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HIGHLIGHTS

e Forces shaping the genetic structure of populations can affect heterozygosity of usually highly polymorphic genomic regions such as major histocompatibility
complex.

o Despite differences in linkage disequilibrium between tested horse breeds, it appears that they share common genetic patterns regarding MHC class I and class II
genes.

o HRR islands and balancing selection footprints inside the MHC region indicated that they may be concentrated around class II genes.

ARTICLE INFO ABSTRACT

Keywords: The purpose of this study was to analyse the level of variability in the autosomal genome, especially in the equine
Bﬂlanﬁiﬂgl SEleftiOH major histocompatibility complex region, in five horse breeds and identify heterozygosity-rich regions and po-
Genetic diversity tential footprints of balancing selection. Depending on data quality control, the dataset consisted of 51,168 or
Heterozygosity

53,874 single nucleotide polymorphism markers, available for 514 individuals (89 Lipizzan, 238 Old Kladruber,
47 Shagya Arabian, 61 Czech Warmblood and 81 Slovak Warmblood horses). Genomic variability within and
between breeds was examined based on levels of heterozygosity (observed and expected), genomic inbreeding,
Wright’s Fjs index and linkage disequilibrium. Subsequently, the screening of heterozygosity-rich regions and
balancing selection signals derived from Tajima’s D positive values was performed. As expected, due to the
polymorphic nature of the major histocompatibility complex, the genomic variability level was generally higher
when analysing only markers located in this area (mainly around genes belonging to class I). The Slovak and
Czech Warmblood horses, as breeds with open herdbook, showed higher average values of heterozygosity indices
than Lipizzan, Old Kladruber or Shagya Arabian breeds. Concerning only markers in the major histocompatibility
complex region in complete or very high linkage disequilibrium, common patterns were found close to
EQMHCB2, MHCB3 and EQMHCC1 genes belonging to class I and DQA1, DRB2, DRB3 and HLA-DOB genes from
class II. Genome-wide, the number of heterozygosity-rich regions per animal ranged from 345.25 (Old Kladruber)
to 603.33 (Czech Warmblood). Across all breeds, 254 heterozygosity-rich regions were detected directly in the
major histocompatibility complex region (194 in class I and 60 in class II). Among them, the highest overlap
showed regions found in the genomes of historically connected Czech and Slovak Warmblood breeds. The results
suggested that the frequency of markers in heterozygosity-rich regions increased in Lipizzan, Old Kladruber and
Shagya Arabian breeds in the genomic region of EQMCEI gene (class I) and in Czech and Slovak Warmblood
horses in DQB1, DQA2, DQB2, DQA3 and DRB2 genes (class II). Although the identified heterozygosity-rich
regions formed 330 islands across the genomes of tested breeds, these islands were outside the major histo-
compatibility complex region. On the other hand, four of 425 balancing selection signals detected across breeds
were located directly in the major histocompatibility complex region, close to DRA, DRB1, DQA1, DQB1 and
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DQB2 genes (class II). Shared islands and balancing selection footprints among breeds were found mainly on

chromosomes 7 and 11.

1. Introduction

Conservation of genetic diversity is an irreplaceable part of sus-
tainable development. Horses belong to species with a long history and
well-organised breeding work. Most famous breeds (e.g. Old Kladruber,
Lipizzan or Shagya Arabian) have generations-long pedigrees in their
herdbook covering the most important lines and families, allowing them
to trace up to founders. However, even if the pedigree information is
robust, founder analysis is sometimes not strong enough to characterise
the genetic variability of breeds (Cervantes et al., 2009). Bartolomé et al.
(2022) pointed out that even if pedigree completeness is essential for
reliable genetic evaluations to enhance genetic progress, genomic data
will help reveal real contributions in the future.

Previous studies have shown that different types of genetic markers
can be successfully used to analyse genomic variability and the
uniqueness of the horse population gene pool (Khaudov et al., 2018).
Microsatellites were historically popular due to their utility in parentage
verification for over two decades (Bowling, 1997). They have been
extensively employed to assess the genetic variability and population
structure of breeds like Lipizzan, Old Kladruber, Arabian or Slovak
Warmblood (Curik et al., 2003a; Dovc et al., 2006; Vostry et al., 2011;
Kasarda et al., 2016; Putnova et al., 2019; Machmoum et al., 2020).
Alongside microsatellites, mitochondrial DNA (mtDNA) sequencing and
SNP markers genotyping (low and high-density arrays) are also often
used to quantify genetic variability. Maternally inherited mtDNA plays
an important role in energy metabolism, and variance in mtDNA genes
might contribute to differences in performance traits, as already pointed
out in humans and racehorses. Moreover, genotyping of mtDNA SNPs
allows for tracing the evolution of maternal lineages far before pedigree
recordings (Engel et al., 2022). On the other hand, the sequence of the
non-recombining part of the Y chromosome has been used in different
horse breeds to discover parental lineages and phylogeny of breed
development, detect admixture, and create a basis for future conserva-
tion programs (Khaudov et al., 2018; Radovic et al., 2022). Out of all the
listed marker types, SNP markers in the autosomal genome are currently
the primary choice for assessing genomic variation, population struc-
ture, admixture, and genotype-phenotype interaction in various live-
stock species, including horses (Nolte et al., 2019; Grilz-Seger et al.,
2019; Schaefer and McCue, 2020; Santos et al., 2021; Vostry et al., 2021;
Szmatota et al., 2022; Nolte et al., 2022).

