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Abstract
Background  The Arabian horse is a culturally and historically influential breed that has contributed to the 
development of many modern horse populations. However, genomic resources for this breed remain limited, 
particularly population-level allele frequency datasets that support studies of genetic diversity, selection, and 
disease. The aim of this study was to generate a comprehensive allele frequency database for Arabian horses using 
representative sampling and high-coverage whole-genome sequencing.

Results  We generated the first publicly available allele frequency database for the Arabian horse by sequencing 
pooled genomic DNA from 120 individuals originating from four distinct populations: Poland, the United States, 
Egypt, and Syria. Across the dataset, 11.7 million single nucleotide polymorphisms were identified, and both 
population-specific and global allele frequencies were estimated. Genome-wide analyses revealed substantial 
variation in polymorphism density, as well as multiple regions exhibiting fixation for alternate alleles. Principal 
component analysis, hierarchical clustering, and admixture analysis demonstrated clear genetic differentiation among 
the four populations. We detected 6,210 fixed genomic blocks, many of which overlapped with genes involved in 
metabolic and signaling pathways, suggesting potential historical selection. One such block corresponded to a 
region previously associated with insect bite hypersensitivity. To assess clinical relevance, we screened the dataset for 
known pathogenic variants linked to four inherited disorders described in Arabian horses. None of these variants were 
detected, and their absence was supported by high sequencing depth and confirmed through Sanger sequencing.

Conclusions  This study provides the first comprehensive allele frequency resource for the Arabian horse. The 
database enables robust variant filtering, facilitates the identification of candidate functional polymorphisms, and 
supports studies of genetic structure and selection. It represents an important foundation for future work in equine 
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Background
The Arabian horse is one of the world’s most iconic and 
influential breeds, renowned for its endurance, versatility, 
and characteristic phenotype. As a foundation breed for 
many modern horse populations, the Arabian has been 
subject to centuries of selection, migration, and popu-
lation subdivision, resulting in a complex genetic land-
scape shaped by both historical and contemporary forces 
[1–3]. Despite its cultural and economic importance, 
the Arabian horse still lacks the comprehensive genomic 
resources, such as high-quality reference assemblies, 
population-scale variant databases, and breed-specific 
functional annotations, that are now available for many 
other livestock and companion animal species [4].

One critical gap has been the absence of a robust, pop-
ulation-stratified database of genetic variant frequen-
cies for the Arabian horse. Such databases, which are 
analogous to resources like gnomAD [5] for humans, are 
indispensable for both research and clinical genomics. 
They provide essential context for interpreting genetic 
variation, distinguishing between common polymor-
phisms and potentially deleterious or disease-causing 
mutations, and filtering candidate variants in studies of 
Mendelian and complex traits [5, 6]. In horses, the lack of 
allele frequency reference data can hinder the identifica-
tion of causal variants underlying rare diseases, impede 
the interpretation of genetic tests, and limit the ability to 
assess breed-specific risk alleles [7].

The development of an allele frequency database is par-
ticularly relevant for Arabian horses. The breed is affected 
by several inherited diseases and possesses unique traits 
of interest to both breeders and the scientific community 
[8]. However, population structure, recent bottlenecks, 
and the geographic dispersal of subpopulations compli-
cate the interpretation of genetic data and the identifica-
tion of private or founder mutations [9–11]. Establishing 
a comprehensive, publicly available resource of popula-
tion-specific allele frequencies will facilitate more accu-
rate genetic diagnosis, improve disease variant filtering, 
and enable deeper insight into the breed’s evolutionary 
and selection history [1, 4].

