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Abstract Genetic variability is fundamental for the adaptability, health, and long-
term sustainability of horse populations. This study sought to provide a
comprehensive assessment of genomic diversity, population structure, and
selection signatures across 14 horse breeds, encompassing five indigenous
Iranian breeds (Iranian Arabian-Asil, Turkmen, Caspian, Kurdish, Dareshuri) as
well as nine international breeds (Thoroughbred, Quarter Horse, Belgian,
Arabian, Welsh Pony, Standardbred, Icelandic, Lusitano, Morgan), based on
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ultra-high-density SNP array data. Following quality control and imputation, we
analyzed the combined dataset of 1.57 million SNPs across 438 individuals to
assess within- and between-breed genetic diversity, population structure, and
signatures of selection. Observed heterozygosity (Ho) ranged from 0.1727
(Thoroughbred) to 0.2068 (Welsh), with Iranian breeds generally demonstrating
lower allelic richness and effective number of alleles. Pairwise Fst and private
allele analyses revealed moderate genetic differentiation, with Thoroughbred and
Icelandic being the most divergent, while Iranian breeds revealed high shared
ancestry. Population history assessments via Tajima’s D and Garza—Williamson
M-ratio highlighted varying degrees of past bottlenecks, most evident in Dareshuri
and Kurdish populations. Population structure analyses (PCA and PCoA) showed
well-defined breed clusters, highlighting both geographic origin and selective
breeding history. HapFLK analysis detected 83 candidate genes under selection,
associated with neural development, immune response, coat color and traits
related to performance or reproduction. These findings emphasize the combined
effects of historical selection, demographic events, and breed management on
the genomic architecture of horse populations. The results provide applicable
information for conservation strategies and breeding programs aimed at
maintaining genetic diversity while preserving breed-specific traits, particularly in
endangered Iranian and intensively selected international breeds.

Keywords: conservation genetics, genomic diversity, horse breeds, population
structure, selection signatures, SNP array

Introduction _ _ _
populations to respond and adapt to changes in their

Genetic diversity is an important factor in genetic  environment, and selection pressure. For a species like the
sustainability, as well as for the ability of livestock horse, with significant historical, cultural, and economic
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importance to human societies, preserving genetic
diversity is valuable from both conservation, and
breeding-performance considerations (Petersen et al.,
2013; Bazvand et al.,, 2024). The decline in horse
populations, uncontrolled admixture with foreign breeds,
and the widespread adoption of breeding practices have
caused a significant decrease in genetic diversity in
many indigenous and working horse breeds,
accompanied by a decrease in individual heterozygosity,
and autosomal nucleotide diversity (Pi) (Fages et al.,
2019).

During the twentieth century, horse breeding
experienced substantial changes, leading to a marked
decline in the effective population size (Ne) of many draft
and indigenous breeds (Leroy et al., 2011; Petersen et
al.,, 2013; Bazvand et al., 2024). Although in situ
conservation measures have been implemented for
some populations, the prioritization of conservation
efforts requires a comprehensive understanding of
genetic structure and interbreeds relationships (Leroy et
al., 2009). Insights derived from such genomic studies
can assist breeders and relevant institutions in
identifying breeds and populations that require
enhanced protection and in preventing the accumulation
or fixation of deleterious alleles (Fages et al., 2019).

In previous studies, molecular markers (e.g.,
microsatellites, mitochondrial DNA) were applied to
evaluate genetic diversity in livestock populations
(Amirinia et al., 2007; Hedayat Evrigh et al., 2018;
Amijadi et al., 2021). The emergence of single nucleotide
polymorphism (SNP) markers, particularly in the form of
high-density genotyping arrays, has enabled a deeper
and more reliable evaluation of genome-wide autosomal
genetic diversity (Moravéikova et al., 2024). High-density
SNP arrays, due to their extensive genomic coverage,
represent key and valuable tools in genomic studies,
facilitating rapid and high-throughput genotyping. They
are essential for a wide range of genetic analyses,
including genomic selection and high-resolution
population genomics (Ventura et al., 2020; Xuereb et al.,
2023). This technology is not only suitable for evaluating
within- and between-breed diversity, but also allows for
the identification of genomic regions under natural or
artificial selection so-called selection signatures which
can elucidate the genetic basis of traits such as athletic
performance, disease resistance, and environmental
adaptability (Hu et al., 2023).