The major histocompatibility complex (MHC) refers to a relatively
large locus on the mammalian DNA covering a group of closely linked
polymorphic genes divided into MHC classes L, IT and III (Rothbard et al.,
1991). MHC genes encode cell-surface proteins with an essential role in
innate and adaptive immune response, i.e. genetic variation in this re-
gion influences an individual’s response to challenges from various
pathogens (Brinkmeyer-Langford et al., 2013). The horse MHC region,
so-called equine leukocyte antigen (ELA), is localised on chromosome
20. Early studies indicated 16 to 33 MHC class I genes in the equine
genome; however, all of these genes are unlikely to be expressed (Car-
penter et al., 2001). Tallmadge et al. (2005, 2010) identified 15 horse
MHC class I genes spread in three regions and expressed in different
haplotypes. Horecky et al. (2018) developed an additional microsatellite
panel of the MHC class I and class III genomic sub-regions in horses. The
first long-read sequence assembly of the horse MHC class II region with
gene annotation has been provided by Viluma et al. (2017). Previous
studies demonstrated the role of horse MHC genes in the control of
immune-mediated diseases like insect bite hypersensitivity (Klumperova
et al., 2013), myositis (Duward-Akhurst et al., 2016) or equine sarcoids
(Staiger et al., 2016). However, MHC genes could also be responsible for
other important phenotypic traits in horses, including MHC-linked

female preferences (Burger et al., 2017) and embryo survival during
uterine nesting (Jeannerat et al., 2020).

The MHC usually exhibits a high level of variability, making it one of
the most polymorphic genetic regions in the mammalian genome (Kulski
et al., 2002). This variability is characterised by the presence of
numerous alleles across MHC loci (alleles identified in Equids species are
summarised in the ELA Database available at https://www.ebi.ac.uk
/ipd/mhc/group/ELA/), contributing to the extensive diversity across
and within populations. MHC polymorphism is assumed to be shaped by
a combination of factors, including genetic drift, mutation, recombina-
tion, and natural selection, acting by two mechanisms: overdominant
selection (also called heterozygote advantage) and balancing selection.
In the case of overdominant selection, the heterozygote advantage may
arise from a certain degree of dominance of resistance, which allows
heterozygotes to respond to a broader range of pathogens or pathogen
strains compared to homozygotes, or from overdominance, where het-
erozygotes inherently have higher fitness than homozygotes. Balancing
selection, on the other hand, encompasses a variety of mechanisms that
maintain genetic diversity within populations by actively selecting
against the fixation of any single allele. This can occur through various
processes such as heterozygote advantage (as in overdominant selec-
tion), frequency-dependent selection, and spatial or temporal habitat
heterogeneity (Charlesworth, 2006; Radwan et al., 2020).

This study aimed to analyse and compare the level of variability in
the autosomal genome, especially in the MHC region, in five horse
breeds and test the distribution of heterozygosity-rich regions and po-
tential selection footprints arising in the genome of each breed as a
consequence of balancing selection.

2. Material and methods
2.1. Genomic datasets

Genome-wide SNP data of five breeds were tested: Lipizzan (Czech
population N = 24, Slovak population N = 65), Old Kladruber (N = 238)
and Shagya Arabian (N = 47) as representatives of breeds with closed
herdbook and Czech Warmblood (N = 61) and Slovak Warmblood (N =
81) as breeds with open breeding programs. Biological samples (hair
roots) were collected in collaboration with Slovak and Czech national
stud farms and private owners to cover the gene pool of each breed
reliably. After DNA extraction, samples were genotyped by two arrays,
GGP Equine 70k and Illumina Equine 80Kk, in the commercial lab with an
average call rate of 98.41 %.

Two different data quality control processes were performed in
PLINK v1.9 (Chang et al., 2015), depending on the type of analysis. The
first dataset containing only animals (N = 514) and autosomal SNP
markers with a call rate higher than 90 % and minor allele frequency
higher than 1 % (N = 51,168) was prepared to quantify the level of
genomic variability. In the second dataset intended to analyse
heterozygosity-rich region distribution and potential footprints of
balancing selection in the genome of tested breeds, only the call rate for
animals (N = 514) and autosomal SNPs was considered (cut-off value 90
%) (N = 53,874). In the next step, only SNPs in the MHC region (102 or
108, depending on the quality control) were filtered from both datasets.
The start and end position of the horse MHC region was characterised by
MHC class I and class II genes (Table S1), according to information
stored in the Ensembl (Cunningham et al., 2022) and NCBI (reference
genome assembly EquCab3.0) databases.
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2.2. Genomic variability

Genomic variability on the genome-wide level and in MHC region
within and between breeds was derived from the calculation of
commonly accepted genetic diversity parameters (observed and ex-
pected heterozygosity, minor allele frequency, genomic inbreeding,
Wright’s fixation index) and variability in linkage disequilibrium (LD).