In designing this study, we aimed to establish a compre-
hensive allele frequency resource that would be broadly 
applicable to genetic research and clinical genomics in 
the Arabian horse. To maximize global relevance, we 
selected four geographically and historically distinct pop-
ulations from — Poland (PL), United States (US), Egypt 
(EGY), and Syria (SYR) — as representatives of major 
contemporary and ancestral genetic lineages within the 

breed [1, 2, 9, 10]. The Polish and US populations, each 
represented by multiple sample pools corresponding 
to established breeding lines, reflect regions with large, 
genetically diverse Arabian horse populations and struc-
tured breeding programs that have shaped global Ara-
bian horse genetics [2, 10]. In contrast, the Egyptian and 
Syrian Arabians, each represented by a single pool due to 
logistical constraints, were included to anchor the data-
base with Middle Eastern source lineages. Although the 
sample size for these groups is limited, their representa-
tion is crucial for capturing ancestral diversity and pro-
viding a genetic reference point for lineages that have 
historically contributed to the global Arabian horse gene 
pool [1, 9]. This population-stratified approach enables 
the resulting allele frequency database to function as an 
effective filtering tool for the identification and inter-
pretation of common genetic variants across a broad 
spectrum of Arabian horses, including those from under-
represented or mixed ancestry backgrounds. By making 
population-specific frequency data publicly available, 
our study provides an essential resource for researchers 
and clinicians seeking to distinguish rare or private vari-
ants from common population polymorphisms, and to 
improve the accuracy of genetic testing and disease vari-
ant discovery in the Arabian breed [5, 7].

In this study, we address this need by generating a 
large-scale, genome-wide catalog of common genetic 
variation and allele frequencies across 120 Arabian 
horses originating from four major geographic regions. 
Through pooled whole-genome sequencing and down-
stream population genetic analyses, we provide the first, 
as far as we know, publicly accessible variant frequency 
database for the breed, alongside a detailed characteriza-
tion of genetic structure, regions of fixation, and candi-
date loci relevant to health and performance.

Methods
Sample collection and pooling strategy
A total of 120 purebred Arabian horses were sampled, 
comprising 12 pools each representing a unique popu-
lation or subpopulation of 10 horses from four dis-
tinct geographic origins: Egypt, Syria, Poland, and the 
United States. Polish Arabian horses were selected from 
major state studs, including Janów Podlaski (4 pools) 
and Michałów (3 pools), which are the principal breed-
ing centers in Poland. United States Arabian horses were 
sampled across four US states (Alabama, Arizona, Florida 
and Wisconsin), representing the diverse genetic back-
grounds present in the US population. Egyptian Arabians 
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were obtained from northern suburb of Cairo, while 
Syrian Arabians were sourced from Damascus, Hama 
and Al-Hasakah Governorates. Each pool consisted of 
10 individuals selected to maximize genetic representa-
tion within each group. Pools included both male and 
female individuals, although the sex distribution differed 
between populations. All Polish Arabian horses (7 pools) 
were females. The Egyptian and Syrian pools each con-
sisted of 6 females and 4 males, while the United States 
population included 24 mares and 6 geldings across 
three pools. Due to sample availability, the sex ratio was 
therefore not balanced across all pools. While autosomal 
analyses are not expected to be affected, this may influ-
ence analyses involving the X chromosome, and there-
fore results for sex chromosomes should be interpreted 
with caution. Hair follicle samples were collected using 
standard veterinary procedures with owner consent, 
and genomic DNA was extracted using the Sherlock AX 
kit (A&A Biotechnology, Gdansk, Poland) for Poland, 
Egyptian and Syrian populations and using whole blood 
from the Qiagen Puregene Blood Kit (Qiagen, Aarhua, 
Denmark) for US population according to the manu-
facturer’s instructions. DNA quality and concentration 
were assessed using NanoDrop 2000, and equal amounts 
of DNA from each individual within a pool were com-
bined to create equimolar pooled DNA samples. Detailed 
pedigree information was not available for all sampled 
individuals. However, efforts were made to select horses 
representing diverse breeding lines within each popula-
tion. It should be noted that shared ancestry, particularly 
within structured breeding populations such as Polish 
Arabians, may influence observed genetic patterns.

Library preparation and whole-genome sequencing
Library preparation was commercially performed, and 
pooled DNA samples were sequenced on the NovaSeq S4 
platform generating paired-end reads of 150 bp in length. 
Each pool was sequenced to an average depth of 62.6×, 
yielding an average of 635.18 million (M) raw reads per 
pool.