Previous studies, as reported by Schaefer et al.
(2017) and Durward-Akhurst et al. (2021) provided
evidence that SNP-based data constitute a powerful tool
for analyzing genetic diversity across various horse
breeds. Related studies in other livestock species,
including cattle, sheep, and pigs have revealed genomic
regions under selection, providing evidence for the
power of high-density SNP arrays to identify important
functional variants (Hu et al., 2023). However, most of
these studies have been limited to a small number of
breeds or low-density panels, and large-scale patterns of
genomic diversity remain insufficiently characterized
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(Atroshchenko et al., 2023; Abdoli et al., 2024; Bazvand
et al., 2024).

In the current study, we used ultra-high density SNP
array data to conduct a comparative analysis of genomic
diversity and genetic structure within 14 horse breeds.
These breeds exhibit considerable variation in historical
origin, phenotypic traits, and functional applications.
Given that the power of individual methods to detect
genomic regions under selection can vary depending on
population history, type of selection, and marker density
(Chang et al., 2019; Temple et al., 2024), combining
multiple approaches such as Fst, hapFLK, and
heterozygosity-based methods provides a more robust
framework for assessing genetic diversity and identifying
candidate regions under selection. The main objective of
this study was to conduct a comprehensive comparative
genomic analysis of 14 horse breeds, integrating
multiple approaches to assess genetic diversity,
population structure, and regions under selection, with
the ultimate goal of informing sustainable breeding
programs and conservation strategies for at-risk horse
breeds.

Materials and methods
Dataset and quality control

Two datasets were used in this study. The first dataset
consisted of five Iranian breeds [Iranian Arabian (Asil) (n
= 71), Turkmen (n = 11), Caspian (n = 7), Kurdish (n =
7), and Dareshuri (n = 5)] that were genotyped using the
Axiom™ Equine Genotyping Array 670K (MNEc670k)
(Sadeghi et al., 2019). The second dataset comprised of
nine international (U.S.) breeds [Thoroughbred (n = 28),
Quarter Horse (n = 72), Belgian (n = 22), Arabian (n =
36), Welsh Pony (n = 40), Standardbred (n = 39),
Icelandic (n = 18), Lusitano (n = 21), and Morgan (n =
61)] that were genotyped using the Axiom™ Equine
Genotyping Array MNEc2M (Momen et al., 2023).

To increase the SNP density, genotypes from the
670K array were imputed to 2M density using Beagle
v5.5 (Browning et al., 2018), with the MNEc2M dataset
serving as the reference panel and an effective
population size (Ne) of 1000. The combine dataset
consisted of an ultra-high-density integrated panel
combining the imputed 670K and original MNEc2M data.

Quality control was carried out using PLINK v1.90
(Chang et al., 2015), excluding SNPs with a minor allele
frequency (MAF) < 0.01, deviations from Hardy—
Weinberg equilibrium (P-value < 1x10®), or a call rate <
80%, and retaining only biallelic SNPs on 31 autosomes.
After quality control, the combine dataset contained
1,568,289 SNPs from 438 horses, representing the
same 14 breeds.

Within-breed genetic diversity

Observed and expected heterozygosity (Ho, He)
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Observed (Ho) and expected (He) heterozygosities were
calculated to assess within-breed genetic diversity. Basic
diversity indices were calculated in PLINK v1.9.
Individual observed heterozygosity was derived using
the --het function, while expected heterozygosity was
calculated in R as He = 2p(1 — p), where p represents the
minor allele frequency at each SNP.

Allelic richness and effective number of alleles

Given that haplotype-based analyses capture the
combined variation of linked genomic regions and more
accurately reflect true allelic richness than single-SNP
data, allelic richness (AR) and the effective number of
alleles were therefore estimated from haplotype-based
data to evaluate within-breed genetic diversity.
Haplotype blocks were delineated across all autosomes
by applying PLINK v1.9 based on the criteria of Gabriel
et al. (2002), with a maximum block length of 200 kb.