Observed (H,) and expected (H,) heterozygosity, minor allele fre-
quency (MAF) and pairwise LD were calculated using PLINK v1.9 and
Wright’s fixation index Fs using R package snpR (Hemstrom and Jones,
2023). Obtained values were averaged across SNPs on the genome-wide
level and in the MHC region (class I and class II) separately for each
breed. H,, H, and Fjs were then also estimated using short haplotypes to
reduce the ascertainment bias of the Equine 70k and 80k chips (Simcic
et al., 2015). Short haplotypes (N = 5912) were created by splitting the
SNP data into non-overlapping blocks of 4 SNPs with an inter-marker
distance of less than 50 kb for neighbouring SNPs and the maximum
length of each block being less than 150 kb. Genomic inbreeding (Fyon)
was estimated by the method-of-moments from the observed and ex-
pected homozygous counts for each animal by PLINK v1.9 and averaged
per breed.

LD differences in MHC region between breeds were analysed by
calculating standardised varLD score separately for each breed combi-
nation according to the approach described by Teo et al. (2009) using
varLD (Ong and Teo, 2010). The LD values, expressed by r?, were
calculated over sliding windows containing 50 SNPs for all SNP pairs.

2.3. Detection of heterozygosity-rich regions and footprints of balancing
selection

The distribution of heterozygosity-rich regions (HRRs) across the
genome and in the MHC region was analysed separately for each breed
by R package DetectRUNS (Biscarini et al., 2018) using a consecutive
SNP-based approach. As proposed by several studies on various livestock
species (Marras et al., 2018; Biscarini et al., 2020; Santos et al., 2021;
Selli et al., 2021) following criteria for HRRs detection were applied: the
minimum number of SNPs in HRR was 10, the minimum length of HRR
was 0.25 Mbp, the maximum gap between SNPs in HRR was 1 Mbp, the
maximum number of homozygous SNPs in HRR was three and the
maximum number of missing SNPs was set to 2. Subsequently, HRR
islands were identified based on the frequency at which SNP markers
occurred in the HRR in the population gene pool, i.e. the proportion of
animals that shared particular SNP in HRR. The cut-off value charac-
terising HRR islands was set to the top 0.99 of the percentile of SNP
frequency in HRR. Each HRR island consisted of a minimum of 4 SNPs
above the cut-off value.

Footprints of balancing selection across the genome of breeds,
particularly in the MHC region, were tested by Tajima’s D method.
Tajima’s D is a statistical measure assessing population diversity and an
indicator of balancing selection. It compares the observed nucleotide
variation within a population to what is expected under neutral evolu-
tion. A positive Tajima’s D value suggests balancing selection, where
alleles are maintained at intermediate frequencies, resulting in more
nucleotide differences between pairs of sequences than expected. In
contrast, negative Tajima’s D values are associated with positive selec-
tion, reducing genetic diversity and nucleotide differences (Tajima,
1989; Simonsen et al., 1995; Danecek et al., 2011). Tajima’s D values
were calculated in 0.25 Mbp sliding windows using VCFtools (Danecek
et al., 2011). Potential footprints of balancing selection were defined by
the top 0.99 of the percentile of Tajima’s D values (D > 0). R package
ggplot2 (Wickham, 2016) was used for the graphical visualisation.

2.4. Annotation of QTLs and genes connected to HRR islands and
footprints of balancing selection

The Animal QTL Database (Hu et al., 2019) was used to identify
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quantitative trait loci (QTLs) associated with different phenotypic traits
in horses. Only QTLs located directly in genomics regions of HRR islands
and footprints of balancing selection were considered.

Protein-coding genes in the area of interest were retrieved from the
Ensembl database using the web-based tool Biomart, according to the
latest reference genome assembly EquCab3.0. Initially, the biological
function of identified genes was examined by a comprehensive literature
survey. Subsequently, gene enrichment analyses were performed using
the Database for Annotation, Visualisation, and Integrated Discovery
(DAVID) v2021 (Huang et al., 2009) to find significantly enriched Gene
Ontology (GO) for biological processes and annotation clusters of
enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.
Fisher’s exact test was applied to set the threshold value (p-value equal
to 0.05).

3. Results
3.1. Genomic variability

The level of genomic variability within analysed breeds was quan-
tified by calculating average values of observed and expected hetero-
zygosity, minor allele frequency, genomic inbreeding derived from the
observed and expected count of homozygous genotypes, Wright’s fixa-
tion index and linkage disequilibrium separately across the autosomal
genome and markers localised directly in MHC region (class I and class
II). The observed results are presented in Table 1. As expected, due to the
polymorphic nature of the MHC, the genomic variability level was
generally higher when analysing only SNPs in the MHC region
(Figure S1). Representatives of breeds with open herdbooks, the Czech
and Slovak Warmblood horses, showed higher heterozygosity and MAF
than others regardless of the analysed region (autosomal genome or
MHC region). This was also confirmed by an alternative approach for
estimating H,, H, and Fis by constructing short blocks of SNPs (haplo-
types) that serve as multiallelic markers, allowing a better analysis of
intrapopulation genetic variability than biallelic SNPs. A comparison of
the obtained results for MHC class I and class II regions showed that the
degree of intrapopulation variability differentiated between breeds and
applied approaches for heterozygosity estimation. Haplotypes-based
estimates indicated higher variability in the MHC class I region in all
breeds except Old Kladruber. In contrast, the SNP-based method sug-
gested higher variability in MHC class I only in Lipizzan and Old
Kladruber.