Read processing and mapping
Sequencing quality was evaluated using FastQC v0.12.1 
[12]. Adapter sequences and low-quality bases were 
trimmed using Flexbar v3.5 [13] with default parameters, 
retaining reads with a minimum length of 36 bp and base 
quality above 20. Quality-filtered reads were mapped 
to the soft masked Equus caballus reference genome 
(EquCab3.0) using BWA-MEM v2.2 [14] with default 
settings. Alignment files were sorted, indexed and cor-
responding read group tags were added using SAMtools 
v1.21 [15]. Reads with mapping quality below 30 were 
discarded. Duplicate reads were identified and marked 
using Picard tools v3.4 (​h​t​t​p​​:​/​/​​b​r​o​a​​d​i​​n​s​t​​i​t​u​​t​e​.​g​​.​i​​t​h​u​b​.​i​o​

/​p​i​c​a​r​d​/). Mapping statistics, including coverage and ​m​
a​p​p​i​n​g rate, were computed using Samtools flagstat and 
idxstats options. The EquCab3.0 reference genome was 
selected due to its comprehensive annotation and wide-
spread use in equine genomics, ensuring compatibility 
with existing resources and tools.

Variant calling and filtering
Variant calling was performed using GATK v4.6.2.0 [16], 
employing settings optimized for pooled sequencing 
data. For each pool, the HaplotypeCaller was executed 
in GVCF mode with the --sample-ploidy parameter set 
to 20, corresponding to the pooled DNA of 10 diploid 
individuals. This approach models the pooled data as 
a 20-ploid population, allowing approximate inference 
of allele frequencies from the read data. Joint analysis 
across all pools was performed using GenotypeGVCFs. 
To ensure high-confidence variant detection, we retained 
only biallelic SNPs with a minimum site depth of 20 
per pool, base quality ≥ 30, and mapping quality ≥ 30. 
Loci with more than 5% missing data across pools were 
excluded from further analysis.

To minimize potential artifacts, variants located within 
repetitive or low-complexity regions, as annotated by 
RepeatMasker [17], were removed. The final filtered SNP 
set was used for downstream allele frequency estimation 
and population genetic analyses.

No explicit minor allele frequency (MAF) filtering was 
applied at this stage, as the primary objective of the study 
was to construct a comprehensive allele frequency data-
base capturing the full spectrum of genetic variation. 
However, we acknowledge that inclusion of rare variants 
may introduce noise in downstream population structure 
analyses.

Estimation of allele frequencies
Allele frequencies at each SNP site were estimated from 
read counts in each pool using a combination of GATK’s 
allele frequency annotations, bcftools query, and cus-
tom Python scripts. For each variant, population-specific 
allele frequencies were calculated for the PL, US, EGY, 
and SYR pools, as well as combined allele frequencies 
across all samples. Variant annotation was performed 
using the Ensembl GTF file for EquCab3.0 (release 114) 
with a custom Python script, allowing genomic fea-
tures such as gene IDs, gene symbols, and functional 
categories (e.g., intronic, exonic, intergenic) to be asso-
ciated with each variant. To accommodate user prefer-
ences and ensure long-term usability of the dataset, we 
provide two versions of the allele frequency database: 
one with annotations, and one without. This separa-
tion addresses concerns about large file size and allows 
future users to re-annotate variants as gene models are 
updated. Additionally, we provide a standalone Python 
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script that allows users to query the database for specific 
variant positions, as well as to retrieve variants located in 
close proximity to a given coordinate. This functionality 
enables rapid lookups of known or candidate sites and 
facilitates integration of the database into downstream 
genomic workflows. Detailed information for each vari-
ant, including genomic position, genotype, and allele fre-
quencies, is compiled into a BED-format database and 
deposited on Zenodo (​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​2​8​1​​/​z​​e​n​o​d​o​.​1​
7​4​8​3​7​8​4).

The presence or absence of known pathogenic variants 
associated with inherited diseases in Arabian horses was 
assessed by comparing reported positions (lifted over 
to EquCab3 coordinates using the UCSC LiftOver tool) 
to entries in the final allele frequency database while 
also analyzing the results found in OMIA database. The 
diseases of interest were as follows: Lavender Foal Syn-
drome (LFS; MYO5A), Severe Combined Immunode-
ficiency (SCID; PRKDC), Cerebellar Abiotrophy (CA; 
TOE1/MUTYH locus), and Occipitoatlantoaxial Malfor-
mation (OAAM1; HOXD3/HOXD4 intergenic deletion).

