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Selection decisions are generally based on estimated breeding values (EBV) for a
combination of traits that are polygenic (e.g. milk production). However, in some
cases, there is additional intense selection for a single allele, or SNP, for a
perceived benefit, such as selection for polled or A2 milk. Using a dataset
where the A2 mutation was imputed using a reference population with whole
genome sequence, we tested the hypothesis that intense selection in Australian
Holstein cattle for the A2 allele in the B-casein gene may have resulted in
increased inbreeding. We also estimated the average difference in
performance between animals homozygous for the Al or A2 allele for a range
of traits. Using high-density genotypes we compared differences in genome-
wide and regional inbreeding between Holstein cows homozygous for either the
Al or A2 B-casein alleles i.e. A1/ALl or A2/A2. This study shows that between the
years 2000 to 2017, the frequency of the A2/A2 genotype increased by 20% in
Holstein cows (from 32% to 52%). Our results suggest that selection for
homozygosity at the B-casein A2 allele has increased inbreeding both across
the genome and on chromosome 6 in A2/A2 Holstein cows. Animals that were
A2/A2 were twice as likely to have a run of homozygosity of at least IMb long
across the B-casein locus compared to animals that were A1/Al. Cows that are
homozygous for the A2 allele had an average protein yield EBV advantage of 0.24
genetic standard deviations (SD) compared to A1l/Al homozygous cows. In
contrast, A2/A2 homozygous animals were on average 0.2 genetic SD inferior
on fertility EBV. As a result, the difference in the overall economic index (that
includes traits contributing to profitability) there was only a small advantage of
0.05 SD for A2/A2 cows compared to A1/Al cows. However, strong selection for
the A2 allele has likely led to a higher level of regional and overall inbreeding
which in the long term could harm genetic progress for some or all economic
traits. Therefore, applying approaches that mitigate rapid inbreeding while
selecting for preferred alleles and quantitative traits may be desirable.
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1 Introduction

In recent years breeding goals have become broader (Miglior
etal., 2005; Cole and VanRaden, 2018). Specific traits considered for
selection have evolved in response to changes in the needs of
producers, consumers, and society (Boichard and Brochard, 2012)
with the aid of advances in technology and the ability to record
many traits (Fuerst-Waltl et al., 2016). At the same time, methods to
account for farmer opinions in index weights (Martin-Collado et al.,
2015; Fuerst-Waltl et al., 2016) and consumer perceptions have
been developed (Neilson and Wichmann, 2014). Irrespective of
these measures to broaden the breeding objectives, the introduction
of genomic selection has resulted in increases in the rate of
inbreeding per year in several countries (Doeckes et al., 2018;
Doublet et al., 2019; CDCB, 2020; Scott et al., 2021).

In general, selection decisions are made on polygenic traits
using estimated breeding values (EBVs) that are computed using
statistical methods that sum allele effects of genome-wide markers.
The EBV for individual traits can also be combined in an
economically weighted index to enable a balanced approach to
select for multiple traits simultaneously. In some cases, there can be
independent intense selection for a single allele or SNP that has a
very large effect on a key trait, such as polled phenotype for animal
welfare and “A2” milk for perceived human health benefits. Animal
welfare concerns or other economic benefits are likely to continue to
play an important role in decision-making of breeding programs.
For example, there are welfare concerns regarding the disbudding
or dehorning of calves, which has resulted in global and national
animal health organizations recommending breeding for polled
cattle whenever possible (AHA, 2014; AVMA, 2014; OIE, 2022).
Selecting alleles that are thought to be beneficial to human health
are also likely to remain of great interest to the dairy industry (Liu
et al., 2019; Knutsen et al., 2022).

An example, in Australia and some other countries’, selection
for the A2 beta () casein allele has increased rapidly possibly due to
attractive milk contracts arising from the commercialization of milk
products by the a2 Corporation. The B-casein gene falls within a
casein gene cluster on BTA 6 that spans ~250kb (Boettcher et al,
2004). The alleles present at the B-casein locus (referred to as Al
and A2) of genotyped sires are often published in promotional
material alongside the EBVs and selection index values and are
therefore available to farmers when making selection decisions.
Additionally, genotyping of females for the B-casein locus can be
pursued by farmers who wish to build an A2 homozygous herd for
commercial sales of A2 milk.