Screening of Fyop on a genome-wide level showed that, except for
Old Kladruber, heterozygous genotypes were slightly predominant in
the genome of all tested breeds. However, at the population level, this
was confirmed only in the Lipizzan and Shagya Arabian breeds, where
the Fis index became negative. Nevertheless, it is not possible to clearly
state the predominance of homozygous genotypes over heterozygous
ones on the genome-wide level or in the MHC region, as the average Fig
and Fyoum values for all breeds were close to zero, indicating relatively
balanced genotype frequencies in their genomes.

Lipizzan, Old Kladruber, and Shagya Arabian breeds showed higher
genome-wide LD levels than Czech and Slovak Warmblood horses. This
could signalise the more substantial effect of selection pressure on the
genome structure in the case of breeds with closed herdbooks compared
to those with open breeding programs. A closer look at the MHC region
showed a similar trend, especially for the class I region. In the case of
MHC class II, a higher average LD level was found in the Czech and
Slovak Warmblood breeds. Fig. 1 shows the pairwise LD values only for
SNPs in the MHC region separately for each breed. Comparison between
breeds revealed that the highest proportion of SNP pairs in complete LD
in the MHC region showed Old Kladruber horse (17.27 %), followed by
Shagya Arabian (10.58 %), Lipizzan (10.37 %), Slovak Warmblood (4.72
%) and Czech Warmblood horse (3.35). Concerning only SNP pairs in
complete or very high LD (r*>0.95), common patterns across breeds
were found mainly in connection to EQMHCB2, MHCB3 and EQMHCC1
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Table 1
Average values (standard errors in brackets) of tested diversity parameters across the autosomal genome and in the MHC region.
Breed H, Hoplocks H, Heplocks MAF From Fis FisBlocks LD ()
Genome-wide level
Lipizzan 0.280 0.599 0.275 0.585 0.203 —0.018 —0.011 -0.017 0.520
(0.001) (0.002) (0.001) (0.002) (0.001) (0.004) (0.001) (0.001) (0.001)
Old Kladruber 0.274 0.583 0.280 0.595 0.205 0.022 (0.003) 0.020 (0.001) 0.022 (0.001) 0.515
(0.001) (0.002) (0.001) (0.002) (0.001) (0.001)
Shagya Arabian 0.298 0.610 0.286 0.584 0.213 —0.043 —0.028 —0.033 0.525
(0.001) (0.002) (0.001) (0.002) (0.001) (0.005) (0.001) (0.001) (0.001)
Czech Warmblood 0.338 0.664 0.337 0.659 0.251 —0.005 0.003 (0.001) 0.002 (0.001) 0.490
(0.001) (0.002) (0.001) (0.002) (0.001) (0.003) (0.001)
Slovak 0.337 0.662 0.336 0.660 0.250 —0.002 0.005 (0.001) 0.003 (0.001) 0.491
Warmblood (0.001) (0.002) (0.001) (0.002) (0.001) (0.003) (0.001)
MHC region
Class I.
Lipizzan 0.306 0.723 0.308 0.705 0.235 0.004 (0.034) 0.007 (0.017) —0.020 0.443
(0.021) (0.030) (0.020) (0.024) (0.019) (0.025) (0.021)
Old Kladruber 0.286 0.608 0.286 0.595 0.212 —0.001 —0.010 —0.023 0.560
(0.022) (0.053) (0.022) (0.054) (0.019) (0.026) (0.014) (0.024) (0.030)
Shagya Arabian 0.266 0.599 0.281 0.601 0.210 0.054 (0.062) 0.052 (0.023) 0.008 (0.033) 0.498
(0.019) (0.062) (0.019) (0.062) (0.018) (0.023)
Czech Warmblood 0.342 0.731 0.346 0.738 0.258 0.012 (0.043) 0.023 (0.017) 0.020 (0.021) 0.426
(0.018) (0.033) (0.016) (0.023) (0.016) (0.018)
Slovak 0.365 0.774 0.353 0.742 0.269 —0.033 —0.030 —0.040 0.443
Warmblood (0.018) (0.008) (0.017) (0.018) (0.017) (0.045) (0.014) (0.023) (0.018)
Class II.
Lipizzan 0.295 0.568 0.280 0.544 0.194 —0.052 —0.056 —0.043 0.497
(0.026) (0.029) (0.025) (0.039) (0.023) (0.050) (0.010) (0.028) (0.034)
Old Kladruber 0.258 0.745 0.254 0.744 0.198 —-0.017 -0.017 0.002 (0.020 0.475
(0.037) (0.029) (0.035) (0.014) (0.033) (0.031) (0.013) (0.047)
Shagya Arabian 0.277 0.574 0.289 0.577 0.228 0.038 (0.078) 0.031 (0.023) 0.015 (0.009) 0.459
(0.032) (0.096) (0.034) (0.097) (0.033) (0.036)
Czech Warmblood 0.352 0.661 0.372 0.691 0.293 0.052 (0.048) 0.053 (0.020) 0.055 (0.022) 0.503
(0.026) (0.072) (0.026) (0.062) (0.027) (0.033)
Slovak 0.365 0.658 0.395 0.690 0.311 0.075 (0.050) 0.068 (0.023) 0.053 (0.013) 0.511
Warmblood (0.022) (0.059) (0.023) (0.057) (0.024) (0.028)