Nucleotide diversity (Pi)

Nucleotide diversity (Pi) denotes the mean number of
nucleotide differences per site between any two
sequences randomly sampled from a population (Nei
and Li, 1979). Evaluating nucleotide diversity provides
valuable information about population differentiation and
can be utilized to infer the demographic history and past
effective population size of a species (Yu et al., 2004).
Nucleotide diversity (Pi) was calculated in sliding
windows of 50 kb with a step size of 25 kb using the --
window-pi command in VCFtools v0.1.17 (Danecek et
al., 2011). The mean Pi value for each breed was then
obtained by averaging Pi values across all genomic
windows.

Between-breed genetic differentiation

Pairwise Fst value

Pairwise genetic differentiation among the 14 horse
breeds was estimated using Weir and Cockerham’s
(1984) Fst implemented in VCFtools v0.1.17. Breed-
specific sample lists were generated and used in all
pairwise comparisons (91 combinations) with the --weir-
fst-pop option.

Private alleles analysis (private allele count and

frequency)

Private alleles (PAs), described as alleles occurring
exclusively within a single breed with an allelic frequency
greater than 0.1% (Machmoum et al.,, 2020), were
identified across all 14 horse breeds. Alleles present in
only one breed were classified as private, and their
counts were summarized per breed.

Demographic history and bottleneck detection

Tajima’s D statistic

Tajima’s D was calculated separately for each breed
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using VCFtools v0.1.17. Breed-specific individual lists
were extracted from the VCF file headers, and the
analysis was performed with the --TajimaD option in non-
overlapping 50 kb sliding windows across the
autosomes.

Garza—Williamson M-ratio

Historical reductions in genetic diversity were assessed
by applying the Garza—Williamson M-ratio (Garza and
Williamson, 2001) for each breed, using R (R Core
Team, 2023). Because SNPs are biallelic, absolute M-
ratio values were typically close to 1, which limits their
interpretative power. To enhance the informativeness of
this  metric, haplotype-based analyses were
subsequently conducted, allowing a more robust
assessment of historical bottlenecks.

Population structure and genetic relationships

Principal Component Analysis (PCA) and Principal
Coordinates Analysis (PCoA)

Principal component analysis (PCA) was performed to
investigate the major axes of genetic variation among
individuals from the 14 horse breeds. High-density SNP
genotypes in VCF format were converted to GDS using
the SNPRelate R package (Zheng et al., 2012) to enable
efficient computation. To minimize the effect of linkage
disequilibrium (LD), SNPs were pruned using an LD
threshold of r?< 0.2 (Santos et al., 2021; Yordanov et al.,
2025), retaining approximately independent loci for
analysis. Following LD pruning, a total of 303,931 SNPs
were retained from the initial dataset for downstream
analyses. PCA was then conducted on the pruned SNP
set to explore the overall genomic structure and
relationships among individuals. The resulting principal
components were visualized in R, with samples color-
coded by breed.

Principal coordinates analysis (PCoA) was performed to
further evaluate genetic relationships among the horse
breeds based on pairwise genetic distances. Using the
same GDS dataset, pairwise identity-by-state (IBS)
similarity matrices were computed in SNPRelate, and
genetic distances were obtained as 1 — IBS (Cortes-
Rodriguez et al., 2019; Ospina et al., 2024). PCoA was
then carried out on the resulting distance matrix to
visualize breed-level and individual-level clustering
patterns. Additionally, mean pairwise genetic distances
among breeds were summarized and visualized as a
heatmap to highlight genomic divergence at the
population level.

Analysis using hapFLK

To identify genomic regions potentially subjected to
selection across the studied horse breeds, we employed
the hapFLK v1.4 program to detect signatures of
selection through haplotype differentiation among
hierarchically structured populations, following the
approach of Fariello et al. (2013). High-density SNP
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genotype data were first phased using Beagle v5.4, and
the resulting haplotypes were used as input for the
hapFLK analyses. All 14 breeds were included, with the
Icelandic breed defined as the outgroup based on
pairwise Fst estimates and PCA-derived genetic
distances. hapFLK analyses were conducted separately
for each autosome using K = 5, 10, 15, 20, and 25
haplotype clusters to evaluate model stability. Each run
involved 20 expectation—maximization (EM) iterations for
fitting the linkage disequilibrium model (—nfit = 20). A
Reynolds distance matrix based on 10,000 SNPs was
computed to account for population kinship structure
during the analysis.

