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ABSTRACT

The effects of 2 deleterious recessive haplotypes on
reproduction performance of Ayrshire cattle, Ayrshire
Haplotype 1 (AH1) and Ayrshire Haplotype 2 (AH2),
were investigated in Canadian Ayrshire cattle. We
calculated their phenotypic effects on stillbirth (SB)
rate and 56-d nonreturn rate (NRR) by estimating the
interaction of service sire carrier status with maternal
grandsire carrier status using the official Canadian
evaluation models for those 2 traits. The interaction
term included 9 subclasses for the 3 possible statuses
of each bull: haplotype carrier, noncarrier, or not geno-
typed. For AH1, 394 carriers and 1,433 noncarriers were
available, whereas 313 carriers and 1,543 noncarriers
were available for the AH2 haplotype. The number of
matings considered for SB was 34,312 for heifers (first
parity) and 115,935 for cows (later parities). For NRR,
49,479 matings for heifers and 160,528 for cows were
used to estimate the haplotype effects. We observed
a negative effect of AH1 on SB rates, which was 2.0%
higher for matings of AHl-carrier sires to dams that
had an AHl-carrier sire; this effect was found for both
heifers and cows. However, AH1 had small, generally
nonsignificant effects on NRR. The AH2 haplotype had
a substantial negative effect on NRR, with 5.1% more
heifers and 4.0% more cows returning to service, but
the effects on SB rates were inconsistent and mostly
small effects. Our results validate the harmful effects of
AHI1 and AH2 on reproduction traits in the Canadian
Ayrshire population. This information will be of great
interest for the dairy industry, allowing producers to
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make mating decisions that would reduce reproductive
losses.
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INTRODUCTION

The rapid and advanced development of genomic
technologies has revolutionized modern livestock breed-
ing programs, especially in dairy cattle, enabling early
selection of breeding animals based on genomic EBV
and genomic tests, such as those for lethal haplotypes or
single genes. Genomic selection has brought significant
improvements in productivity and profitability in dairy
cattle breeding programs due to intensive genetic selec-
tion for production and conformation traits (e.g., milk
yield). However, genetic improvement of traits related
to health and reproduction/fertility is limited espe-
cially due to lower heritability values, lower accuracy of
measurements, and less data on phenotypes compared
with production and conformation traits. Moreover,
the extensive use of elite sires through Al in the dairy
industry has led to increased annual inbreeding rates,
which negatively effects fitness traits (Pryce et al.,
2014). Most dairy cattle breeds in Canada are geneti-
cally small populations that originated from a limited
number of founders. Melka et al. (2013) reported effec-
tive population sizes for 5 Canadian breeds, ranging
from 40 for Canadienne to 66 for Milking Shorthorn.
The authors also investigated the effective number of
ancestors and found the lowest number for the Ayr-
shire breed, indicating intensive use of a few sires of
superior genetic merit and higher selection intensity for
this breed. These findings could explain observations of
increased inbreeding levels and loss of genetic diversity
in this breed over the past 5 decades (Sewalem et al.,
2006; Melka et al., 2013). More recently, the average
inbreeding levels for heifers born in 2016 were reported
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to be 7.34%, 6.96%, 6.43%, and 6.36% for Holstein,
Brown Swiss, Ayrshire, and Jersey breeds, respectively
(Canadian Dairy Network, 2017).