Genome-wide distribution and density of SNPs
Variant distribution and density were assessed by calcu-
lating the number of SNPs per chromosome and normal-
izing by chromosome length (variants/Mb). Additional 
analysis was performed by partitioning the genome into 
non-overlapping 1 Mb windows and calculating the num-
ber of SNPs per window. All computations and visualiza-
tions were carried out in R v4.4 [18] using the ggplot2, 
data.table, dplyr and viridis packages.

Population structure analysis
Population genetic structure was examined using prin-
cipal component analysis (PCA), hierarchical clustering, 
and admixture analysis. PCA was performed on allele 
frequency data using prcomp R package [18], and the 
resulting principal components were visualized in R with 
ggplot package. Hierarchical clustering was conducted 
on pairwise genetic distance matrices calculated using 
Nei’s distance. Neighbor-joining trees were constructed 
and visualized using the ape package (v5.8; [19]) in R, 
allowing for graphical representation of the genetic rela-
tionships among the horse populations.

For admixture analysis, individual genotypes were not 
directly available due to the pooled sequencing design. 
Instead, allele counts for each SNP in each pool were 
used to approximate genotype information. Each pool 
was treated as a single “pseudo-individual,” representing 
the aggregated allele frequencies of 10 diploid individuals 
(ploidy = 20). For each SNP, the number of reference and 
alternate alleles was derived from read counts and nor-
malized according to sequencing depth.

These allele counts were converted into genotype-like 
input suitable for ADMIXTURE v1.3.0 [20] by scaling 
allele frequencies to the expected ploidy and discretiz-
ing them into integer allele counts. This approach enables 
the use of ADMIXTURE in a pooled sequencing context, 
although it represents an approximation of true individ-
ual-level genotype data.

Analyses were performed for K values ranging from 2 
to 10, with cross-validation (--cv) applied to determine 
the optimal number of clusters. Visualization of admix-
ture proportions was carried out in R using ggplot2.While 
methods such as NGSAdmix are specifically designed to 
incorporate genotype likelihoods from next-generation 
sequencing data, the relatively high sequencing depth 
achieved in this study (~ 60× per pool) allowed for reli-
able estimation of allele frequencies from read counts. 
Therefore, we applied an allele count–based approach 
using ADMIXTURE for exploratory analysis of popula-
tion structure. Nevertheless, this approach has limita-
tions compared to genotype likelihood–based methods 
and should be interpreted accordingly. However, given 
the high sequencing depth and the focus on population-
level allele frequency patterns, this approach provides a 
reasonable approximation for exploratory population 
structure analysis.

Analysis of genome-wide allele frequency patterns
Mean alternate allele frequency was computed in non-
overlapping 10 kb windows for all autosomes and the X 
chromosome. Population-specific allele frequency heat-
maps were generated in 1 Mb windows for each popula-
tion and chromosome, visualized using R and the ggplot 
package. This analysis was conducted to identify genomic 
regions that exhibit unusually high or low allele frequen-
cies, which may indicate areas influenced by selection, 
demographic history, or structural constraints, and to 
highlight patterns of population-specific variation across 
the genome. Analyses including the X chromosome were 
conducted for completeness; however, interpretation of 
allele frequency patterns on sex chromosomes should 
consider potential biases related to sex composition of 
pooled samples.

Identification of fixed alternate allele blocks
Genomic blocks fixed for the alternate allele (allele fre-
quency = 1) were identified by scanning for regions con-
taining at least four consecutive fixed SNPs and spanning 
a minimum length of 400 base pairs. Blocks were defined 
as contiguous stretches where the alternate allele fre-
quency remained at 1 in the combined dataset. Block 
sizes, variant counts per block, and chromosomal distri-
bution were computed using custom scripts in R. Genes 
overlapped by fixed blocks were identified by intersecting 
block coordinates with gene annotation files (Ensembl 
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EquCab3.0 release 114). This analysis aimed to detect 
candidate regions potentially shaped by historical or 
artificial selection, population bottlenecks, or drift, and 
to explore their possible functional relevance by identi-
fying genes consistently fixed for alternate alleles across 
populations.

