dairy herds was 97.4% (VanLeeuwen et al., 2006),
while in 2001 the herd-level prevalence of BLV in dairy herds in Atlantic Canada was
70.0% (VanLeeuwen et al., 2001) and in Saskatchewan the herd-level prevalence of
BLV in dairy herds was 89.1% (VanLeeuwen et al., 2005). Similarly, the herd-level
prevalence of BLV in dairy herds in Alberta was 86.7% in 2002-03 (Scott et al., 2006).
A separate study using data collected in Canada between 1998-2003 investigating risk
factors associated with BLV infection in dairy herds showed an overall herd-level
prevalence of 78.3% (Nekouei et al., 2015a). This ranged from 61.8% of dairy herds in
Quebec having at least one BLV-seropositive cow to 94.9% of dairy herds in Manitoba
having at least one BLV-seropositive cow. Additionally, a separate study performed in
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Ontario in 1992 showed that 69.6% of dairy herds in that province had at least one
BLV-seropositive cow present (Sergeant et al., 1997).

The actual number of BLV-infected cows has not been determined as often as the
herd-level prevalence. The majority of the previously mentioned studies sampled only a
subset of cows within dairy herds and so could only estimate the overall BLV
prevalence at the individual animal level. In Atlantic Canada, the estimated animallevel prevalence (i.e. the number or percentage of BLV-infected animals) in 2001
ranged from 16.1% (10.1-24.6%, 95% CI) in Nova Scotia to 28.7% (18.5-41.7%, 95%
CI) in New Brunswick (VanLeeuwen et al., 2001). This was similar to the animal-level
prevalence in Alberta in 2002, which ranged from 19.8% (12.6-29.6%, 95% CI) of firstlactation cows to 28.3% (23.1-34.1%, 95% CI) of second-lactation and greater cows
(Scott et al., 2006). The animal-level prevalence in Saskatchewan in 2001 was higher
on average than in Atlantic Canada, with 37.4% of sampled animals (28.8-46.0%, 95%
CI) being BLV-seropositive (VanLeeuwen et al., 2005), but the highest animal-level
prevalence occurred in Manitoba where 60.8% (51.8-69.9%, 95% CI) of dairy cows
were BLV-seropositive (VanLeeuwen et al., 2006). Recently, Nekouei et al. (2015c)
determined the animal-level prevalence of a subset of dairy herds in the Maritimes, by
testing all lactating cows within each sampled herd, with 30.4% of cows tested being
BLV-seropositive. The within-herd prevalence (i.e. the number or percentage of BLVinfected cows within a herd) ranged widely, however, from 0 to 94% of cows within a
given herd being BLV-seropositive.
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Herd-level prevalence levels in dairy herds in the United States of America (USA)
are similar to those seen in Canada. The United States Department of Agriculture
(USDA) performed a nation-wide seroprevalence study in 1996 using individual animal
serum antibody agar gel immunodiffusion (AGID) testing that revealed an overall herdlevel prevalence of 89.0% (USDA, 1997). States in the Northeast region (New York,
Pennsylvania, Vermont) had a herd-level prevalence of 86.6% and an animal-level
prevalence of 39.8%, while states in the Southeast region (Florida, Kentucky,
Tennessee) had a herd-level prevalence of 99% and an animal-level prevalence of
68.7%. A repeat study performed by the USDA in 2007, testing bulk tank milk samples
with ELISA, showed that 83.9% of tested dairy herds were BLV-seropositive (USDA,
2008). When examined by region, 78.4% of herds in the West region (California, Idaho,
New Mexico, Texas, Washington) were BLV-seropositive while 84.4% of herds in the
East region (Indiana, Iowa, Kentucky, Michigan, Minnesota, Missouri, New York, Ohio,
Pennsylvania, Vermont, Virginia, Wisconsin) were BLV-seropositive. A study looking
at BLV seroprevalence in cattle presented to slaughterhouses across the USA in 2014-15
showed that 38.6% (36.5-40.8%, 95% CI) of sampled cattle were BLV-seropositive,
although this study looked at beef and dairy cattle as a single group (Bauermann et al.,
2017). The most recent USA nation-wide prevalence study performed in 2017-18, using
ELISA testing on individual cow milk samples, showed that 94.2% of dairy herds were
BLV-seropositive and that the mean animal-level prevalence for the tested herds was
46.5% (LaDronka et al., 2018); these values are similar to current herd and animal-level
prevalence in Canada.
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Compared to dairy cattle, the research into BLV prevalence in beef cattle is sparse.
The study investigating BLV in Manitoba tested both dairy and beef cattle herds, and
47.9% of beef herds in the study had at least one BLV-seropositive cow (VanLeeuwen
et al., 2006). The estimated animal-level prevalence was 10.3% (2.5-18.0%, 95% CI).
In the USA, an initial study performed in 1975 showed that 14% of beef herds (and
1.2% of cattle within these herds) were BLV-seropositive (Baumgartener et al., 1975).
In Florida, 6.7% of beef cattle were BLV-seropositive when tested in 1981 (Burridge et
al., 1981), and the USDA study performed in 1997 showed that 38.7% of beef herds
sampled had at least one BLV-seropositive animal, and that 10.3% of all animals tested
were BLV-seropositive (USDA, 1999). The only other studies performed on BLV in
beef herds in North America have centred on the role of beef bulls in disease
transmission and so only BLV prevalence in bulls was reported in these papers. In
Michigan beef bulls, the overall animal-level prevalence was 24.7%, although the
prevalence increased with increasing bull age (Zalucha et al., 2013). A second study
performed on beef bulls in Michigan in 2016 showed that 44.6% of tested bulls were
BLV-seropositive, and 48.7% of herds that these bulls came from were BLVseropositive (Benitez et al., 2019b).

1.3 Disease Transmission

As BLV mainly infects B lymphocytes, it is transmitted to naïve cattle via the
transfer of blood containing infected lymphocytes (Gutierrez et al., 2014b). This can
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occur via naturally-occurring wounds, as well as iatrogenic blood transfer due to general
husbandry tasks. These include the use of gouge-type dehorning implements, ear tattoo
equipment, and hoof trimming implements; additionally, blood transfer between animals
due to the reuse of hypodermic needles and syringes on multiple animals is suspected to
be involved in disease transmission (Bartlett et al., 2014). Historically the reuse of
rectal sleeves on multiple animals during herd health visits has been suspected to aid in
viral transmission, especially if minor rectal tearing with bleeding occurs during
transrectal palpation for pregnancy confirmation (Divers et al., 1995; Kohara et al.,
2006). Other studies have disputed the importance of reusing rectal sleeves as a route of
transmission (Hopkins et al., 1991; Lassauzet et al., 1989). It is suspected that reused
rectal sleeves are a risk factor in viral transmission but their relative importance
compared to other risk factors is currently not known.

Another potential route of transmission is via blood transfer between cows due to
biting flies. The role of tabanid horseflies in the transmission of equine infectious
anemia virus, a lentivirus in the family Retroviridae, is well-documented, and so it is
likely that this is also a route involved in the transmission of BLV (Foil et al., 1989).
However, no large-scale studies have confirmed this route of infection for BLV. Recent
studies have suggested that biting flies, including horse flies and horn flies, may be
implicated in disease transmission, and that vector control to minimize fly exposure may
have an impact on BLV transmission (Hasselschwert et al., 1993; Kohara et al., 2018;
Ooshiro et al., 2013; Panei et al., 2019).
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A recent study has suggested that increased proximity between cows can
facilitate BLV transmission from infected to naïve cattle (Kobayashi et al., 2015). The
underlying mechanism is not completely known, but presumably increased proximity
either allows for direct blood transfer between cows or facilitates viral transmission via
flies. A small number of studies have demonstrated that cattle can shed provirus in
saliva and in nasal secretions; however, it is not currently known if these secretions
contain a large enough dose of the virus to be infectious to naïve cows (Yuan et al.,
2015). Given the current barn types where cows are housed, with shared feed and water
sources, if BLV can be transmitted via nasal secretions or saliva that could contaminate
feed or water sources, the implications for disease control are significant.

Another potential route of horizontal transmission is during natural service breeding
(Hopkins and DiGiacomo, 1997). The potential for vaginal trauma exists during natural
service, especially with smaller or younger cows or heifers. While studies have not
shown semen to be a significant source of BLV, some bulls have BLV DNA-positive
smegma (Benitez et al., 2019b) that could be transferred to cows or heifers during
breeding. Recent studies suggest that natural service breeding is not a significant route
of transmission for BLV in dairy herds (Benitez et al., 2019a), but may be involved in
disease transmission in beef cattle herds (Benitez et al., 2019b). This may be related to
the relative unimportance of natural service breeding in dairy herds compared to
artificial insemination (AI).
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While most research has focused on horizontal transmission, especially in adult
cattle, BLV can be transmitted vertically as well (Ruiz et al., 2018). This appears to
happen transplacentally rather than through directly infected ova (Mekata et al., 2015).
This can rarely occur as in utero transmission from an infected mother to the fetus, and
in other cases can occur during parturition (Gutierrez et al., 2011; Gutierrez et al.,
2014a). Vertical transmission appears to be quite uncommon overall, with the potential
transfer of virus during parturition reported slightly more often than true in utero
infection. However, most research has focused on the role of colostrum and milk
ingestion from BLV-seropositive cows and its effects on BLV-naïve calves.

Initial literature suggested that colostrum and milk from BLV-seropositive cows
posed an infection risk to calves (Meas et al., 2002), but more recent studies have
suggested a protective effect of anti-BLV antibodies that are also present in the
colostrum or milk (Gutierrez et al., 2015; Ruiz et al., 2018). This protective effect
appears greater in colostrum or milk from cows with a high blood proviral load
compared to cows classified as having a low proviral load (Gutierrez et al., 2015). The
relative importance of BLV infection via colostrum or milk ingestion compared to blood
transfer between cows has not been determined. A recent study has shown that, ex vivo,
somatic cells in milk from BLV-seropositive cows were able to infect cultured CC81GREMG cells; however, this experiment has not been replicated in vivo (Watanuki et
al., 2019).
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Some dairy farms feed either treated milk from the farm – usually either pasteurized,
acidified, or fermented – or commercial milk replacer, as well as commercial colostrum
replacer, to prevent spoilage at room temperature and to minimize pathogen
transmission. This can also allow for higher average daily gain in pre-weaned calves as
milk can be freely available while not worrying about spoilage at high ambient
temperatures (Todd et al., 2017). A few studies have demonstrated that while anti-BLV
antibodies as well as proviral BLV DNA are present in commercial colostrum replacer,
the calves did not permanently become BLV-seropositive (Choudhury et al., 2013a and
2013b). All calves were tested for the presence of anti-BLV antibodies multiple times
and were ELISA-negative by 4 months of age; however, having essentially “false
positive” results in a herd could cause increased time and expense to the farmer for
unneeded disease investigation and control measures. One study used a sheep bioassay
to investigate the effects of freezing colostrum on the infectivity of BLV-containing
lymphocytes (Kanno et al., 2014). While the results suggested that freezing colostrum
decreases the transmission risk of BLV, it is unknown if the same results would occur in
an in vivo study in calves.

1.4 Management Factors Related to Prevalence

A small number of studies have been performed looking at the association between
different management practices and the herd-level or animal-level seroprevalence for
BLV. When looking at Ontario dairy herds using data collected in 1992, farms that
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purchased cattle, weaned calves at an older age, housed calves in hutches or separate
calf buildings, or had contact between dry cows and calves or heifers had higher withinherd prevalence of BLV (Sergeant et al., 1997). A 1998 study performed in the
Canadian Maritimes showed that herds using vaccination programs had a lower BLV
seroprevalence, while herds that purchased cattle trended toward having a higher BLV
seroprevalence (Chi et al., 2002a). A more recent study examining dairy herds across
Canada showed that herds with a history of clinical BLV cases, as well as herds that
purchased cows of unknown BLV status, had higher animal-level prevalence than herds
without clinical BLV cases or those who either did not purchase cows or purchased only
BLV-negative cows (Nekouei et al., 2015a).

The most recent study investigating herd-level factors associated with BLV
seroprevalence in the United States found that a number of factors related to both heifer
and milking herd management were associated with increasing BLV prevalence
(Erskine et al., 2012b). These included practices around reuse of hypodermic needles
and administration of multiple injections, use of gouge-type dehorning equipment,
natural service breeding for heifers, and lack of fly control measures. A study
performed in Japan implicated freestall-type housing systems, dehorning practices, and
presence of horseflies with higher within-herd BLV prevalence, while the feeding of
colostrum from dams to their calves was protective against higher within-herd BLV
prevalence (Kobayashi et al., 2010).
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1.5 Clinical Presentation

While both herd-level and individual animal-level infection with BLV is common,
clinical manifestation of disease does not occur in all cattle infected with the virus.
Approximately 70% of cattle infected with BLV will display no clinical signs associated
with infection (Bartlett et al., 2014). The remaining 30% of infected cattle will display
only an elevated blood lymphocyte count that is persistent on repeat bloodwork
(persistent lymphocytosis; PL). This is due to clonal expansion of BLV-infected B
lymphocytes as well as increased cell production and decreased rates of B lymphocyte
turnover (Barez et al., 2015). Cattle with PL do not display any other overt signs of
illness or compromise.

One to five percent of BLV-infected cattle will develop lymphoid tumors that can
manifest in any part of the body (Angelos, 2019; Schwartz and Levy, 1994), commonly
referred to as enzootic bovine leucosis (EBL). The most common sites of tumor
development are the right auricle of the heart, the abomasum, the uterus, and the spinal
canal; other less common sites include the retrobulbar space, the kidneys, and the lymph
nodes. Clinical signs associated with tumor formation depend on the organ system(s)
affected. Some cows do not manifest any outward clinical signs of disease while in the
milking herd and the lymphoid tumors are only discovered at the time of slaughter and
carcass processing. The most common age group for tumor formation tends to be
between 4 and 8 years (Miller and van der Maaten, 1982). However, there is a subset of
cows that develop clinical disease at a younger age; these cows tend to have provirus
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genomically integrated near CpG islands and into long interspersed nuclear elements
more often than cows that develop clinical disease at older ages (Maezawa and
Inokuma, 2020).

In addition to lymphoid tumors associated with EBL, cows can also be affected by
sporadic lymphoma. This has three main forms of clinical presentation: juvenile
lymphoma with lymphoid tumors developing in calves (usually less than 1 year old),
thymic lymphoma with mediastinal neoplasia developing in animals between 6 months
and 2 years old, and cutaneous lymphoma where superficial, ulcerative tumors develop
in adult animals (Angelos, 2019). These forms of lymphoma can occur in any bovine
animal and are not associated with BLV infection status.

1.6 Economic Implications of BLV Infection and Control

As well as clinical disease caused by tumor formation in some BLV-infected cows,
recent studies have shown that BLV infection has subclinical effects on individual cows,
and also has economic effects at a herd level. This includes effects on cow longevity
and timing of culling, milk production at both individual animal and herd levels,
severity of clinical mastitis, reproductive performance, and serological response to
vaccination.
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A longitudinal study performed in Maryland dairy herds did not find a difference in
cow longevity based on their serological status for BLV (Rhodes et al., 2003a).
Similarly, a study performed in Maritime Canada and Saskatchewan also showed no
effect of BLV seropositivity on culling from the herd (Tiwari et al., 2005). This is in
contrast to findings reported in a study of Michigan dairy herds where BLV-seropositive
cows were 23% more likely to be culled from the herd than BLV-negative cows during
the study period, and that the higher the antibody titre, the higher the likelihood of being
culled during the study period (Bartlett et al., 2013). A more recent study performed in
Canada using longitudinal data on dairy cows from 8 Canadian provinces had findings
consistent with the Michigan study, where BLV-seropositive cows had a higher risk of
culling or death compared to BLV-negative cows during the study period (Nekouei et
al., 2016).

The literature regarding the results of BLV infection on individual cow and herdlevel milk production is mixed. A study using data collected as part of the USDA
National Animal Health Monitoring System’s 1996 survey of the US dairy industry
showed that herds containing BLV-seropositive cows produced on average 218 kg less
milk per cow than BLV-negative herds, resulting in an overall loss of $285 million to
the producers (approximately $460 million in 2019 dollars) (Ott et al., 2003). This
result was confirmed in a 2012 study of Michigan dairy herds that found for every 10%
increase in within-herd BLV prevalence, there was an overall herd decrease of 140 kg of
milk production per cow (Erskine et al., 2012a). An additional study by this same group
showed that BLV-seropositive cows specifically had lower milk production than BLV-
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negative ones, and that the effect of BLV positivity was more marked in older cows
(Norby et al., 2016). However, an older study performed in Canadian dairy herds
between 1998-2002 showed no association between BLV seropositivity and milk
production, milk fat production, or milk protein production (Tiwari et al., 2007).
Similar results were also found using a separate population of cows from dairy herds in
Ontario and western Canadian provinces when milk production was compared to milk
ELISA status (Sorge et al., 2011). However, a more recent study performed using
longitudinal data from eight Canadian provinces showed a decrease in lifetime milk
production for BLV-seropositive cows compared to BLV-negative cows; additionally,
BLV-seropositive cows culled during their second or third lactations produced
significantly less milk during these lactations than their negative herdmates (Nekouei et
al., 2016).

A recent study investigating the effects of BLV infection on clinical mastitis
suggests that BLV-seropositive cows with a high proviral load tend to have more severe
mastitis (Watanabe et al., 2019). In terms of reproductive effects of BLV infection, a
study performed in 5 Canadian provinces showed that BLV-seropositive cows had a 7%
lower conception rate than BLV-negative cows and higher odds of having a calving
interval of greater than 484 days (VanLeeuwen et al., 2010). Cows that were inoculated
with the J5 E. coli bacterin had a lower serological response after vaccination if they
were BLV-seropositive compared to the BLV-negative cows (Erskine et al., 2011),
indicating that BLV status may affect immunological responses to disease and
vaccination.

16

The costs of both clinical and subclinical BLV within a herd are not trivial. A study
modelling economic implications of both clinical and subclinical BLV infection in midAtlantic American dairy herds showed that the individual cost of clinical lymphoma
cases was approximately $400 USD in 2003 (approximately $512 in 2019 dollars), and
the mean annual cost of subclinical infection was approximately $6400 USD
(approximately $8900 in 2019 dollars) in a 100-cow dairy herd with a within-herd
prevalence of 50% (Rhodes et al., 2003b). A model investigating production losses and
treatment costs in Atlantic Canada showed that for a 50 cow dairy herd with average
milk production and a within-herd BLV prevalence of 31%, BLV infection would cost
the producer approximately $800 CAD per year (approximately $1100 CAD in 2019
dollars), mainly due to death from clinical disease (Chi et al., 2002b). A recent study
modelling four different BLV control strategies for Canadian dairy farms showed that
on-farm control of BLV transmission is financially beneficial over time when the main
financial losses are due to decreased milk production, cow longevity, and carcass
condemnation due to neoplastic tumors (Kuczewski et al., 2019). A study performed in
the Midwest region of the USA showed that for herds with low within-herd prevalences
of BLV, test and cull methods based on ELISA antibody testing can be successful
(Ruggiero and Bartlett, 2019). However, this is unlikely to be practical and costeffective in herds with moderate to high BLV within-herd prevalence.

A more economically feasible disease control strategy would employ a vaccine to
prevent new BLV infections and avoid economic losses due to premature culling,
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decreased milk production, and immune system effects. However, there is currently no
commercially-available vaccine. An experimental vaccine has recently shown promise
in preventing BLV infection (Abdala et al., 2019), but is unlikely to be licenced for
commercial use within the near future. Until an effective vaccine has been developed
and is commercially available, disease control methods will have to continue to rely on
prevention of transmission between cows and costly test and cull methods.

1.7 Diagnostic Testing

Diagnosis of animals infected with BLV depends on molecular and serological
methods. Historically, agar gel immunodiffusion (AGID) assays were developed to
identify anti-BLV antibodies in the serum of infected cattle, and are still accepted as a
validated test method to identify BLV-seropositive cows by the World Organisation for
Animal Health (OIE, 2019). However, the AGID assays available for BLV are specific
but not as sensitive as current ELISA methods (EFSA AHAW Panel, 2015), and have
largely been replaced with ELISA testing.

The most common type of serological test currently performed is the ELISA. This is
also accepted by the OIE as a validated test type (OIE, 2019). The ELISA assays
validated by the OIE have higher sensitivity and specificity than the AGID assays, and
are validated for use on both blood and milk samples (OIE, 2019). Another separate
ELISA test initially labelled solely for blood testing has also been shown to be effective
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in identifying BLV-seropositive animals when testing individual animal milk samples,
with 100% identification of positive and negative cows by the milk samples when
compared to the serum samples (Evermann et al., 2019). There is also the potential with
ELISA testing to test pooled samples – usually pooled milk or bulk tank milk – in order
to determine if a group of animals is BLV-seropositive. This can be more cost-effective
than starting with individual testing of all animals. However, different test cut-off
values must be used for different types of samples, including individual milk samples
that are collected using a milk meter (Nekouei et al., 2015b). BLV-seropositive cows
with high lymphocyte counts also tend to have higher ELISA titers (Nagy et al., 2002).

Testing can also be used to identify viral nucleic acid within infected cattle. This is
usually done by polymerase chain reaction (PCR), although virus isolation is an
alternative method approved by the OIE (OIE, 2019). Methods exist to detect either
viral RNA from free virus particles as well as proviral DNA that has integrated into the
host genome. As performing PCR is more time-intensive than serological testing – due
to the nucleic acid extraction and amplification steps – and is generally more expensive
than ELISA testing, it is not as commonly performed. PCR is useful in young calves
that may still have maternal antibody interference from colostrum ingestion, as well as
in cases where the early stages of infection are suspected prior to development of the
host humoral response (OIE, 2019). The OIE (2019) also suggests using PCR to
differentiate between tumor formation due to BLV infection or sporadic lymphoma. It
may also be useful to definitively diagnose cattle as either infected with BLV or
uninfected (Rola-Luszczak et al., 2013); however, as BLV induces persistent infection
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in cattle, a positive serological result will confirm BLV infection in any bovine 6
months of age and older. Cows may have a reduced antibody titre in the periparturient
period, which could make PCR testing preferable in the month following calving
(Burridge et al., 1982).

A recent study has also investigated the use of serum thymidine kinase and serum
lactate dehydrogenase levels to identify the presence of lymphoid tumors in cows prior
to slaughter (Konishi et al., 2019). Ali et al. (2019) also found that the serum levels of
enzymes alanine transaminase, aspartate transaminase, alkaline phosphatase, and
superoxide dismutase, as well as serum creatinine levels were elevated in BLVseropositive cows. However, for both of these studies, elevation of these parameters is
not specific to BLV infection and so the overall significance of these findings in a
disease control situation is unclear.

1.8 Proviral Load

Historically, most of the research related to BLV infectivity has focused on
individual cow serological results and their potential relationship to the infectivity of
individual cows. Recently, proviral load (PVL) has become a subject of investigation in
terms of creating and designing infection control strategies. As BLV is a retrovirus and
integrates into the host cell’s genome, and the cow’s serological response works to
remove circulating BLV virus particles from the bloodstream, the major route of
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infection is transmission of infected lymphocytes containing provirus rather than the
transmission of complete viral particles (Gutierrez et al., 2014b). The ability to identify
proviral DNA is therefore helpful in both determining a cow’s BLV status as well as in
identifying BLV-infected cows with weak or inconclusive serological results.

Individual cows can have different numbers of provirus copies integrated into
their lymphocytes, and so can have differing levels of proviral load. Cows with a higher
PVL are also potentially more likely to develop clinical lymphoma and have lymphoid
tumors (Kobayashi et al., 2019). A study examining cows sent to slaughter in Japan also
demonstrated that lymph nodes of cows with tumor formation had high PVL (Somura et
al., 2014). As cows with a low PVL are a much lower infection risk to naïve cattle than
those with a high PVL (Juliarena et al., 2016), the ability to identify high PVL cows is a
topic of recent interest. In a study performed on a small number of Midwest dairy
farms, within-herd BLV prevalence was successfully decreased by identifying and
removing the cows with the highest PVL (Ruggiero et al., 2019b). A continuation of
this study also showed that in herds where cows with high PVL have been identified but
not removed, BLV within-herd prevalence did not significantly decrease over time
despite having other infection control methods in place (Bartlett et al., 2019).

A number of studies have demonstrated that a cow’s MHC alleles have an
impact on the development of a high PVL in BLV-infected cows. Cows carrying the
BoLA class II DRA/DRB3*0902 allele are less likely to develop a high PVL (Forletti et
al., 2013; Hayashi et al., 2017). Conversely, cows carrying the BoLA DRB3*1501
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allele are more susceptible to developing a high PVL. This finding was recently
confirmed through experimental infection of calves with various BoLA haplotype
profiles (Forletti et al., 2020). Other risk factors that were identified with the
development of high PVL in Japanese dairy cattle included increasing age (and therefore
increasing parity) as well as cows that were managed in either freestall-type barns or
were managed in natural service breeding groups (Ohno et al., 2015).