Results

Within-breed genetic diversity

Within-breed genetic diversity indices including
observed heterozygosity (Ho), expected heterozygosity
(He), allelic richness (AR), effective number of alleles
(NE), mean minor allele frequency (MAF), and
nucleotide diversity (Pi) were estimated for all 14 horse
breeds (Table 1). Observed heterozygosity ranged from

0.1727 in Thoroughbred to 0.2068 in Welsh (overall
mean = 0.193), showing a similar pattern to expected
heterozygosity, which ranged from 0.1677 in Kurdish to
0.2092 in Quarter Horse. In Iranian breeds such as
Iranian Arabian (Asil) and Caspian, the lowest
heterozygosity values were observed, and similarly,

among international breeds, Thoroughbred,
Standardbred, and Arabian also showed low levels of
heterozygosity.

MAF values varied across breeds, with the lowest
estimates in Quarter Horse (0.1462) and Morgan
(0.1487), and the highest in Dareshuri (0.2029) and
Kurdish (0.2014). Allelic richness also varied markedly:
Quarter Horse (9.14) and Morgan (8.80) showed the
highest AR, whereas Dareshuri (2.85) and Kurdish (3.02)
had the lowest values.

Effective number of alleles followed the same trend,
reflecting larger genetic variation in worldwide breeds.
Nucleotide diversity showed a narrow range across
breeds (0.000123-0.000147), with higher values again
observed in Quarter Horse and Morgan compared with
most native Iranian breeds.

Table 1. Within-breed genomic diversity parameters in 14 horse breeds

Breed n Ho' He? NE? AR* MAF?® Pi®

Arabian 36 0.1851 0.1883 3.88 6.04 0.1594 0.0001335
Belgian 22 0.1965 0.1944 3.69 5.26 0.1604 0.0001391
Caspian 7 0.1888 0.1790 2.87 3.37 0.1911 0.0001351
Dareshuri 5 0.1916 0.1736  2.55 2.85 0.2029 0.0001353
Icelandic 18 0.1939 0.1882 3.44 4.70 0.1723 0.0001354
Kurdish 7 0.1963 0.1677 2.53 3.02 0.2014 0.0001266
Lusitano 21 0.1947 0.1960 3.89 5.42 0.1651 0.0001404
Morgan 61 0.2016  0.2089  5.04 8.80 0.1487 0.0001472
Iranian Arabian (Asil) 71 0.1797 0.1812 4.16 7.25 0.1495 0.0001277
Quarter Horse 72 0.2067 0.2092 5.06 9.14 0.1462 0.0001472
Standardbred 39 0.1857 0.1934 4.10 6.75 0.1619 0.0001370
Thoroughbred 28 0.1727 01735 3.14 4.54 0.1753 0.0001235
Turkmen 1 0.1952 0.1857 3.37 4.23 0.1754 0.0001362
Welsh 40 0.2068 0.2063  4.58 7.12 0.1480 0.0001460

"Observed heterozygosity; Expected heterozygosity;

SMinor allele frequency; ®Nucleotide diversity

Genetic differentiation and private alleles

Pairwise Fst estimates revealed a generally moderate
level of genetic differentiation among the 14 studied
horse breeds (Figure 1). The mean Fsr values ranged
from 0.013 (Dareshuri-Turkemen) to 0.124
(Thoroughbred-Icelandic), while the weighted Fsr values
showed a similar pattern, ranging from 0.017 (Dareshuri-
Iranian Arabian (Asil)) to 0.182 (Thoroughbred-
Icelandic). These results indicate that the Thoroughbred
and Icelandic breeds are the most genetically distinct
pair, whereas Dareshuri and Turkemen exhibit the
closest genetic relationship.

Overall, lower Fst values among several Iranian
breeds (Caspian, Dareshuri, Kurdish, Turkemen, and
Iranian Arabian-(Asil)) suggest relative genetic similarity,
likely reflecting shared ancestry, while higher values
between these breeds and international breeds (such as
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SEffective number of alleles; “Allelic richness;

Thoroughbred and Standardbred) reflect long-term
divergence and breed-specific selection histories.