H, — observed heterozygosity (Hopiocks — haplotypes-based estimates), H, — expected heterozygosity (Hepiocks — haplotypes-based estimates), MAF — minor allele fre-
quency, Fyopn — genomic inbreeding derived from the observed and expected homozygous counts, Fs — Wright fixation index (Fispiocks — haplotypes-based estimates), LD
- linkage disequilibrium.
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genes belonging to MHC class I and DQA1, DRB2, DRB3 and HLA-DOB
genes from MHC class II. The LD variability in the MHC region was then
tested based on the pairwise comparison of LD levels between breeds by
calculating standardised varLD scores. As shown in Fig. 1, the obtained
varLD score pointed to only low LD differences between breeds, which
indicates that they share common LD patterns. The highest signal was
detected when comparing LD in Lipizzan and Old Kladruber at position
32.76 Mbp between the EQMHCC1 and DRA genes.

3.2. Detection of heterozygosity-rich regions and footprints of balancing
selection

Genome-wide screening of HRRs distribution showed that the
number of HRRs per animal ranged from 345.25 (Old Kladruber) to
603.33 (Czech Warmblood) (Table 2). A summary of the identified HRRs
in the autosomal genome of tested breeds is given in Table S2. Based on
selected criteria for HRR detection, only segments up to 2.5 Mbp were
identified with average length from 0.45 Mbp (Lipizzan and Old Kla-
druber) to 0.77 Mbp (Slovak Warmblood horse). The maximum number
of SNPs in HRRs on a genome-wide level ranged from 31 (Lipizzan) to 54
(Shagya Arabian). The highest average number of HRRs per animal and
average number of SNPs in HRRs in the MHC region was found in Slovak
Warmblood, followed by the Czech Warmblood, Shagya Arabian,
Lipizzan and Old Kladruber horse (Table 2). Across all breeds, a total of
254 HRRs were detected in the MHC region (194 in class I and 60 in class
II region). As can be seen in Fig. 2B, some of them totally overlapped
across different breeds. The highest proportion of common HRRs in the
MHC class I region was found in Czech and Slovak Warmblood breeds (N
= 8). In addition, they shared 4 HRRs with Shagya Arabian, 3 with
Lipizzan, and 1 with Old Kladruber horses. 3 HRRs were common for
Lipizzan, Old Kladruber and Czech and Slovak Warmblood, 2 for
Lipizzan, Old Kladruber and Shagya Arabian, and 1 HRR for Old Kla-
druber and Shagya Arabian breeds. In the MHC class II region, 5 HRRs
overlapped in Czech and Slovak Warmblood breeds, which also shared 2
segments with Lipizzan and 2 with Old Kladruber horses.

The frequency of SNPs in HRRs (%) was also used to identify po-
tential HRR islands in the autosomal genome, especially the MHC re-
gion. The cut-off value for their identification was set to 36.4 %, 33.8 %,

Table 2
Summary of HRRs distribution across genome and in MHC region.
Breed No. of HRRs per HRR Length (Mbp) SNPs in HRR
animal
X(SE) X(SE) max X(SE) max
Genome-wide level
Lipizzan 366.216 (2.826) 0.450 1.747 12.031 31
(0.001) (0.014)
Old Kladruber 345.248 (1.954) 0.450 1.956 12.009 38
(0.001) (0.009)
Shagya Arabian 455.127 (4.072) 0.462 2.410 12.302 54
(0.001) (0.009)
Czech 603.333 (5.249) 0.475 2.021 12.567 41
Warmblood (0.001) (0.019)
Slovak 596.704 (5.440) 0.477 2.404 12.555 38
Warmblood (0.001) (0.013)
MHC region
Lipizzan 1.372 (0.082) 0.507 1.043 11.797 19
(0.027) (0.297)
Old Kladruber 1.208 (0.065) 0.510 1.332 11.460 19
(0.026) (0.202)
Shagya Arabian  1.731 (0.162) 0.537 1.168  11.556 19
(0.039) (0.274)
Czech 1.744 (0.149) 0.506 1.256 12.067 21
Warmblood (0.027) (0.273)
Slovak 2.078 (0.166) 0.525 1.124 12.632 24
Warmblood (0.018) (0.204)

HRRs - heterozygosity-rich regions, X — average value, SE - standard error, max —
maximum value.

Livestock Science 284 (2024) 105480

38.3 %, 36.7 % and 37.2 % for Lipizzan, Old Kladruber, Shagya Arabian,
Czech Warmblood and Slovak Warmblood horses, respectively. Fig. 2
shows the genome-wide distribution of detected HRR islands in meta-
population (C) and per breed (D). As expected, the distribution of HRR
islands was non-uniform.