A reduction in genetic variance is expected with
higher levels of inbreeding, thus shrinking the potential
for genetic gains (Falconer and Mackay, 1996). Further-
more, inbreeding can negatively affect fitness traits,
including fertility and reproduction, by increasing the
frequency of homozygous deleterious recessive alleles in
the population, which can have an unfavorable effect
on the profitability of the production system (Pryce
et al., 2014). Previous studies have already identified
genomic regions associated with female fertility in dairy
cattle as a consequence of increased rates of inbreeding
(e.g., VanRaden et al., 2011; Fritz et al., 2013; Pryce
et al., 2014; Adams et al., 2016). A recently discovered
haplotype on BTA17 in the Ayrshire breed, named
Ayrshire Haplotype 1 (AH1) was found to be associ-
ated with juvenile mortality, developmental disorders,
and reduced fertility (Cooper et al., 2014; Venhoranta
et al., 2014). Cooper et al. (2014) identified the oldest
Ayrshire ancestor carrying the AH1 haplotype, named
Selwood Betty’s Commander, which had the highest
expected inbreeding for the Ayrshire breed according
to another study (11.1%; VanRaden and Smith, 1999).
The intense use of Selwood Betty’s Commander through
AT and the popularity of his descendants might explain
the high and steady frequencies for the AH1 haplotype
found in the Ayrshire population (Cooper et al., 2014);
the current estimate of the frequency of AH1 in the
US Ayrshire population is 22.2% (Null et al., 2017). A
second recessive haplotype located on BTA3, known as
Ayrshire Haplotype 2 (AH2), was also recently identi-
fied and a decreased sire conception rate was reported
for its carriers (Null et al., 2017). Although lower sire
conception rates were observed for AH2 carriers, the
effect was not statistically significant, likely due to the
small number (n = 247) of matings of carrier sires with
carrier maternal grandsires (MGS) available for the
analysis (Null et al., 2017). The RNA polymerase 2
associated protein (RPAP2) gene was identified as the
leading candidate gene in the haplotype and associated
with embryonic development (Null et al., 2017). The
carrier frequency of AH2 is of concern because it has
grown from 6% in 1990 to 21.7% in 2017 (Null et al.,
2017).

Due to high carrier frequencies reported for AH1 and
AH2 in the United States and the limited availability of
data from previous studies, it is important to investigate
and potentially validate the effects of such haplotypes
on reproduction traits using a larger data set. There-
fore, the present study aimed to (1) characterize the
frequency of the recessive lethal haplotypes reported
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by Cooper et al. (2014) and Null et al. (2017) in the
Ayrshire cattle breed using a larger Canadian data set,
and (2) investigate their possible deleterious effects on
stillbirth (SB) and 56-d nonreturn rate (NRR) in the
Canadian Ayrshire population.

MATERIALS AND METHODS

Data Sets

Data on Ayrshire reproduction traits (SB and NRR)
were extracted from the June 2017 genetic evaluation
carried out by the Canadian Dairy Network (Guelph,
Ontario, Canada; http://www.cdn.ca). The SB trait
was defined as 0 if the calf was born dead or died within
48 h of birth and 1 if the calf lived more than 48 h.
When no subsequent insemination occurred between 15
and 56 d following the first service, NRR was coded
as 1; otherwise, it was 0. All traits recorded during
or before the first calving were coded as parity 1 and
considered heifer traits, and those measured after first
calving (later parities) were considered as cow traits.
Only records up to the sixth calving were kept in the
data sets. After data filtering, a total of 150,247 and
210,008 records for SB and NRR were used for further
analyses. Animals’ haplotype status (carrier or noncar-
rier) was obtained from the Animal Genomics and Im-
provement Laboratory (ARS-USDA, Beltsville, MD),
which used procedures as described in VanRaden et al.
(2011). The status of animals with no haplotype status
from Animal Genomics and Improvement Laboratory,
which were Canadian animals, was defined based on
their SNP genotype data, as described in the following
section.

Statistical Analyses

The model used for the analyses included the same
effects as in the animal model that is currently used
in the national genetic evaluations performed by the
Canadian Dairy Network in Canada (Jamrozik et al.,
2005; Jamrozik and Kistemaker, 2016). In addition,
this model was modified by including an interaction be-
tween haplotype carrier status of the sire of the embryo
or newborn calf (service sire) and carrier status of the
MGS (VanRaden et al., 2011). For heifers (first parity)
the single-trait models were

NRR = INT + RYM + HY + Mf +SS+ T
+ A+ E, and

SB = INT + RYM + HY + AcMcX + SC + A + E.
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Similarly, for cows (later parities) the single-trait mod-
els were