Genes overlapping fixed blocks were subjected to 
KEGG pathway enrichment analysis using KOBAS-i 
[21], with statistical significance assessed by the Fisher’s 
exact test and adjusted for multiple testing using the 
Benjamini-Hochberg correction (0.05 threshold). Coor-
dinates of all equine QTLs were downloaded from the 
Horse QTL Database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​a​​n​i​m​​a​l​g​​e​n​o​m​​e​.​​o​r​g​
/​Q​T​L​d​b​/​h​o​r​s​e). Overlap between fixed alternate allele 
blocks and QTL regions was assessed using BEDTools 
v2.31.1 [22].

Data availability
All raw sequencing reads have been deposited in the 
NCBI Sequence Read Archive (SRA) under accession 
numbers PRJNA1332950. The allele frequency databases 
with and without annotation and the script that can be 
used as a search tool of specific genetic variants are avail-
able at Zenodo (​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​5​2​8​1​​/​z​​e​n​o​d​o​.​1​7​4​8​3​7​8​
5).

Results
Whole-genome sequencing and variant calling
Pooled whole-genome sequencing (WGS) was conducted 
on 12 pools of Arabian horses (120 horses in total). 
Sequencing generated an average of 635 million reads per 
pool (ranging from 520 to 690 million reads). After qual-
ity trimming with Flexbar, between 518 and 675 million 
high-quality reads per pool were retained. The trimmed 
reads were aligned to the EquCab3.0 reference genome, 
with an average of 87.7% of read pairs mapping uniquely 
across all pools. Duplicate reads were marked using 

Picard tools, and variant calling was performed with 
GATK, using settings optimized for pooled sequencing 
data. Sequencing coverage was consistent across all pools 
at average coverage depth of 61.6, supporting accurate 
estimation of allele frequencies. To assess the complete-
ness and reliability of the variant catalog, per-base cov-
erage was computed across the genome for each pool. 
Regions with insufficient depth (< 20 reads per pool) 
were excluded from downstream allele frequency estima-
tion, and only variants meeting this minimum coverage 
threshold were retained. This filtering ensures that vari-
ants absent from the database are unlikely to be due to 
lack of coverage. A genome-wide coverage summary file, 
indicating mean depth per base, is available alongside 
the frequency database to enable users to distinguish 
between true absence of a variant and a lack of data at 
that position. Additional sequencing metrics are summa-
rized in Table 1.

Variant discovery and allele frequency estimation
After variant calling and filtering, a total of 11,752,974 
SNPs were identified across the analyzed samples. The 
alternate allele frequency (AF) values ranged from 0.0042 
to 1, with a mean ± standard deviation of 0.23 ± 0.26 
and a median of 0.12. Moreover, 65,269 variants were 
found to be fixed for the alternate allele (alternate allele 
frequency = 1).

Example of database output: part of a GHR gene region
To illustrate the structure and utility of the generated 
allele frequency database, Table  2 presents a sample 
excerpt of the data corresponding to a segment of the 
GHR gene (Growth Hormone Receptor), one of the can-
didate loci identified in our analysis. For each single 
nucleotide polymorphism (SNP), this table displays the 
chromosomal position, reference and alternate alleles, 
genotype, and allele frequencies calculated for each 

Table 1  Sequencing and mapping statistics for Arabian horse DNA pools
Sample pool Raw reads Filtered reads Percent of 

pruned reads
Properly mapped 
pairs

Percent of prop-
erly mapped pairs

Depth of 
coverage (x)