As can be seen in Fig. 2A, SNPs located in the MHC region have not
reached the required threshold values. In Lipizzan, Old Kladruber and
Shagya Arabian horses, the potential HRR island (average SNP fre-
quency in HRRs: Lipizzan 19.32 %, Old Kladruber 11.52 % and Shagya
Arabian 23.40 %) located in position from 31.23 to 31.53 Mbp over-
lapped with EQMCE1 gene (MHC class I). In the Czech and Slovak
Warmblood MHC region, the highest frequency of SNPs in HRRs was
found in positions from 31.15 to 31.23 Mbp (in average 21.67 % and
29.22 %) between EQMHCB2 and EQMCE]1 genes (MHC class I) and from
33.79 to 34.14 Mbp (in average 20.91 % and 28.08 %) overlapping with
DQBI1, DQA2, DQB2, DQA3 and DRB2 genes (MHC class II).

Genome-wide, the number of detected HRR islands above the sig-
nificance threshold ranged from 65 (Lipizzan and Shagya Arabian) to 74
(Czech Warmblood). Detailed information about identified HRR islands
is given in Table S3. The minimum size of the HRR island was 0.01 Mbp
(chromosome 2), and the maximum was 4.69 Mbp (chromosome 17). 3
HRR islands located on chromosomes 7 and 11 were shared by all breeds
(Table 3). Overall, 23 genes were detected in the HRR island on chro-
mosome 7 and 5 genes in both islands on chromosome 11. Subsequent
gene enrichment analysis revealed that detected genes are included in 3
functional Gene Ontology terms and 1 KEGG pathway (Table S5). Inside
the first HRR island on chromosome 11, QTL associated with insect bite
hypersensitivity was also found.

Potential footprints of balancing selection were identified by Taji-
ma’s D statistics when only positive D values above a cut-off value were
taken into account (Lipizzan — 3.47, Old Kladruber — 3.87, Shagya
Arabian — 3.25, Czech Warmblood 3.43, Slovak Warmblood — 3.59).
Table S4 provides a summary of the detected signals in the autosomal
genome of analysed breeds. The highest number of signals (N = 8) was
identified on chromosome 1 in Slovak Warmblood (average D 3.78),
chromosome 2 in Shagya Arabian (average D 3.44), chromosome 4 in
Czech Warmblood (average D 3.68) and chromosome 8 in Old Kladruber
(average D 4.21). Based on the set criteria for footprint detection, only
four signals in three breeds (Old Kladruber, Slovak Warmblood and
Czech Warmblood) were identified directly in the MHC regions
(Fig. 3A). Two of them in Czech Warmblood and Slovak Warmblood
horses were connected to DRA, DRB1 and DQA1 genes (MHC class II)
and another two in Slovak Warmblood and Old Kladruber to DQB1 and
DQB2 genes (MHC class II). In connection with the HRR island analysis,
it seems that the increase in heterozygosity in the regions around
particular MHC class II genes in Czech Warmblood and Slovak Warm-
blood breeds may be a consequence of balancing selection. Fig. 3 also
shows the distribution of signals within chromosomes in meta-
population (B) and individual breeds (C). As shown in Table 3, similar to
the HRR island analysis, shared signals by all breeds were observed on
chromosomes 7 and 11 directly or close to the position of detected HRR
islands. This overlap is evident mainly in connection to the CA10 gene
on chromosome 11. In addition, another shared signal was detected on
chromosome 13 (Table 3). In connection with the signals, 14 protein-
coding genes were identified. Five of them were linked to the same
KEGG pathway as in the enrichment analysis of genes inside HRR
islands. On chromosome 13, QTL for recurrent airway obstruction was
localised.

4. Discussion

Initial molecular-genetic studies of heterozygosity in horses utilised
mainly microsatellite markers to quantify intra and interpopulation
variability levels. Curik et al. (2003b) reported average individual het-
erozygosity of 0.67 for Lipizzan breeding mares from seven European
national stud farms. A similar level of heterozygosity was also found in
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Fig. 2. Graphical visualisation of SNP frequency in HRRs (%) in MHC region (A., the position of MHC region is coloured in black), HRRs distribution in MHC region
(B., the position of MHC region is colored in black) and distribution of HRR islands per chromosomes in metapopulation (C.) and breeds (D.). Gaps between
consecutive HRR islands within and between chromosomes do not correspond to the real distance in bp (LIP — Lipizzan, OKH - Old Kladruber, SHA — Shagya Arabian,

CZW - Czech Warmblood, SKW — Slovak Warmblood).