However, this could lead to an increased risk of inbreeding due
to intense selection for homozygosity at a given locus. This is
especially the case for polled, where the polled locus is
comparatively rare in dairy breeds: 0.71% in US Holsteins and
<1% in Jerseys (Null et al., 2015). However, even when the allele is
more common, as with A2, there could also be a risk of increased
inbreeding because of the desire to quickly build an entire herd of
homozygous A2 cows to fulfill milk sales contracts. It is well known

L https://thea2milkcompany.com/our-businesses
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that inbreeding can result in a loss of genetic diversity, decreased
response to selection, reduced animal performance, and ultimately,
decreased farm profitability (Leroy, 2014). While traditional
methods that use pedigree to calculate inbreeding often
underestimate the level of inbreeding due to incomplete pedigree
and pedigree errors, genomic data can be used to calculate
inbreeding coefficients more accurately and can distinguish
between recent and ancient inbreeding using runs of
homozygosity (MacLeod et al., 2007; Keller et al., 2011). In
assessing the accuracy of different methods of calculating
inbreeding, runs of homozygosity (ROHs) are more accurate than
other methods of genomic inbreeding for recent inbreeding and
have high correlations with traditional measures of inbreeding
(Forutan et al., 2018).

We hypothesized that intense selection for a specific allele
would result in greater inbreeding levels across both the whole
genome and regionally compared to selection only for improved
polygenic traits and not for a specific allele. In this study, we
determined the change in frequency of the 3-casein alleles across
18 years (2000-2017) in genotyped Australian Holstein bulls and
cows. In cows, we compared differences in genome-wide and
regional inbreeding between the two homozygotes of the -casein
alleles (Al and A2) using high-density genotypes. We also
compared differences in EBVs in A2 and Al animals based on
important dairy traits.

2 Materials and methods
2.1 Genotypes

A total of 139,898 genotyped individuals were available for
Holsteins, Jerseys, and their crosses from DataGene (https://
datagene.com.au). The genotyping was carried out by various
commercial providers using a range of SNP array densities (~7K
to 50K SNP).

As described by Scott et al. (2021), DataGene imputed the
genotypes to a standard set of 45,685 (“50k”) SNP genotypes for
routine national dairy cattle genomic evaluations. These 50k
genotypes were imputed to the high-density Bovine SNP array
(HD: BovineHD BeadChip, Illumina Inc) using a reference set of
2,700 animals with 716,217 real HD genotypes. These 2,700 animals
included Holstein, Jersey, and Australian Red breeds. Before
imputation, the SNP positions were converted from reference
genome UMD?3.1 to the ARS-UCD1.2 reference genome positions
(Rosen et al,, 2020) and imputed using Fimpute3 (Sargolzaei et al.,
2014). We have previously tested the empirical accuracy of
imputation from an overlapping low-density genotype set of 7K
SNP to 50K and then HD genotypes using the same approach as
described here. The accuracy of imputation for the autosomal
chromosomes was found to be 0.96 measured as the correlation
between real and imputed genotypes (Nguyen et al., 2021).

The A1/A2 SNP was not imputed as part of the HD genotype
set; therefore the HD genotypes were subsequently imputed to
whole genome sequence (WGS) to recover genotypes for this SNP
at the B-casein locus. The 1000 Bull Genomes Project Run 7 was

frontiersin.org


https://datagene.com.au
https://datagene.com.au
https://thea2milkcompany.com/our-businesses
https://doi.org/10.3389/fanim.2023.1142673
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org

Scott et al.

used as a WGS reference population. The process of imputation to
sequence genotypes has been described by Xiang et al. (2021).
Briefly, the HD genotypes were converted from top format to
forward sequence format, then phased using Eagle V2 (Loh et al,
2016). The Run 7 imputation reference of 3090 animals was also
phased using Eagle V2. Then the phased HD genotypes were
imputed to whole-genome sequence (WGS) using Minimac3
(Howie et al,, 2012). We cross-checked the imputation accuracy
of genotypes at the imputed A1/A2 SNP on a set of 443 bulls with
published real genotypes for the B-casein locus and found 98.4%
concordance with their imputed genotypes. The final set of HD
genotypes used in the analysis with the added [-casein locus
genotype contained 716,218 SNP.