The analysis of private alleles showed strong
variation among breeds. Morgan (2,835), Standardbred
(1,163), and Welsh (729) had the highest numbers of
private alleles (Figure 1). No private alleles were
detected in the Iranian breeds; however, this observation
likely reflects limitations of the SNP bead-chip used,
which was not specifically designed for these
populations and may not capture breed-specific variants.
Consistent with this pattern, Fst values were generally
lower among Iranian breeds compared to the other
breeds.

Historical Demography and Genetic Bottleneck
Signatures

Genome-wide Tajima’s D values were calculated in non-
overlapping 50 kb windows for each of the 14 horse
breeds to assess historical demographic dynamics
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(Figure 2). The mean Tajima’s D values were generally
positive across breeds, ranging from 0.085 in Dareshuri
to 0.901 in Thoroughbred, suggesting an overall excess
of intermediate-frequency alleles consistent with
population contraction or balancing selection. The
Thoroughbred, Standardbred, Iranian Arabian (Asil), and
Quarter Horse showed the highest mean Tajima’s D
values (> 0.7), indicating stronger signals of reduced
recent effective population size, possibly linked to
intensive selective breeding and closed studbook

practices. In contrast, Caspian, Dareshuri, and
Turkemen horses exhibited lower Tajima’s D values (<
0.25), suggesting relatively more stable demographic
histories or weaker bottleneck effects. The distribution of
Tajima’s D values was wide in all breeds (min = -2.6 to
max = 4.3), reflecting regional variation across the
genome in selective and demographic pressures.
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Figure 1. Comparative visualization of pairwise genetic differentiation among horse breeds (upper
panel: weighted Fst above and mean Fst below the diagonal) and the distribution of private alleles

per breed (lower panel)

Estimates of the Garza—Williamson M-ratio ranged from
0.711 in Dareshuri to 0.832 in Quarter Horse, with most
breeds exhibiting mean M values between 0.75 and
0.82. These relatively high ratios are consistent with the
expectation for SNP-based data but still suggest
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moderate historical reductions in genetic variation,
particularly in Dareshuri, Kurdish, and Caspian
populations. The highest M-ratio values observed in
Morgan, Quarter Horse, and Iranian Arabian (Asil)
breeds may reflect either recent recovery following
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historical bottlenecks or maintenance of higher allelic
diversity through larger contemporary effective
population sizes. Overall, the combined Tajima’s D and
M-ratio results indicate that while most breeds show

Tajima’s D

genomic evidence of past demographic contractions, the

magnitude and genomic extent of these events vary
substantially among breeds.

usitane
Breed

PerArabian  QuarterHorse  Stndardbred  Thoroughbred — Turkemen Welsh

Figure 2. Distribution of Tajima’s D amongst 14 horse breeds

e

e,
wm

e

Figure 3. Principal component analysis (PCA, top) and principal coordinate analysis

(PCoA, bottom) showing population structure and genetic relationships amongst 14

horse breeds
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Population structure and genetic relationships

Principal component analysis (PCA) revealed clear
patterns of genomic differentiation among the 14 horse
breeds (Figure 3). The first two principal components
explained 2.2% (PC1) and 2.1% (PC2) of the total
genetic variation. Several breeds, including Belgian and
Icelandic, formed distinct clusters, indicating strong
genetic differentiation. Thoroughbred, Iranian Arabian
(Asil), and Standardbred were closely positioned but still
separated, reflecting moderate genetic similarity
possibly due to shared breeding histories. Conversely,
breeds such as Quarter Horse and Morgan displayed
some overlap with other breeds, suggesting either
admixture or incomplete lineage sorting. Overall, the
PCA confirms that most breeds maintain breed-specific
genomic signatures, while a few shows evidence of
historical gene flow or related ancestry.

PCoA based on pairwise genetic distances (1 — IBS)
revealed clear genetic separation among the horse
breeds (Figure 3). The first two axes explained 5.1% and
45% of the total variation. Distinct clusters
corresponded to individual breeds, with Arabian,
Standardbred, and Quarter Horse showing tight
groupings, indicating within-breed uniformity. Some
overlap was observed among Welsh and Lusitano,
suggesting partial shared ancestry. Caspian and
Dareshuri clustered closely, while Turkmen and
Thoroughbred  occupied intermediate  positions,
reflecting mixed genetic backgrounds. These patterns
align with the phylogenetic and structure analyses,
confirming breed-level genetic differentiation.