A study investigating dairy cows in Argentina demonstrated that cows with high
lymphocyte counts had high PVL, and also tended to have high serological responses to
both surface glycoprotein gp51 and nucleocapsid protein p24 (Juliarena et al., 2007).
There were, however, a subset of cows without high lymphocyte counts that also had
high PVL and serological responses (Juliarena et al., 2007). A follow-up study from the
same group confirmed this finding in a different population of dairy cattle in Argentina
where they specifically investigated the relationship between PVL and anti-p24
antibodies (Gutierrez et al., 2012). However, since the serological assay this group used
is not commercially available, their results have not been replicated in other cattle
populations.

Currently, no commercially-available testing is available for determining BLV
PVL although a number of different PCR methods have been developed for research
purposes that appear to have improved upon previous PCR methods in terms of
sensitivity to detect low levels of proviral DNA (Jimba et al., 2012; Panei et al., 2013;
Takeshima et al., 2015). One study demonstrated that an in-house assay using SYBR
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Green detection dye rather than standard fluorogenic probes can decrease the cost of
performing PCR for proviral DNA while retaining very high diagnostic sensitivity and
specificity with a minimal decrease in analytic sensitivity (Petersen et al., 2018), but to
date this technology has not been developed for commercial applications. Another costeffective PCR method described uses a direct blood-based PCR rather than performing
DNA purification first to reduce overall costs (Takeshima et al., 2016); however, for
cows with low proviral load the sensitivity of this test is greatly reduced compared to the
method described by Takeshima et al (2015).

Due to the lack of commercially-available PCR techniques for determining BLV
PVL, interest in finding a way to estimate PVL using other available testing methods is
high. PCR assays are also more expensive than serological methods such as ELISA or
determining cell counts through complete blood counts. In a study involving dairy cattle
in Argentina, approximately 90% of BLV-seropositive cows with a high lymphocyte
count had a high PVL (Alvarez et al., 2013). However, this study also showed that
approximately 40% of BLV-seropositive cows with a normal lymphocyte count also had
a high PVL. A study of Japanese dairy cattle showed a positive relationship between
increasing PVL and high white blood cell counts and lymphocyte counts (Nishiike et al.,
2016). A separate study of Japanese cattle confirmed the relationship between
increasing PVL and high lymphocyte counts as well as showing an association between
increasing PVL and increasing age (Nakada et al., 2018). A hematological key has also
recently been developed for predicting PVL in Japanese Black beef cattle which has
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improved the detection of BLV-infected cattle in this population by 20%; it has not been
validated in other breeds of cattle to date (Mekata et al., 2018).

As well as investigating various blood parameters and their relationship with
PVL, milk parameters are also of interest as milk is a convenient sample to collect from
lactating dairy cows. A study from Argentina showed that BLV provirus was present in
milk samples, albeit at a lower level than in blood, and that antibody levels in milk
samples were positively correlated with blood PVL (Jaworski et al., 2016). BLV
provirus has also been identified in nasal secretions and saliva of both beef and dairy
cows in Japan, also at a much lower level than in the blood (Yuan et al., 2015).

1.9 Aims of this Study

The overall objectives of this study were to obtain current baseline information
regarding the current status of bovine leukemia virus infection in dairy herds in Atlantic
Canada to help guide future disease control strategies, and to investigate management
factors related to within-herd prevalence in both youngstock as well as adult cows. This
involved collecting herd-level data on all dairy herds shipping milk in the region from
2016-2018 to determine their BLV status and estimated within-herd prevalence.
Different subsets of dairy herds from all 4 Atlantic Canadian provinces participated in
three further projects. Management factors associated with the level of within-herd
BLV prevalence in adult milking cows were investigated, and this is presented in
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conjunction with the regional surveillance data in Chapter 2. The impact of sampling
interval on the variability between bulk tank milk samples from the same herd was
investigated and is presented in Chapter 3. Management factors associated with the
timing of new BLV infections in calves and heifers were looked at in a subset of
Atlantic Canadian dairy herds; this data is presented in Chapter 4. The final chapter
(Chapter 5) investigated the ability to predict PVL in BLV-seropositive dairy cows by
using other commonly available and cost-effective tests.
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2. DEVELOPMENT AND IMPLEMENTATION OF A RISK ASSESSMENT
AND MANAGEMENT PROGRAM FOR ENZOOTIC BOVINE LEUKOSIS IN
ATLANTIC CANADA1

2.1 Abstract

Over the past 30 years the prevalence of bovine leukemia virus (BLV) infection
has increased in North America, including Atlantic Canada, at both the herd and
individual cow levels. This has occurred despite increased awareness of the disease and
its deleterious effects and despite the implementation of management practices aimed at
reducing disease transmission. Our objectives were to identify risk factors associated
with the within-herd prevalence of BLV-infected cows using a risk assessment and
management program workbook as well as to determine the current level of BLV
prevalence in the Atlantic Canada region. We hypothesized that previously established
risk factors, including management practices associated with calf rearing and fly control,
would affect within-herd BLV prevalence. Bulk tank milk (BTM) samples were
collected in January and April of 2016 and again during the same months in 2017 and
2018 from all dairy farms shipping milk in the region. Samples were tested with ELISA

1

E. E. John, G. Keefe, M. Cameron, H. Stryhn, J T. McClure. Development and implementation of a risk
assessment and management program for enzootic bovine leukosis in Atlantic Canada. Submitted to the
Journal of Dairy Science, August 9 2019; accepted for publication April 22, 2020. E. John designed the
risk assessment and management program (RAMP) questionnaire, analyzed and interpreted the data, and
prepared the manuscript; G. Keefe designed the study and revised the manuscript; M. Cameron revised
the RAMP questionnaire and the manuscript; H. Stryhn assisted with data analysis and revised the
manuscript; and J McClure revised the RAMP questionnaire and the manuscript.
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for levels of anti-BLV antibodies to estimate within-herd prevalence. Regional BLV
prevalence at the herd level was 88.39% of dairy herds infected in 2016 and 89.30% in
2018. All dairy farms shipping milk and who had BTM samples collected in 2017
(n=605) were eligible to participate in the risk assessment and management program
questionnaire (RAMP) which was developed and distributed to all bovine veterinarians
in Atlantic Canada. One hundred six RAMPs were returned with representation from all
4 provinces. RAMP results were combined with the mean BTM ELISA results and
univariable logistic regression followed by multivariable logistic regression was
performed to investigate the association between RAMP risk factors and the estimated
within-herd BLV prevalence. Factors in the multivariable model significantly
associated with the odds of a herd being classified as >25% estimated within-herd
prevalence included history of diagnosis of clinical BLV and calves receiving colostrum
from cows with unknown BLV status. Differences in within-herd prevalence were not
associated with hypodermic needle and injection practices, rectal sleeve practices, or
using bulls for natural breeding based on these 106 dairy farms.
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2.2 Introduction

Enzootic bovine leukosis (EBL) is a disease of cattle, mainly of dairy cows, that
is caused by persistent infection with bovine leukemia virus (BLV). As the proportion
of infected cows that display overt clinical signs is low (usually <5%), EBL has
historically been considered a disease of low economic importance in the dairy industry
(Bartlett et al., 2014). However, recent research shows that BLV-infected cows are
more likely to be culled earlier (Erskine et al., 2012a), reduce the average milk
production of the herd (Erskine et al., 2012a; Norby et al., 2016), and are potentially
prone to reduced immune response to vaccination (Erskine et al., 2011). There are also
financial losses when BLV-infected cows with occult tumors are sent to slaughter,
which results in condemnation of the carcass (Government of Canada, 2018a).
Relatively recently, many European countries have eradicated BLV (EFSA AHAW
Panel, 2015; OIE, 2018) and have established import restrictions for semen and embryos
from countries that have BLV-infected cattle.

As lymphocytes are the main target of BLV infection, blood transfer from
infected to naïve animals is considered the major form of disease transmission
(Evermann et al., 1986). Iatrogenic transfer of blood from infected to naïve cows via the
use of blood-contaminated equipment such as gouge-type dehorners, or via the reuse of
hypodermic needles and rectal sleeves, is currently thought to be a major mode of BLV
transmission in modern dairy herds (Bartlett et al., 2014). The role of biting flies has
been suggested as an additional transmission route but has not been confirmed under
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natural field conditions (Kohara et al. 2018; Panei et al. 2019). Ruiz et al. (2018)
recently reviewed mechanisms of BLV infection in neonatal calves and determined that,
while infection may occur in utero, during birth, or through the ingestion of colostrum
from a BLV-infected cow, the current evidence is equivocal regarding the relative
importance of these transmission routes compared to infection in adolescent or adult
cows.

As interest in reducing the prevalence of BLV has increased in North America,
many dairy producers have implemented infection control practices aimed at minimizing
transmission from infected to naïve cows. These include discarding hypodermic needles
after a single use, disinfecting hoof trimming equipment between animals, transitioning
to the use of cautery-type dehorning equipment, and changing rectal sleeves after each
animal during reproductive activities. However, despite anecdotal reports from
producers reporting that they have implemented and are adhering to these control
measures, BLV prevalence has continued to increase at the herd level in the Atlantic
Canada region (New Brunswick, NB; Newfoundland and Labrador, NL; Nova Scotia,
NS; and Prince Edward Island, PE; Nekouei et al., 2015a; Nekouei et al., 2015b;
Richardson and MacAulay, 1992).

The primary objective of this study was to design and implement a risk
assessment and management program (RAMP) in the Atlantic Canada region, with the
secondary objective to identify management practices associated with increased withinherd BLV prevalence in the region. The hypothesis was that, in addition to previously

44

established risk factors, management practices associated with calf rearing and fly
control would also be associated with within-herd BLV prevalence. An additional
objective was to determine the current level of BLV infection in dairy herds in Atlantic
Canada.

2.3 Materials and Methods

2.3.1 Regional Surveillance
All dairy herds in Atlantic Canada shipping milk during the time period between
January 2016 and December 2018 had 2 bulk tank milk (BTM) samples collected
annually, in January and April, as part of the ongoing regional surveillance program.
These samples were collected by the governing bodies of dairy producers from the four
Atlantic Canadian provinces for regulatory purposes and were released to the Atlantic
Veterinary College (AVC) after standard components and quality analyses were
completed for each BTM sample in the local laboratories in each province. Information
collected for each sampled farm consisted of the province in which the farm was located
as well as the bulk tank barcode to be used as a unique herd identifier.

For each sample collection, 30 ml BTM samples were collected by milk truck
drivers during routine milk pick-ups from the dairy farms. Drivers followed standard
procedures used for the collection of samples for regulatory and payment purposes. The
BTM samples were kept at 4 ˚C and the samples were preserved with one BROTAB
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(Sierra Court, CA, USA) after components and quality analyses. The BTM samples
were transferred to the Maritime Quality Milk (MQM) laboratory located at the Atlantic
Veterinary College, University of Prince Edward Island for BLV antibody testing. All
samples were tested within seven days from their sampling dates using a commercial
indirect ELISA kit (SVANOVIR BLV gp51-Ab, Svanova, Uppsala, Sweden), as
described elsewhere (Nekouei et al., 2015a). The test results were reported as percent
positivity values PP = (ODcorrected sample/ODcorrected positive control) x 100, where OD is
optical density.

2.3.2 RAMP Development
A risk assessment and management program workbook was developed to be
used on-farm by producers. This was designed to be administered by each farm’s herd
veterinarian, and the format and layout was chosen to mimic the appearance of the
Atlantic Johne’s Disease Initiative (AJDI) Risk Assessment Workbook currently in use
in the region (Atlantic Johne's Disease Initiative, 2015). A copy of the RAMP has been
included in Appendix A.

The RAMP was constructed with eight sections, each focused on one category of
management practices or age group of cattle. Each section was also assigned a “risk
category” based on perceived risk of the factors associated with that section of being
involved in BLV transmission. These risk categories were determined by examination
of the available literature on BLV transmission, by adaptation of similar risk
assessments published in a number of US states (Hovingh, 2016; New York State Cattle
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Health Assurance Program, n.d.), and by expert opinion. During RAMP development,
General Biosecurity (visitor access to cows, cow contact with other herds, cow
cleanliness) and Calving and Calving Area (BLV status of dam, calf access to dam, use
and cleaning of calving pens) were considered low-risk categories; General BLV
(history of clinical BLV, purchase of untested cattle, fly control methods), Preweaned
Heifer Calves (colostrum and milk sources, location of calf housing in relation to adult
cows), Weaned Heifer Management (location of housing in relation to adult cows, use
of shared equipment), and Adult Cows (BLV status and its influence on housing,
milking order, and culling decisions) were considered medium-risk categories; and
Shared Equipment and Other Fomites (cleaning of dehorning, ear tagging, and foot
trimming equipment, use of syringes and needles, sharing of feed equipment) and
Reproduction (practices associated with pregnancy checking and ultrasound use, estrus
synchronization, use of bulls for live breeding and their BLV status) were considered
high-risk categories.

The management plan included in the RAMP was also modelled after the current
AJDI Risk Assessment Workbook (Atlantic Johne's Disease Initiative, 2015), where the
veterinarian and producer prioritized up to three separate areas where the farm could
improve in terms of minimizing BLV transmission. After developing a final draft of the
RAMP booklet, copies were sent to 4 dairy veterinarians (2 each in Nova Scotia and
Prince Edward Island) in the region for opinions on the format, layout, and content.
After incorporation of any suggestions and edits, a final copy was printed and
distributed to all bovine practitioners in the Atlantic Canada region.
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2.3.3 RAMP Implementation
Veterinarians were informed of the research project through communication on
the regional bovine practitioner email list, as well as through written communication
sent to each practice with the hard-copy RAMP booklets. Follow-up communication
during the first year of the project occurred at the regional bovine practitioners’ annual
continuing education meeting as well as via the email list. Communication with dairy
producers in the region occurred separately in each province, via their respective dairy
board newsletters.

Veterinarians completed RAMP booklets with their clients, and faxed or emailed
completed forms to the AVC. As incentives for participation, producers who
participated received annual information regarding their herd’s estimated within-herd
BLV prevalence and had access to subsidized individual adult cow milk or serological
testing for BLV. Veterinarians were encouraged to submit invoices for reimbursement
of their time for completing the RAMP, so that any increased professional time required
for RAMP completion was not paid by the producer.

Reminders were sent via the bovine practitioners’ email list at regular quarterly
intervals, and a reminder was also published in each province’s dairy board newsletter.
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2.3.4 Data Analysis
2.3.4.1 Statistical Analyses.
All statistical analyses were carried out in Stata 14.2 (StataCorp, College Station,
TX, USA).

2.3.4.2 BLV Prevalence Calculations.
The ELISA test values for each herd were converted into a binary outcome,
where a PP (percent positivity) value ≥5 was considered a positive herd-level test result
and PP <5 as a negative test, as per the manufacturer’s instructions. For each year, a
herd was considered negative if both samples collected during the same year had a PP
value <5, and positive if at least one sample from each year had a PP ≥5. The apparent
prevalence of BLV in each province and in the Atlantic region was calculated for each
year (Dohoo et al., 2009). McNemar’s test was used to test for a significant change in
the prevalence from 2016 to 2018, both for the individual provinces as well as for the
whole region.

Herds were also annually classified into four infection tiers. The two BTM
samples for each year were averaged and the mean PP was used to determine the
estimated within-herd prevalence. Table 1 details the infection tiers, which was the
primary method of communicating herd status to producers during this study.
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2.3.4.3 RAMP Analysis.
Data collected from each herd that completed a RAMP included demographic
information (farm and producer name, province of origin, regular herd veterinarian, bulk
tank barcode), type of housing for adult cows, size of milking herd, the use of frozen
colostrum, as well as answers for each of the 31 questions included in the 8 sections of
the RAMP. Other than size of milking herd and the scores for the 8 sections of the
RAMP, all variables were categorical.

Data were analyzed using univariable and multivariable logistic regression.
Infection tiers 1 and 2 were combined to form the “low-prevalence herds” category and
infection tiers 3 and 4 were combined to form the “high-prevalence herds” category.
The outcome variable was the dichotomized prevalence category (low vs. high) of the
2017 BTM samples. Initial unconditional analyses were performed for each individual
predictor, as well as of the aggregate scores for each section and of the overall total
RAMP score. Any variable where the unconditional analysis P-value was <0.30 was
retained for further consideration in developing the final multivariable model.

Due to the large number of potential predictors, forward selection was performed
while building the multivariable logistic regression model starting with the predictors
with the smallest unconditional P-values. Herd size and barn type were retained in the
final model as potential confounders.
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2.4 Results

2.4.1 Regional Surveillance
In 2016, BTM samples were received from 620 dairy herds across the region
(New Brunswick (NB), 199; Newfoundland and Labrador (NL), 27; Nova Scotia (NS),
222; Prince Edward Island (PE), 172); this number decreased to 605 herds in 2017 (NB,
195; NL, 27; NS, 217; PE, 166) and to 589 herds shipping milk in 2018 (NB, 191; NL,
25; NS, 211; PE, 162). Table 2 shows the prevalence of BLV-positive herds based on
ELISA testing of bulk tank milk as well as the change in prevalence over time. The
number of active dairy herds shipping milk declined in all four provinces as well as
across the whole region during the study period; this is consistent with overall changes
seen in the number of dairy farms across Canada during the same time period
(Government of Canada, 2018b). There was no significant change in herd-level BLV
prevalence in Atlantic Canada during the 3-year study period.

2.4.2 RAMP Implementation and Risk Factor Analysis
Of the 605 herds shipping milk that had 2 BTM samples collected in 2017, 106
completed RAMPs (17.52%). RAMPs were received from 10 BLV-negative herds
(9.43%) and 96 BLV-positive herds (90.57%), similar to the proportion of BLVnegative and positive herds based on regional surveillance. When broken down by
province, 24 RAMPs were received from NB (2 negative and 22 positive herds; 12.31%
of herds active in 2017), 3 RAMPs were received from NL (3 positive herds; 11.11% of
herds active in 2017), 50 RAMPs were received from NS (6 negative and 44 positive
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herds; 23.04% of herds active in 2017), and 29 RAMPs were received from PE (2
negative and 27 positive herds; 17.47% of herds active in 2017). Twelve herds
(11.32%) had bulk tank ELISA values that categorized them as infection tier 1, 22 herds
(20.75%) were categorized as infection tier 2, 64 herds (60.38%) were categorized as
infection tier 3, and 8 herds (7.55%) were categorized as infection tier 4. This resulted
in 34 herds in the “low-prevalence” group and 72 herds in the “high-prevalence” group.
Figure 1 shows the distribution of bulk tank ELISA values for herds participating in this
study.

Question B3 was removed from data analysis – whether or not the herd had
performed BLV testing within the past 12 months – as initial examination of the results
indicated that the question could have been misunderstood by veterinarians and
producers. After univariable logistic regression of the 42 variables, eight variables were
retained for multivariable model building, listed in Table 3. Forward stepwise inclusion
resulted in the final logistic regression model shown in Table 4.

Management practices associated with a higher odds of a herd being classified as
a high-prevalence herd included history of clinical BLV in the herd and feeding
colostrum from cows with an unknown BLV status. Table 5 summarizes the use of
different types of colostrum in herds classified as low-prevalence and high-prevalence.
There was a significant difference in the colostrum source fed in low and highprevalence herds (P-value 0.02), with 29.41% of low-prevalence herds feeding
colostrum from a commercial source, pasteurized colostrum from their farm, or
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colostrum from a known BLV-negative cow. Only 11.11% of high-prevalence herds fed
colostrum from any of these sources, with the remaining 70.59% of low-prevalence and
88.89% of high-prevalence herds feeding colostrum from a single cow of unknown BLV
status or pooled colostrum from cows of unknown BLV status.

2.5 Discussion

2.5.1 Regional Surveillance
Based on annual BTM surveillance, the proportion of BLV-positive herds is
currently very high in Atlantic Canada with an overall herd-level prevalence of 89.30%
of herds in 2018. This number is consistent with BLV herd-level prevalence in other
regions of Canada and the United States (LaDronka et al., 2018; Nekouei et al., 2015b;
Scott et al., 2006). Although this proportion has not changed appreciably since the last
regional surveillance study performed in our region (Nekouei et al., 2015a), it is
markedly higher than the proportion of BLV-positive herds in our region when the first
herd-level surveillance was performed in the 1990s (Richardson and MacAulay, 1992).
This is in spite of regional producers reporting implementation of measures to prevent
virus transmission between cows.

Over the study period of this project, there was no significant change in the
proportion of BLV-positive herds in any of the provinces or in the overall region. While
there appeared to be increased interest in BLV and reducing transmission among local
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dairy producers during the study period, the short two-year study period may have
prevented us from observing any observable changes in both overall herd BLV status as
well as within-herd BLV prevalence.

2.5.2 RAMP Analysis
Despite promotion of the BLV RAMP project with regional veterinarians and
provincial dairy boards, only 17.52% of regional herds completed and returned the
RAMP. This could be due to prioritization of other management issues and diseases
ahead of EBL by producers: the recently completed National Dairy Study in Canada
showed that in needs assessment discussions producers ranked EBL fourth in terms of
priority diseases after lameness, S. aureus mastitis, and calf diarrhea (National Dairy
Study, 2015). Another potential reason could be the time required by both producers
and veterinarians to complete the RAMP. The RAMP was intended to be completed in
less than thirty minutes, but as its design was based on the AJDI RAMP for Johne’s
disease, producers or veterinarians unfamiliar with the AJDI RAMP may have required
longer to complete the BLV RAMP. Although the small proportion of herds that
completed the RAMP may have resulted in selection bias, herds that completed the
RAMP did not have statistically different within-herd prevalences of BLV infection
compared to herds that did not complete the RAMP (data not shown).

Despite the modest number of herds completing RAMPs, there were a small
number of herd attributes and management practices that were significantly associated
with the odds of a herd being classified as a “high-prevalence” herd. It was unsurprising
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that in a herd with a history of clinical BLV, the odds of the herd being classified as
high-prevalence (>25% estimated within-herd prevalence) was 4.68 times higher than
that of herds without confirmed clinical BLV. It is likely that this is more a
consequence of a herd having a large proportion of BLV-positive cows rather than a
factor influencing their within-herd prevalence of BLV infection.

In this study, herds that fed colostrum from cows of unknown BLV status were
4.03 times as likely to be high-prevalence herds compared to those whose calves
received commercial colostrum, pasteurized colostrum, or untreated colostrum from
confirmed BLV-negative cows. As no individual calf testing was performed in this
study, it was not possible to determine if the colostrum source that calves received
directly influenced individual calves’ BLV status, or if the colostrum source acted more
as a general indicator of management practices for calves that could predispose them to
BLV infection. However, as a number of other calf management practices were not
associated with herd prevalence (e.g. dehorner and ear tagger use, needle and syringe
practices) it is possible that colostrum source plays an important role in BLV
transmission despite conflicting conclusions from previous studies (Gutiérrez et al.,
2015; Kanno et al., 2014; Konishi et al., 2018).

Despite the association noted between feeding colostrum from cows of unknown
BLV status and a higher within-herd prevalence, the majority of low-prevalence herds
also fed colostrum from either a single cow or pool of cows of unknown BLV status.
This may be due to these herds having prior knowledge of their BLV status and
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considering the risk of transmission via colostrum to be marginal or nonexistent. The
feeding of commercial, pasteurized, or BLV-negative colostrum in a small number of
high-prevalence herds may also be due to prior knowledge in these herds of their BLV
status and implementation of control measures to minimize BLV transmission;
alternatively, the producers may have other motivations related to calf management for
their decision to use these types of colostrum that are unrelated to BLV herd status.
Further research into the motivations of producers in Atlantic Canada in regard to calf
feeding practices would help to clarify the producers’ justifications for their colostrum
source, especially concerning the use of colostrum from BLV-positive cows.

Barn type, although initially retained to control for different types of housing,
also displayed a relatively low P-value with tie-stall barns having higher odds of being
classified as high-prevalence herds. A previous study reported earlier seroconversion of
BLV-negative cows when housed adjacent to BLV-positive cows in tie-stall barns
(Kobayashi et al., 2015). Tie-stall barns in Atlantic Canada have a higher proportion of
older cows (3+ lactations; 45% of lactating cows) than free-stall barns (38% of lactating
cows) (John, unpublished data); as the prevalence of BLV infection tends to increase
with cow age (Erskine et al., 2012b), this would support a larger proportion of BLVpositive cows being present in tie-stall barns compared to free-stall barns.

The results of this study did not fully support the hypothesis that calf rearing and
fly control practices would be associated with the within-herd BLV prevalence, with the
exception of the type of colostrum fed to calves. There are a number of possible reasons
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why the data did not support the hypothesis. One of the most likely is that the number
of farms that participated in the survey was low and the study did not have sufficient
power to determine the impact of these factors on the adult herd prevalence. It is also
possible that, in Atlantic Canada, calf rearing practices do not have a direct association
with the prevalence of BLV within the adult milking herd. In terms of fly control, it is
possible that biting flies are not a significant source of infection compared to other
transmission routes and thus the presence or absence of fly control is not an important
factor in relation to BLV prevalence.

A number of limitations were present in this study. Our response rate to the
RAMP was low compared to the total number of dairy herds in the region, and so we
likely were unable to achieve adequate power to see the effects of some management
practices on BLV within-herd prevalence. A power calculation was not performed prior
to beginning this study but it is very possible that we would have obtained different
results with a higher response rate. Also, as participation was voluntary it is possible
that selection bias affected our results and we received responses from producers who
perceive BLV as more important than the average producer in our region. However,
90.57% of the RAMPs received were from BLV-positive herds and 9.43% from BLVnegative herds, which is a similar proportion to the overall number of BLV-positive and
negative herds in our region.