We extracted only Holstein animals and cross-checked the on-
farm pedigree recorded breed assignment of genotyped cows using
the ADMIXTURE program (Alexander et al., 2009) using the 50k
SNP genotypes as described in Scott et al. (2021). Briefly, two
ancestral breed populations were defined (k = 2) and the likelihood
that a given proportion of all markers came from either population,
based on a postulated allele frequency for each marker in both
populations was calculated. Individuals whose likelihood of their
markers being from a given breed exceeded 0.8 were considered to
belong to the selected breed population. After validating the breed
assignment using ADMIXTURE program (Alexander et al., 2009),
114,567 Holsteins remained for subsequent analysis. To ensure
enough records within each year, only 80,816 cows born between
2000 and 2017 were considered. Before 2000, there was very
selective female genotyping whilst after 2017 there was only 30%
of the genotypes were available compared to the previous year. Data
of bulls were analyzed separately to gain a greater understanding of
the impact of selecting for A2 in the female population. Therefore,
we only included genotyped bulls that were registered for artificial
breeding in Australia over the same period, resulting in 4,460 bulls
used in the subsequent analysis. Figure 1 shows the number of
animals by birth year for each of the B-casein loci.

10.3389/fanim.2023.1142673

2.2 Phenotypes

EBVs for different traits were obtained from the official April
2020 genetic evaluation conducted by DataGene Limited
(Bundoora, Australia; the organization that undertakes routine
national dairy cattle evaluations in Australia). The EBVs were
available for 93.6% of genotyped cows and 98.7% of genotyped
bulls and included milk (L), protein (kg), and fat (kg) yields, fertility
(% of daughters pregnant by 6 weeks after the mating start
compared to the mean), somatic cell count (SCC; cells/mL
converted to have an average of 100% with above average being
desirable, representing lower SCC)), and the national index
(Balanced Performance index; BPI). In cows, this reduced number
of animals with EBVs could be due to a range of factors such as they
didn’t meet the minimum EBV reliability, a lack of known or
genotyped sire, or genotyped as a calf and didn’t make it to the
milking herd. Details of the BPI and a summary of the trait units of
EBVs are described in (Byrne et al., 2016). The mean of the EBVs
included in the analysis are shown in Table 1. For production trait
EBVs the base population mean is zero, whilst for functional traits
(fertility, SCC), the mean is 100, where selecting animals with a
higher breeding value (e.g., above 100) is considered beneficial. The
BPI index is an aggregate of EBVs contributing to profit multiplied
by their respective index weights. In Australia, the indices are
developed using a combination of bioeconomic principles and
farmer preferences (Byrne et al., 2016).

2.3 Differences in EBVs for A2 and Al
homozygous cows and bulls

A fixed-effects model was fitted, similar to that of Cole and Null
(2019), to test for differences in the breeding values of Al versus A2
homozygous animals for all traits using ASReml 4.1 (Gilmour et al.,
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TABLE 1 Estimated breeding value means and standard deviations (SD) for the national selection index (Balanced Performance Index), production
(milk, protein, and fat yields) and health traits (fertility, somatic cell count (SCC) and Survival) in cows (N=61,634) and bulls (N=4,460).

Balanced Performance Index ($) 66.2 87.8 1244 121.5
Milk (L) 167.0 422.7 3232 413.2
Protein (kg) 6.2 10.0 11.9 10.7
Fat (kg) 59 14.6 114 15.0
Fertility 102.3 52 102.6 6.1
Somatic Cell Count 118.0 20.8 127.6 31.8
Survival 101.8 34 104.2 5.2

2016). The fixed effect of sire was fitted into the model to correct for
the differences in genetic merit and to some extent the year of birth.