Lipizzan horses in further studies in the later period (Achman et al.,
2004; Dovc et al., 2006; Barcaccia et al., 2013; Kasarda et al., 2016).
Even though the Old Kladruber horse has a smaller effective population
size and thus a limited gene flow than the Lipizzan breed, previous
microsatellite-based studies showed a comparable level of heterozy-
gosity to that in the Lipizzan horses (Vostry et al., 2011; Janova et al.,
2013; Kasarda et al., 2016; Vostry et al., 2018). However, further studies
utilising different types of genetic markers, including high-density SNP
arrays, revealed that the estimated level of genetic variability strongly
depends on the polymorphic nature and number of markers analysed as
well as the applied methodological approach (Janova et al., 2013;
Simcic et al., 2015; Cortés et al., 2019), which was also confirmed in this
study. Moreover, due to different intensities of selection pressure on
particular genomic regions controlling preferred phenotypic traits, such
regions may display reduced levels of heterozygosity compared to others
(Petersen et al., 2013; Metzger et al., 2015). For example, Janova et al.
(2013) found in Old Kladruber horse that even if microsatellite-based
heterozygosity estimates pointed to a relatively high amount of het-
erozygosity, there was a significant decrease if they used SNPs localised
close to immunity-related, coat colour and MHC genes. The SNP-based
estimates of observed and expected heterozygosity and minor allele
frequency across autosomal genome of analysed breeds were consistent
with the previous results for Warmblood breeds (Petersen et al., 2013),
Arabian horses (Cosgrove et al., 2020), Thoroughbred horses (Kim et al.,
2019) and Italian local horse breeds (Criscione et al., 2022). The
observed increase in heterozygosity in the MHC region compared to that
on a genome-wide level may reflect the fact that the MHC gene complex
responsible for many important biological traits, including the immune
system, mating preference and pregnancy outcome, is considered one of
the most polymorphic in vertebrates (Curik et al., 2003a; Sommer, 2005;
Tang et al., 2022). But, as this study suggests, different breeding stra-
tegies could affect the level of heterozygosity stored in the equine MHC
region as well. The Czech Warmblood and Slovak Warmblood horses, as
breeds with intensive gene flow, revealed a higher level of heterozy-
gosity compared to Lipizzan, Old Kladruber or Shagya Arabian horses as
representatives of breeds with closed herdbooks. Similar results were
presented by Jaworska et al. (2020) for primitive and draft horse breeds.

Higher average genome-wide LD values in Lipizzan, Old Kladruber
and Shagya Arabian horses signalise that long-term selection for traits of

interest and less intense gene flow increased LD extent compared to
Czech and Slovak Warmblood breeds. This argument supports previous
studies that have shown that continuous selection can affect not only the
phenotypic traits of horses but also their genome structure, including
MHC genes (Andersson et al., 2012; Jaworska et al., 2020). It was shown
that loci affecting phenotypic traits under strong selection pressure
usually display an increase in LD compared to others and are transmitted
to offspring in the form of haplotypes (Al-Mamun et al., 2015; Gurgul
et al., 2019; Oyelami et al., 2020). However, LD extent can also be
affected by other genetic forces, such as genetic drift, gene flow,
admixture or population fragmentation (Slatkin, 2008). Genetic drift
can interact with selection in surprising ways. Response of tightly linked
loci to selection can be weakened because of a small amount of LD
produced by genetic drift due to the Hill-Robertson effect (Hill and
Robertson, 1966). This effect can be strong mainly if many loci under
selection are tightly linked (Slatkin, 2008). Populations with low
effective sizes are more susceptible to genetic drift than larger pop-
ulations. Thus, genetic drift randomly generates LD at different loci at a
rate inversely proportional to the effective population size (Waples
etal., 2016). On the other hand, gene flow in connection with admixture
and recombination could reduce LD extent (Lucek and Willi, 2021; Liang
et al., 2022). The gene flow itself as a result of the gametes exchange
among subpopulations increases LD in each subpopulation while the
frequency of alleles differs among them. If the frequency of alleles
among subpopulations is maintained by selection, then the LD will
persist to the next generations (Slatkin, 2008). However, admixture
events gradually decrease linkage disequilibrium in the admixed popu-
lation in the subsequent generations as a result of recombination (Liang
et al., 2022).

Based on the results of LD extent analysis in the MHC region, it ap-
pears that tested breeds shared common patterns that resulted in LD
increase in areas connected to both MHC class I (EQMHCB2, MHCB3,
EQMHCC1) as well as class II genes (DQA1, DRB2, DRB3 and HLA-DOB).
The analysis of LD extent in MHC complex was used in previous studies
to evaluate the variation of serum IgE levels (Curik et al., 2003a) or
identify equine MHC haplotypes (Tseng et al., 2010).

Several studies have been focused on characterising the distribution
of HRR segments in the livestock genome (Williams et al., 2016;
Ferencakovic et al., 2016; Biscarini et al., 2020; Selli et al., 2021; Santos
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Table 3

HRR islands and signals of balancing selection overlapping in all tested breeds.