A second limitation was that the BLV infection tier of a herd was determined by
testing of bulk tank milk samples rather than individual testing of the youngstock and
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adult cows on a farm. This introduced imprecision into the estimate of within-herd
prevalence for each herd, and so some herds may have been misclassified in terms of
infection tier. The ranges of within-herd prevalence were also wide, especially for the
higher infection tiers. This also meant that we received no direct information regarding
the BLV status of any non-lactating animals. Thus, we were not able to determine any
associations between herd management factors investigated in the RAMP and any
estimates of BLV prevalence in calves, heifers, dry cows, or bulls.

Due to the fact that we performed the RAMP at a single time point for each dairy
herd, after producers were given their initial BTM results, we were unable to determine
if the management factors the producers reported were directly associated with the
current BLV within-herd prevalence or if the producers had recently altered some
management practices in response to information about their BLV infection tier.

Based on the results from this study, a revised version of the RAMP is being
developed in order to reduce the amount of time needed for producers and veterinarians
to complete it. Future directions also include direct investigation of BLV prevalence in
different populations of cattle on each farm (calves, young heifers, and breeding-age
heifers) to determine if there are any age-specific management factors associated with
the timing of new BLV infections in dairy herds in our region.
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Table 2.1. Infection tiers used to classify dairy herds based on estimated within-herd
BLV prevalence. Mean percent positivity (PP)1 of Jan. and Apr. 2017 BTM samples
was used for each herd shipping milk in 2017 to determine the overall range of
estimated within-herd prevalence during that calendar year (Nekouei et al., 2015).
Infection tier PP used to classify herds Range of estimated within-herd prevalence
1
<15
<5%
2
15 to <50
5-25%
3
50 to <80
15-60%
4
≥80
>50%
1
Percent positivity was calculated as PP = (ODcorrected sample/ODcorrected positive control)
x 100, where OD is the optical density result from the ELISA

63

Table 2.2. Estimated herd-level BLV prevalence and prevalence change from 2016 to
2018 determined via BTM sample testing, for each province as well as the whole region.
Prevalence (%; [95% CI])
Province
NB
NL
NS
PE
Total

2016
85.93 [80.31, 90.44]
96.30 [81.03, 99.91]
86.49 [81.27, 90.69]
92.44 [87.42, 95.91]
88.39 [85.60, 90.80]

2017
87.18 [81.66, 91.53]
92.59 [75.71, 99.09]
86.98 [81.73, 91.17]
92.17 [86.98, 95.76]
88.72 [85.92, 91.14]

2018
87.96 [82.48, 92.21]
92.00 [73.97, 99.02]
88.15 [83.01, 92.18]
91.97 [86.67, 95.66]
89.30 [86.52, 91.68]
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Prevalence
Change (%)
2016-18
2.03
-4.30
1.66
-0.47
0.91

P-value
2016-18
0.22
1.00
0.63
1.00
0.45

Table 2.3. Variables retained for logistic regression model building after univariable
analysis. Outcome variable: classification of herd as low or high-prevalence herd1.
Variable
Odds ratio
95% CI
Pvalue
History of clinical BLV
No (N=42)
Reference
Yes (N=64)
3.92
1.66, 9.26
<0.01
Cattle purchased
No (N=48)
Reference
Yes (N=58)
1.58
0.69, 3.58
0.28
Visitors can access
No (N=37)
Reference
Yes (N=69)
1.03
0.99, 1.07
0.17
2
Colostrum source
BLV-negative (N=18) Reference
BLV-unknown
3.33
1.18, 9.44
0.02
(N=88)
Fly control
Consistent
Reference
environmental and
topical (N=29)
Consistent
0.38
0.13, 1.16
0.09
environmental or
topical (N=37)
Occasional
0.69
0.20, 2.30
0.54
environmental or
topical (N=29)
None (N=11)
0.31
0.07, 1.39
0.13
3
“General BLV” score
1.01
1.00, 1.02
0.11
“Shared Equipment”
1.00
0.99, 1.00
0.30
3
score
“Preweaned Heifers”
1.01
1.00, 1.02
0.19
3
score
1
Low-prevalence herd: classified as infection tier 1 or 2. High-prevalence herd:
classified as infection tier 3 or 4.
2
BLV-negative colostrum source: pasteurized colostrum, colostrum from a cow
confirmed BLV-negative, or commercial colostrum replacer.
3
Individual questions contained in these categories are outlined in the RAMP
Development, Materials and Methods section
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Table 2.4. Variables retained in the final logistic regression model investigating risk
factors associated with the odds of a herd being classified as having a high prevalence of
BLV (classified as infection tier 3 or 4).
Variable
Odds ratio 95% CI
P-value
Herd size
1.00
0.99, 1.00 0.37
Barn type
Free stall (N=71)
Reference
Tie stall (N=35)
2.87
0.94, 8.79 0.07
History of clinical BLV No (N=42)
Reference
Yes (N=64)
4.68
1.83, 11.94 <0.01*
Colostrum source
BLV-negative (N=18) Reference
BLV-unknown (N=88) 4.03
1.27, 12.79 0.02*
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Table 2.5. Colostrum source fed to calves in farms classified as low-prevalence or highprevalence based on estimated within-herd prevalence of the adult lactating herd.
Herd status1
Pasteurized, commercial or Unknown BLV status
Total
BLV-negative colostrum
or pooled colostrum
Low-prevalence
10
24
34
High-prevalence
8
64
72
Total
18
88
106
1
Low-prevalence: herd classified as infection tier 1 or 2. High-prevalence: herd
classified as infection tier 3 or 4.
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Figure 2.1. Distribution of bulk tank milk ELISA PP (percent positivity) results for the
106 dairy farms participating in the study. Vertical lines have been added at PP values
of 15, 50, and 80 to indicate cut-off values for infection tier 1 (PP of <15), infection tier
2 (PP of 15 to <50), infection tier 3 (PP of 50 to <80), and infection tier 4 (PP of ≥80).
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3. INVESTIGATION OF WITHIN- AND BETWEEN-HERD VARIABILITY OF
BOVINE LEUKEMIA VIRUS BULK TANK MILK ANTIBODY LEVELS OVER
DIFFERENT SAMPLING INTERVALS IN THE CANADIAN MARITIMES2

3.1 Abstract

Bulk tank milk (BTM) samples are used to determine the infection status and
estimate dairy herd prevalence for bovine leukaemia virus (BLV) using an antibody
ELISA assay. BLV ELISA variability between samples from the same herd or from
different herds has not been investigated over long time periods. The main objective of
this study was to determine the within-herd and between-herd variability of a BTM BLV
ELISA assay over 1-month, 3-month, and 3-year sampling intervals.

All of the Canadian Maritime region dairy herds (n=523) that were active in
2013 and 2016 were included (83.9% and 86.9% of total herds in 2013 and 2016,
respectively). BLV antibody levels were measured in three BTM samples collected at
1-month intervals in early 2013 as well as two BTM samples collected over a 3-month
interval in early 2016. Random-effects models, with fixed effects for sample replicate
and province and random effects for herd, were used to estimate the variability between

2

Emily E. John, Omid Nekouei, J T. McClure, Marguerite Cameron, Greg Keefe, Henrik Stryhn.
Investigation of within- and between-herd variability of bovine leukemia virus bulk tank milk antibody
levels over different sampling intervals in the Canadian Maritimes. Prev Vet Med. 2018 Jun 1; 154:90-94.
E. John analyzed and interpreted the data and prepared the manuscript; O. Nekouei provided the 2013 data
and revised the manuscript; J McClure, M. Cameron, and G. Keefe revised the manuscript; and H. Stryhn
designed the statistical analysis and revised the manuscript.
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BTM samples from the same herd and between herds for 1-month, 3-month, and 3-year
sampling intervals.

The majority of variability of BTM BLV ELISA results was seen between herds
(1-month, 6.792 ± 0.533; 3-month, 7.806 ± 0.652; 3-year, 6.222 ± 0.528).
Unexplained variance between samples from the same herd, on square-root scale, was
greatest for the 3-year (0.976 ± 0.104), followed by the 1-month (0.611 ± 0.035) then
the 3-month (0.557 ± 0.071) intervals.

Variability of BTM antibody levels within the same herd was present but was
much smaller than the variability between herds, and was greatest for the 3-year
sampling interval. The 3-month sampling interval resulted in the least variability and is
appropriate to use for estimating the baseline level of within-herd prevalence for BLV
control programs. Knowledge of the baseline variability and within-herd prevalence can
help to determine effectiveness of control programs when BTM sampling is repeated at
longer intervals.

70

3.2 Introduction

Enzootic bovine leucosis (EBL) is a disease of adult cattle, mainly dairy cattle,
that is caused by infection with bovine leukaemia virus (BLV) and results in persistent
infection of lymphocytes (Bartlett et al., 2014). In the majority of infected cattle there
are no obvious signs of infection, although approximately 30% of infected cattle will
develop persistent lymphocytosis, and up to 5% will develop lymphocyte tumours in a
variety of organ systems (Schwartz and Levy, 1994). As the number of clinically
affected cows is low, EBL has historically been considered a disease of low importance
in the dairy industry. However, BLV-infected cows are more likely to be culled earlier,
are more susceptible to opportunistic infections and show decreased response to
vaccination against coliform mastitis than uninfected cows, and as the prevalence of
BLV-positive cows in a herd increases the average milk production on a herd level
decreases (Erskine et al., 2011a; Erskine et al., 2011b; Erskine et al., 2012, Nekouei et
al., 2016). A potential association between the presence of BLV DNA in human
mammary tissue and the presence of breast cancer has recently been suggested
(Buehring et al., 2015).

Because of the increased focus on EBL, it is of interest to determine the
prevalence of BLV-positive cows in dairy herds in Atlantic Canada in order to help
advise farmers on control strategies. It is also important to track the prevalence over
time, especially after farmers have implemented control strategies, to see if current
recommended control measures are effective at reducing the prevalence of BLV
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infection both within individual herds and within the different regions of Atlantic
Canada. The most efficient and cost-effective method of testing an entire herd for the
presence of BLV infection is to test a sample of bulk tank milk (BTM) using an enzymelinked immunosorbent assay (ELISA) for antibodies to BLV (Reber et al., 2012). A
disadvantage to this method is that, if only one sample is taken from each farm, it is
highly unlikely that every dairy cow of lactating age will be contributing to the bulk
tank at that single time point. The alternative is to take repeated samples from the same
farm over a period of time that would ensure that, when all of the samples are combined,
every lactating cow is represented at least once. In a recent study, Nekouei et al. (2015)
suggested that repeated BTM testing could be used to give farmers a good estimate of
their herd’s BLV infection prevalence and help to advise on what control measures can
be taken.

The structure of the Canadian dairy industry is supply-managed, meaning that a
constant quantity of milk must be produced year-round. As well, dairy cows typically
have a lactation length of approximately 305 days, with a dry period of approximately
60 days prior to the next lactation. This results in an ever-changing makeup of the
lactating herd throughout the calendar year, and also results in a different complement of
cows contributing to each BTM sample. This makes it highly likely that there is some
variation in BLV antibody levels, and therefore ELISA results, between BTM samples
taken from each farm. Also, as the annual cow cull rate on a Canadian dairy farm has
ranged from 34.1-41.7% in recent years, it is unlikely that BTM samples from a specific
farm will be drawn from the same larger cow population if the sampling interval is
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greater than one year (Canadian Dairy Information Centre, 2017). This may introduce a
greater degree of variation between samples as compared to a shorter sampling interval.

As a continuation of prior research performed in the Canadian Maritimes
(Nekouei et al., 2015), the primary objective of this study was to explore the variation in
BTM BLV antibody levels, both within the same herd and between herds, using three
different sampling intervals in dairy herds in the Canadian Maritimes. The secondary
objective was to evaluate changes in the prevalence of BLV infection at the herd level
within the Canadian Maritimes over the study period. The main hypothesis was that the
variability between BTM antibody levels for samples from the same herd would be
greater with a long sampling interval (3 years) than with a short or medium sampling
interval (1 or 3 months, respectively). The secondary hypothesis was that the variability
between samples from the same herd would be less than the variability between samples
from different herds, for both the short and long sampling intervals, and that it would
also be less than the variability between samples from different provinces.

3.3 Materials and Methods

3.3.1 Herd selection and sample collection
All dairy farms in the Canadian Maritimes (provinces of New Brunswick, Nova
Scotia, and Prince Edward Island; NB, NS, and PE, respectively) were eligible for
inclusion in this study (target population). Only farms that met the following inclusion
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criteria were included in the study: 1) three BTM samples collected at 1-month intervals
in 2013 (during the months of February, March, and April); and 2) two BTM samples
collected three months apart in 2016 (January and April). This resulted in the same
herds being analyzed in 2013 and 2016.

Permission was granted from the governing bodies of dairy producers of the
three Maritime provinces to obtain BTM samples collected by these bodies for
regulatory purposes to be used in this study. In both 2013 and 2016, 30 ml BTM
samples were collected by milk truck drivers during routine milk pick-ups from the
dairy farms. Drivers followed standard procedures used for the collection of samples for
regulatory and payment purposes. The samples were kept at 4 ˚C until BLV laboratory
testing was performed. Information collected for each dairy farm consisted of the
province in which it was located as well as the bulk tank barcode to be used as a unique
herd identifier.

3.3.2 Laboratory testing
After standard components and quality analyses were completed for each BTM
sample in the local laboratories in each province, the samples were preserved with one
BROTAB (Sierra Court, CA, USA) and transferred to the Maritime Quality Milk
(MQM) laboratory located at the Atlantic Veterinary College, University of Prince
Edward Island, Charlottetown, PE for BLV antibody testing. All samples were tested
within seven days from their sampling dates using a commercial indirect ELISA kit
(SVANOVIR BLV gp51-Ab, Svanova, Uppsala, Sweden), as described elsewhere
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(Nekouei et al., 2015). The test results were reported as percent positivity values PP =
(ODcorrected sample/ODcorrected positive control) x 100, where OD is optical density.

3.3.3 Statistical analyses
All statistical analyses were carried out in Stata 14.2 (StataCorp, College Station,
TX, USA).
3.3.3.1 BLV prevalence calculations
The ELISA test values for each herd were converted into a binary outcome,
where a PP value ≥5 was considered a positive test result and PP <5 as a negative test,
as per the manufacturer’s instructions. For both the 2013 and 2016 sampling intervals, a
herd was considered negative if all samples collected during the same year had a PP
value <5, and positive if at least one sample from each year had a PP ≥5. The
prevalence of BLV in each province and in the Maritime region was calculated for both
2013 and 2016; the first and last samples from 2013 were used in prevalence
calculations along with both samples from 2016. Prevalence was calculated by dividing
the number of BLV-positive herds by the total number of herds in each province as well
as the overall region (Dohoo et al., 2009). McNemar’s test was used to test for a
significant change in the prevalence from 2013 to 2016, both for the individual
provinces as well as for the whole region.

3.3.3.2 Sample variability calculations
The following combinations of samples were used for the short, medium, and
long sampling intervals, respectively: all three samples from 2013 each collected one
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month apart, both samples from 2016 collected 3 months apart, and the April samples
from 2013 and 2016. For all analyses, the outcome variable was the BTM test result
reported in PP, and the predictors were sample replicate, herd ID, and province of
origin. For each sampling interval, an initial mixed-effects linear regression model was
used, with sample replicate as fixed effects and herd ID and province as random effects.
The outcome variable was square-root transformed for each sampling interval following
Box-Cox analysis, and the initial model was re-run. A hierarchical ANOVA model was
then built for each sampling interval to examine the data for outliers, including
interaction between sample replicate and province. After examining the data for
outliers, a second mixed-effects linear regression model was run with both sample
replicate and provinces as fixed effects in order to investigate differences between the
provinces as well as interaction between sample replicates and provinces. The P-values
for pairwise comparisons were corrected with the Bonferroni method for multiple
comparisons. A final mixed-effects linear regression model was run with robust
standard errors due to the heteroscedasticity seen in the random effects residuals for
herds. A cross-classified random effects model was also run for all three sampling
intervals due to the significant interaction present between sample replicate and
province of origin.

3.3.3.3 Data simulation
Due to the marked bimodality in the herd random effects, data simulation was
performed for each sampling interval to determine whether any substantial bias was
present. Methods and results for the simulations are presented in Appendix B.
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3.4 Results
After removing any herds that did not fulfill complete sampling conditions, BTM
samples were collected from 523 dairy farms in the Canadian Maritime region,
representing greater than 80% of herds in the region (NB = 188 herds, NS = 208 herds,
PE = 127 herds). Due to incomplete sampling, 1) 14 herds from New Brunswick were
excluded in 2013 and 2016; 2) 29 herds in 2013 and 20 herds in 2016 in Nova Scotia
were excluded; and 3) 57 herds in 2013 and 45 herds in 2016 in Prince Edward Island
were excluded. Results from 83.9% of herds in 2013 and 86.9% of herds in 2016 were
used for prevalence and sample variability calculations.

3.4.1 BLV prevalence
Prevalence of BLV-infected dairy herds in the Canadian Maritimes for both
2013 and 2016 is presented in Table 1. NB and NS, as well as the whole region, showed
a decrease in BLV-infected herds from 2013 to 2016, while PE showed an increase in
infected herds during this time period. The decreases seen in NS and the whole region
were statistically significant. The decrease in BLV-infected herds in NB and the
increase in BLV-infected herds in PE were not significant.

3.4.2 Sample variability
Both before and after square-root transformation of the outcome variable, the
data showed a bimodal distribution, with mild improvement of the residuals seen after
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square-root transformation. While data for the long sampling interval showed no
deviation from normality after the initial mixed-effects linear regression model was run,
the outcome was square root-transformed so as to be able to compare the results more
easily to the other sampling intervals. The data were used to fit the previously
mentioned hierarchical ANOVA model to generate deletion residuals; outliers were
identified for each sampling interval. In all cases, no outliers were removed as all
instances of outliers were within biologically plausible ranges for variations in antibody
levels within their respective sampling intervals. For all sampling intervals, random
effects residuals at the herd level showed a bimodal distribution and deviation from
normality.

The coefficients and standard errors for BTM antibody levels for all three
provinces and all sampling intervals were calculated from the final mixed-effects linear
regression model (Table 2). Robust standard errors were used in this model due to the
marked bimodality of the herd random effects for all sampling intervals.

For all three sampling intervals, the great majority of the unexplained variation
between samples occurred between different herds (82.7 - 91.0%; Table 3), with the
smallest amount occurring between provinces (0.0 – 0.05%) and a slightly larger amount
occurring between the samples from the same herd (9.0 – 15.5%). In terms of samples
from within the same herd, the largest amount of variance occurred when samples were
collected over a 3-year interval (15.5%), followed by at 1-month intervals (11.3%), then
over a 3-month interval (9.0%).
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3.5 Discussion
The results of this study show that there has been a small but statistically
significant decrease in the number of BLV-infected herds in the Canadian Maritimes,
with the exception of PE, where there has been a minor increase in the number of
positive herds. The number of BLV-infected herds is currently high in all three
provinces investigated; these results are consistent with recent prevalence studies
performed in the USA and Canada (VanLeeuwen et al., 2005; VanLeeuwen et al., 2006;
Scott et al., 2006; USDA, 2007; Nekouei et al., 2015). While there has been no formal
surveillance and control programme developed as of yet for EBL in Atlantic Canada, it
is possible that dairy producers are now more aware of the disease and its potential
effects on milk production due to the recent increased research interest in this region and
other sources of information, and they have begun to remove BLV-positive cows from
their herds.

For the samples collected at 1-month intervals, the greatest amount of variability
(83.9%) in the random-effects model was due to variability between herds, with a much
smaller (0.05%) amount due to variability between provinces. A modest amount of
variability (11.3%) was also seen between samples from the same herd. This is
consistent with the stated hypothesis, especially as previous research has shown that
there is marked variability between herds in terms of the number of infected cows
(Nekouei et al., 2015). As more infected cows per herd results in a higher antibody

79

level in the BTM sample, it is expected that there will be a large difference in BTM
samples from a herd with few infected cows compared to a herd with almost all infected
cows. It is also expected that different producers have different levels of knowledge
regarding BLV infection, different biosecurity and infection control practices, and
different levels of motivation to monitor and/or control BLV infection in their herds.
All of these factors could result in very different levels of within-herd BLV prevalence
in different herds.

The variation seen between provinces was also expected. Many risk factors
associated with BLV prevalence, including factors associated with management
practices, veterinarians, and AI technicians, are clustered within geographical regions
such as provinces. Another potential route of BLV transmission is via biting flies
(Baldacchino et al., 2013). Therefore, it is plausible that herds geographically closer to
each other would have similar BLV status and possibly also similar within-herd
prevalence. Fenceline contact between herds, as well as shared animals such as
breeding bulls, could also have an effect on geographic similarities in within-herd
prevalence. Unfortunately, no management, risk factor, or geographic data other than
province was obtained for this study so it is not possible to investigate any similarity due
to geographic location within each province.

The variation between samples taken at 1-month intervals from the same herd
had a modest contribution to the model variance (11.3%). As the sampling interval was
short, it is likely that the majority of the cows contributing to the bulk tank each month
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would be the same based on Canada’s supply-managed dairy industry, and that any
seasonal predictors influencing variation would also be similar. This framework results
in little short-term variation in the cows producing milk each month, and so would also
result in the observation from this study of a low variability between monthly bulk tank
samples.

Similar results were obtained for the long sampling interval as for the short
interval in that the vast majority of the unexplained variance was due to differences
between herds. However more of the variance was due to differences between samples
from the same herd than was present for the short sampling interval. This is
unsurprising based on the herd demographics of the standard North American dairy
herd. While Canadian dairy herds tend to have lower culling rates than American herds
(Canadian Dairy Information Centre, 2017; USDA, 2014) each cow within a Canadian
dairy herd is often culled after an average of 3-4 lactations (Rushen and de Passillé,
2013). This means that a large number of cows present in each herd in the 2013 BLV
sampling may have been culled by 2016.

Interestingly, the amount of unexplained variance between samples from the
same herd was the lowest over the 3-month sampling interval compared to both the 1month and 3-year sampling intervals. A sampling interval of three months was chosen
for a related research project in order to gain the maximum information from a dairy
herd while collecting the fewest number of samples; by collecting samples three months
apart, the combination of both samples should theoretically contain 100% of the mature
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cows on a given farm, assuming that the average dry period is two months. As the
Canadian dairy industry is supply-managed, a constant supply of milk is required to be
produced year-round. This results in the cows within a herd being in different lactation
and pregnancy stages at a given time. In order to maximize milk production, most
producers aim for a 60-day dry period prior to calving; this is not always the case,
however, and some cows may spend more time dry prior to calving. In order to attempt
to sample 100% of the cows on a farm while accounting for variable dry periods, we
chose a three-month sampling interval. This allows for a more representative set of
samples compared to collecting three samples at one-month intervals, collectively
spanning two complete months. The reduced variation compared to long-interval
sampling can likely be explained by changing herd demographics over time, as
mentioned above.

The random-effects models for all sampling intervals showed marked deviation
from normality for the residuals for the herds. Due to these observations, the statistical
analyses were run with robust standard errors; large changes in the values of the
standard errors between models with normal and robust standard errors indicates
heteroscedasticity of the data and suboptimal model fit (Dohoo et al., 2009). For the 1month sampling interval, there was a moderate to marked difference in the standard
errors for the herd-level variance component, indicating suboptimal model fit,
unsurprising considering the heteroscedasticity seen in the random-effects residuals.
There was a moderate difference for the standard errors for the province-level variance,
despite adequate fit of its residuals. However, as there were only three groups (three
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provinces), it is very possible that there could have been more deviation from normality
than was evident in this analysis.

The difference between the variance standard errors was less pronounced in both
the 3-month and 3-year sampling interval data, with a modest difference seen for the
herd-level variance component for the 3-year interval and almost no difference seen for
the 3-month sampling interval. The differences for the province-level variance
components for both longer sampling intervals were very similar to that seen with the 1month interval sampling. As the number of provinces sampled remained the same over
all three sampling intervals, it is unsurprising that the same differences were seen with
the different sampling intervals. While the short-interval sampling data showed less
deviation from normality after square-root transformation, the medium and long-interval
data was more amenable to analysis on the original scale. However, all of the data was
analyzed on square-root transformed scale for consistency.

Due to the marked bimodality seen in the herd-level random effects, data
simulation was performed to determine if the deviations from model assumptions could
have caused bias in the results. As the results of the simulations for all three sampling
intervals were consistent with the parameters obtained from the original data, the
random-effects models used in this study were deemed to be appropriate for the data
analysis and did not introduce any bias to the results.
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Limitations to this study included the loss of some data points due to some farms
being sampled in only one of the two sample collection years, or not being sampled at
all time points within each sample year. This could be due to the farm going out of
business and the herd being dispersed, the herd being sold to a new owner and given a
new bulk tank barcode, or recording error when the samples were collected. While this
has the potential to introduce missing data bias the relatively small number of missing
herds (16.1% in 2013 and 13.1% in 2016) would likely not have a significant impact on
the results. Having access to more detailed information may have helped to identify
herds that had been sold so that their ID numbers could be combined and increase the
sample size.