Yijk = K+ sirej + statusy + e;,

where y; is the breeding value for each of the six traits
evaluated for cow or bull i, u is the overall mean, sire; is the fixed
effect of the animal’s sire, status;, is the fixed effect of the B-casein
locus (coded as 0, 1, or 2 copies of the A2 B-casein locus), and ejjk is
the random residual error term.

2.4 Inbreeding coefficients

2.4.1 Genome-wide

The HD genotypes were used to locate runs of homozygosity
(ROH) across all autosomes in each individual using the Plink v1.9
software (Purcell et al.,, 2007). The parameter settings used in Plink
were as follows: a scanning window was defined as 500 adjacent
SNPs with at most 3 heterozygous SNP (to account for potential
imputation errors). A segment was considered an ROH if it
included at least 500 SNPs and was at least 1000 kb long, with at
least one SNP per 5 kb. If two consecutive SNPs were more than 35
kb apart this was considered too large a gap and this region was then
discounted from the ROH assessment. (command line: plink —cow
-bfile genotyping data_filename -homozyg -homozyg-kb 1000 -
homozyg-snp 500 ~-homozyg-window-snp 500 ~-homozyg-density 5
-homozyg-window-het 3 ~homozyg-gap 35 —out output_filename).
Plink calculates the proportion of the genome that could be
considered for detecting the presence of ROH given the HD SNP
positions (that is, discounting gaps between SNPs of > 35 kb).

The ROH-based inbreeding, Fron;, was calculated for each
individual as the proportion of the genome that was within ROH as
follows:

F _ > Lron,
ROH,i = <, >

where > Lron,» the total length (kb) of ROH for individual i,
and L, is the length of the autosomal genome covered by SNPs

Frontiers in Animal Science

after discounting gaps between two SNPs of more than 35 kb,
corresponding to the length of the autosomal genome on which
ROH can be detected. This parameter allowed for the detection of
ROH on 89.2% of the autosomal genome where the final autosomal
length was 2,216,390,000 bp.

For each individual, we also calculated the mean ROH length,
which is defined as:

L _ ELROH,i
ROH,mean,i — Neor: >

where > Loy, the total length of ROH for individual i in kb,
and Npop; the total number of ROH for individual i.

2.4.2 Regional - chromosome 6

Genomic inbreeding (ROH) was calculated as above, but
specifically on chromosome 6 for Holstein cows that were
homozygous for either the A2 or Al alleles. The total length of
the genome on chromosome 6 was 111,484,000 bp which allowed
for the detection of ROH on 94.5% of the chromosome.

2.4.3 Local

We then checked for animals that had a local ROH over the A1/
A2 SNP position on chromosome 6 (Chr6:87,181,619). We used a
Wilcoxon Mann-Whitney test, a nonparametric rank-sum test for
two independent samples, to determine if there were significant
differences in Frop between the two homozygote groups (A1/Al
versus A2/A2). This was first performed on all animals (born
between 2000-2017) as well as between the same groups and then
on the younger animals (born after 2012). Younger animals were
also evaluated separately as genomic selection has been shown to
have an impact on both genetic gain and inbreeding (Scott et al,
2021). A Chi-squared test was used to determine if there was a
difference between the observed versus expected number of cows
with ROH over the A2 position. A total of 6,503 cows were
homozygous for the A1/A1 (663) or A2/A2 (5,840) genotype and
had both a known ROH over the B-casein locus and an
inbreeding coefficient.
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3 Results

3.1 Frequency

There was more than four times the number of A2/A2 cows
(31,815) compared to Al/Al (7,336) in the dataset. There were
30,602 A1/A2 cows. Figure 2 shows how the frequency of the -
casein allele genotypes has changed over time in genotyped Holstein
males and females since the year 2000. In bulls, the genotype
frequencies have fluctuated whilst, in females, the A2/A2
frequency has increased from 32% in 2000 to 52% in 2017 at the
same time the A1/A1 and A1/A2 frequencies have declined.