NRR = INT + RYM + HY + ApMf + SS+ T
+ A 4+ PE + E, and

SB = INT + RYM + HY + AcMcX + SC
+A+PE+E

where INT is the interaction effect between haplotype
carrier statuses; RYM is region by year of birth by
month of birth effect (12 classes); HY is herd by year
of birth effect; Mf is month of first insemination effect;
AcMcX is age at current calving by month of current
calving by sex of calf by parity effect; ApMf is age
at previous calving by month of first insemination by
parity effect; A is the animal additive genetic effect;
SS is the service sire by year of insemination effect; SC
is sire of calf effect; PE is the permanent environment
effect; T is Al technician effect, and E is the random
error term. The terms INT, RYM, Mf, AcMcX, and
ApMf were considered fixed effects, whereas all other
effects were treated as random. The INT effect included
9 subclasses for the 3 possible statuses of each sire and
maternal grandsire: carrier, noncarrier, or not geno-
typed. For the AH1 haplotype, 394 carriers and 1,433
noncarriers were available in the data, whereas for the
AH2 haplotype, 313 carriers and 1,543 noncarriers were
available.

At the time of this study, the status of the AH2 hap-
lotypes was unknown for many genotyped Canadian
Ayrshire animals because they were not part of the
official US genomic evaluation. However, AH2 status
was previously determined for 6,344 genotyped animals
(1,306 carriers and 5,308 noncarriers) by the Animal
Genomics and Improvement Laboratory, USDA (Belts-
ville, MD). To increase the number of Canadian bulls
with known status for AH2 and with phenotypes for SB
and NRR, the haplotype was located by searching the
genotyped bulls” chromosomes with sliding windows of
different sizes using the snp1101 software (Sargolzaei,
2014). Phased imputed 50K genotypes were used for
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the haplotype search. Only one haplotype was consis-
tent with the already determined carrier/noncarrier
status from Animal Genomics and Improvement Labo-
ratory for AH2. Moreover, the identified haplotype was
not present as homozygous in the Canadian animals
and the animals’ statuses were compatible with those
from their parents. The haplotype was located between
50.8 and 52.3 Mb of BTA3, which was slightly shorter
(by 0.2 Mb) than that published by Null et al. (2017).
Therefore, the animal’s status for AH2 was defined
based either on the Animal Genomics and Improve-
ment Laboratory determination, if available, or on
genotypic data, which had an accuracy of 99.3%, when
validated on animals with known status determined by
the Animal Genomics and Improvement Laboratory.

Single-trait analyses of SB and NRR were performed
using the BLUPF90 programs (Misztal et al., 2002),
using pedigrees of 125,087 and 108,298 animals for
NRR and SB, respectively. A modified version of the
airemlf90 software (Misztal et al., 2002) was used to
perform a t-test for specific contrasts between interac-
tions.

RESULTS AND DISCUSSION

Descriptive Statistics and Trait Trends

Descriptive statistics for each trait are shown in
Table 1. The total number of observations for SB was
34,312 for heifers, with 8.48% SB, and 115,935 records
for cows, with 6.19% SB. For NRR, 49,479 observa-
tions were available for heifers and 160,529 for cows,
with 67.23 and 56.74% nonreturns for heifers and cows,
respectively (Table 1). Male calves represented 59 and
58% of SB (calves either born dead or dying within 48
h after birth) for heifers and cows, respectively (Table
2). This outcome accords with previous studies that
reported male calves are more likely to be stillborn
than female calves, which could be associated with calf
size (Meyer et al., 2001; Bicalho et al., 2007; Cole et
al., 2007; Sewalem et al., 2008). The total (males + fe-
males) proportion of SB was higher for heifers (16.9%)
than for cows (12.4%).

Table 1. Descriptive statistics for stillbirth and 56-d nonreturn rate in Canadian Ayrshire

Stillbirth 56-d nonreturn rate
Parity No. of records Incidence' (%) SD? No. of records Incidence® (%) SD?
Heifers 34,312 8.48 0.28 49,479 67.23 0.47
Cows 115,935 6.19 0.24 160,529 56.74 0.49

"Incidence of calves born dead or that died within 48 h of birth.