Another limitation is the lack of information regarding herd practices in the 3year interval between sampling. While beyond the scope of this study, having access to
information about farm practices used to prevent new infections and manage infected
cows would be helpful to correlate with the measured changes in antibody levels to
determine if the farm practices were having an effect on the BLV infection prevalence
on each farm.

A third limitation in this study is the lack of more predictor variables, especially
the values for the individual herd sizes. Having information on the number of cows
contributing to each bulk tank sample may help to explain some of the variability seen
between samples from the same herd. It is possible that in certain situations, i.e. lowprevalence herds, smaller herds could have higher variability as there is a higher chance
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of having all of the BLV-positive cows either contributing to the BTM or being dry (and
not contributing) at any given time point.

As the 3-month sampling interval resulted in the least amount of variability
between samples from the same herd, this is the most appropriate sampling interval for
determining baseline within-herd prevalence (of the sampling intervals examined in this
study). Rather than using a longer sampling interval with a single BTM sample
obtained each year, repeating the 3-month sampling on a yearly (or longer) basis allows
the investigator to determine the baseline prevalence and variability within each year,
and therefore to take that into account when determining the effectiveness of BLV
control programmes.

In conclusion, the prevalence of BLV-infected herds in Atlantic Canada has
shown an overall decrease since 2013. Variability in BTM samples from within the
same herd initially decreased when the sampling interval was increased from one to
three months, but then increased with a longer 3-year sampling interval. The majority of
observed variations in BTM antibody levels were due to differences between dairy
farms. More variability was present between samples from the same herd than between
samples from different provinces.
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Table 3.1. Prevalence of BLV-infected dairy herds in the Canadian Maritime provinces
in 2013 and 2016. Change over time was investigated for significance using
McNemar’s test. Data is presented with exact binomial 95% confidence intervals.
Province 2013 prevalence (%) 2016 prevalence (%) Change (%)
NB
88.3 [82.8, 92.5]
86.2 [80.4, 90.8]
-2.1
NS
91.8 [87.2, 95.2]
87.0 [81.7, 91.3]
-4.8
PE
89.8 [83.1, 89.4]
91.3 [85.0, 95.6]
1.5
Overall
90.1 [87.2, 92.5]
87.8 [84.6, 90.4]
-2.3

*Denotes significance at P <0.05
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P-value
0.344
0.002*
0.688
0.029*

Table 3.2. Coefficients, robust standard errors, and variance values for all three
sampling intervals from the final mixed-effects linear regression model including fixed
effects for province and sample replicate and a random effect for herd and using robust
standard errors. The outcome measure (BTM test result reported in PP) was square-root
transformed for analysis. For the 1-month sampling interval, samples 1-3 represent
BTM samples collected in February, March, and April 2013; for the 3-month sampling
interval, samples 1 and 2 represent BTM samples collected in January and April 2016;
for the 3-year sampling interval, samples 1 and 2 represent BTM samples collected in
April of 2013 and 2016.

Province

NB

NS

PE

Variances

Sample
1
2
3
1
2
3
1
2
3
Herd
Replicate

1-month
Coefficient
7.425
6.560
6.074
8.089
7.656
7.789
6.075
6.178
7.218
6.792
0.611

SE
0.203
0.083
0.079
0.294
0.290
0.281
0.303
0.298
0.313
0.533
0.035
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3-month
Coefficient
7.203
6.750

SE
0.229
0.087

3-year
Coefficient
6.074
6.750

SE
0.172
0.108

7.902
6.940

0.315
0.300

7.789
6.940

0.259
0.258

7.865
7.196

0.331
0.229

7.218
7.196

0.294
0.287

7.806
0.557

0.652
0.071

6.222
0.976

0.528
0.104

Table 3.3. Comparison table for variance components for differing sampling intervals. A
cross-classified random effects model was run with random effects for province, herd,
and samples within provinces (interaction).
Level
1-month 3-month 3-year
6.831
7.846
6.257
Herd
0.398
0.000
0.132
Province
0.615
0.560
0.983
Sample within province
0.302
0.214
0.193
Sample within herd (residual)
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4. TEMPORAL PATTERNS OF BOVINE LEUKEMIA VIRUS INFECTION IN
DAIRY HERDS IN ATLANTIC CANADA

4.1 Abstract

Despite increased awareness of bovine leukemia virus (BLV) infection and its
adverse effects at the herd and cow level, herd-level prevalence of BLV infection
continues to increase in the Atlantic Canada region. The primary objective of this study
was to determine the age group in which BLV-infected animals were first identified.
The secondary objective was to investigate associations between age-specific
management practices and BLV infection status of different age groups of calves and
heifers.

Inclusion criteria included participation in the ongoing regional BLV
surveillance program. For enrolled herds, six blood samples each were collected from
three age groups: pre-weaned heifer calves, weaned heifer calves too young for
breeding, and breeding-age heifers. Blood samples for pre-weaned heifers and weaned
heifers were tested for BLV DNA with qPCR, and samples from breeding-age heifers
were tested for anti-BLV antibodies with ELISA. BLV status of the adult milking herd
was determined using bulk tank milk samples collected for the ongoing regional BLV
surveillance program. A questionnaire investigating age-specific management factors
was administered to each herd. Ordinal logistic regression was performed to identify
management factors associated with the age range in which BLV was first identified.
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Fifty-six dairy herds from the four provinces in Atlantic Canada were enrolled in
the study. One herd was classified as BLV-negative based on bulk tank surveillance
results; the remaining 55 were classified as BLV-infected. Fifty-three dairy herds were
included in the final analysis due to missing questionnaire data from two herds and
exclusion of the single BLV-negative herd. The age groups where BLV was first
identified most commonly were pre-weaned heifers and the adult milking herd (18 herds
in each category, 32.1% per category). BLV was also first identified commonly in
breeding-age heifers (13 herds, 23.2%). Ordinal logistic regression revealed that BLV
was first identified in older age groups more often than in younger age groups when
herds regrouped weaned heifers at least once after weaning and before moving them to
the breeding-age heifer group; when environmental, topical, or both types of fly control
was used for breeding-age heifers; when herds practiced foot trimming on breeding-age
heifers; and when bred heifers were purchased by the farm.

There was not one common temporal infection pattern seen in the sampled herds,
but the most common infection patterns were herds that either had BLV first identified
in pre-weaned heifers or first identified in adult cows. Management factors that were
associated with the age group in which BLV was first identified involved all three age
groups of calves and heifers. Dairy farmers can use results from their herd to identify
the age group(s) where BLV is first identified to tailor management and infection
control strategies to prevent new BLV infections.
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4.2 Introduction

Enzootic bovine leucosis (EBL) is a disease of cattle caused by persistent
infection with bovine leukemia virus (BLV), a deltaretrovirus (Bartlett et al., 2014).
Although all cattle can be infected, it is primarily of concern in dairy herds in Canada
compared to beef herds. The virus does not cause overt clinical signs in the majority of
BLV-infected cattle, but approximately 30% of infected cows will develop persistent
lymphocytosis, and up to 5% of infected cows will develop lymphoid tumors in a
number of organ systems (Schwartz and Levy, 1994). This has resulted in relatively
little emphasis placed on control of EBL in North America due to its limited clinical
disease and presumed minimal economic impact. Recent investigations of the impact of
BLV have found a negative effect on cow health and susceptibility to disease, as well as
overall farm economic impact, resulting in increased interest among dairy producers to
control BLV on their farms (Erskine et al., 2011a; Erskine et al., 2011b; Erskine et al.,
2012; Nekouei et al., 2016; Norby et al., 2016).

BLV is mainly transmitted to naïve cows via blood transfer from infected cows
(Bartlett et al., 2014; Evermann et al., 1986). For adult cows, this has resulted in control
measures focused on minimizing blood transfer between cows: e.g. single use of
hypodermic needles and rectal sleeves, cleaning of communal equipment such as hoof
trimming and dehorning implements, and segregation of BLV-infected and negative
cows in particularly committed herds. However, there is also evidence that cows can
become infected with BLV as calves or young heifers, either through blood
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contamination or possibly through ingestion of colostrum or milk from BLV-infected
cows (Gutierrez et al., 2015; Hopkins and DiGiacomo, 1997; Meas et al., 2002). Rarely
BLV can be transmitted in utero or at parturition (Hopkins and DiGiacomo, 1997; Meas
et al., 2002; Metaka et al., 2015).

Despite increased awareness of BLV infection and its adverse effects, herd-level
prevalence of BLV infection is high in Atlantic Canada with approximately 90% of
dairy herds having at least one BLV-seropositive cow. Communication with local
producers has suggested that disease control measures for older heifers and adult cows
have been implemented, but specific practices for calves and young heifers have not
been prioritized (see Chapter 2 for details). The primary objective of this study was to
determine the age of onset of BLV infections in dairy herds in Atlantic Canada. The
secondary objective was to investigate associations between age-specific management
practices and BLV infection status of different age groups on dairy farms in Atlantic
Canada.

4.3 Materials and Methods

4.3.1 Sample Collection
Inclusion criteria for herd recruitment included participation in the regional BLV
surveillance program that was ongoing at the time as well as completion of a BLVspecific risk assessment and management program workbook with each herd’s regular
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veterinarian (see Chapter 2 for details). The goal was to recruit 60 herds total across all
four Atlantic Canada provinces (New Brunswick, NB; Newfoundland and Labrador,
NL; Nova Scotia, NS; Prince Edward Island, PE) approximately in proportion to the
total number of dairy herds present in each province. This would result in recruiting 20
herds in NB, 2 herds in NL, 21 herds in NS, and 17 herds in PE. Information regarding
each herd’s bulk tank status and estimated within-herd prevalence for the adult milking
herd was obtained from data collected for the ongoing regional BLV surveillance
program, for the year in which the samples were collected.

For each herd, six blood samples were collected from each of three age groups:
pre-weaned heifer calves, weaned heifers that were not old enough for breeding, and
breeding-age heifers. Animals were selected randomly from each age group. For
smaller farms where the number of animals in a certain group was less than 6, all
animals in that age group were sampled. Blood was collected by the primary author
(John) from either the jugular vein or coccygeal vein/artery into plain red-top vacutainer
tubes depending on calf or heifer size. Some herds were sampled by the regular
veterinarian who then shipped the blood samples to the Maritime Quality Milk
laboratory at the Atlantic Veterinary College, University of Prince Edward Island;
samples were shipped chilled on ice within 48 hours of collection.

4.3.2 Sample Processing
Blood samples were allowed to clot at room temperature, then were centrifuged
at 2500 g for 15 minutes. Serum was collected from each sample and used for further
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analyses. For pre-weaned calves, samples were tested for the presence of BLV genetic
material using qPCR for the BLV pol gene (Bovine leukemia virus pol gene qPCR,
PCRmax, Stone, Staffordshire, United Kingdom) following manufacturer’s instructions,
after RNA extraction (QIAmp Viral RNA Mini Kit, Qiagen In. Canada, Montreal, QC,
Canada). The test results were reported as PCR cycle threshold values (Ct), where a Ct
of >38 indicated a negative result and a Ct of >0 and ≤38 indicated a positive result; a Ct
of ≤0 indicated a failed reaction/lack of DNA template. Weaned heifer and breedingage heifer samples were tested for the presence of anti-BLV antibodies using a
commercial indirect ELISA kit (SVANOVIR BLV gp51-Ab, Svanova, Uppsala,
Sweden) following manufacturer’s instructions. The test results were reported as
percent positivity values PP = (ODcorrected sample/ODcorrected positive control) x 100,
where OD is optical density. A PP of ≥15 indicated a positive result while a PP of <15
indicated a negative result. However, after using this kit on the first set of weaned heifer
samples and receiving a higher proportion of BLV-seropositive results compared to the
pre-weaned and breeding-age heifers, weaned heifers were tested using the qPCR assay
used for the pre-weaned calves due to likely persistence of BLV from maternal
antibodies in weaned heifers younger than 6 months old that were included in this age
group. The same commercial ELISA was used on bulk tank milk samples to determine
whether the adult milking herd was BLV-infected. The PP cut-off for bulk tank milk
was <5 to classify a herd as BLV-negative and ≥5 to classify a herd as BLV-positive.
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4.3.3 Questionnaire Administration
A questionnaire containing questions about age-specific management practices
was either administered at the time of sample collection or was performed via telephone
after sample collection, depending on producer availability. The questionnaire used is
shown in Appendix C. Data was entered into EpiInfo v7.2.2.6 software (Centers for
Disease Control and Prevention, Atlanta, GA, USA) then exported to either Excel 2013
(Microsoft Corporation, Redmond, WA, USA) or Stata 16.1 (Statacorp, College Station,
TX, USA) for analysis.

4.3.4 Statistical Analysis

All analysis was performed in Stata 16.1. Each age group on a farm was
considered BLV-positive if at least one calf or heifer in the age group was PCR-positive
or ELISA-positive, depending on the test used for each age group. The adult herd was
considered BLV-positive if at least one bulk tank milk sample was BLV-positive on
ELISA testing. The number of positive calves or heifers per age group was divided by
the total number of calves or heifers sampled for each age group to determine the BLV
prevalence of the animals sampled in each age group for each farm.

The outcome variable used for statistical analysis was the age group where BLV
infection was first identified: pre-weaned calves, weaned heifers, breeding-age heifers,
or adult cows. The four values that the outcome variable could take were 1 = BLV
infection first identified in pre-weaned calves, 2 = BLV first identified in weaned
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heifers, 3 = BLV first identified in breeding-age heifers, and 4 = BLV first identified in
adult cows. As the outcome variable was ordinal categorical and had four distinct
values (corresponding with the four age groups stated above), ordinal logistic regression
was performed rather than standard logistic regression (Dohoo et al., 2009). With the
four age group categories, ordinal logistic regression uses three thresholds that
correspond to dichotomizing the ordinal outcome at different groupings of the age group
categories. These thresholds in this model correspond to the odds of BLV first being
identified in the three older age groups (weaned heifers, breeding-age heifers, and adult
cows) vs. first being identified in pre-weaned calves; BLV first being identified in
breeding-age heifers or adult cows vs. first being identified in pre-weaned calves or
weaned heifers; and BLV first being identified in adult cows vs. first being identified in
all calf and heifer age groups. The probabilities and odds generated from the model are
for the outcome (when BLV is first identified) being in a higher age group category vs.
being in a lower age group category. Both the “ologit” and the “gologit2” commands
were used in Stata to explore whether the predictors met the proportional odds
assumption for ordinal logistic regression; predictors that meet the proportional odds
assumption have the same odds ratio for all investigated thresholds, corresponding to the
predictor having the same effect on the model across all the investigated thresholds.
Variables that do not meet the proportional odds assumption have different odds ratios
at different thresholds.

The questionnaire contained a total of 75 variables relating to management
factors in the four different age groups. Univariable analysis was performed for all

99

independent variables, and those with a P-value of <0.2 were retained for further
analysis. The Wald test was used to assess overall P-values for variables with more than
2 categories and to assess whether a variable met the proportional odds assumption.
Table S3 in Appendix C contains results of all the univariable analyses; 16 variables
were excluded from analysis due to more than 90% of herds selecting the same option
from the list of possible answers. Due to the large number of potential predictors and
the small size of the data set, forward selection was used to build the final multivariable
ordinal logistic regression. For predictors that did not meet the proportional odds
assumption, model-building used the “gologit2” software package to allow for nonproportional odds for that predictor(s) while maintaining proportional odds assumptions
for the other predictors. A P-value of <0.05 was considered significant for variable
inclusion in the final model.

4.4 Results

A total of 56 herds were recruited across all four Atlantic Canada provinces;
detailed information is included in Table 4.1. The anticipated number of herds was
recruited from NL and NS, but fewer herds than anticipated were recruited from NB and
PE. Additional herds from NS were interested in participating, so these herds were
included to increase the total number of participating herds. All but one herd were BLVinfected based on bulk tank milk samples. The single BLV-negative herd was excluded
from data analysis (all four age groups were BLV-negative). Two additional herds were
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excluded from analysis due to non-response when contacted to complete the
questionnaire, leaving a total of 53 herds included in data analysis. The number of
calves and heifers sampled in each age group per farm ranged from 2 to 7; when fewer
than 6 calves or heifers were sampled per age group on a farm, the number of sampled
animals comprised the entire age group present at the time of sampling.

Table 4.2 shows the age group where BLV-positive animals were first identified.
Approximately one-third of herds either had BLV-positive animals first identified as
pre-weaned heifer calves, or had BLV-positive animals first identified as in the adult
milking herd. The third most common timing of new infections was BLV-positive
animals first identified as breeding-age heifers, followed by BLV-positive animals first
identified as weaned heifers. Not all herds where BLV-positive pre-weaned heifers
were identified also had BLV-positive weaned heifers or breeding-age heifers identified;
similarly, not all herds with BLV-positive weaned heifers also had BLV-positive
breeding-age heifers identified. All 53 herds contained BLV-positive adult cows based
on bulk tank milk ELISA results.

For the 18 herds where BLV-positive pre-weaned heifers were identified, the
median prevalence within the sampled calves was 20.0% (range 14.3% - 83.3%).
Thirteen herds had one BLV-positive pre-weaned calf, three herds had two BLVpositive pre-weaned calves, and one herd each had three and five BLV-positive calves.
For the 13 herds where BLV-positive weaned heifers were identified, the median
prevalence within the sampled heifers was 16.7% (range 14.3% - 50.0%). Ten herds
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had one BLV-positive weaned heifer, two herds had two BLV-positive weaned heifers,
and one herd had three BLV-positive weaned heifers. For the 29 herds where BLVpositive breeding-age heifers were identified, the median prevalence within the sampled
heifers was 25.0% (range 16.7% - 50.0%). Fifteen herds had one BLV-positive
breeding-age heifer, nine herds had two BLV-positive breeding-age heifers, and five
herds had three BLV-positive breeding-age heifers.

Table S3 displays the univariable analyses for all 59 variables from the
questionnaire that were analyzed, and Table 4.3 displays the variables retained for
model-building. Table 4.4 displays the variables included in the final multivariable
model. After forward selection model-building, the final model incorporated four
variables: the number of times weaned heifers were regrouped, use of fly control in
weaned heifers, the use of foot-trimming implements in breeding-age heifers; and
whether the farm purchased bred heifers.

Herds that regrouped heifers after weaning (i.e. the heifer did not stay solely
with the same other heifer(s) for the whole time period before entering the breeding-age
heifer group) had higher odds of BLV being first identified in older age groups
compared to in younger age groups. The highest odds were seen in herds where heifers
were regrouped twice before they were old enough to enter the breeding-age heifer
group (odds ratio 30.06; OR), followed by herds that regrouped heifers 3 or more times
(OR 6.05), then by herds that regrouped heifers once (OR 5.35). Herds using some type
of fly control for their breeding-age heifers were more likely to have BLV first
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identified in older age groups compared to in younger age groups, with the highest odds
of having BLV being first identified in older age groups where herds either
environmental or topical fly control methods (OR 13.06); however, the odds ratio for
herds using both environmental and topical fly control methods was only slightly lower
(OR 12.98). Herds where foot-trimming instruments were used on breeding-age heifers
had 2.70 times higher odds of BLV being first identified in adult cows compared to in
younger age groups. The final predictor that was associated with BLV being first
identified in older age groups was the farm purchasing bred heifers; this resulted in odds
of 12.75 times higher for herds to first identify BLV in older age groups compared to in
younger age groups.

4.5 Discussion

This study showed that, in dairies in Atlantic Canada, the most common age
groups in which BLV is first identified are pre-weaned heifer calves and the adult
milking herd. BLV was also commonly first identified in breeding-age heifers, with the
weaned heifers being the least likely in this study to be the age group in which BLV was
first identified. The fact that BLV was found in all age groups of calves, heifers, and
cows suggests that there is a range of management practices on dairy farms in this
region that may influence BLV transmission. However, on most farms where BLVpositive calves or heifers were identified, the apparent prevalence (i.e. the number of
BLV-positive animals divided by the number of sampled animals) was low.
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The results of this study revealed four management practices that were
statistically significantly associated with identifying BLV-positive animals in different
age groups of calves and heifers on dairy farms in Atlantic Canada: if weaned heifers
were re-grouped prior to entering the breeding-age heifer group, if fly control was used
for breeding-age heifers, if foot-trimming implements were used on breeding-age
heifers, and if the farm purchased bred heifers.

For farms where weaned heifers were re-grouped after weaning – where heifers
did not stay solely with the heifers they were grouped with after weaning, but were
either intermingled with other heifers or their original group was merged with another
small group of heifers – the odds of BLV being first identified in older age groups was
higher than in herds where weaned heifers stayed in their original group until entering
the breeding-age heifer group. This finding is contrary to what was initially expected.
Moving animals and introducing them to new groups is stressful and can have an effect
on immune function, theoretically making heifers that experience more
movement/regroupings more susceptible to infection, including BLV. Additionally,
having more animals in a pen or more frequent mixing of animals will result in more
direct contact between animals, and has the potential to allow more frequent blood
transfer from a BLV-infected heifer to a BLV-negative one. However, the results of this
study suggest that farms where heifers are moved more often have higher odds of BLV
being first identified in adult cows compared to in any of the calf and heifer age groups.
One possible explanation could be that farms that are regrouping heifers more often are

104

doing so to optimize their feed intake and average daily gain, and so in general are
implementing a larger proportion of good heifer management practices. Another
possibility is that these farms have implemented infection control practices in preweaned calves (e.g. pasteurizing/freezing colostrum, feeding milk replacer or milk from
BLV-negative cows) and so there is no risk to regrouping heifers as none – or very few
– are infected with BLV.

Fly control practices in breeding-age heifers were also significantly associated
with the age group in which BLV was first identified, with herds where environmental
or topical fly control was used had 13.06 times higher odds of BLV being first identified
in older age groups and herds using both types of fly control had 12.98 times higher
odds of BLV being first identified in older age groups compared to herds using no fly
control for breeding-age heifers. Univariable analysis also suggested that use of one or
both methods of fly control in pre-weaned calves and weaned heifers resulted in higher
odds of BLV being first identified in older age groups, with the use of both methods of
fly control having the highest odds of BLV being first identified in older age groups.
These findings suggest that the use of fly control may help to prevent spread of BLV via
biting flies in calf and heifer groups and may result in BLV first becoming prevalent in
adult cows. It is also interesting to note the link between fly control practices and the
lower odds of BLV being first identified in younger age groups, as multiple studies have
investigated the role of flies in BLV transmission in adult cows (Baldacchino et al.,
2013; Foil et al., 1989; Hasselschwert et al., 1993; Kohara et al., 2018; Ooshiro et al.,
2013; Panei et al., 2019).
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The practice of foot care in breeding-age heifers resulted in higher odds of BLV
being first identified in adult cows compared to in any of the younger age groups. This
could be explained by the fact that foot trimming implements can become contaminated
with blood, especially if foot infections such as strawberry foot rot are present. If not
properly disinfected between animals the implements could serve as fomites to transmit
BLV. It is unlikely that farms would use a separate set of implements for heifers and
adult cows, and so BLV-positive adult cows could be the infection source for naïve
breeding-age heifers. While the use of foot trimming implements in breeding-age
heifers resulted in higher odds of BLV being first identified in adult cows, it did not
result in higher odds of BLV being first identified in breeding-age heifers. This could
be due to timing of foot trimming in breeding-age heifers: a possibility is that producers
may be performing foot trimming within a few weeks or months of the heifer’s
anticipated entry into the adult herd at the time of calving, and so any infections that
occur in these heifers may not be apparent until they are in the adult milking herd.

The final management factor that was associated with the age group where BLV
was first identified was if the farm purchased bred heifers, where farms purchasing bred
heifers had 8.65 times higher odds of BLV being first identified in older age groups
compared to herds that did not purchase bred heifers. An explanation for this finding is
that these farms could be practicing good disease control measures in young age groups,
but are purchasing bred heifers from farms where BLV infection occurs in the younger
age groups and so are introducing BLV into their herd via older heifers. This would
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make it look as though good infection control practices are in place until heifers enter
the adult milking herd, when the actuality is that the BLV pressure on the farm is very
low until BLV-infected heifers are purchased from an outside source and are found to be
BLV-seropositive as adult cows.

None of the other management factors investigated for the three calf and heifer
age groups were statistically significantly associated with the age group in which BLV
was first identified. This includes management factors that have been previously
associated with BLV transmission in adult cows, for example the reuse of hypodermic
needles and syringes (Bartlett et al., 2014). A possible explanation is the small dataset
in this project prevented some important management factors from showing statistical
significance, and a larger sample size of farms may allow for the identification of further
management factors associated with the age group in which BLV is first identified.

There were a number of limitations present in this study. We did not manage to
recruit the anticipated number of herds, and three herds that were sampled were
excluded from analysis either due to being BLV-negative or due to an inability to
complete the questionnaire. This limited the number of data points available for
analysis and may have affected the overall results. In terms of the number of herds
recruited compared to the total number of dairy herds present in Atlantic Canada, less
than 10% of herds were enrolled in this study. This could have resulted in a sample size
too small to detect significant results for other management factors included in the
survey. Due to the small number of herds and the large number of questions asked on
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the questionnaire, there is also the risk of overfitting the available data points if too
many predictors remained statistically significant in the final model.