10.3389/fanim.2023.1142673

3.2 Differences in breeding values

We observed significant differences in breeding values between
[-casein genotypes. Animals that carried one or two copies of the
A2 allele had superior EBVs for production traits and inferior for
EBVs for health and fertility traits; the largest advantage was A2/A2
cows had on average a 2.4 kg protein advantage (0.24 genetic
standard deviations, SDs) compared to Al/Al (Table 2), while
they were 0.2 genetic SDs inferior for fertility EBVs. We observed
that A1/A2 cows fell in between the A1/A1 and A2/A2
homozygotes. Interestingly, there was only a small advantage of
A2/A2 for the BPI (4.5 units; 0.05 genetic SDs), which is likely
because the economic advantage of A2/A2 in production was
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FIGURE 2

Frequency of the A1/Al (green), A1/A2 (orange) and A2/A2 (purple) genotypes in Holstein males (A; N=4,460) and females (B; N=69,753) born in

2000 to 2017.

TABLE 2 Mean differences in estimated breeding values of bulls and cows that are A1A2 and A2A2 at the B-casein locus as a deviation from A1/Al in
EBV units and as a proportion of genetic standard deviations (o) for the national selection index (Balanced Performance Index), production (milk,
protein, and fat yields), fertility and health traits (somatic cell count (SCC) and Survival).

Bulls**
A2/A2 Prop. 63 aA/a2  A2/A2 Prop. G,
A2/A2 A2/A2
Balanced Performance 2.4 + 4.5 + 7.5+ 9.7 +
Index ($) 0.9 0.9 87.8 0.03 0.05 3.7 391 121 0.06 0.08
42.0 = 8.8 + 39.8 £
Milk (L)
5.3 85+ 5.6 423 0.1 0.2 213 225 413 0.02 0.1
13+ 24 + 1.0 + 213 =
Protein (kg)
0.1 0.1 10 0.13 0.24 0.5 0.53 10.7 0.09 0.2
0.5+ 12 + 0.3 + 1.04 +
Fat (kg)
0.2 0.2 14.6 0.03 0.08 0.7 0.73 15.0 0.02 0.07
. -0.51 + -1.03 + 0.03 + -0.38 +
Fertility
0.05 0.06 5.18 -0.1 -0.2 0.25 0.27 6.11 0 -0.06
sce -1.51 -3.05 + -0.15 =222
0.18 0.19 20.8 -0.07 -0.15 1.17 1.24 31.8 0 -0.07
. -0.04 + -0.13 + 0.16 0.09 =
Survival
0.03 0.03 34 -0.01 -0.04 0.13 0.14 5.23 0.03 0.02

*In all analyses in cows, the A2 term was highly significant (p<0.001).

**In bulls, the A2 term was highly significant for protein (p<0.001), significant for SCC (p<0.01), Balanced Performance Index (p<0.05), milk (p<0.05), and fertility (p<0.05), and non-significant

for fat and survival.
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almost entirely canceled by the disadvantage in health and
fertility EBVs.

3.3 Inbreeding

3.3.1 Genome-wide

The median genome-wide Frop was consistently higher in A2/
A2 than in A1/A1 cows (Table 3). More recently, the difference
between genome-wide inbreeding coefficients between A1/Al and
A2/A2 cows has reduced (Figure 3A). We observed significant
differences in median Froy which was greater when all animals
were included (difference of 0.44) than only young animals (animals
born after 2012; difference 0.19).

3.3.2 Chromosome 6
A2/A2 animals were also more likely to have increased genomic
inbreeding on chromosome 6 than A1/A1 animals. Eighty-two

10.3389/fanim.2023.1142673

percent of A2/A2 animals compared with 77% of A1/Al animals
had at least one ROH on chromosome 6. Additionally, A2/A2
animals had significantly more regional inbreeding over all of
chromosome 6 than A1/Al animals (Figure 3B), with a median
Fron of 7.35% and 5.46%, respectively (Table 3).