*Standard deviation of the phenotypic records (in the measurement scale).
*Incidence of no subsequent insemination between 15 and 56 d following the first service.
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Table 2. Distribution of stillbirth incidence by parity of dam and sex of calf in the analyzed data set
Heifers Cows
Male Female Male Female
Score! N %* N % N % N %
0 1,716 10.0 1,192 6.9 4,101 7.1 2,980 5.3
1 15,422 90.0 15,982 93.1 55,102 92.9 53,662 94.7
Total 17,138 17,174 59,293 56,642

!Stillbirth = calves born dead or that died within 48 h of birth were scored as 0.
*Percentages sum to 100% within parity-sex groups.

The phenotypic trends from 1997 to 2014 for NRR
and SB are shown in Figure 1. The observed NRR was

(average of 67.4 and 56.5%, respectively), with little
variation across years. The SB for heifers increased

higher for heifers than for cows over the entire period until 2009 (from 3.5 to 10.9%), when it started to de-
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Figure 1. Phenotypic trend for 56-d nonreturn rate (A) and stillbirth (B) in heifers (dotted line) and cows (dashed line).
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crease to 7.5% in 2014. For cows, a similar trend was
observed, although SB increased at a lower rate (from
3.6 to 7.1%) until 2008, when it started to decrease
before returning to higher rates in 2011 (Figure 1).
Despite the low heritabilities estimated for SB and
NRR, ranging from 1% for SB to 2% for NRR, enough
additive genetic variation exists to allow effective selec-
tion for these traits (Jamrozik et al., 2005; Sewalem
et al., 2010). The current Canadian Daughter Fertility
index for all dairy breeds is based on age at first ser-
vice (index weight = 11%), NRR in heifers (16%), first
service to conception in heifers (8%), calving to first
service (15%), NRR in cows (34%), and first service to
conception in cows (16%). A higher weight is placed on
NRR, which emphasizes the importance of this trait for
reproductive performance in dairy cattle breeds.

Haplotype AH1

Stillbirth is an economically important trait for dairy
cattle. Its occurrence is linked not only with the costs
associated with the loss of a calf but also the costs
associated with subsequent impaired productive and re-
productive performance of cows (Mahnani et al., 2018).
Thus, a better understanding of the biology underlying
this trait and potentially reducing its incidence are im-
portant because it can affect the profitability of a dairy
farm. Figure 2 shows the increase in the frequency of
AH1 and AH2 in the Canadian Ayrshire population.
Table 3 shows the observed incidence of SB and NRR
by carrier status of MGS within carrier status of ser-
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vice sire for AH1 haplotype. Very small differences in
the incidence of NRR were observed between noncar-
rier MGS and noncarrier service sire mating and other
matings, which were mostly not significant (Table 4).
Therefore, no evidence of detrimental effects of AH1 on
NRR was found.

For cows, an increase of 1.4% in stillbirths was
observed for carrier service sire x carrier MGS mat-
ing compared with noncarrier service sire X mnoncar-
rier MGS mating for the AH1 haplotype, whereas for
heifers, a slightly higher increase (2.1%) was observed
(Table 3). These differences were highly significant (P
< 0.001; Table 4). Other significant differences were
also observed between noncarrier service sire X noncar-
rier MGS mating and other matings, but the magni-
tude of these differences in the incidence of stillbirths
was much smaller (Table 4). This finding may indicate
a detrimental effect on fertility, especially during mid
to late gestation (VanRaden et al., 2011). Early abor-
tion of a pregnancy, measured by return rate (and its
complement NRR), would be more difficult for produc-
ers to detect, and it would also have smaller economic,
welfare, and physiological effects compared with SB
calves gestated for a longer period. Venhoranta et
al. (2014) suggested that calves with signs of ptosis,
intellectual disability, retarded growth, and mortality,
which constitute an inherited disorder known as PIRM
syndrome, could be associated with the AH1 haplotype.
The authors identified a common region on BTA17 with
extended homozygosity present in all animals with the
disease, whereas no homozygosity was observed in the
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Figure 2. Frequency of recessive haplotypes AH1 (dashed line) and AH2 (dotted line) in the Canadian Ayrshire population.
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Table 3. Observed distribution of stillbirth (SB) and 56-d nonreturn rate (NRR) by carrier status of service sire within carrier status of maternal

grandsire for the AH1 haplotype in Canadian Ayrshire

Carrier status of maternal grandsire

Carrier Noncarrier Not genotyped

Carrier status of service sire SB' (%) NRR? (%) SB (%) NRR (%) SB (%) NRR (%)
Heifers