The number of individual animals sampled on each farm was also a limitation,
for a number of reasons. Regardless of the herd size, the same maximum number of
calves or heifers were sampled on each farm. In some small herds this resulted in 100%
of an age group being included in the study; in the largest herds, this resulted in 2% of
an age group being included in the study. It is possible that some of the age groups
sampled that were classified as BLV-negative may have been BLV-positive if a larger
proportion of animals had been sampled. For example, there were a number of herds
where BLV-positive pre-weaned calves were found but all of the sampled weaned
heifers and breeding-age heifers were BLV-negative. These herds were still classified
as having BLV first identified in pre-weaned calves, as presumably if a larger subset of
each age group was sampled, BLV-positive weaned heifers or breeding-age heifers
would have been identified. This could have effects on the overall validity of the model
in terms of using management factors to predict the odds of an age group being BLVpositive.

The literature is sparse in terms of prevalence studies of BLV in pre-lactating
dairy animals, but Gutierrez et al. (2011) described a prevalence of 11.5% in naturallyinfected calves <12 months old in a dairy herd with very high adult within-herd
prevalence, and Mekata et al. (2015) reported that 10.8% of calves born to BLV-infected
mothers were BLV-positive at birth. Although this estimate of prevalence in calves may
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be too high for dairy herds in Atlantic Canada, it illustrates that in herds where a very
small percentage of an age group were sampled, that age group may have been falsely
classified as BLV-negative, especially if the prevalence of BLV is low in that herd.

The calves and heifers sampled on each farm were intended to be randomly
sampled, to prevent veterinarian or producer bias and the preferential inclusion of
“BLV-suspect” animals. However, practicality on farms sometimes necessitated
convenience sampling of whichever calves or heifers were available – e.g. some farms
had breeding-age heifers at a separate location, or loose in a pasture, or pastured with a
bull. This reduced the proportion of herds where animals were sampled randomly and
could have introduced sampling bias. Also, as mentioned above the sampling fraction
was 100% in some age groups due to the small size of the herd, and so sampling fraction
was not consistent across all herds.

The different age groups of calves and heifers were also tested with different
tests for BLV. Due to the potential presence of maternal anti-BLV antibodies, the initial
plan was to test the pre-weaned calves with RT-qPCR for viral RNA and the older
calves and heifers with indirect ELISA for anti-gp51 antibodies. However, as the age
range of weaned heifers was 2-14 months, some of the younger heifers could have still
contained maternal antibodies in their serum due to colostrum ingestion. After
inconsistent results were obtained with the first two herds tested where a higher
prevalence was found in weaned heifers compared to the pre-weaned calves or breedingage heifers, all of the pre-weaned and weaned calves/heifers were tested using qPCR
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and only the breeding-age heifers were tested with ELISA. As these tests were
investigating different measures of infection – i.e. the qPCR was directly looking for
viral genetic material after reverse transcription, and the ELISA was looking for the host
response to BLV infection through antibodies – it is difficult to directly compare
prevalence in the different age groups. There is currently no evidence that BLVinfected animals can clear the infection, and so the BLV-seropositive heifers presumably
would also be BLV PCR-positive if tested with qPCR. However, seroconversion after
infection can take up to 57 days (Hutchinson et al., 2018) and so there may have been
false negative results in the breeding-age heifer group.

In conclusion, in dairy farms in Atlantic Canada, BLV was identified in all age
groups of calves and heifers sampled, with BLV being first identified most often in preweaned calves and the adult milking herd. In BLV-positive herds, management factors
involving all age groups of calves and heifers were associated with the age group in
which BLV was first identified. These results can be used by producers to identify the
age group where BLV is most likely to be first identified and tailor disease-control
methods accordingly.
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Table 4.1. Summary of herds enrolled in each province compared to the total number of
herds active in the Atlantic Canada region in 2016-17.
Province
NB
NL
NS
PE
Total

Herds
Enrolled
19
2
25
10
56

Total
% of Total
Goal for Herd % of Goal
Herds
Enrolled
Enrolment
195
9.7
20
95%
27
7.4
2
100%
217
11.5
21
119%
166
6.0
17
59%
605
9.3
60
93%
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Table 4.2. Summary of herd infection status for each of the four age groups tested,
showing the youngest age group in which BLV-positive animals were identified.
Age at first infection
Number of Herds (%)
None
1 (1.8)
Adults
18 (32.1)
Breeding-age heifers
13 (23.2)
Weaned heifers
6 (10.7)
Pre-weaned heifers
18 (32.1)
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Table 4.3. Variables retained for forward selection model building using the age group
where BLV was first identified as the outcome variable in ordinal logistic regression. For
variables that met the proportional-odds assumption, the P-value displayed is the P-value for
each age group comparison.
Variable
Treatment of milk
fed to calves
Type of calf
housing, preweaned calves
Fly control in preweaned calves

Number of times
weaned heifers
are regrouped

Fly control in
weaned heifers

Age when heifers
enter the breeding
group
Breeding-age
heifer housing
related to adults
Foot trimming
performed in
breeding-age
heifers*
Fly control in
breeding-age
heifers

Farm buys bred
heifers
Farm buys mature
cows
Any other method
of contact with
other herds

Pasteurized or
acidified
Not treated
Individual pens or
hutches
Group pens or
hutches
None
Environmental or
topical
Environmental
and topical
Not regrouped
Regrouped once
Regrouped twice
Regrouped three
times
None
Environmental or
topical
Environmental
and topical

>200m away
<200m away
Same building
No
Yes

None
Environmental or
topical
Environmental
and topical
No
Yes
No
Yes
No
Yes

OR

95% CI

P-value

3.299

0.845, 12.880

0.086

2.051

0.705, 5.965

0.187

3.327

0.935, 11.841

0.063

5.287

0.654, 42.711

0.118

2.791
9.644
2.146

0.502, 15.529
1.791, 51.931
0.384, 12.001

0.241
0.008
0.384

3.431

1.207, 9.760

0.021

5.286

0.386, 72.452

0.213

0.809

0.590, 1.110

0.190

1.420
3.181

0.372, 5.416
0.836, 12.105

0.608
0.090

2.753

0.808, 9.381

0.105

4.645

1.1493, 14.454

0.008

4.439

0.660, 29.877

0.125

3.169

0.810, 12.403

0.098

2.142

0.680, 6.749

0.193

0.315

0.080, 1.239

0.098

*For the variable that did not meet the proportional-odds assumption, the estimate and Pvalue displayed is the one for the relevant age group comparison.
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Table 4.4. Final multivariable ordinal logistic regression model investigating
management factors associated with the age group of calves and heifers in which BLVpositive animals were first identified.
Variable
Number of times weaned
heifers are regrouped

Fly control in breeding-age
heifers

Foot trimming All older
in breedingage groups
age heifers*
vs. preweaned
calves
Adult
cows +
breedingage heifers
vs.
younger
age groups
Adult
cows vs.
all calf and
heifer age
groups
Farm buys bred heifers

Not regrouped
Regrouped once
Regrouped
twice
Regrouped
three times
Overall P-value
None
Environmental
or topical
Environmental
and topical
Overall P-value
No
Yes

No
Yes

No
Yes
Overall P-value

No
Yes

OR

95% CI

5.348
30.058

0.724, 38.542 0.096
3.686,
0.001
245.136
0.785, 46.591 0.084

6.049

P-value

0.013
13.057

2.666, 63.937 0.002

12.978

1.544,
109.069

0.018
0.003

0.338

0.071, 1.607

0.173

0.180

0.037, 0.861

0.032

2.704

0.519, 14.077 0.237
0.035

12.745

1.908, 85.132 0.009

*The variable that did not meet the proportional-odds assumption has all estimates and
P-values for the three difference comparisons displayed, as well as the overall P-value.
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5. DEVELOPING A PREDICTIVE MODEL FOR BOVINE LEUKEMIA VIRUS
PROVIRAL LOAD

5.1 Abstract
Bovine leukemia virus (BLV) infection prevalence among dairy cows in Atlantic
Canada is currently high, preventing producers from eradicating BLV using
conventional test-and-cull methods. BLV-infected cows with a high proviral load (PVL)
in their peripheral blood constitute a higher infection risk to naïve cows compared to
low-PVL cows. The objective of the study was to develop a model to predict PVL using
common, commercially-available, cost-effective diagnostic tests. The secondary
objective was to investigate the relationship between lymphocyte count and PVL in
BLV-seropositive cows.

Dairy herds in the Atlantic Canada region that had previously completed
individual cow BLV testing were eligible for inclusion. Blood and milk samples, as well
as demographic information, were collected from all lactating BLV-seropositive cows
on each farm, as well as 5-10 BLV-negative cows depending on herd size. Blood and
milk samples were tested for anti-BLV antibodies with ELISA. Complete blood counts
were performed on all blood samples, and standard components analyses were obtained
for all milk samples from farms enrolled in the regional dairy herd improvement (DHI)
program. Proviral load (number of viral genome copies per white blood cell) was
determined by quantitative PCR for each cow.
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Four hundred and one cows were enrolled from 15 dairy farms (339 BLVseropositive and 62 BLV-negative cows). After square-root transforming the outcome
variable, multivariable tobit regression with herd as a random effect showed that the
inverse of lymphocyte count, the square of the inverse of lymphocyte count, and milk
ELISA percent positivity were positively associated with increasing PVL in BLVseropositive cows. Using two cut-off values for elevated vs. normal lymphocyte count,
two cut-off values for elevated vs. normal white blood cell count, and two cut-off values
for high vs. low PVL, sensitivity and specificity of lymphocyte count or white blood cell
count to predict PVL status were investigated. For BLV-seropositive cows, when using
a lymphocyte count greater than 5.2 x 109/L to predict a high PVL (greater than one
viral genome per white blood cell), the sensitivity was 92.4% and specificity was 79.8%.
For BLV-seropositive cows, when using a white blood cell count greater than 10.8 x
109/L to predict a high PVL (greater than one viral genome per white blood cell), the
sensitivity was 85.5% and specificity was 83.6%.

Based on the results of this study, producers can implement commonly available
diagnostic tests to identify cows with a high probability of having a high PVL. This
may help in designing effective disease control strategies for BLV-seropositive herds.
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5.2 Introduction

Enzootic bovine leucosis (EBL) is a disease of cattle, primarily dairy cows, that
is caused by persistent infection with bovine leukemia virus (BLV) (Bartlett et al.,
2014). The BLV deltaretrovirus integrates into the host genome, and in many cases
causes no outward signs of infection or clinical disease (Gillet et al., 2013). In
approximately 30% of infected cows, persistent lymphocytosis develops, where there is
an elevated number of B-lymphocytes in circulation but no associated overt clinical
disease. In up to 5% of infected cows, there is eventual development of lymphoid
tumors in a number of organs, most notably the heart, abomasum, uterus, retrobulbar
space, and spinal canal, which eventually result in death (Kabeya et al., 2001).

As the number of cows with clinical disease is low, EBL has historically been
considered a disease of low economic importance in the dairy industry. However,
recent research shows that BLV-infected cows are more likely to be culled earlier and
have reduced lifetime production as compared to BLV-naïve cows (Erskine et al., 2012).
Also, as the number of BLV-infected cows in a herd increases, the average milk
production decreases (Erskine et al., 2012; Norby et al., 2016). Because the virus
infects primarily B-lymphocytes, it may have an impact on immune function, especially
humoral immunity. Studies have reported that BLV-infected cows do not produce as
robust a serological response to vaccination against coliform mastitis and are more
prone to infections than BLV-negative cows (Erskine et al., 2011). There are also
financial losses when BLV-infected cows are sent to slaughter, as the presence of
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tumors can cause condemnation of the carcass. Many European countries have
eradicated BLV since the 1990s, so there are also import restrictions for semen and
embryos from countries that still have BLV-infected cattle.

Cows can be tested for BLV infection by using either a blood or a milk sample
with a variety of testing methods. Historically agar gel immunodiffusion (AGID) has
been used to detect anti-BLV antibodies, and more recent methods in use include
enzyme-linked immunosorbent assay (ELISA) to detect anti-BLV antibodies and
polymerase chain reaction (PCR) to detect viral genetic material (Vahlenkamp, 2016).
One of the more recent developments is the measurement of BLV proviral load (PVL),
or the number of copies of viral genome integrated into the host genome, using
quantitative PCR (qPCR) (Jimba et al., 2010; Takeshima et al., 2015). This is of interest
as it has been shown that cows with a low PVL are less infective to naïve cows via
transfer of lymphocytes than those with a high PVL (Juliarena et al., 2016). Provirus
has also been identified in saliva and nasal secretions (Yuan et al., 2015) as well as in
colostrum from high PVL cows and colostrum replacers (Gutierrez et al., 2015;
Choudhury et al., 2015), potentially acting as sources of infection. Proviral load qPCR
is performed in a number of research laboratories, but is not currently commercially
available.

Previous studies have shown that all cows with persistent lymphocytosis have a
high PVL, making these animals relatively easy to identify (Juliarena et al., 2007).
However, there is a proportion of cows with a high PVL that have normal lymphocyte
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levels (Juliarena et al., 2007). The ability to identify these cows using current
commercially available testing methods is desirable, as removal of all BLV-infected
cows is currently impractical for most herds due to the high within-herd prevalence. To
date there have been no studies demonstrating a correlation between PVL in cows
without persistent lymphocytosis and the results of a single diagnostic test. The primary
objective of this study was to develop a model to predict PVL using common,
commercially available, cost-effective diagnostic tests as well as demographic
information. The secondary objective was to explore the relationship between PVL and
lymphocyte count in the dairy cow population in the Canadian Maritimes.

5.3 Materials and methods
5.3.1 Sample Collection
Inclusion criteria for this study included: participation in the ongoing regional
BLV surveillance program via twice-yearly collection of bulk tank milk samples;
completion of the RAMP discussed in Chapter 2; and completion of individual adult
cow BLV testing, via either blood or individual milk sample ELISA testing. Herds
containing at least 30 BLV-seropositive cows were contacted to determine their interest
in participating.

For participating herds, farm visits were arranged for the collection of whole
blood samples; individual milk samples were collected by Valacta, the regional dairy
herd improvement (DHI) organization, and sent to the Maritime Quality Milk (MQM)
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laboratory after standard components testing was completed. For herds not participating
in the DHI program, the farmer collected the milk samples and shipped them directly to
the MQM laboratory. Blood and milk samples were collected from all lactating, BLVseropositive cows as well as from 5-10 BLV-negative cows per farm.

Blood samples were collected into one serum and two EDTA vacutainer tubes
from the coccygeal vein/artery. Two blood smears were made on-farm from the EDTA
tube, and all blood tubes were transported chilled to the Atlantic Veterinary College
(AVC) and processed within 24 hours of collection. Milk samples collected by Valacta
were collected in milk sample cups via milk meters, were preserved with one BROTAB
(Sierra Court, CA, USA) per cup, and were shipped to the MQM laboratory after
standard components testing was completed by the DHI; milk samples collected by the
farmer were collected in milk sample cups provided by the MQM laboratory containing
one BROTAB per cup, and were shipped to MQM within two days of collection. All
milk antibody testing was completed within seven days of sample collection.

5.3.2 Sample Processing
One EDTA tube was submitted to the AVC Diagnostic Services Laboratory for
automated cell counts using a Sysmex XT 2000i hematology analyzer as well as a
manual differential (complete blood count; CBC). The second EDTA tube underwent
DNA extraction using the Qiagen DNEasy blood and tissue kit (Qiagen Inc. Canada,
Montreal, QC, Canada). As the protocol supplied by the manufacturer was heavily
modified, the full details of the DNA extraction are included in Appendix D. Briefly, 40
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μl of proteinase K and 219 μl of buffer AL were added to 200 μl of whole blood into a
1.5 mL Eppendorf tube, which was pulse vortexed 10 times. Tubes were incubated at
56 ˚C for 15 minutes, then 219 μl of 100% ethanol was added to each tube and pulse
vortexed 10 times. Samples were centrifuged at 8,000 g for 5 minutes after being
transferred to spin columns. The collection tubes were then replaced and 500 μl of
solution AW1 was added to each tube prior to centrifuging at 8,000 g for 5 minutes.
Collection tubes were replaced again and 500 μl of solution AW2 was added to each
tube prior to centrifuging at 16,300 g for 10 minutes. After spin columns were moved to
new 1.5 mL Eppendorf tubes, 40 μl of solution AE was added to each membrane then
centrifuged at 8,000 g for 1 minute. The DNA extracted and collected in the Eppendorf
tubes was stored at -80 ˚C after quantification until qPCR was performed. The DNA
concentration of each sample was then measured via NanoDrop analysis. The DNA
samples were then used to determine the estimated PVL with the BLV SS1 qPCR Assay
protocol provided by CentralStar Cooperative, using an ABI 7500 qPCR instrument in
the AVC Diagnostic Services (AVCDS) Laboratory; see Appendix D for details.
Briefly, 3 μl of each DNA sample was combined in the well of a 96-well plate with 7.25
μl nuclease-free water, 12.5 μl of Prime time 2x master mix, 1.25 μl of BLV SS1 primer
20x master mix, and 1 μl of spike-in synthetic positive control. The 96-well plate was
then heated to 95 ˚C for 3 minutes to denature the DNA, then underwent 40 cycles of:
95 ˚C for 15 seconds and 60 ˚C for 1 minute, before a final 1 minute of 60 ˚C. Standard
curves for both Bos Actin and BLV DNA were constructed by aliquotting 1 μl of either
Bos Actin or BLV standard concentrations into wells of the 96-well plate, using 5
concentrations of each standard. The standard curves were used to estimate the number
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of copies of Bos Actin and BLV that were amplified for each DNA sample. The
estimated PVL of each sample was determined by first dividing the copies of Bos Actin
by two (as each cell contains two copies of the gene) to estimate the number of white
blood cell genomes amplified, then dividing the number of copies of the amplified BLV
genomes by the estimated number of white blood cell genomes.

The serum tube and the milk samples underwent ELISA for anti-gp51 antibodies
to BLV. Serum tubes were allowed to clot overnight, then centrifuged for 20 minutes at
1,000 g. Serum was removed and levels of anti-gp51 antibodies were determined by
using a commercial indirect ELISA kit (SVANOVIR ELISA gp51-Ab, Svanova,
Uppsala, Sweden) following manufacturer’s instructions. Milk samples were also
analyzed using this ELISA kit, following manufacturer’s instructions. The results of the
ELISA were reported as percent positivity (PP), which is the optical density (OD) at 450
nm of the sample divided by the OD450 of the positive control, multiplied by 100:
(ODcorr sample) / (ODcorr positive control) x 100%
For blood samples, a PP of ≥15 indicates a positive result for BLV, and a PP of < 15
indicates a negative result. For individually collected milk samples, a PP of ≥10
indicates a positive result for BLV, and a PP of <10 indicates a negative result; for
samples collected with a milk meter, a PP of ≥60 indicates a positive result for BLV, a
PP of <10 indicates a negative result, and a PP of 10-59 indicates a suspect positive cow
due to potential carryover of milk between cows due to the milk meter (Nekouei et al.,
2015).
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For herds participating in the regional DHI program, results of standard
components analysis of the individual milk samples (fat, protein, somatic cell count,
lactose, urea, and beta-hydroxybutyrate) were obtained from Valacta with the producer’s
permission. Demographic information (breed, age in years, and days in milk for both
blood and milk collection dates) was also collected for all cows for which this
information was available.

5.3.3 Statistical Analysis
5.3.3.1 Sample size calculations
Sample size was calculated by generating simulated data for total white blood
cell count, lymphocyte count, and gp51 ELISA titres based on previous research
(Alvarez et al., 2013; Juliarena et al., 2007; Nishiike et al., 2016; Swenson et al., 2013)
as well as proviral status of the simulated cows. These simulated data were used in a
logistic regression model. A range of sample sizes were investigated, and the diagnostic
sensitivity and specificity for percent correctly classified as having a high or low PVL
were generated. Using a sample size of 400 BLV-seropositive cows and all three
simulated predictors, greater than 92% of cows (standard deviation, SD, 1.4%) were
correctly classified in terms of PVL status with a sensitivity of at least 99% (SD 1.1%)
and specificity of at least 88% (SD 2.3%).
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5.3.3.2 Data analysis
All analyses were carried out using Stata version 16.1 (Statacorp, College
Station, TX). The outcome measure of interest was proviral load, which was defined as
the number of viral copies of DNA amplified via qPCR per nucleated white blood cell.
Any BLV-negative cows were excluded from the final analysis. Due to a large number
of PVL values of 0 in the BLV-seropositive cows (see Results), tobit regression was
used for univariable and multivariable analyses, with a lower censoring limit of 0. This
statistical method is used when the outcome variable is censored at either an upper or
lower threshold. Herd was included in all models as a random effect. The outcome
variable was square-root transformed, as suggested by a Box-Cox analysis, in order for
the residuals to be approximately normally distributed with constant variance. All
variables were investigated in univariable analyses, and any variables with a P-value of
≤0.2 were retained for final model-building. Backward elimination model-building was
used to develop the final multivariable model. As a high amount of collinearity between
blood cell parameters was expected, variables were not excluded from analysis despite
high levels of correlation between them. Univariable analyses showed some
relationships between predictors and the transformed outcome to be strongly non-linear,
and suitable transformations of predictors were determined by use of fractional
polynomials. These predictors that required transformation were then used for
backward elimination model-building to develop a final multivariable model.

The relationships between estimated PVL and lymphocyte count, and between
estimated PVL and total white blood cell count, were also investigated independently of

127

the multivariable model-building. BLV-seropositive cows were classified as having
either a high or a low PVL at two cut-off points: 0.5 copies of viral genome per white
blood cell, and one copy of viral genome per white blood cell. These cut-off points
were assigned arbitrarily as no consensus on what constitutes a high or low PVL has
been established in the literature. Cows were also classified as having a normal or an
elevated lymphocyte count based on the normal reference interval provided by the
AVCDS Laboratory (high end of normal range = 7.5 x 109 cells/L), and based on a
reference interval constructed from the BLV-negative cows collected in this study.
Briefly, the lymphocyte counts of all BLV-negative cows were determined (excluding
any cows that seroconverted between blood and milk collection), and the mean and
standard deviation of lymphocyte counts were determined. A reference interval was
constructed by determining the lymphocyte values two standard deviations above and
below the mean. BLV-seropositive cows were then classified as having an elevated
lymphocyte count if their value was higher than the upper limit of the reference interval
for the BLV-negative cows; this was defined as >5.2 x 109 cells/L for this population of
cows. A similar method was used to classify BLV-seropositive cows as having a
normal or an elevated total white blood cell count based on the normal reference interval
provided by the AVCDS Laboratory (high end of normal range = 12.0 x 109 cells/L),
and based on a reference interval constructed from the BLV-negative cows collected in
this study; the high end of this normal range = 10.8 x 109 cells/L. Receiver operator
characteristic analysis was performed for the four combinations of high vs. low PVL and
high vs. low lymphocyte count as well as for the four combinations of high vs. low PVL
and high vs. low white blood cell count.
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5.4 Results

Fifteen dairy herds participated in the study: eight herds in New Brunswick,
three herds in Nova Scotia, and four herds in Prince Edward Island. A total of 402 cows
were enrolled, and the number of cows enrolled per herd ranged from 10 to 57. Blood
ELISA testing determined that 339 of the cows were BLV-seropositive and 63 were
BLV-negative. One BLV-negative cow was excluded from analysis as her blood
ELISA was BLV-negative but her milk ELISA was BLV-positive. All cows were
Holstein-Friesians and ranged in age from 2 to 11 years old; age was not recorded for 40
cows from herds not participating in local DHI programs. When blood samples were
collected, cows ranged from 1 to 639 days in milk, and when milk samples were
collected, cows ranged from 1 to 648 days in milk; this information was not available
for 41 cows. Thirteen of the herds participated in the local DHI program; somatic cell
count (SCC; reported as cells/mL), fat (kg/100 kg milk), protein (kg/100 kg milk), and
lactose (kg/100 kg milk) were recorded for 281 cows, urea (mg/dL) was recorded for
166 cows, and beta-hydroxybutyrate (mmol/L) was recorded for 247 cows. All blood
samples received complete blood counts with manual white blood cell differentials, but
total protein was only available for 239 cows and fibrinogen was only available for 232
cows. Tables 5.1 and 5.2 summarize the values for all milk and blood variables; Table
5.1 displays variables for BLV-seropositive cows and Table 5.2 displays variables for
BLV-negative cows.
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With the exception of one BLV-negative cow that seroconverted during the
study period, PVL was determined for the remaining 401 cows. For BLV-seropositive
cows, estimated PVL ranged from 0 to 3.58 viral genome copies per white blood cell.
Thirty-seven of 339 BLV-seropositive cows had a PVL of 0; this is represented in
Figure 5.1. Sixty-one of 62 BLV-negative cows had a PVL of 0; the estimated PVL of
the one BLV-negative cow with a non-zero PVL was 0.0023 viral genome copies per
white blood cell.