Candidate genes under selection amongst 14
horse breeds

To identify genomic regions potentially under selection
across the 14 horse breeds, hapFLK analysis was
performed using K=10 haplotype clusters (Figure 4). A
total of 83 genes were detected across multiple
chromosomes, with the highest density on
chromosomes 7 and 11, particularly involving keratin and
olfactory receptor clusters (Table 2; Additional file). Key
genes included ZNF536 (chromosome 10), associated
with neural development and behavior; CD300E and
CD300LB (chromosome 11), involved in immune
response; keratin genes KRT15, KRT33B, KRT38,
KRT34, KRTAP16-1 (chromosome 11), related to coat
and hair structure; RBFOX71 (chromosome 13),
influencing neuronal development; KIT (chromosome 3),
linked to coat color, fertility, and athletic performance;
CIRBP and CBARP (chromosome 7), associated with
cold stress tolerance and physical resilience; and
NDUFA10 (chromosome 6), related to energy
metabolism and endurance. These findings suggest that
selection in these horse populations has targeted genes
contributing to neural development, behavior, coat
characteristics, immune response, reproduction,
physical resilience, cold tolerance, and performance
traits. The analysis included five Iranian breeds (Iranian
Arabian-Asil, Turkmen, Caspian, Kurdish, and
Dareshuri) and nine international breeds (Thoroughbred,
Quarter Horse, Belgian, Arabian, Welsh Pony,
Standardbred, Icelandic, Lusitano, and Morgan),
highlighting both shared and breed-specific genomic
regions under selection that may contribute to
phenotypic differentiation.

-log10(p-value)

signals (bottom)

Figure 4. HapFLK Analysis of 14 Horse Breeds: Elbow plot for optimal K (top) and Manhattan plot of Top 0.1%
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Discussion

The estimated heterozygosity was 0.17-0.21 and
generally smaller than the values previously reported for
several genetically diverse horse populations
characterized by broader founder contributions and less
intensive directional selection. For instance, some
Arabian horse populations showed higher
heterozygosity (Cosgrove et al., 2020; Khanshour et al.,
2013), while our estimate for Thoroughbred was smaller
than the values reported by Petersen et al. (2013). The
relatively reduced heterozygosity observed in
Thoroughbred, Iranian Arabian (Asil), and Caspian
horses is consistent with the influence of unequal
founder contributions, intense directional selection, and
selective breeding, which are known to reduce both the
heterozygosity and allelic richness (Pjontek et al., 2012;
Petersen et al., 2013). In the present study, He and Ho
values for lIranian breeds were lower than those
previously reported, ranging from 0.1677 to 0.1857 for
He and from 0.1797 to 0.1963 for Ho. Bazvand et al.
(2024) reported higher He (0.3457-0.3460) and Ho
(0.2907-0.3458) values for Arabian, Caspian, Kurdish,
and Turkmen horses; Moradi and Khaltabadi Farahani
(2018) found He = 0.27-0.30 across five Asian breeds;
and Sadeghi et al. (2019) reported He = 0.45 and Ho =
0.43 in 71 Arabian horses. Similarly, Almarzook et al.
(2017) reported He = 0.30-0.31 and Ho = 0.30-0.32 in
Syrian Arab horses. These data suggest that the
reduced heterozygosity observed in our Iranian breeds
likely reflects strong artificial selection and/or population
isolation, leading to limited gene flow and loss of genetic
diversity (Moradi and Khaltabadi Farahani, 2018).

A clearer contrast emerged between international
and native Iranian breeds when considering allelic
richness (AR), minor allele frequency (MAF), and the
effective number of alleles (NE). Despite showing
moderate heterozygosity, the Iranian breeds, particularly
Caspian, Dareshuri, and Kurdish, displayed markedly
reduced AR and Ne values, which is consistent with
long-term isolation, small effective population sizes, and
historical founder events. Similar trends were
documented previously. Microsatellite analyses found
high diversity in cosmopolitan breeds such as Quarter
Horse (0.847) and Thoroughbred (0.877) (Vazquez-
Armijo et al.,, 2017), while Cozzi et al. (2018) noted
moderate but variable diversity in Akhal-Teke, shaped by
demographic contractions and breeding practices.