Carrier 10.7 67.7 8.7 66.8 8.6 73.0

Noncarrier 7.3 66.2 8.6 66.6 7.6 68.9

Not genotyped 6.7 72.2 8.0 75.3 8.4 87.5
Cows

Carrier 7.5 57.3 6.5 56.5 5.3 59.3

Noncarrier 5.9 56.6 6.1 55.7 5.4 59.2

Not genotyped 6.3 58.8 6.4 61.9 4.7 70.3

!Calf was born dead or died within 48 h of birth.

*No subsequent insemination between 15 and 56 d following the first service.

unaffected animals, which suggests a recessive pattern
of inheritance.

Haplotype AH2

As observed in Table 5 and Table 6, AH2 had a very
strong and highly significant effect (P < 0.001) on
NRR associated with carrier X carrier mating, with
a decrease of more than 5% in NRR compared with
noncarrier X noncarrier mating. The effect of the AH2
haplotype on SB was mostly small and inconsistent be-
tween heifers and cows, with a decrease in SB in heifers
and an increase in cows (Tables 5 and 6). Therefore, the
AH2 haplotype seems to have a much more pronounced
effect on NRR than SB. Null et al. (2017) reported a

Table 4. Contrast of sire and maternal grandsire status groups against
noncarrier sire and noncarrier maternal grandsire status group for the
AHI haplotype Canadian Ayrshire for heifers and cows

Difference
Trait Mating' (£SE) P-value
56-d nonreturn rate
Heifers SC x MC 0.004 + 0.011 0.328
SNC x MC —0.004 + 0.007 0.251
SC x MNC —0.008 £+ 0.011 0.178
Cows SC x MC 0.011 + 0.008 0.073
SNC x MC 0.011 £ 0.005 0.014
SC x MNC 0.002 £ 0.008 0.417
Stillbirth
Heifers SC x MC 0.023 £ 0.008 0.000
SNC x MC —0.008 + 0.005 0.001
SC x MNC 0.002 £ 0.008 0.285
Cows SC x MC 0.020 £ 0.003 0.000
SNC x MC 0.001 + 0.002 0.106
SC x MNC 0.006 £ 0.003 0.000

1 . . . . .

SC x MC = carrier service sire x carrier maternal grandsire; SNC x
MC = noncarrier service sire x carrier maternal grandsire; SC x MNC
= carrier service sire X noncarrier maternal grandsire.
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reduction of 6.1% on sire conception rate for matings
of carrier sires to cows with carrier MGS. Together,
these results may indicate that AH2 has an early-acting
effect leading to embryonic losses. Embryonic loss is of
high concern, especially for high-producing cows, and
it accounts for the majority of pregnancy loss events in
dairy cattle (Diskin et al., 2006; Wiltbank et al., 2016).
Moreover, embryonic lethality is often difficult to ob-
serve, thereby leading to increased frequencies of the
haplotype in the population. Thus, the early-acting ef-
fect observed for AH2 might have played an important
role in the increase of carrier frequency in the popula-
tion because a carrier cow with an affected embryo can
be inseminated again and carry a pregnancy with more
than 50% chance of giving birth to a carrier calf.