Univariable analysis of linear relationships with all blood and milk
variables (displayed in Table 5.3) resulted in nine variables that had a P-value of ≤0.2;
these were retained for multivariable model-building. Model reductions from a
multivariable model with the selected predictors at their most suitable scale resulted in
only two predictors being retained: milk ELISA percent positivity, and lymphocyte
count represented by its inverse and squared inverse terms (Table 5.4). The major
assumptions of independence, heteroscedasticity, normality, and linearity (Dohoo et al.,
2014) were examined and were found to be met.

The estimates in Table 5.4 show a positive association between estimated PVL
and the milk ELISA percent positivity, as well as a more complex relationship with
lymphocyte counts, which is illustrated in the predicted values of PVL based on the
multivariable model in Figure 5.2. Overall, values for estimated PVL increase as the
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lymphocyte count increases. The exception is that the estimated PVL decreases as
lymphocyte count increases when the lymphocyte count is lower than 2.1 x 109/L.

Figure 5.3 displays lymphocyte count of BLV-seropositive cows plotted against
estimated PVL, and Table 5.5 displays the sensitivity and specificity of using different
cut-off values for lymphocyte count to classify cows as having a high or low PVL, at
two different definitions of high PVL. Using a cut-off of 1.0 to define a cow with high
PVL and a lymphocyte count of >5.2 x 109 cells/L to define a high lymphocyte count
had the highest sensitivity (92.4%) and the lowest specificity (79.8%) while using cutoffs of 0.5 for high PVL and >7.5 x 109 cells/L for lymphocyte count had the lowest
sensitivity (57.4%) and highest specificity (99.3%). Figure 5.4 displays total white
blood cell count of BLV-seropositive cows plotted against estimated PVL, and Table 5.6
displays the sensitivity and specificity of using different cut-off values for white blood
cell count to classify cows as having a high or low PVL, at two different definitions of
high PVL. Using a cut-off of 1.0 to define a cow with high PVL and a white blood cell
count of >10.8 x 109 cells/L to define a high lymphocyte count had the highest
sensitivity (85.5%) and the lowest specificity (83.6%) while using cut-offs of 0.5 for
high PVL and >12.0 x 109 cells/L for white blood cell count had the lowest sensitivity
(58.4%) and highest specificity (96.0%).

Receiver operator characteristic (ROC) analysis showed that for both cut-points
for high vs. low PVL, using lymphocyte count resulted in a higher area under the curve
(AUC) compared to using the white blood cell count, indicating that lymphocyte count
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has a higher predictive ability for whether a cow has a high or a low PVL. When using
a cut-point of 0.5 to classify a cow as having a high PVL, the AUC for lymphocyte
count was 0.956 while it was 0.913 for white blood cell count. Similarly, when using a
cut-point of 1.0 to classify a cow as having a high PVL, the AUC for lymphocyte count
was 0.939 while it was 0.914 for white blood cell count.

5.5 Discussion

The final multivariable model identified one parameter measured on a complete
blood count and one parameter measured on a milk sample that were associated with
increasing estimated PVL in BLV-seropositive cows. We expected that increasing
lymphocyte count would be positively associated with a higher PVL. This is consistent
with previous literature that found up to 30% of BLV-infected cows develop persistent
lymphocytosis over the course of their lifetime (Bartlett et al., 2014). Further, Juliarena
et al. (2007) found that the majority of cows with a high PVL were lymphocytotic.
Indeed, a higher proportion of BLV-infected cows may develop an elevated lymphocyte
count than previously thought, as many of the older lymphocyte reference intervals were
constructed without knowing the BLV status of the contributing animals (Duncan and
Prasse, 1977; George et al., 2010; Schalm, 1961).
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It was interesting to note, however, that the estimated PVL initially decreased
with low values for lymphocyte count before increasing again. A possible explanation
for this is that, when cows are initially infected with BLV, the virus preferentially
integrates into the host genome near transcriptionally active sites (Barez et al., 2015).
Within a relatively short period of time the cells with BLV integrated near
transcriptionally active sites are preferentially removed by the immune system (Barez et
al., 2015; Gillet et al., 2013). This typically occurs much earlier in the disease process
than the development of persistent lymphocytosis. It is possible that these cows with
low-normal lymphocyte counts are in an early stage of BLV infection where the
immune system is in the process of removing the lymphocytes with BLV integrated near
to transcriptionally-active genetic material, and so they have a higher PVL in relation to
lymphocyte count than cows more advanced in the disease process. However, as only
5% of sampled cows are included in the population of cows with low lymphocyte counts
(i.e. <2.1 x 109/L) it is possible that these results are a random fluctuation and are not
representative of the population as a whole.

No other parameters measured on the CBC were statistically significantly
associated with an increasing PVL in BLV-seropositive cows. This could be due to the
BLV-induced alterations to the immune system having little effect on the kinetics of
these cell populations. Additionally, the values that were obtained in this study were
mostly consistent with healthy animals and so would likely not have much impact in
predicting BLV status in an otherwise healthy cow.
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The milk ELISA percent positivity was also positively associated with increasing
estimated PVL. This is consistent with findings in other studies performed in different
populations of Holstein cattle (Gutierrez et al., 2012; Juliarena et al., 2007). Although it
did not remain statistically significant in the final multivariable model, the blood ELISA
percent positivity was also positively associated with increasing estimated PVL in
univariable analyses and would likely be a reasonable alternative for estimating PVL if a
milk sample was not available, e.g. a non-lactating cow.

None of the cow demographic information or components parameters measured
by Valacta on milk samples were statistically significantly associated with increasing
PVL. This is disappointing as many producers are members of DHI groups and their
cows have milk samples collected for components testing (fat, protein, SCC, and
lactose; optionally urea and BHB) on a regular basis; the association of any of these
components with an increasing PVL would have made predicting PVL status of BLVseropositive cows much more economical.

The secondary objective was to investigate the relationship solely between
lymphocyte count and estimated PVL. This has been reported in other studies (Alvarez
et al., 2013; Juliarena et al., 2007; Ohno et al., 2015) but has not been investigated in
Canada to date. Depending on the cut-off value used to define a cow as having a high
estimated PVL, and the cut-off used to determine a normal lymphocyte count in dairy
cows, lymphocyte count alone can be a sensitive parameter to identify cows with a high
PVL. We obtained the best sensitivity (92.4%) with a lymphocyte cut-off of >5.2 x
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109/L and a PVL of >1. The specificity of this combination was also robust (79.8%). In
the case of PVL, it is arguably more important to maximize sensitivity. This would
reduce the number of false negative cows with a high PVL that remain in the herd,
which might prevent effective disease-control strategies and also decrease further
screening with a more expensive test, such as quantitative PCR.

The relationship solely between total white blood cell count and estimated PVL
was also investigated, as in certain situations this parameter may be more available than
lymphocyte count, depending on the hematology analyzer being used for blood sample
analysis and the availability of technicians trained in blood smear preparation and
interpretation. Depending on the cut-off value used to define a cow as having a high
estimated PVL, and the cut-off used to determine a normal white blood cell count in
dairy cows, white blood cell count alone can also be a sensitive parameter to identify
cows with a high PVL, although it did not perform as well as lymphocyte count. We
obtained the best sensitivity (85.5%) with a white blood cell cut-off of >10.8 x 109/L
and a PVL of >1. The specificity of this combination was also relatively robust
(71.6%), although both sensitivity and specificity were lower than when using
lymphocyte count rather than total white blood cell count. This is unsurprising, as the
total white blood cell count contains lymphocytes as well as up to five additional cell
populations (segmented neutrophils, band neutrophils, eosinophils, basophils, and
monocytes) that do not contain significant amounts of BLV genetic material in the vast
majority of cows.

135

Currently, as there is no consensus on how to define or report “high proviral
load” for BLV-infected dairy cows, two cut-off values were decided on to define high
PVL cows: either 1 viral genome present per two white blood cells (PVL of 0.5), or 1
viral genome present per white blood cell (PVL of 1). Both of these numbers represent
high amounts of viral DNA circulating in the bloodstream. Unfortunately, there are no
studies published that suggest the cut-off value at which a BLV-infected cow becomes
an infection risk to BLV-negative cows. Thus, the infective potential of a “high PVL”
cow is only conjecture. One study used a simple ranking system of highest to lowest
PVL when communicating results to producers to help prioritize removal of the highestrisk cows (Ruggiero et al., 2019). In situations where within-herd prevalence is low
(e.g. 5-10%) and the producer has the ability to remove multiple cows at once, a cut-off
for infectivity may be helpful.

We also used two cut-off values to determine the upper limit of the reference
interval for lymphocyte and total white blood cell counts. The cut-off of 7.5 x 109
cells/L was used for lymphocyte count as this is the current upper limit of the reference
interval used by the AVCDS Laboratory and is reported on CBC results from the
laboratory. However, this limit is based on a reference interval established in 1961 from
dairy cows in California (George et al., 2010) and so may not reflect the current genetics
of dairy cows in Canada. Further, the BLV status of the cows used to construct that
reference interval were unknown, so BLV-infected cows, a portion of which may have
been lymphocytotic, were likely included. The cut-off of 5.2 x 109 cells/L for
lymphocyte count is the upper end of a reference interval constructed from the BLV-
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negative cows collected in this study, and so directly reflects the current dairy cow
population in the Canadian Maritimes, and specifically the farms enrolled in this study.
Swenson et al. (2013) found a similar lymphocyte count in BLV-negative dairy cows in
Michigan. Similarly, the cut-off values of 12.0 x 109 cells/L and 10.8 x 109 cells/L for
total white blood cell count came from the current reference interval used by the
ACVDS Laboratory and from a reference interval constructed from the BLV-negative
cows collected in this study, respectively. Ideally at least 120 animals are used to
construct a reference interval for a hematological parameter, but when modifying an
existing reference interval a smaller number is acceptable (Friedrichs et al., 2012). The
62 BLV-negative cows used in this study is therefore an acceptable number to use to
modify the existing AVC Diagnostic Services reference intervals for lymphocyte and
total white blood cell counts.

There are a number of limitations in this study. While the total number of cows
recruited was higher than the calculated sample size, only 339 of the 401 cows were
BLV-seropositive. This may have had an impact on the ability of the statistical analysis
to identify all variables associated with increasing PVL.

Another limitation was the number of cows sampled on each farm. Initially,
herds that had more than 30 BLV-seropositive cows were contacted for participation in
the study. However, for some herds up to two years had elapsed between the initial
individual cow testing and the sample collection. This resulted in a significant change
in the population of cows within some herds, and in some cases a marked reduction in
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the number of BLV-seropositive cows sampled compared to the anticipated number
present on each farm (e.g. one farm culled 15 of 42 BLV-seropositive cows between
individual cow testing and PVL sample collection, and a further six were not lactating at
the time of sample collection). Also, when the randomly-sampled BLV-negative cows
were re-tested by blood ELISA, a number of these cows had seroconverted during the
time interval between the initial and PVL samplings. This increased the number of
BLV-seropositive cows sampled per farm in some cases. Anecdotally, some of the
producers noted that a higher proportion of the BLV-seropositive cows had been culled
than the BLV-negative ones.

It was not always possible to coordinate blood and milk sample collections, and
in some cases up to 49 days elapsed between blood collection and milk collection. This
could have affected the relationship between the blood and milk ELISA results. In one
case, a cow had to be excluded from analysis because she was BLV-negative at the time
of blood collection, but BLV ELISA-positive at the time of milk collection 49 days
later. There may have been a relationship between milk components and PVL if the
blood and milk samples were collected on the same day.

The individual cows’ BLV status was determined by blood ELISA for anti-gp51
antibodies. This is one of the recommended methods for determining BLV status by
OIE guidelines (OIE, 2018), and the test has excellent sensitivity and specificity when
compared to agar gel immunodiffusion (Klintevall et al., 1991; Simard et al., 2000).
Although misclassification of BLV status is possible, the accuracy of the test makes it
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unlikely that cows were misclassified as BLV-negative if they were truly BLVseropositive, and vice versa.

Either the multivariable model or the use of lymphocyte count alone can provide
valuable information to a producer, while also remaining cost-effective. The results of
the multivariable model can be used to estimate the PVL of an individual cow as well as
to rank cows based on their PVL. This may be helpful for producers with a high withinherd prevalence who want to reduce new BLV infections, but are not able to cull all
BLV-infected cows at once. They can create a ranked list of cows based on estimated
PVL and remove the ones with the suspected highest infection risk.

For producers with a low within-herd prevalence, or those who do not wish to
perform blood or milk ELISA testing to determine BLV status, using the lymphocyte
count of >5.2 x 109 cells/L will identify over 90% of the cows with a high PVL. They
will not be able to discriminate cows with higher PVL from those with lower PVL, but
if only a small percentage of cows are BLV-infected, the producer may be able to cull
all the predicted high-PVL cows at once, with little overall financial impact on the farm.
Ideally, the PVL PCR will eventually become commercially available in Canada, but the
results of this study show that a good prediction of PVL can be obtained from common
diagnostic tests, namely CBC and milk ELISA for anti-BLV antibodies.
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Table 5.1. Descriptive statistics for BLV-seropositive cows of blood and milk ELISA
tests, components of the complete blood count, standard milk components testing, age,
and days in milk (DIM) during blood and milk sample collection. For blood samples,
cows with a DIM of 0 were either dry or had given birth the day of blood collection.
For milk samples, cows with a DIM of 0 had given birth the day of milk collection.
Variable
Blood
ELISA
value
Milk ELISA
value
Total WBC
count
Neutrophil
count
Band
neutrophil
count
Eosinophil
count
Basophil
count
Lymphocyte
count
Monocyte
count
Neutrophil:
lymphocyte
ratio
Total
plasma
protein
Fibrinogen
Milk fat %
Milk protein
Somatic cell
count
Milk urea
Milk lactose
Milk BHB
Age (years)
Days in
milk, blood
collection
Days in
milk, milk
collection

# of
obs.
339

Mean

Median Standard Minimum Interquartile Maximum
deviation
range
104.40 109.61
23.37
29.64
94.34-119.93 157.29

308

89.78

91.20

20.26

16.02

75.95-103.74

138.17

339

11.45

9.70

6.08

3.90

7.40-13.60

61.90

339

3.82

3.48

1.75

0.76

2.75-4.45

12.31

339

0.04

0.00

0.36

0.00

0.00-0.00

4.93

339

0.41

0.29

0.40

0.00

0.16-0.55

3.08

339

0.04

0.00

0.07

0.00

0.00-0.07

0.54

339

6.86

5.13

5.43

1.13

3.36-8.59

56.33

339

0.28

0.22

0.21

0.00

0.14-0.37

1.54

339

0.81

0.64

0.61

0.05

0.41-1.02

4.16

179

79.30

79.00

6.39

62.00

75.00-83.00

100.00

173
232
232
232

3.38
4.04
3.35
360.71

3.00
4.04
3.34
83.00

1.85
0.96
0.41
1046.04

1.00
0.90
2.40
6.00

2.00-4.00
3.49-4.54
3.06-3.58
32.50-245.00

13.00
8.17
4.73
9999.00

136
232
204
304
304

6.96
4.50
0.08
5.13
163.54

8.50
4.52
0.08
5.00
146.50

3.91
0.23
0.04
1.88
136.53

1.60
3.41
0.00
2.00
0.00

7.25-12.00
4.38-4.64
0.06-0.10
4.00-6.00
42.00-262.00

21.90
4.97
0.37
11.00
639.00

304

174.44 163.00

138.04

0.00

54.50-272.00

648.00
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Table 5.2. Descriptive statistics for BLV-negative cows of blood and milk ELISA tests,
components of the complete blood count, standard milk components testing, age, and
days in milk during blood and milk sample collection. For blood samples, cows with a
days in milk of 0 were either dry or had given birth the day of blood collection. For
milk samples, cows with a days in milk of 0 had given birth the day of milk collection.
Variable
Blood
ELISA value
Milk ELISA
value
Total WBC
count
Neutrophil
count
Band
neutrophil
count
Eosinophil
count
Basophil
count
Lymphocyte
count
Monocyte
count
Neutrophil:
lymphocyte
ratio
Total plasma
protein
Fibrinogen
Milk fat %
Milk protein
Somatic cell
count
Milk urea
Milk lactose
Milk BHB
Age (years)
Days in
milk, blood
collection
Days in
milk, milk
collection

# of
obs.
62

Mean
0.99

Median Standard Minimum Interquartile Maximum
deviation
range
0.28
1.97
-2.16
0.00-0.91
8.20

60

5.92

2.42

8.04

0.00

0.53-5.45

29.73

62

7.16

7.12

1.83

4.70

5.94-7.89

16.44

62

3.15

2.94

1.49

0.11

2.26-3.65

10.03

62

0.01

0.00

0.07

0.00

0.00-0.00

0.57

62

0.36

0.29

0.28

0.00

0.15-0.52

1.24

62

0.02

0.00

0.04

0.00

0.00-0.00

0.15

62

3.24

3.06

0.99

1.55

2.52-3.78

6.78

62

0.32

0.29

0.17

0.00

0.23-0.44

0.74

62

1.06

0.98

0.57

0.02

0.62-1.41

2.96

60

78.30

79.00

4.56

66.00

75.5-81.00

87.00

59
49
49
49

3.10
3.89
3.35
146.69

3.00
3.68
3.37
58.00

1.42
0.86
0.42
283.88

0.00
2.28
2.52
8.00

2.00-4.00
3.27-4.56
3.03-3.63
21.00-131.00

7.00
5.51
4.52
1379.00

30
49
43
57
56

11.13
4.59
0.07
4.14
173.20

9.50
4.59
0.08
4.00
151.00

4.69
0.19
0.03
1.47
123.57

4.30
3.86
0.01
2.00
0.00

7.60-13.20
4.53-4.71
0.05-0.10
3.00-5.00
73.50-264.50

23.50
4.94
0.14
7.00
512.00

56

187.46 157.50

124.10

1.00

83.50-283.00

521.00
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Table 5.3. Variables after unconditional tobit regression (lower limit of 0), where the
outcome variable of estimated proviral load was square-root transformed and where
herd was included as a random effect. All variables were untransformed for initial
unconditional tobit regression. Variables with an unconditional P-value of ≤0.2 were
retained for multivariable model-building.
Variable
Coefficient
95% CI
Blood ELISA value
0.002
0.004, 0.011
Milk ELISA value
0.002
0.010, 0.016
Total white blood cell count
0.004
0.049, 0.063
Neutrophil count
0.017
0.013, 0.080
Band neutrophil count
-0.091
-0.248, 0.066
Eosinophil count
0.095
-0.050, 0.239
Basophil count
0.552
-0.246, 1.349
Lymphocyte count
0.063
0.055, 0.072
Monocyte count
0.451
0.180, 0.722
Neutrophil: lymphocyte ratio
-0.497
-0.576, -0.417
Total plasma protein
-0.001
-0.014, 0.012
Fibrinogen
0.012
-0.036, 0.059
Milk fat %
-0.016
-0.089, 0.057
Milk protein
-0.048
-0.214, 0.118
Somatic cell count
-0.00004 -0.0001, 0.00003
Milk urea
-0.014
-0.037, 0.009
Milk lactose
-0.008
-0.304, 0.287
Milk β-hydroxybutyrate
-0.663
-2.551, 1.225
Age (years)
0.015
-0.019, 0.048
Days in milk, blood collection
-0.0005 -0.0005, 0.0004
Days in milk, milk collection
-0.0005 -0.0005, 0.0004
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P-value
<0.0005
<0.0005
<0.0005
0.006
0.256
0.199
0.175
<0.0005
0.001
<0.0005
0.922
0.629
0.669
0.572
0.280
0.233
0.956
0.491
0.389
0.820
0.813

Table 5.4. Results of multivariable mixed-effects tobit regression (lower limit of 0),
with herd included as a random effect. The outcome variable of proviral load (number
of BLV genomes amplified per nucleated white blood cell) was square-root transformed
for analysis. All coefficients and confidence intervals are presented without backtransformation.
Variable
Coefficient
95% CI
Milk ELISA value*
4.946
3.280, 6.612
Inverse lymphocyte count
-6.168 -6.812, -5.524
Square of inverse lymphocyte count
5.634
4.623, 6.643
Intercept
1.264
1.061, 1.467
Herd random effect
0.061
0.051, 0.072

P-value
<0.0005
<0.0005
<0.0005

*Numerical values for the milk ELISA coefficient and 95% confidence interval have
been multiplied by 1000 to allow for display of more significant digits.
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Table 5.5. Sensitivity and specificity of using two different cut-off values for defining
an elevated blood lymphocyte count to predict whether a cow has a high or low proviral
load, also using two different cut-off values.

High PVL = PVL >0.5
High PVL = PVL >1.0

Lymphocytes >5.2 x 109/L
Sensitivity
Specificity
80.5%
93.3%
92.4%
79.8%
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Lymphocytes >7.5 x 109/L
Sensitivity
Specificity
57.4%
99.3%
71.8%
92.3%

Table 5.6. Sensitivity and specificity of using two different cut-off values for defining
an elevated total white blood cell (WBC) count to predict whether a cow has a high or
low proviral load, also using two different cut-off values.

High PVL = PVL >0.5
High PVL = PVL >1.0

WBC >10.8 x 109/L
Sensitivity
Specificity
71.6%
93.3%
85.5%
83.6%
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WBC >12.0 x 109/L
Sensitivity
Specificity
58.4%
96.0%
72.5%
89.4%

Figure 5.1. Histogram of proviral load values of BLV-seropositive cows determined by
real-time PCR.
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Figure 5.2. Predictions of proviral load (PVL) from multivariable mixed-effects tobit
regression model using the predictor variables of milk ELISA value and blood
lymphocyte count, where lymphocyte count was transformed by taking its inverse and
including its quadratic term and where proviral load was square-root transformed for
analysis. Graph shows predictions after back-transforming all variables. A fixed value
of percent positivity of 90 was used for the milk ELISA variable.
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Figure 5.3. Proviral load (PVL) of BLV-seropositive cows determined by qPCR plotted
against blood lymphocyte count. Horizontal reference lines represent two cut-off points
for cows with high vs. low PVL (cut-off values of 0.5 and 1.0). Vertical reference lines
represent two cut-off points for cows with elevated vs. normal lymphocyte counts (cutoff values of 5.2 x 109/L and 7.5 x 109/L).
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Figure 5.4. Proviral load (PVL) of BLV-seropositive cows determined by qPCR plotted
against white blood cell count. Horizontal reference lines represent two cut-off points
for cows with high vs. low PVL (cut-off values of 0.5 and 1.0). Vertical reference lines
represent two cut-off points for cows with elevated vs. normal white blood cell counts
(cut-off values of 10.8 x 109/L and 12.0 x 109/L).
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6. CONCLUSION

The overall aim of this research was to determine the extent of bovine leukemia
virus infection in dairy herds in Atlantic Canada, to identify management factors that
may be helpful in BLV disease control measures in both juvenile and adult cows on
dairy farms, and to determine how to easily and cost-effectively identify cows with a
high proviral load that may be a high infection risk to naïve cows.

6.1 Development and implementation of a risk assessment and management program for
enzootic bovine leucosis in Atlantic Canada

This study determined the current herd-level prevalence of BLV in dairy herds in
Atlantic Canada, as well as the estimated within-herd prevalence for a subset of herds
that participated in the risk assessment and management program (RAMP). The herdlevel prevalence of BLV in Atlantic Canada is currently very high with approximately
88% of dairy herds having at least one BLV-seropositive cow. The herds that
participated in the RAMP had a range of estimated within-herd prevalences;
approximately 10% of herds were classified as BLV-negative while approximately 8%
of herds had an estimated within-herd prevalence of >50%.

The aim of implementing the RAMP was to identify management factors
associated with a higher estimated within-herd BLV prevalence. However, this study
identified only two factors associated with a higher within-herd prevalence – a history of
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diagnosing clinical BLV in the herd and the feeding of colostrum from cows of
unknown BLV status. A number of management factors that have been associated with
BLV in other studies, including the reuse of needles and syringes, using bulls for natural
breeding, and not changing rectal sleeves between animals when performing palpation,
were not identified as risk factors for a higher within-herd BLV prevalence in this study.
This could be due to a number of factors, most obvious being a lack of power in this
study to determine significant associations between management factors and within-herd
prevalence. Another possible explanation is that the RAMP was implemented a number
of years after the start of regional BLV surveillance, and it is possible that farmers had
already changed some management factors without enough time elapsed for significant
changes in within-herd prevalence to have manifested.

6.2 Investigation of within- and between-herd variability of bovine leukemia virus bulk
tank milk antibody levels over different sampling intervals in the Canadian Maritimes

This study investigated the effect of sampling interval on the variability between
bulk tank milk samples when testing bulk tank milk for anti-BLV antibodies. For
samples collected from the same farm, the most variability was seen in samples
collected 3 years apart. The least variability was seen between samples collected 3
months apart, with slightly more variability seen in samples collected 1 month apart.

This study is helpful in determining an optimal sampling interval that minimizes
the variability inherent in bulk tank milk samples when the composition of cows
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contributing to the bulk tank differs over time. This can help in designing disease
control programs so that producers have the most accurate information about their
within-herd prevalence.