Patterns of MAF further emphasized these
differences. Very low MAF in Quarter Horse and Morgan
aligns with expectations for strong directional selection,
which reduces minor allele frequencies through allele
fixation (Vitti et al., 2013). Conversely, the relatively high
MAF in Dareshuri and Kurdish suggests retention of
ancestral polymorphisms under weaker selection or
limited artificial breeding pressure (Charlesworth, 2009).
High AR in large cosmopolitan breeds such as Quarter
Horse and Morgan reflects their large, admixed breeding
populations, whereas the extremely low AR observed in
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Dareshuri and Kurdish supports scenarios of historical
bottlenecks and long-term isolation patterns consistent
with the conclusions of Greenbaum et al. (2014).
Nucleotide diversity (Pi) exhibited limited variation
across breeds; however, international breeds generally
showed slightly higher values compared to native Iranian
breeds, mirroring differences in demographic history and
degrees of admixture.

Pairwise Fst and private allele analyses revealed
moderate genetic differentiation among the 14 horse
breeds, reflecting both shared ancestry and selective
divergence. The low Fst values observed among
Caspian, Dareshuri, Kurdish, Iranian Arabian (Asil), and
Turkemen breeds indicate strong genetic relatedness
and suggest historical gene flow within Iranian lineages.
Additionally, the marked divergence between
Thoroughbred and Icelandic horses reflects their
contrasting breeding histories, demographic trajectories,
and selection intensities (Weir and Cockerham, 1984;
Weir and Goude, 2017).

No private alleles were identified for the Iranian
breeds using the current SNP bead-chip. This
observation should not be interpreted as evidence of
reduced genetic diversity, but rather as a methodological
limitation, as the SNP bead-chip was not specifically
designed for Iranian horse populations and may not
capture breed-specific variants. In addition, historical
gene flow, limited sample sizes, and shared ancestry
among Iranian breeds may further reduce the probability
of detecting private alleles. Separate analyses focused
exclusively on Iranian breeds may provide more
accurate estimates of private alleles. This interpretation
is also consistent with their low genetic differentiation
(low Fsr values).

Conversely, higher levels of differentiation and the
large numbers of private alleles detected in Morgan,
Standardbred, and Welsh horses highlight their
substantial genetic distinctiveness, likely shaped by
closed breeding practices and long-term selection for
specific performance traits. The exceptionally high
number of private alleles in the Morgan breed further
underscores its unique genetic composition and
prolonged isolation. Similar patterns have been reported
in intensively selected or closed horse populations,
where long-term artificial selection and restricted gene
flow have led to reduced genetic diversity and increased
differentiation (Durward-Akhurst et al., 2021; Esdaile et
al., 2022; Hou et al., 2023).

Positive Tajima’s D values across most breeds
indicate an excess of intermediate-frequency alleles,
consistent with historical population contractions or
balancing selection (Tajima, 1989). The highest values
observed in Thoroughbred, Standardbred, and Quarter
Horse likely reflect strong artificial selection and
restricted breeding, whereas lower values in Dareshuri
and Caspian horses may suggest comparatively more
stable demographic histories. It should be noted that the
Caspian breed has undergone a substantial reduction in
census size over the past decades, which is reflected in
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relatively low effective population size (Ne) estimates
compared with other Iranian breeds (Bazvand et al.,
2024; Mousavi et al., 2023). The relatively low positive
Tajima’'s D for Caspian horses in our genome-wide
analysis may be influenced by factors such as limited
sample size, genome-wide averaging, and SNP array
design favoring common variants, which can moderate
the detectable effect of recent bottlenecks. Similarly, M-
ratio estimates (0.71-0.83) indicate moderate historical
bottlenecks, particularly in Dareshuri and Kurdish breeds
(Garza and Williamson, 2001). Overall, these results
reveal varying degrees of past demographic reductions
among breeds, reflecting differences in management
history, breeding intensity, and population size dynamics
(Luikart et al., 1998).