Chr  Start

(Mbp)

End
(Mbp)

Size
(Mbp)

QTLs

Protein-coding genes

HRR islands
7 50.010

11 26.971

11 27.374

Signals of balancing selection

7 48.750

11
11
13

27.500
28.250
15.500

50.651

27.251

27.820

49.000

27.750
28.500
15.750

0.640

0.281

0.447

0.250

0.250
0.250
0.250

QTL:29,289
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et al., 2021; Ablondi et al., 2022; Chen et al., 2022). These studies have
shown that HRR segments are much rarer and shorter than runs of ho-
mozygosity (ROH). In contrast to ROH, HRRs are formed by heterozy-
gote loci clustered in regions with different sizes, frequencies and
chromosomal locations in the genome. Comparison between the above
studies showed that the number and length of identified HRRs depend
on the species analysed, the density of the SNP array, and the method
and settings used for HRRs screening. A common feature was that the
minimum number of SNP markers in the HRR was much smaller
compared to ROH, with a decrease in the minimum number of SNPs
leading to a decrease in their number and length rather than an increase
(Santos et al., 2021; Selli et al., 2021). Similarly, the minimum number
of opposite and missing genotypes differs between the studies. Biscarini
et al. (2020) and Selli et al. (2021) reported that the number of opposite
genotypes allowed in analysis increases the number of identified HRR
segments.

The average number of HRRs per animal across the genome of tested
breeds was higher compared to those reported for the Mangalarga
Marchador or Quarter Horse horse breeds (Santos et al., 2021, 2023).
However, the average length of HRRs was comparable with previous
studies. We didn’t find HRR longer than 2.5 Mbp (average maximum
length across breeds 2.11 Mbp). The HRRs number per animal in the
MHC region followed the distribution of HRRs on the genome-wide
level. The Slovak Warmblood and Czech Warmblood horses showed a
higher average number of HRRs per animal compared to other analysed
breeds. Thus, the observed distribution of HRRs across the autosomal
genome as well as in the MHC region suggested that the genomic vari-
ability of horse breeds with closed herdbooks may be reduced compared
to those with open breeding programs probably due to limited gene flow
between stud farms, a lower proportion of admixture as well as accu-
mulation of inbreeding and homozygous regions coming from common
ancestors across generations. On the other hand, a high proportion of
common HRRs in Czech and Slovak Warmbloods could result from their
historical relatedness. This is in line with the study of Faria et al. (2019),
which suggests that many inversions are maintained polymorphic
within populations by balancing selection, which impedes divergence
and speciation. Contrary to expectations, we detected HRR islands
outside the MHC region. However, the results suggested that the fre-
quency of SNPs in HRRs increased in Lipizzan, Shagya Arabian and Old
Kladruber horses mainly in the genomic region of MHC class I gene
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Fig. 3. Graphical visualisation of Tajima’s D values in the MHC region (A., the position of MHC region is coloured in black) and distribution of balancing selection
signals per chromosomes in metapopulation (B.) and breeds (C.). Gaps between signals within and between chromosomes do not correspond to the real distance in bp
(LIP - Lipizzan, OKH - Old Kladruber, SHA — Shagya Arabian, CZW - Czech Warmblood, SKW - Slovak Warmblood).
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EQMCE] and in Czech and Slovak Warmbloods in the region of MHC
class I genes DQB1, DQA2, DQB2, DQA3 and DRB2. Further analysis of
balancing selection footprints indicated that the increase in heterozy-
gosity around MHC class II genes in Czech and Slovak Warmbloods
could be a consequence of balancing selection pressure. MHC class II
genes are integral for the immune system, as they encode proteins that
present antigens to specialised immune cells, helping to initiate immune
responses against pathogens and foreign substances. These genes are
mainly expressed on specialised antigen-presenting cells such as den-
dritic cells, macrophages, and B-cells, as well as on activated T cells
(Vasoya et al., 2023). A significant effect of selection on the MHC
genomic region was also found in other livestock species, including
cattle (Gautier et al., 2009; Nayak et al., 2023), sheep (Kijas et al., 2012)
or pigs (Tong et al., 2023).

Observed genome-wide distribution of shared HRR islands and se-
lection signals by all breeds confirmed that excess in heterozygosity may
be strongly associated with balancing selection pressure on certain
genomic regions. Both HRR islands and selection signals were concen-
trated in adjacent genomic regions on chromosomes 7 and 11. Overlap
between regions was evident mainly on chromosome 11 close to the
CA10 gene and QTL:29,289 associated with insect bite hypersensitivity
in Shetland Pony (Schurink et al., 2012). While specific research on the
role of the CA10 gene (carbonic anhydrase) in horses has not been
documented yet, studies in other species suggest its role in the central
nervous system (Sterky et al., 2017).

5. Conclusion

A comparison of variability stored in the autosomal genome, espe-
cially in the MHC region, between five horse breeds suggested that
breeds with open breeding programs can generally exhibit higher het-
erozygosity levels compared to breeds whose gene pool is limited to a
relatively low number of sire lines or maternal families. Although tested
breeds revealed certain differences in LD extent, it appears that they
shared common LD patterns close to the several MHC class I and class II
genes. Screening of HRRs confirmed that even if they are present in the
MHC region of all breeds, their position, size and number depend on the
evaluated breed. The highest proportion of shared HRRs revealed his-
torically connected Czech and Slovak Warmblood breeds. Detailed
analysis of the distribution of HRR islands and balancing selection
footprints inside the MHC region indicated that they may be concen-
trated around several class II genes. A further study utilising whole
genome sequence data can bring more light on the interaction between
genetic variants responsible for one of the most important complexes of
genes related to immunity response in vertebrates.
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