3.3.3 Differences between A1/Al and A2/A2
homozygotes over the 3-casein locus

We found that A2/A2 animals were more likely to have an ROH
over the B-casein locus (chi-square test, p < 2.2e-16). However, the
median ROH for A1/A1 was longer than the median of A2/A2
(median ROH length 6,491 kb vs. 4,935 kb). When comparing the
A1/A1 subset of animals that had an ROH over the B-casein locus to
the median inbreeding observed over the whole genome for all A1/
Al animals, we found that this subset of animals had a higher
overall level of inbreeding (median Froy 10.2% subset vs. 7.87%
population and 10.2% subset vs. 8.48% population for A1/Al and
A2/A2 animals, respectively).

TABLE 3 The median genomic inbreeding values (Fron-) for all cows (born in 2000-2017) or young animals (born in 2013-2017) homozygous for the
B-casein Al or A2 allele and the Wilcoxon-Mann Whitney significance test p-values.

No. A1/A1 No. A2/A2 Median Median Fron A2/A2

Fron A1/A1 p-value
Whole Genome
All 7,336 31,815 7.5 7.94 <2.2e-16
Young Animals 4,406 20,625 8.18 8.37 2.732e-5
Chromosome 6
All 7,336 31,815 5.46 7.35 <2.2e-16
Young Animals 4,406 20,625 6.77 7.71 1.094e-8

*ROH, Runs of homozygosity.
Inbreeding was calculated both for the whole genome and chromosome 6 only.
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FIGURE 3

Average genomic inbreeding coefficients (%) for the whole genome (A) and on chromosome 6 (B) for females that are A1/Al, A1/A2 and A2/A2. The
green lines with circles represent A1/Al, the orange lines with triangles represent A1/A2, and the purple lines with squares represent A2/A2.
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4 Discussion
4.1 Frequency

In this study, we found that the frequency of A2/A2 cows in
Australia has increased rapidly since 2000 from 32% to 52%. This
frequency is similar to a subpopulation of Italian Holstein cows
where they found a frequency of 60.7% for the A2 allele and 30.4%
for the A1 allele (Sebastiani et al., 2020). Our findings suggest that
many farmers may be actively selecting for A2. This is supported by
the national semen survey which has observed increases in the
proportion of A2/A2 semen sold in Australia (NHIA, 2019; NHIA,
2020) and mating records where the proportion of animals mated to
A2/A2 bulls has increased (Haile-Mariam, unpublished data).
Although the frequency of A2/A2 bulls registered for Al in
Australia (Figure 1) has decreased, the available bulls are more
intensively used compared to A1/A2 or A1/A1 bulls, which agrees
with the increase in the number of A2/A2 cows.

We observed no clear trend in the frequency of A1/A1 and A2/
A2 bulls registered for AI These results are similar to results from
New Zealand where the frequency of A2/A2 bulls fluctuated
between 28-60% over the same period (DairyNZ, 2021), however,
these findings were more varied than a population of French bulls
where the differences were observed over the same period (between
55-60%; Sanchez et al. (2020). The differences between the
frequencies in Australia and New Zealand could be due to a
smaller sample size (a subset of bulls registered for Al versus all
genotyped bulls) resulting in more variation when compared to
Sanchez et al. (2020). It could also be that selection for A2 is
practiced by some farmers in Australia and New Zealand.