The PCA and PCoA results collectively demonstrate
a clear genetic structure among the 14 horse breeds,
consistent with their known breeding histories and
geographic origins. The formation of distinct clusters,
particularly for Belgian, Icelandic, and Arabian breeds,
highlights strong genetic differentiation and limited
recent admixture. Moderate proximity among
Thoroughbred, Iranian Arabian (Asil), and Standardbred
suggests partial shared ancestry, likely reflecting
historical crossbreeding in performance lines (Momen et
al.,, 2022; Yordanov et al., 2025). Overlaps observed
among breeds such as Welsh, Lusitano, Quarter Horse,
and Morgan may indicate gene flow or incomplete
lineage sorting. Overall, these findings confirm that most
breeds retain distinct genomic signatures, while a few
exhibit patterns of historical connectivity within the
broader equine gene pool (Arefnejad et al., 2024).

The hapFLK analysis revealed distinct genomic
regions under selection across the 14 horse breeds,
reflecting both shared and breed-specific adaptive
pressures. These patterns indicate that historical
selection, driven by environmental adaptation,
performance, and Artificial selection, has shaped the
genetic architecture of each breed. Iranian breeds,
alongside international populations, show unique
signatures that likely correspond to local adaptation and
breed-specific traits. The results highlighted the
importance of considering selection footprints in
conservation and breeding programs, as they provide
insights into maintaining genetic diversity while
preserving desirable phenotypic characteristics.
Understanding these selective patterns can guide
strategies to optimize breeding decisions, protect
vulnerable breeds, and sustain the long-term genetic
health of horse populations (Momen et al., 2022;
Bazvand et al., 2025).

Limitations and future directions

A potential limitation of this study is the integration of
genotype data obtained from SNP arrays with different
densities. Although combining datasets may introduce
bias due to differences in array density or population
sampling, we applied stringent quality control, removed
closely related individuals, performed LD pruning, and
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conducted comprehensive population structure analyses
(PCA, PCoA, hapFLK) to ensure that the main genomic
patterns remained robust. A parallel evaluation
comparing lower- and higher-density datasets also
confirmed that key metrics, including heterozygosity, Fsr,
admixture, and population clustering, were consistent
and reliable.

Nevertheless, potential bias cannot be completely
ruled out. For future studies, we recommend analyzing
datasets separately before merging and comparing
results across datasets to avoid biases arising from data
integration. This approach can enhance the accuracy
and reliability of genomic findings and help ensure
accurate assessment of genetic diversity and population
structure.

Conclusion

This study offers a detailed genomic view of diversity,
structure, and selection across 14 horse breeds,
highlighting clear differences between indigenous
Iranian and international populations. lIranian breeds
generally show lower heterozygosity, allelic richness,
and effective allele numbers, likely reflecting long-term
isolation, small effective population sizes, and historical
bottlenecks. In contrast, breeds such as Quarter Horse
and Morgan maintain higher genetic diversity, probably
due to larger, admixed populations and intensive
breeding programs. Analyses of pairwise Fst and private
alleles reveal both shared ancestral variation within
Iranian breeds and pronounced differentiation in modern
Western breeds, underscoring the influence of artificial
selection, closed breeding systems, and geographic
separation. Demographic assessments using Tajima’s D
and M-ratio further support historical reductions in
population size, with varying intensity across breeds.
Population structure analyses identify distinct breed-
specific clusters while also showing evidence of gene
flow or incomplete lineage sorting in some populations.
HapFLK analyses highlight genomic regions under
selection, pinpointing genes linked to performance
(NDUFA10; chr6), behavior (ZNF536; chr10), coat traits
(KIT; chr3), immune function (C71QA; chr2), and
environmental adaptation (SESNZ2; chr2). Together,
these findings emphasize the value of integrating
multiple genomic measures to capture the complex
interplay of selection, genetic drift, and admixture
shaping horse populations. The insights gained provide
a strong foundation for sustainable breeding programs,
prioritization of at-risk breeds, and preservation of
genetic diversity, all while maintaining key phenotypic
traits that contribute to the cultural, historical, and
economic significance of horses worldwide.
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