6.3 Temporal patterns of bovine leukemia virus infection in dairy herds in Atlantic
Canada

The first objective of this study was to determine the age group or groups where
BLV was first identified in dairy herds in Atlantic Canada. The most common age
groups to first identify BLV were the breeding-age heifers and the adult cow herd,
although there were herds where BLV was first identified in pre-weaned calves and
weaned heifers. The second objective was to identify management factors associated
with the age where BLV was first identified. Four management factors associated with
the age group in which BLV was first identified: regrouping weaned heifers at least once
after weaning and before moving them to the breeding-age heifer group; the use of
environmental, topical, or both types of fly control for breeding-age heifers; when herds
practiced foot trimming on breeding-age heifers; and when bred heifers were purchased
by the farm.

It is interesting that, in this study, more intensive fly control was associated with
a protective effect in that herds using two methods of fly control were more likely to
first identify BLV in older age groups of heifers or adult cows. This is in contrast to the
findings in Chapter 2, where in univariable analysis the use of both topical and
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environmental fly control was associated with higher odds of being a high-prevalence
herd. However, neither of these studies were able to identify whether the fly control
practices on the sampled farms were in response to prior knowledge of the herd’s BLV
status or if they were completely unrelated to the producer’s knowledge of BLV or
desire to control the spread of this disease on their farm.

It was also interesting to note that none of the questions related to colostrum or
milk management were significantly associated with the age at which BLV infection
was first identified in this study, compared to the results shown in Chapter 2 where the
type of colostrum fed to calves was associated with whether the adult herd was
classified as a high or low-prevalence herd.

The number of herds that participated in this study was small and so it is possible
that more management factors would have been identified with a larger sample size.
However, both management factors that were identified are consistent with the
mechanism of disease transmission for BLV.

6.4 Developing a predictive model for bovine leukemia virus proviral load

The primary objective of this study was to identify parameters available on blood
or milk testing that could be used to estimate blood proviral load (PVL) in BLVseropositive cows. One parameter measured on a complete blood count – the blood
lymphocyte count – as well as the milk ELISA percent positivity were statistically

158

significantly associated with increasing PVL. This information can be helpful for
producers who are motivated to implement BLV disease control measures on their farm,
as the current literature suggests that cows with a higher PVL are more of an infection
risk to naïve cows than those with a lower PVL.

The secondary objective of this study was to investigate the relationship between
lymphocyte count and estimated PVL in dairy cows in the Canadian Maritime region, as
an elevated lymphocyte count has been positively associated with high PVL in cow
populations in other parts of the world. This objective also allowed the collection of
data from BLV-negative cows, and the construction of a revised reference interval for
lymphocyte count that more accurately reflects the dairy cow population in the Canadian
Maritimes. Consistent with the results found in dairy cow populations in other parts of
North and South America, cows with an elevated lymphocyte (and elevated white blood
cell count) had a high probability of having a high proviral load. In cases where
performing multiple blood and milk tests per cow is not feasible, the measurement of
either white blood cell or lymphocyte count can provide helpful information in helping
to determine the probability of whether a cow is BLV-infected and if they are a high
infection risk to BLV-naïve cows.

6.5 Future Directions

Taken together, the results of these four studies provide useful information on
the current status of BLV infection in dairy herds in Atlantic Canada and some of the
management factors that may be contributing to its continuing high regional herd-level
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and within-herd prevalences. The results of these studies have also helped to determine
an optimal sampling interval for bulk tank milk samples for herd-level BLV surveillance
as well as multiple testing options to help farmers determine the proviral load of
individual cows within their herds and their probability of being an infection risk to
BLV-naïve cows. However, there are still many potential avenues of investigation that
can build upon the results reported here.

For both Chapter 2 and 4, the number of participating herds was small in relation
to the number of active dairy herds in the Atlantic Canada region. Additionally, a large
number of questions were asked on each questionnaire, making analysis of multiple
predictors difficult with the limited herd numbers. Almost all of the data for these two
studies was collected at the herd level, and the data that was collected for individual
animals was aggregated and analyzed at the herd level. In order to more fully explore
the relationship between management factors and within-herd BLV prevalence in
Atlantic Canada – for both the adult milking herd and for the calves and heifers – a
larger number of herds would need to be recruited to allow for more subtle associations
between management factors and BLV prevalence to become apparent.

It is also possible that the first iteration of the RAMP document was not
optimized for data collection relating to BLV and may need to be redesigned prior to a
second round of data collection. It was designed to be very similar to the questionnaire
used for the Atlantic Johne’s Disease Initiative so as to be familiar to farmers and
veterinarians, and a significant proportion of the questions were related to general farm

160

management and biosecurity questions. Streamlining the RAMP document to make the
questions more specific to BLV risk factors and management practices would minimize
the number of potential predictors for data analysis. Additionally, the questionnaire
asking about age-specific management factors was very broad in its scope to try and
capture any management factor that could be associated with BLV infection.
Streamlining this questionnaire, and possibly combining it with the RAMP document
that mostly focused on the adult milking herd, may help to encourage more farmer
participation due to reduced questionnaire time. Streamlining the number of questions
asked will also minimize the number of potential predictors, making data analysis
potentially more straightforward.

Additionally, in order to more fully explore the relationship between age-specific
management factors and the age group where BLV is first identified, a longitudinal
study where a cohort of calves are followed until they enter the milking herd with
periodic serological testing to see if they have become BLV-seropositive would be ideal.
Performing repeat testing on a cohort of calves, along with obtaining updated
information regarding calf and heifer management with each serological sample
collection, would allow to more precisely pinpoint the timing of new BLV infections. It
would also avoid the limitation of the observational nature of the study described in
Chapter 4 and potentially allow for a more concrete relationship between management
factors and BLV infection to be elucidated.
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One aspect of sampling interval that was not investigated in the study described
in Chapter 3 was the effect of season or time of year on bulk tank milk antibody levels.
The effect of season on anti-BLV antibody production in cows has not been extensively
investigated, and there may be seasonal variation in bulk tank milk antibody levels that
could affect the estimate of the within-herd prevalence. This could be due to normal day
length-related changes in endocrine function in dairy cows living in temperate regions
that may have an effect on blood cell kinetics. Future BLV surveillance programs could
include sample collection at different times of year to determine if there is a seasonal
effect on anti-BLV antibody levels.

Although studies performed in the USA suggest that removal of cows with high
PVL can help to reduce the incidence of new BLV infections within a herd, this theory
has not yet been investigated in Canadian dairy herds. The data collected in this study
provides useful preliminary information to help design a research project investigating
the impact of removing cows with high PVL on the incidence of new infections in dairy
herds in Atlantic Canada. This could include an initial measurement of the PVL of all
BLV-seropositive adult cows in a herd, with recommendations given to the farmer to
cull or isolate the cows with the highest PVL levels. Serial re-testing would be
performed on the herd as the cows with the highest PVL are removed and unable to
infect BLV-naïve cows. Considering that there are herd size, herd demographic, and
some management factor differences between dairy herds in Canada and the USA, it
would be very interesting to see if the same strategy of removal of cows with high PVL
values would generate the same results in Canada as have been seen in the USA.

162

Additionally, it would be interesting to sample younger animals on dairy farms
and determine the PVL of any BLV-infected calves and heifers. If any of these younger
animals had high PVL it may help producers to prioritize some of the age-specific
management factors investigated in Chapter 4 for better disease control strategies. It
would also be interesting to investigate the link between BoLA MHC alleles and the
development of high PVL in cows in Atlantic Canada to give producers more detailed
information about the BLV infection risk on their farm based on their individual cows’
potential to develop a high PVL.

163

APPENDICES

APPENDIX A: RISK ASSESSMENT AND MANAGEMENT PROGRAM
WORKBOOK

A copy of the RAMP document circulated to regional veterinarians follows on the next
pages. Due to margin constraints, the RAMP has been modified slightly to fit in the
thesis.
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Risk Assessment
Workbook

Enzootic Bovine
Leukosis

Atlantic Healthy
Herds
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Risk Assessment Workbook – Enzootic Bovine Leukosis
Farm Name: __________________________________________________
Owner Name: ________________________________________________
Veterinarian: _________________________________________________
Date of Assessment (D/M/Y): ______________________________
Dairy Board #: __________________________________________
Herd Size: __________________ Barn Type: ______________________

Scoring should be based on observed management practices, with clarifying
information from the herd owner or manager.
A thorough assessment of risk practices will aid the veterinarian in
determining priority areas for controlling the rate of new infections, both
within the herd and potentially to other herds.

Scoring summary:
Section A: ___/100
Section B: ___/200
Section C: ___/420
Section D: ___/100
Section E: ___/200
Section F: ___/510
Section G: ___/100
Section H: ___/100
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Fact Sheet: Enzootic Bovine Leukosis
Enzootic Bovine Leukosis (EBL) is a disease of adult cattle, mainly dairy cattle, that is
caused by infection with Bovine Leukemia Virus (BLV). This virus infects white blood
cells and results in permanent infection. In the majority of infected cattle there are no
obvious signs of infection, but approximately 30% of infected cattle will develop
sustained high levels of blood lymphocytes (persistent lymphocytosis) with no other
signs of disease. A further 5% of infected cows will develop lymphocyte tumours in a
variety of organ systems, including the heart, the abomasum, the uterus, behind the eyes,
and in the spinal cord. In some cases these cows may also have enlarged lymph nodes
under the skin.
As the number of cows with clinical disease is low, EBL has historically been
considered a disease of low importance in the dairy industry. However, recent research
shows that BLV-infected cows are more likely to be culled earlier and so have reduced
lifetime production. Also, as the number of BLV-infected cows in a herd increases, the
average milk production decreases. Because the virus infects white blood cells, it may
have an impact on how the cow’s immune system works. Studies have reported that
BLV-infected cows do not respond as strongly to vaccination and are more prone to
infections than uninfected cows. There are also financial losses when BLV-infected
cows are sent to slaughter, as the presence of tumors can cause condemnation of the
carcass. As many European countries have eradicated BLV, there are also import
restrictions for semen and embryos from countries that still have BLV-infected cattle.
Cows can be tested for BLV infection by using either a blood or a milk sample. Once a
cow is positive for BLV, they are positive for life. Infection can be transmitted via
transfer of blood cells from an infected cow to a non-infected one. This typically
happens when blood-contaminated needles, syringes, or rectal sleeves are used on more
than one cow, or when tools such as dehorners, ear taggers, or hoof knives are not
cleaned between uses. There is also evidence that the virus can be transmitted in milk or
colostrum, especially if it is not pasteurised.
Other possible methods of transmission include biting flies as well as the transfer of
infected cells through nasal and oral secretions, although there is currently less evidence
to support either of these methods. BLV-infected cows also have a small chance of
transmitting the virus in utero to their calves.
Since the infection is permanent, control strategies for EBL focus on preventing new
infections from occurring. Recommendations include:
- Using a new, sterile needle and syringe on every cow, for every injection
- Cleaning and disinfecting any instruments that can become contaminated with
blood (dehorners, ear taggers, etc.)
- Using a new rectal sleeve on each cow
- Using AI rather than bulls for breeding
- Cleaning calving pens after each use
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-

Feeding calves only milk and colostrum from BLV-negative cows, or
commercial colostrum and milk replacer
Developing a good fly control program for all ages of cattle
Segregating positive and negative cows in separate pens (if practical) or at least
milking negative cows before the positive ones
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Section A: General Biosecurity

Risk Category: LOW

1. Do visitors have access to the cows?
20 Visitors have uncontrolled access
0

Visitors do not have access OR must have clean footwear and clothing

2. Do you observe a quarantine period after purchasing cattle?
30 No, cattle enter the main herd immediately
20
10

Yes, they are separated from the main herd and observed for signs of any
disease
Yes, they are separated from the main herd and tested for BLV

0

Cattle are not purchased from an outside source

3. Do cattle attend shows OR are in close proximity to other herds?
20 Yes, cattle attend shows OR are hauled in vehicles used by other farms OR
10
0

are pastured in close proximity to other herds (within 200 meters)
No, cattle do not leave the property BUT are pastured in close proximity to
other herds (within 200 meters)
No, do not leave the property and have no proximity to other herds (greater
than 200 meters)

4. Overall cow hygiene and cleanliness score: Please observe and score all close-up cows
and assign the cleanliness score that represents the majority
30 Manure is present above the hocks/knees
20
10

Manure is present on hind or forelegs up to the hocks/knees OR is present
on the flanks
Manure is present on hind or forelegs but not above dewclaws

0

No manure is visible on hind legs, forelegs, or flanks

Total Score: ___/100
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Section B: General BLV

Risk Category: MEDIUM

1. Have you had clinical lymphoma in your herd within the past 5 years?
30 Yes, confirmed on post-mortem
20

Yes, suspected due to clinical signs AND confirmed on bloodwork
(ELISA)

10

Suspect due to clinical signs AND/OR bloodwork (CBC for persistent
lymphocytosis) but NOT confirmed (ELISA or post-mortem)
No, it has not been observed

0

2. In the past 5 years, have you purchased cattle?
30 Yes, Cow(s) purchased were from a herd with BLV positive OR BLV
20
10
5
0

unknown status; individual cow status BLV positive OR unknown
Yes, Cow(s) purchased were from a herd with BLV positive OR BLV
unknown status but the individual cow was BLV negative
Yes, Cow(s) purchased were from a BLV negative herd but the individual
cow BLV status was unknown
Yes, Cow(s) purchased were from a BLV negative herd and the individual
cow was BLV negative
No cows have been purchased

3. Is BLV testing currently performed (within the past 12 months)?
20 No testing performed (bulk tank milk samples or individual cows)
10

Bulk tank milk test performed OR individual cow testing performed

0

Both bulk tank milk AND individual cow testing performed OR herd
confirmed negative within the past 12 months

4. What method(s) of fly control do you use?
20 No specific method used
10
5
0

Environmental measures (e.g. fly paper, fumigation, powders/sprays) are
used occasionally
Environmental measures are used consistently during fly season
Environmental and topical (e.g. fly spray, fly tags, dusting bags) measures
are used consistently during fly season

Total Score: ___/100 x 2 (risk multiplier) = ____/200
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Section C: Shared Equipment and Other Fomites

Risk Category: HIGH

Cleaned: Organic material removed and water/soap used; no attention to contact time
Disinfected: A virucidal solution used with the appropriate contact time observed
1. What types of instruments are used for dehorning? How are they cleaned between
animals?
30 Gouge-type or spoon/tube-type dehorners are used, they are rarely cleaned
20
10
0

between animals
Gouge-type or spoon/tube-type dehorners are used, they are usually cleaned
OR disinfected between animals
Gouge-type or spoon/tube-type dehorners are used, they are cleaned AND
disinfected between animals
Hot iron or chemical dehorners are used OR calves are not dehorned

2. How often are ear tagging instruments cleaned?
30 Tagging devices are never cleaned between animals
20

Tagging devices are cleaned of obvious blood/animal material between
uses

10

Tagging devices are cleaned OR disinfected between each animal

0

Tagging devices are cleaned AND disinfected between each animal

3. How often are hoof trimming instruments cleaned?
30 Knives and clippers or electric trimmer are never cleaned between animals
20

Instruments are cleaned when frank blood is seen

10

Instruments are cleaned after trimming a known BLV-positive cow

5

Instruments are cleaned OR disinfected after every cow

0

Instruments are cleaned AND disinfected after every cow
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4. Which statement best describes needle and syringe use?
30 One needle is used multiple times, for many animals of different age

groups
20

One needle is used multiple times, for many animals in the same age group

10

A new needle is used for each animal MOST of the time AND/OR syringes
are reused between animals
A new needle and syringe is used for each animal ALL of the time

0

5. What statement best describes equipment for delivering feed? Equipment includes but is
not limited to buckets, watering areas, mixing bins, mixing utensils.
20 The same equipment is used to deliver feed to all age groups of cattle
10
5

The same equipment is used to deliver feed to all age groups of cattle but is
cleaned between groups
Different equipment is used to deliver feed for some age groups of cattle

0

Different equipment is used to deliver feed for all age groups of cattle

Total Score: ___/140 x 3 (risk multiplier) = ____/420
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Section D: Calving and Calving Area

Risk Category: LOW

1. When a calf is born, do you know the BLV status of the mother?
20 No
10

Sometimes

0

Yes

2. Are newborn calves allowed to nurse from the cow?
20 >50% nurse; calves are left with the cow for >4 hr OR left purposely with
10

the cow
10-50% nurse

5

<10% nurse

0

No calves nurse the cow

3. How often are the calving pens cleaned?
30 Calving pens are cleaned out (i.e. bedding removed, pen floor/sides cleaned

20

of organic material) infrequently (more than 5 calves born between
cleanings)
Calving pens are cleaned out frequently (2-5 calves born between
cleanings)

10

Calving pens are cleaned out after every calving

0

Calving pens are cleaned out and the floor/sides are disinfected after every
calving

4. Is the calving area used for sick or lame cows?
30 Calving area is used at least once every second week by non-calving cows
20

Calving area is used at least once monthly by non-calving cows

10

Calving area is used occasionally (less than once a month) by non-calving
cows
Calving area is never used by non-calving cows

0

Total Score: ___/100
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Section E: Preweaned Heifer Calves

Risk Category: MEDIUM

1. What is the source of the colostrum fed to calves?
40 Calves are fed pooled colostrum OR colostrum from multiple cows from

10

unknown BLV status
Calves are fed colostrum from a single source: a cow of unknown BLV
status, either the dam or another cow
All calves are fed colostrum from a single BLV test-negative cow

0

All calves are fed 100% pasteurized colostrum or colostrum replacer

20

2. What is the source of the milk or milk replacer fed to calves?
30 Calves are fed waste milk
20

Calves are fed bulk tank OR pooled milk

10

Calves are fed whole milk from individual cows (not pooled) without
selecting based on BLV test status
Calves are fed whole milk from individual cows that are low risk OR test
negative for BLV
Calves are fed milk replacer or pasteurized milk

5
0

Answer # 3 if calves are sent to a custom-rearing site OR #4 if calves are raised onfarm.
3. Which statement best describes the custom-rearing site?
30 Calves are raised at a custom rearing operation and exposed to adult cattle
20
10
0

OR housed in proximity to adult cattle of other herds
Calves are raised at a custom rearing operation and are exposed to precalving age cattle ONLY from other herds
Calves are raised at a custom rearing operation and are exposed to preweaned calves ONLY from other herds
Calves are reared at a facility exclusively for this herd with NO outside
contact outside of this herd
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4. On the primary farm, where are calves housed in relation to the adult cows?
30 Calves are housed in the same building as adult cows
20

Calves are housed within 200 meters of adult cows

0

Calves are housed in a completely separate area from adult cows >200
meters away

Total Score: ___/100 x 2 (risk multiplier) = ____/200
Do you feed frozen colostrum? Y / N
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Section F: Reproduction

Risk Category: HIGH

1. How often is a new rectal sleeve used?
30 The same rectal sleeve is used for multiple animals
15

Rectal sleeves are changed when frank blood is seen

0

Rectal sleeves are always changed between each animal

2. What is the sequence of cows when preg checking or performing AI? Score 0 if a
different rectal sleeve is used for each animal.
30 There is no particular age order when preg checking or performing AI
15

Heifers are often preg checked or inseminated before adult cows

0

Heifers are always preg checked or inseminated before adult cows

3. How often is the ultrasound, AI or embryo transfer equipment cleaned between
animals?
30 Equipment is usually cleaned or the protective cover is changed between
15
0

animals
Equipment is always cleaned or the protective cover is changed between
animals
Equipment is always cleaned and disinfected or the protective cover is
changed between animals

4. Are hormonal estrus synchronization protocols (e.g. Ovsynch, Cosynch, etc.) used?
20 Yes, estrus synchronization is used in >10% of heifers AND/OR mature

cows
10

Yes, estrus synchronization is used in <10% of heifers AND/OR mature
cows

0

No, heifers and mature cows do not receive estrus synchronization
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5. Is the BLV test status of natural service bulls known? Score 0 if bulls not used.
30 Yes, bull(s) confirmed BLV positive on bloodwork (ELISA)
20

Test status of bull(s) is unknown

0

Bull(s) have been confirmed to be BLV negative based on bloodwork
(ELISA)

6. How often are bulls used for natural breeding?
30 Bull breeding is used often (>5% heifers and cows)
10

Bull breeding is used occasionally (<5% heifers and cows)

0

Bulls are never used

Total Score: ___/170 x 3 (risk multiplier) = ____/510
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Section G: Weaned Heifer Management

Risk Category: MEDIUM

1. Where are weaned (non-pregnant) heifers housed in relation to adult cows?
20 Weaned heifers are housed in the same building as adult cows
10

Heifers are housed within 200 meters of adults

0

Heifers are housed in a completely separate area from adult cows, >200
meters away

2. Is any shared equipment mentioned in Section C (Questions 1-3) used on weaned
heifers?
30 Yes, shared equipment is used on heifers regularly
15
0

Yes, shared equipment is used occasionally (e.g. dehorning/ear tagging
heifers that were missed as calves)
No, shared equipment is not used on heifers

Total Score: ___/50 x 2 (risk multiplier) = ____/100
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Section H: Adult Cows

Risk Category: MEDIUM

1. Are cows housed based on their BLV test status?
20 BLV status of individual cows is unknown OR there is no separation of
0

positive and negative cows
BLV positive cows are physically separated (i.e. no physical contact, no
shared feed/water spaces) from BLV negative cows.

2. Is the BLV status of a cow important in making the decision to cull the cow?
20 No, culling decisions are based on other factors (e.g. milk production,
10

lameness)
Yes, it is somewhat important but other factors are more important

5

Yes, it is equally as important as other factors

0

Yes, it is a main reason for culling cows and is more important than other
factors

3. Is the BLV status of a cow considered in the milking order of cows?
10 There is no special consideration of milking order of BLV positive cows
0

OR BLV status of individual cows is unknown
BLV positive cows are milked after negative cows

Total Score: ___/50 x 2 (risk multiplier) = ____/100

179

FINAL STEPS:
Transfer the scores from each question to the Score Sheet. This is a good opportunity
to discuss the questions again with the producer and begin to build a consensus on
action to be taken.
Based on the consensus developed with the producer during the review, write your
Management Plan. It is expected that most recommendations will come from Section
C, E, or F as these are considered the management practices with the highest risk for
transmission. Identify the target areas for action, then choose the lowest score
procedure that is practical for the farm from the workbook for the target area.
Both the veterinarian and producer need to sign the Score Sheet and Management
Plan, to ensure that there is consensus on how to move forward. If either party is not
comfortable with the goals for the next 2-3 years then the management plan should be
revised.
Return the Workbook and a copy of the Management Plan to the producer. Fax
copies of the Management Plan and Score Sheet to 902-620-5191. The veterinarian
should retain original Management Plans and Score Sheets for their records.
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Enzootic Bovine Leukosis Management Plan
Farm name: _______________________________________________
Owner name: ____________________________ Signature: ______________________
Veterinarian: ____________________________ Signature: ______________________
Date of assessment: ___________________________ Dairy Board #: ______________
Based on the farm risk assessment and what can be practically achieved in the next 2
years, identify 3 priority areas for control of Leukosis. Choose a maximum of 3 goal
activities from the eight sections and rank from 1 to 3. Do not rank 3 in each section –
rank a TOTAL of three across all eight sections, only numbering three squares in total.
Section A: General Biosecurity
Visitors do not have access to cows/must have clean footwear and clothing
Cattle are not purchased from an outside source
Cattle do not leave the property and no proximity to other herds
No manure present in hind legs, forelegs, or flanks of adult cows

Section B: General BLV
Not applicable as recommendation
No new cows to be purchased
Bulk tank and individual cow testing for BLV performed
Environmental and topical fly control used consistently during fly season

Section C: Shared Equipment and Other Fomites
Hot iron or chemical dehorners used OR calves not dehorned
Ear tagging devices cleaned and disinfected between each animal
Hoof trimming instruments cleaned and disinfected between each animal
A new needle and syringe is used for each animal all of the time
Different equipment is used to deliver feed for all age groups of cattle
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Section D: Calving and Calving Area
Identify BLV-positive cows prior to calving
No newborn calves nurse the cow
Calving pens cleared out, floors/sides disinfected after every calving
Calving area never used by non-calving cows

Section E: Preweaned Heifer Calves
All calves fed 100% pasteurised colostrum or commercial colostrum replacer
Calves are fed milk replacer or pasteurised milk
Calves reared at calf-rearing facility exclusively for this herd, no outside contact
OR
Calves housed completely separately from adults, >200 meters away

Section F: Reproduction
Rectal sleeves are always changed between each animal
AI/ET equipment always cleaned and disinfected between animals and protective covers
(ultrasound, AI rod) are changed between animals
Heifers are always preg checked or inseminated before adult cows
Heifers and mature cows do not receive estrus synchronisation
Bulls confirmed BLV negative
Bulls never used for natural breeding

Section G: Weaned Heifers
Heifers housed completely separately from adults, >200 meters away
Shared equipment (Section C) not used on heifers

Section H: Adult Cows
BLV positive cows housed completely separately from negative cows
BLV the most important reason for culling cows
BLV positive cows are milked after negative cows
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Enzootic Bovine Leukosis Score Sheet
Farm name: _________________________________________________
Owner Name: _______________________________________________
Veterinarian: ________________________________________________
Date of assessment: _______________________ Dairy Board #: __________________
Herd size: __________ Barn Type: ________________ Use frozen colostrum? _____
Section A: General Biosecurity (Low)
Question Score
1
2
3
4

Section E: Preweaned Heifers (Medium)
Question Score
1
2
3
4

Section B: General BLV (Medium)
Question Score
1
2
3
4

Section F: Reproduction (High)
Question Score
1
2
3
4
5
6

Section C: Equipment/Fomites (High)
Question Score
1
2
3
4
5

Section G: Weaned Heifers (Medium)
Question Score
1
2

Section D: Calving and Area (Low)
Question Score
1
2
3
4

Section H: Adult Cows (Medium)
Question Score
1
2
3

When complete fax to: 902-620-5191
Fax both Score Sheet and Management Plan
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APPENDIX B: DATA SIMULATION STUDY FOR CHAPTER 3

Methods
Due to the marked bimodality in the herd random effects, for each sampling
interval data sets with the same hierarchical structure and predictors as the original data
were simulated from the parameter estimates (Supplementary Table 1) and a bimodal
distribution of the random effects. For example, for the 3-year sampling interval, the
true fixed effects values for the sample, province, sample by province interaction and
intercepts were 0.676, 1.715, 1.144, -1.526, -0.698, and 6.074, respectively, with a true
value for the error variance of 0.978. The bimodal distribution was modeled as a mixture
of two normal distributions with fixed proportions of the two components; additionally,
these proportions varied across a range of simulation scenarios. Proportions and
standard deviations were chosen for the two distributions based on visual examination of
the histograms of the herd-level random effects residuals for each sampling interval.