We observed differences in the proportion of A1/A1 and A2/A2
annually for both cows and bulls, where the proportion of A2/A2
cows has increased annually, whilst bulls have fluctuated. This could
be due to several factors: firstly, farmers who select A2/A2
individuals may be more inclined to genotype their cows
compared to those ignoring A2/A2 from their breeding program,
leading to an overestimation of A2/A2 genotype frequencies. For
example, there were 23% of herds (with animals born in 2017) had
at least 67% of animals that were A2/A2. However, overall, there
was no clear trend observed for the 226 herds selecting for
homozygosity at the A2 allele and therefore it is unlikely to have
caused a strong bias in our results. Of these 226 herds, only two had
more than 90% A2/A2 cows genotyped for the most recent year
they genomically tested. We further validated this by extracting
herds that have been routinely genotyped for research due to their
superior data collection i.e. these herds should not have a bias in A2/
A2 and have the majority of the herd genotyped (GInfo; see Pryce
et al. (2018)) and we observed similar frequencies. Secondly,
Australia imports approximately 80% of semen, and selection for
A2 may not be a priority in the countries exporting dairy semen to
Australia, however, does seem to come into buying preferences
(NHIA, 2019; NHIA, 2020). Finally, bull companies aim to provide
a team of bulls to meet a diverse range of breeding objectives and A2
is only one of the selection criteria for bulls to become available in
the AI market.
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4.2 Breeding values

We observed that all differences in EBV's between A1/Al and
A2/A2 cows were less than 0.25 genetic SDs. The differences in the
BPI (national selection index) were small, which could be due to the
dollar advantage in production EBVs in A2/A2 cows being almost
entirely canceled by inferiority in EBVs for fertility and SCC.
Similarly, the difference in survival EBV between the two
genotypes is minor, perhaps because the EBV for survival is
affected by both voluntary selection on milk yield traits,
particularly protein, and by involuntary selection for all other
reasons including health and fertility. As expected, one of the
biggest differences in EBVs was protein yield. In genome-wide
association analyses of sequence variants, there is a highly
significant putative QTL in the CSN2 gene region for protein %
and yield (MacLeod et al., 2016; Pausch et al., 2017; van den Berg
et al, 2020) and the most significant alleles associated with
increased protein are in strong LD with the A2 allele. Likewise,
there are markers on the Illumina bovine 50K beadchip (used for
genomic prediction in Australia) in strong LD with the A2 allele. It
is therefore plausible that selection for increased protein yield has
led to a small increase in the A2 allele. However, it is unlikely this
would be the main cause of an increase in A2/A2 genotypes because
protein yield has been under selection since 1985 (Jones and
Goddard, 1990) and is a quantitative trait influenced by many
QTLs and is one trait amongst several under-selection in dairy
populations. Furthermore, Kemper et al. (2014) found only weak
evidence of recent selection signatures in dairy cattle for QTL
affecting milk traits. This finding is supported by the variation
seen in the frequency of A2 bulls registered for artificial breeding.
We observed fluctuations suggesting there isn’t a clear preference
for A2 bulls therefore bull companies are likely providing bulls to
meet a variety of farmer preferences.

4.3 Inbreeding

The higher level of inbreeding detected in A2/A2 animals
(genome-wide, chromosome 6 and ROH across the A1/A2 position)
could pose a greater risk for regional inbreeding depression compared
to their A1/A1 counterparts. Several studies have identified regional
inbreeding depression for both production and fertility traits (Pryce
et al,, 2014; Martikainen et al., 2020; Makanjuola et al., 2021). For
production traits, these estimates range from -114.6 to -410.7 kg for
milk yield, — 3.4 to — 16.1 kg for protein yield, and — 8.3 to — 15.8 kg for
fat yield (Pryce et al., 2014; Martikainen et al., 2020; Makanjuola et al.,
2021). Whilst unfavorable ROHs for fertility have been shown to
increase the number of services and the number of days until
conception in both Holsteins and Ayrshires (Pryce et al, 2014;
Martikainen et al,, 2020; Makanjuola et al., 2021), further work is
required to determine if specific allele selection has a greater impact on
regional inbreeding depression. For example, Makanjuola et al. (2021)
identified two ROH regions on chromosome 6 that had an unfavorable
impact on two fertility traits and it is possible that A2/A2 individuals
are affected by inbreeding depression arising from these ROH, although
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this needs to be quantified. It should be noted that in recent years, the
rate increases in inbreeding has been greater on chromosome 6 for A1/
Al animals (Figure 3) than in A2/A2 cows. This could be due to several
factors including decrease in the number of A1/A1 animals over time,
lack of diversity in A1/A1 bulls and better inbreeding management of
herds that own A2/A2 cows compared to those who own A1/A1 cows.
Regardless understanding the impact of regional inbreeding depression
on economic traits may assist in managing inbreeding on chromosome

6 and across the genome.