Due to intensive selection and reduced effective
population size, most dairy cattle breeds display in-
creased inbreeding rates, and an unfavorable effect on
production efficiency and fertility is expected (Wiggans
et al., 2017). Moreover, higher inbreeding rates can lead
to expression of recessive defects, which has become an
increasingly common issue. Other recessive haplotypes
have been identified in other breeds, such as BH1 and
BH2 in Brown Swiss (VanRaden et al., 2011; Schwarzen-
bacher et al., 2016); HCD, HH1, and HHM in Holstein
(Duchesne et al., 2006; Adams et al., 2012; Menzi et al.,
2016); and JH1 and JH2 in Jersey (Sonstegard et al.,
2013; VanRaden et al., 2014). The advent of genomic
selection (and the associated genotyping), along with
large phenotypic and pedigree databases, has enabled
the identification and assessment of the effect of such
recessive lethal haplotypes. Strategic actions should be
taken to properly address the issue of increasing inci-
dences of deleterious recessive haplotypes in the dairy
populations. However, complete elimination of carriers
could have a downside if not efficiently performed with
a well-designed breeding plan. For instance, effective
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Table 5. Observed distribution of stillbirth (SB) and 56-d nonreturn rate (NRR) by carrier status of service sire within carrier status of maternal

grandsire for the AH2 haplotype in Canadian Ayrshire

Carrier status of maternal grandsire

Carrier Noncarrier Not genotyped

Carrier status of service sire SB' (%) NRR? (%) SB (%) NRR (%) SB (%) NRR (%)
Heifers

Carrier 74 61.9 8.7 66.4 6.6 71.3

Noncarrier 8.9 67.2 8.5 67.0 7.9 70.5

Not genotyped 6.3 73.1 7.3 75.4 8.8 87.0
Cows

Carrier 6.7 51.6 6.7 56.3 5.6 59.2

Noncarrier 7.1 55.9 5.9 56.8 5.4 59.6

Not genotyped 5.9 62.6 6.2 61.2 4.5 70.7

!Calf was born dead or died within 48 h of birth.

*No subsequent insemination between 15 and 56 d following the first service.

population size as well as the genetic variability could
be substantially reduced. These outcomes could gener-
ate inbreeding depression in fitness traits and, as a re-
sult, cause a reduction of genetic gain. Implementing a
mating program in which the probabilities of an animal
being a carrier are taken into account to prevent carrier
males from being mated to carrier females could be an
efficient strategy.

To our knowledge, the literature contains no other
reports on the association of haplotypes AH1 and AH2
with NRR. Thus, the results reported here contribute
to further understanding the association of haplotypes
AH1 and AH2 with important reproduction traits in
Canadian Ayrshire population.

Table 6. Contrast of sire and maternal grandsire status groups against
noncarrier sire and noncarrier maternal grandsire status group for the
AH2 haplotype Canadian Ayrshire for heifers and cows

Difference
Trait Mating' (£SE) P-value
56-d nonreturn rate
Heifers SC x MC —0.051 £+ 0.013 0.000
SNC x MC 0.003 4+ 0.011 0.377
SC x MNC —0.008 £ 0.006 0.082
Cows SC x MC —0.040 + 0.008 0.000
SNC x MC —0.002 + 0.006 0.374
SC x MNC —0.001 + 0.005 0.443
Stillbirth
Heifers SC x MC —0.019 + 0.010 0.000
SNC x MC —0.003 + 0.008 0.231
SC x MNC —0.003 £ 0.005 0.097
Cows SC x MC 0.002 + 0.005 0.207
SNC x MC 0.007 4+ 0.005 0.000
SC x MNC 0.004 + 0.003 0.000

1 . . . . .

SC x MC = carrier service sire X carrier maternal grandsire; SNC x
MC = noncarrier service sire X carrier maternal grandsire; SC x MNC
= carrier service sire X noncarrier maternal grandsire.

CONCLUSIONS

The effects of 2 deleterious haplotypes, AH1 and
AH2, were evaluated in the Canadian Ayrshire popu-
lation. For the AH1 haplotype, a substantial increase
in SB rate was observed for matings of carrier service
sire x carrier MGS for both heifers and cows, whereas
the AH2 haplotype was associated with a substantial
reduction in 56-d NRR. We speculate that AH2 causes
early embryonic mortality, whereas the effect of AH1
occurs much later during pregnancy. Action should be
taken to prevent an increase in the frequency of AH1
and AH2 carriers in the Ayrshire population because
they have important economic and welfare implications
to the industry. The effects of AH1 and AH2 haplotypes
on other reproductive traits and using whole-genome
sequence data will be investigated next.
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