Each simulated data set was analyzed by the same model as the original data,
and the parameter estimates (fixed effects and variance components) were extracted.
The results from a total of 1000 such simulations were compared to the true values
behind the simulated data in order to determine whether substantial biases in the
parameter estimates could have been caused by the invalidation of the model's
assumptions for the herd random effects.
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Results
Supplementary Figure 1 shows normal quantile plots and histograms for the
herd-level random effects residuals from the data analysis for all three sampling
intervals; data is presented on square-root transformed scale. Proportions of data
distribution, as well as means and standard deviations, were extracted from histogram
data for all three sampling intervals.

For all three sampling intervals, parameter estimates obtained from the data
simulation were consistent with the true values from the original data (Supplementary
Table 1). The largest differences between the true and simulated values were seen for
the herd and sample-level variance components. Supplementary Table 2 shows the
comparison between herd- and sample-level variance components, as well as intraclass
correlation coefficients (ICC), for the true and simulated data over a range of
proportions for the bimodal data distribution. While there is good agreement between
the true and simulated values for each proportion investigated, a bimodal distribution of
0.15:0.85 was chosen based on the agreement of the variance component values with the
observed data.
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Figure S1. Normal quantile plots and histograms for herd-level random effects residuals.
Data for the 1-month sampling interval is presented in the top row, data for the 3-month
sampling interval in the middle row, and data for the 3-year sampling interval in the
bottom row.

-5

0
Theoretical quantiles

-10

-5

0
Theoretical quantiles

-10

-5

0
Theoretical quantiles

5

10

5

10

-6

-4

-2
Herd-level residuals

-8

-6

-4

-2
Herd-level residuals

0

2

.4

0

2

0

-10

.1

-5

.2

.3

Density

0

Sample quantiles

5

.4

.5

10

0

-10

.1

-5

.2

.3

Density

5
0

Sample quantiles

-8

.5

10

-10

5

10

-6

186

-4
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Table S1. Summary of parameter estimates from the analyzed data and comparison with parameter estimates from simulation
studies for all three sampling intervals. Estimates for the simulated data represent average values from 1000 simulations
performed using the proportions of 0.15 and 0.85 for the bimodal distribution for all sampling intervals. Standard deviation
for the 1000 simulations for each sampling interval, rather than standard error, is presented.

Parameter
Sample replicate

1-month
3-month
3-year
True data
Simulated data
True data
Simulated data
True data
Simulated data
Coeff. SE
Coeff. SD
Coeff. SE
Coeff. SD
Coeff. SE
Coeff. SD
-0.865 0.081 -0.864 0.102 -0.452 0.077 -0.436 0.102 0.676 0.102 0.674 0.102
-1.351 0.081 -1.349 0.108
0.664 0.274 0.661 0.301 0.699 0.291 0.693 0.305 1.715 0.270 1.709 0.283
-1.350 0.313 -1.342 0.329 0.662 0.332 0.667 0.365 1.144 0.308 1.149 0.337
0.432 0.111 0.434 0.138 -0.509 0.106 -0.506 0.145 -1.526 0.141 -1.523 0.145
0.968 0.127 0.971 0.164 -0.216 0.121 -0.212 0.161 -0.698 0.161 -0.694 0.161
1.051 0.111 1.051 0.143
2.494 0.127 2.494 0.175
7.425 0.198 7.627 0.208 7.203 0.211 7.537 0.223 6.074 0.196 6.313 0.211
6.792 0.433 7.380 0.477 7.806 0.500 8.067 0.531 6.222 0.416 6.761 0.450

Sample 2
Sample 3
Province
NS
PE
Sample-province
Sample 2*NS
interaction
Sample 2*PE
Sample 3*NS
Sample 3*PE
Constant
Herd-level
variance§
Sample-level
0.611 0.027 0.993 0.043 0.557 0.034 0.996 0.062 0.978 0.060
variance
Herd-level
0.893 0.010 0.881 0.010 0.931 0.006 0.889 0.011 0.842 0.014
a
ICC
a
Herd-level variance components and herd-level ICC values are not directly comparable between true and simulated data.
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0.996

0.062

0.871

0.012

Table S2. Herd- and sample-level variance components, as well as intraclass correlation
coefficients, for the one-month sampling interval for both the true and simulated data.
Results are displayed for a range of proportions for the bimodal distribution.
Herd-level variance
Sample-level variance ICC
Proportion True value Simulated True value Simulated True value Simulated
0.1:0.9
5.428
5.389
1.000
0.993
0.844
0.843
0.15:0.85
7.423
7.380
1.000
0.993
0.881
0.881
0.2:0.8
9.151
9.100
1.000
0.993
0.901
0.901
0.3:0.7
11.808
11.760
1.000
0.995
0.922
0.922
0.4:0.6
13.399
13.323
1.000
0.996
0.931
0.930
0.5:0.5
13.924
13.855
1.000
0.994
0.933
0.933
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APPENDIX C: QUESTIONNAIRE ADMINISTERED FOR DATA COLLECTION
FOR TEMPORAL PATTERNS OF INFECTION STUDY

A copy of the questionnaire administered to producers for data collection for the
temporal patterns of infection project follows on the next pages. Due to margin
constraints, the questionnaire has been modified slightly to fit in the thesis.
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BLV Temporal Patterns of Infection – Atlantic Healthy Herds

General Information Survey
Complete the following information for ALL animals of each age group, not just the
individuals being sampled.

Farm Name: ________________________________________________________
Owner Name: _______________________________________________________
Veterinarian: _______________________________________________________
Date of sample collection (D/M/Y): _____________________________________
Dairy Board #: ______________________________________________________
Barn Type: _________________________________________________________

Total number of pre-weaned heifer calves: _________
Total number of weaned heifers, pre-breeding age: ________
Total number of breeding-age heifers: ________
Total number of mature cows, dry:________
Total number of mature cows, lactating: ________
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Part 1: Pre-weaned heifer calves
Complete the questions below taking into account ALL pre-weaned heifer calves, not
just those sampled. Answer as accurately as possible, providing supporting comments
as needed.
Colostrum management
APPROXIMATELY what percent of heifer calves receive the following types of
colostrum?
Fresh pooled colostrum
Fresh colostrum from one cow
Frozen pooled colostrum
Frozen colostrum from one cow
Commercial colostrum
Pasteurised colostrum

List any other type(s) of colostrum also fed to heifer calves: ______________________
_______________________________________________________________________
How much colostrum does each heifer calf receive (litres or quarts)? _______________
What percent of heifer calves receive colostrum within the following time periods?
First feeding
Second feeding
Within 2 hours
Within 6 hours
Within 12 hours
Within 24 hours

Comments, colostrum management:
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Part 1: Pre-weaned heifer calves
Feeding
What percent of the time do heifer calves receive the following types of milk?
Waste milk
Surplus bulk tank milk
Milk from individual cow (no pooling)
Commercial milk replacer

Is milk treated prior to feeding it to calves?
No treatment performed
Milk is pasteurised
Milk is acidified
Milk is fermented

How is milk fed to calves?
Bottle or bucket; dedicated bottle/bucket for each calf
Bottle or bucket; communal equipment
Free choice, individual nipple/feeder for each calf
Free choice, multiple calves use the same nipple/feeder

How often are bottles/buckets/equipment cleaned and/or disinfected?
C
D
After every feeding
Daily
Every other day
Other; please specify
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Part 1: Pre-weaned heifer calves
Housing
What percentage of calves are housed in the following housing types?
Individual calf hutches
Group calf hutches; # of calves per hutch:
Individual calf pens
Group calf pens; average # of calves per pen:

Are calves moved to group housing BEFORE weaning? __________________
If yes, how old are calves when they are grouped? _______________________
Where is the calf housing in relation to the adult cows?
In the same building
In a separate building/calf hutches, <200 meters from adult cows
In a separate building/calf hutches, >200 meters from adult cows
At a different location; please specify:

How many people are caring for (feeding, handling, cleaning) the preweaned heifer
calves? _________________________________
Do the people caring for the calves also care for the adult milking herd? _____________
If yes, in what order are the different age groups handled? ________________________
Are there separate boots/coveralls used when caring for the calves? ________________
Comments, milk feeding and housing:
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Part 1: Pre-weaned heifer calves
Equipment use and fly control
Check ALL of the following equipment that is used on pre-weaned heifers:
Gouge or spoon-type dehorners
Hot iron or chemical dehorners
Ear taggers; specify if self-piercing (i.e. tag has sharp metal part) or not
Reused needles
Reused syringes
Esophageal feeders
Equipment for minor surgery (e.g. extra teat removal, lancing abscesses, ear
notching)

Do calves receive IV injections by farm staff? ______________________
What type(s) of fly control are used for pre-weaned heifers?
Environmental – fly paper, fumigation, sprays/powders – used in the calf
environment
Topical sprays/powders used specifically for calves
Both environmental and topical used specifically for calves
No fly control specifically for calves

Comments, equipment and fly control:
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Part 2: Weaned heifer calves
Complete the questions below taking into account ALL pre-weaned heifer calves, not
just those sampled. Answer as accurately as possible, providing supporting comments
as needed.
Feeding
Describe the typical diet for weaned heifer calves:

Are calves fed using the same equipment (mixing bins, mixing utensils, buckets) as
adult cows?
________________________________

Which of the following BEST describes the water source for the calves?
Buckets or troughs used ONLY by weaned calves
Buckets or troughs used by weaned calves and older heifers
Buckets or troughs used by weaned calves and adult cows
Other; please specify:

Comments, feeding:
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Part 2: Weaned heifer calves
Housing
What is the AVERAGE group size for weaned heifers? _____________
What is the AVERAGE age range within one group of weaned heifers? _____________
Where is the weaned calf housing in relation to adult cows?
In the same building
In a separate building, <200 meters from adult cows
In a separate building, >200 meters from adult cows
At a different location; please specify:

For the AVERAGE calf, how often is she re-grouped after weaning? Do NOT include
the initial movement into a group from individual housing, or movement into the group
of breeding-age heifers.
>3 movements
2-3 movements
1 movement
Not re-grouped after weaning

What BEST describes pasturing for weaned heifer calves?
Pastured in the same field as adult cows
Pastured separately with <200 meter separation from adult cows
Pastured separately with >200 meter separation from adult cows
Pastured at a different location
Not pastured

Comments, housing:

196

Part 2: Weaned heifer calves
Equipment use and fly control
Check ALL of the following equipment that is used on weaned heifers:
Gouge or spoon-type dehorners
Hot iron or chemical dehorners
Ear taggers; specify if self-piercing (i.e. tag has sharp metal part) or not
Reused needles
Reused syringes
Foot trimming equipment
Equipment for minor surgery (e.g. extra teat removal, lancing abscesses, ear
notchers)

What type(s) of fly control are used for weaned heifers?
Environmental – fly paper, fumigation, sprays/powders – used in the heifer
environment
Topical sprays/powders used specifically for heifers
Both environmental and topical used specifically for heifers
No fly control specifically for heifers

Comments, equipment and fly control:
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Part 3: Breeding-age heifers
Complete the questions below taking into account ALL breeding-age heifers, not just
those sampled. Answer questions based on heifer management BEFORE they join the
adult herd, unless otherwise stated. Answer as accurately as possible, providing
supporting comments as needed.
Feeding
Describe the typical diet for breeding-age heifers:

Are heifers fed using the same equipment (mixing bins, mixing utensils, buckets) as
adult cows?
_______________________________________

Which of the following BEST describes the water source for the heifers?
Buckets or troughs used ONLY by breeding-age heifers
Buckets or troughs used by heifers and adult cows
Other; please specify:

Comments, feeding:
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Part 3: Breeding-age heifers
Housing
What is the AVERAGE group size for breeding-age heifers? _____________

What is the AVERAGE age range within one group of breeding-age heifers? _________

What is the AVERAGE age when a heifer enters the breeding group? _____________

Where are the heifers housed in relation to adult cows?
In the same building
In a separate building, <200 meters from adult cows
In a separate building, >200 meters from adult cows
At a different location; please specify:

When are heifers moved into the main adult herd?
During the close-up period/at calving
Within 3 months of calving
Within 6 months of calving
At the time of successful breeding

What type of grouping is used for breeding-age heifers?
All in-all out
Continuous movement (when heifers are confirmed pregnant they are moved into
the adult herd and replaced with younger heifers)
Other; specify

How often are heifers moved into/out of the breeding group? ____________________
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If heifers are pastured, choose the BEST description below.
Pastured in the same field as adult cows
Pastured separately with <200 meter separation from adult cows
Pastured separately with >200 meter separation from adult cows
Pastured at a different location
Not pastured

Comments, housing:
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Part 3: Breeding-age heifers
Equipment use and fly control
Check ALL of the following equipment that is used on breeding-age heifers:
Gouge or spoon-type dehorners
Hot iron or chemical dehorners
Ear taggers; specify if self-piercing (i.e. tag has sharp metal part) or not
Reused needles
Reused syringes
Foot trimming equipment
Equipment for minor surgery (e.g. extra teat removal, lancing abscesses, ear
notchers)
Reproductive equipment and palpation (e.g. rectal sleeves, ultrasound, AI
equipment)

What type(s) of fly control are used for breeding-age heifers?
Environmental – fly paper, fumigation, sprays/powders – used in the heifer
environment
Topical sprays/powders used specifically for heifers
Both environmental and topical used specifically for heifers
No fly control specifically for heifers

Comments, equipment and fly control:
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Part 4: Cow movement
Complete the questions below using information from the last TWO years. Answer as
accurately as possible, providing supporting comments as needed.
Do you buy replacement animals? _________________
What source(s) do you use when purchasing animals?
Herds with KNOWN negative status for BLV
Herds with KNOWN positive status for BLV
Herds with UNKNOWN BLV status
Sale barns/auctions
Custom rearing operations
Other; please specify:

Indicate ALL ages of cows that are purchased
Pre-weaned calves
Weaned calves
Open heifers
Bred heifers
First-lactation cows
Mature cows

During show season, how many instances are there of animals leaving the farm?
Often (>8)
Sometimes (4-8)
Rare (<3)
Never
Comments, cow movement:
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Animal Sampling
Select 6 animals AT RANDOM from the following three age groups. If there are 6 or
fewer animals in a specific age group, sample all of the animals available. Write the
tag/ID number of the animal on the sheet as well as on the blood tube. Also include the
tag/ID number of the mother.
Pre-weaned calves
Age group
Pre-weaned heifer calves

Tag/ID number

Weaned heifer calves

Bred heifers
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Dam tag/ID number

Table S3. Results of univariable analyses discussed in Chapter 4. The outcome measure
used in ordinal logistic regression was the age group in which BLV was first identified.
For variables that met the proportional-odds assumption, the P-value displayed is the Pvalue for each age group comparison.
Variable
Colostrum
source fed to
calves

Amount of
colostrum fed
(L)
Timing of first
colostrum
feeding
Timing of
second
colostrum
feeding
Milk type fed to
calves
Treatment of
milk fed to
calves
How milk is fed
to calves

Is feeding
equipment
cleaned

Is feeding
equipment
disinfected

Type of calf
housing

Fresh colostrum
Frozen,
pasteurized, or
commercial
colostrum

<6 hours after
birth
>6 hours after
birth
<12 hours after
birth
>12 hours after
birth
Milk replacer
Milk from farm
(any type)
Treated
(pasteurized or
acidified)
Not treated
Individual
bottle/bucket per
calf
Communal
bottles/buckets/
feeders
After every
feeding
Daily
Less often
Overall P-value
At least every 2
days
Weekly
Never
Overall P-value
Individual pens
or hutches
Group pens or
hutches

OR

95% CI

P-value

1.064

0.303, 3.735

0.923

0.881

0.685, 1.132

0.321

1.727

0.579, 5.151

0.327

1.282

0.469, 3.505

0.629

0.723

0.265, 1.970

0.526

3.299

0.845, 12.880

0.086

0.592

0.172, 2.033

0.405

2.855
1.726

0.684, 11.923
0.505, 5.892

0.150
0.384
0.304

1.045
1.040

0.250, 4.361
0.260, 4.170

0.952
0.955
0.998

2.051

0.705, 5.965

0.187
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Number of
calves per
pen/hutch
Are calves
grouped before
weaning
Calf housing
related to adults

Number of
people caring
for calves
Order that age
groups are
handled
Needles reused,
pre-weaned
calves
Syringes reused,
pre-weaned
calves
Tube feeding
performed, preweaned calves
Minor surgery
performed in
pre-weaned
calves
Farm staff give
IV injections,
pre-weaned
calves
Fly control in
pre-weaned
calves

Feed equipment
shared with
weaned heifers
and older
animals
Group size for
young weaned
heifers
Group size for
older weaned
heifers

1.126

0.926, 1.369

0.235

1.239

0.462, 3.326

0.670

1.115
0.669

0.184, 6.743
0.103, 4.328

0.997

0.662, 1.500

0.906
0.673
0.633
0.987

0.717

0.259, 1.990

0.523

0.750

0.239, 2.350

0.622

No
Yes

1.939

0.471, 7.982

0.359

No
Yes

0.842

0.209, 3.389

0.809

0.850

0.249, 2.898

0.795

1.533

0.539, 4.360

0.423

3.327

0.935, 11.841

0.063

5.287

0.654, 42.711

0.118

No
Yes
>200m away
<200m away
In same building
Overall P-value

Calves first
Heifers/adults
first
No
Yes

No
Yes
No
Yes
None
Environmental
or topical
Environmental
and topical
Overall P-value
No
Yes

0.133

1.522

0.550, 4.214

0.419

0.984

0.859, 1.128

0.820

1.006

0.962, 1.052

0.791
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Age range
within group of
young weaned
heifers
Age range
within group of
older weaned
heifers
Weaned heifer
housing related
to adults
Number of
times weaned
heifers are
regrouped

Weaned heifer
access to pasture

Hot iron
dehorner use in
weaned heifers
Needles reused,
weaned heifers
Syringes reused,
weaned heifers
Foot trimming
performed in
weaned heifers
Minor surgery
performed in
weaned heifers
Fly control in
weaned heifers

Feed equipment
shared with
breeding-age
heifers and adult
cows
Water source for
breeding-age
heifers

>200m away
<200m away
Same building
Overall P-value
Not regrouped
Regrouped once
Regrouped twice
Regrouped three
times
Overall P-value
Pastured >200m
from adults
Pastured <200m
from adults
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
None
Environmental
or topical
Environmental
and topical
Overall p-value
No

0.878

0.713, 1.082

0.223

1.006

0.800, 1.265

0.959

1.813
1.715

0.454, 7.249
0.399, 7.374

0.400
0.468
0.670

2.791
9.644
2.146

0.502, 15.529
1.791, 51.931
0.384, 12.001

0.241
0.008
0.384
0.033

0.785

0.181, 3.407

0.747

1.256

0.444, 3.556

0.667

0.835

0.261, 2.676

0.762

1.517

0.445, 5.170

0.506

0.731

0.207, 2.589

0.628

1.012

0.344, 2.978

0.983

3.431

1.207, 9.760

0.021

5.286

0.386, 72.452

0.213
0.051

Yes

1.243

0.455, 3.396

0.671

Only for
breeding-age
heifers
Shared with

2.452

0.505, 11.918

0.266
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adult cows
Group size for
breeding-age
heifers
Age range
within group of
breeding-age
heifers
Age when
heifers enter the
breeding group
Breeding-age
heifer housing
related to adults
When are
heifers moved
into adult herd
Breeding-age
heifer access to
pasture
Ear tagger use,
breeding-age
heifers
Needles reused,
breeding-age
heifers
Syringes reused,
breeding-age
heifers
Foot trimming
performed in
breeding-age
heifers*
Minor surgery
performed in
breeding-age
heifers
Fly control in
breeding-age
heifers

Farm buys
replacement
animals
Farm buys
animals with

1.003

0.972, 1.036

0.844

0.980

0.843, 1.140

0.796

0.809

0.590, 1.110

0.190

1.420
3.181

0.372, 5.416
0.836, 12.105

0.608
0.090
0.177

0.878

0.293, 2.634

0.816

1.137

0.425, 3.042

0.798

0.529

0.075, 3.707

0.521

No
Yes

0.672

0.214, 2.110

0.496

No
Yes

1.681

0.455, 6.208

0.436

2.753

0.808, 9.381

0.105

1.445

0.408, 5.118

0.569

4.645

1.1493, 14.454

0.008

4.439

0.660, 29.877

0.125

>200m away
<200m away
Same building
Overall P-value
At close-up
>3 months prior
to calving
Pastured >200m
from adults
Pastured <200m
from adults
No
Yes

No
Yes
No
Yes
None
Environmental
or topical
Environmental
and topical
Overall P-value
No
Yes
No

0.019

1.464

0.544, 3.945
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0.451

unknown BLV
status
Farm buys from
sale barns
Farm buys open
heifers
Farm buys bred
heifers
Farm buys firstlactation cows
Farm buys
mature cows
Cows leave the
farm and return
Fenceline
contact with
other herds
Any other
method of
contact with
other herds

Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes

1.135

0.407, 3.166

0.809

1.415

0.274, 7.319

0.679

1.415

0.274, 7.319

0.679

3.169

0.810, 12.403

0.098

1.373

0.444, 4.243

0.582

2.142

0.680, 6.749

0.193

0.855

0.319, 2.297

0.757

0.079

0.008, 0.741

0.026

0.315

0.080, 1.239

0.098

No
Yes

* For the variable that did not meet the proportional-odds assumption, the estimate and
P-value displayed is the one for the relevant age group comparison.
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APPENDIX D: SUPPLEMENTARY MATERIAL FOR PROVIRAL LOAD STUDY

Protocol for DNA extraction from whole blood using the Qiagen DNEasy blood and
tissue kit

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

12.
13.

Perform all steps at room temperature unless otherwise stated.
Place 200 μl of well-mixed whole blood into a 1.5 mL Eppendorf tube.
Add 40 μl proteinase K to each tube.
Add 219 μl of buffer AL to each tube and pulse vortex 10 times.
Incubate tubes at 56 ˚C for 15 minutes; briefly spin tubes down prior to incubation.
Add 219 μl of 100% ethanol to each tube and pulse vortex 10 times.
Transfer sample to a spin column and centrifuge at 8,000 g for 5 minutes.
Replace the collection tube and add 500 μl of solution AW1 to each tube; centrifuge at
8,000 g for 5 minutes.
Replace collection tube and add 500 μl of solution AW2 to each tube; centrifuge at
16,300 g for 10 minutes.
Move spin column to a labelled 1.5 mL Eppendorf tube.
Add 40 μl of solution AE to each membrane then centrifuge at 8,000 g for 1 minute. It
is essential to fully wet the membrane; care should be taken to not puncture the
membrane with the pipette tip.
Quantify DNA in each sample using the NanoDrop; concentration should be >30 ng/mL
with good purity at A260/280 and A260/230.
Store extracted DNA at -20 ˚C short-term, or at -80 ˚C long-term.
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Details of BLV SS1 qPCR Assay protocol to measure proviral load

1. Extract DNA from whole blood samples as per the protocol previously mentioned
2. Calculate total number of reactions to run
3. Combine components of master mix based on proportions below:
a. Per one reaction:
b. Nuclease-free water 7.25 μl
c. Prime time 2x master mix 12.5 μl
d. BLV SS1 primer 20x master mix 1.25 μl
e. Spike-in synthetic positive control 1 μl
4. Aliquot 22 μl of master mix into individual wells of a 96-well plate
5. For standard curves, aliquot 1 μl of each BLV/Bos Actin standard into wells in duplicate
– 5 concentrations of each standard
6. Add 3 μl of extracted DNA to well containing master mix
7. Perform PCR based on protocol below:
a. 95 ˚C for 3 min
b. 40 cycles of:
c. 95 ˚C for 15 sec
d. 60 ˚C for 1 min
e. Then 60 ˚C for 1 min
8. Use BLV and BA controls to construct standard curves, to be used to calculate BLV and
BA counts from each sample
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