4.4 Implications

Our results suggest that intense selection for A2 has had a
significant effect on inbreeding. As a result, farmers that select for
A2 should be advised to take steps to monitor and control
inbreeding. The narrowing of the difference between A2 and Al
cows (Figure 3) in inbreeding in recent years shows that owners of
A2 cows seem to be able to manage inbreeding better than owners
of Al at least when inbreeding on chromosomes 6 is considered.
However, regardless selection for specific alleles to meet niche
markets needs to be weighed up against the economic impact of
the accumulation of inbreeding. In this study, we focused on the A2
allele, however, the principles of this study may also apply to other
mutations, such as polled (Cole and Null, 2019) and SLICK
(Littlejohn et al., 2014), that are currently at lower frequencies in
the population. Unlike the findings from this study, selecting for a
single allele (that has a low frequency in the population) is expected
to reduce genetic progress due to a population bottleneck, leading to
lower selection intensities and accordingly less genetic progress of
animals under selection in addition to greater rates of inbreeding
(Windig et al., 2015). It should be noted that the polled and SLICK
mutations are dominant and in theory, this could help slow the rate
of inbreeding compared to the A2 example presented in this study.
That is, selection for homozygous alleles could be restricted to the
elite, or nucleus bulls, but in commercial herds use of these bulls is
only required to generate offspring that are heterozygous at the
allele but have the desired dominant phenotype. However, breeding
companies in dairy cattle populations are operating in a competitive
space and therefore, their focus tends to be on short-term genetic
gain through intense marketing of bulls (Howard et al,, 2017) and
thus a bottleneck effect due to only a few homozygous polled bulls
being available and high demand could still result in the population
of polled animals quickly becoming inbred without careful
management of inbreeding. This is particularly challenging
around traits controlled by a single allele at low frequency in the
population. For example, in the dataset used for this study, out of
the top 100 Holstein bulls based on the national selection index
(BPI), only four carry at least one polled allele and these four bulls
are descendants of the same sire within four generations. When the
genetic diversity of the population of available bulls is wider, as is
the case with A2, then the effect of inbreeding could be managed
relatively easily compared to the polled gene. Advanced
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reproductive or gene editing technologies (e.g., Mueller et al.,
2019) could be used to increase the frequency of polled animals
in these breeds without undesirable effects on the traits studied.

The best way for the dairy industry to manage inbreeding in the
genomic era is still an active area of research (Howard et al., 2017).
A recent study that considered inbreeding depression found limited
benefits by accounting for region-specific inbreeding depression in
selection schemes compared to inbreeding measures that
summarize homozygosity across the genome (Dockes et al,
2020). However, Doekes et al. (2020) did not consider the
additional impact of selecting specific alleles for Mendelian traits.
In this case, there may be advantages in approaches that mitigate
rapid inbreeding while selecting for desired Mendelian traits and
quantitative traits. Balancing the need to select for “desirable”
Mendelian mutations without increasing the level of both regional
and genome-wide inbreeding is important especially if the
frequency of the desirable allele is low.

5 Conclusions

This study shows that the frequency of the A2/A2 genotype in
Holstein cows has increased by 20% since the year 2000. Our results
suggest that A2/A2 animals were more inbred over the whole
genome as well as on chromosome 6 and were more likely to
have an ROH over the B-casein locus. A2/A2 animals have some
level of superiority in milk production EBVs and inferiority in
functional trait EBVs, such as fertility and survival. However, there
is no significant difference between A2/A2 and A1l/Al when
compared to the Balanced Performance Index (of overall genetic
merit for production and functional traits).
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