1PL 613,648,328 600,464,150 3 522,265,768 86.98 62.5

2PL 593,679,254 580,902,680 3 514,444,334 88.56 58.5

3PL 555,471,740 543,384,464 3 481,763,356 88.66 56.0

4PL 559,416,860 547,206,786 3 460,814,126 84.21 60.3

5PL 587,964,986 575,219,738 3 496,173,568 86.26 74.4

6PL 690,149,938 675,304,084 3 611,640,188 90.57 66.1

7PL 626,107,866 625,096,088 1 544,259,902 87.07 60.7

8US 564,514,060 563,122,054 1 499,939,862 88.78 63.8

9US 595,657,384 594,171,318 1 524,763,464 88.32 58.9

10US 576,720,290 575,273,170 2 484,714,030 84.26 55.5

11SYR 519,810,810 518,497,868 2 456,893,904 88.12 69.8

12EGY 639,061,754 637,452,242 1 574,732,194 90.16 62.5

Mean (All) 597,174,421 584,763,360 2.17 508,446,937 87.43 61.58

https://www.animalgenome.org/QTLdb/horse
https://www.animalgenome.org/QTLdb/horse
https://doi.org/10.5281/zenodo.17483785
https://doi.org/10.5281/zenodo.17483785
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population (from Poland, US, Egypt, Syria), as well as 
the overall frequency. This format enables researchers 
to readily filter variants based on population-specific or 
global allele frequencies, facilitating the identification of 
common, rare, private, or potentially functional alleles 
within the breed.

Presence of known disease-associated variants
To evaluate the clinical utility of the database, we 
searched for several well-characterized pathogenic vari-
ants known to cause inherited diseases in Arabian horses 
(Table  3). None of the reported pathogenic alleles for 

Lavender Foal Syndrome (LFS), Severe Combined Immu-
nodeficiency (SCID), Occipitoatlantoaxial Malformation 
(OAAM), or Cerebellar Abiotrophy (CA) were detected 
in the current cohort. Importantly, we confirmed that the 
genomic positions corresponding to these variants were 
adequately covered in our data, with all sites exhibiting a 
sequencing depth exceeding 20 reads. This ensures that 
the absence of these pathogenic alleles reflects a true 
negative result rather than insufficient coverage.

Furthermore, the absence of pathogenic alleles asso-
ciated with SCID, CA, and LFS was independently vali-
dated through Sanger sequencing for PL, EGY and SRY 

Table 2  Example output from the Arabian horse allele frequency database, showing variant data for a segment of the GHR gene
CHR POS (EquCab3.0.) REF ALT AF_ALL AF_PL AF_US AF_EGY AF_SYR
21 24,856,009 A T 0.45 0.4 0.5 0.5 0.5

21 24,856,024 G A 0.01 0 0 0.5 0

21 24,856,467 T C 0.07 0.21 0 0 0.5

21 24,857,028 A G 0.05 0.21 0 0 0

21 24,857,665 G A 0.5 0.5 0.5 0.5 0.5

21 24,857,954 G T 0.01 0.07 0 0 0

21 24,857,982 T A 0.04 0.21 0 0 0

21 24,858,128 T C 1 1 1 1 1

21 24,858,250 T G 1 1 1 1 1

21 24,858,494 T C 1 1 1 1 1

21 24,858,888 G A 1 1 1 1 1

21 24,859,551 C T 0.08 0.28 0 0 0

21 24,860,039 A G 0.08 0.28 0.5 0 0

21 24,860,054 C A 0.07 0.21 0.5 0 0

21 24,860,824 G C 0.62 0.62 0.71 0.5 0.5

21 24,860,872 A G 0.1 0.21 0.33 0 0.5

21 24,860,958 A G 0.28 0.42 0.5 0.5 0

21 24,861,015 T C 0.01 0 0.16 0.5 0

21 24,861,095 C T 0.07 0.14 0.33 0 0.5

21 24,861,231 G A 0.02 0 0 0.5 0

21 24,861,415 C T 0.46 0.44 0.5 0.5 0.5

21 24,861,483 A G 0.01 0.07 0 0 0
CHR Chromosome number, POS Genomic position (base-pair coordinate), REF Reference allele, ALT Alternate allele, AF_ALL Alternate allele frequency across all 
populations, AF_PL Alternate allele frequency in the Polish population, AF_US Alternate allele frequency in the United States population, AF_EGY Alternate allele 
frequency in the Egyptian population, AF_SYR Alternate allele frequency in the Syrian population, GHR Growth Hormone Receptor

Table 3  Major known disease-associated variants (OMIA database) in Arabian horses and their presence in the current allele 
frequency database
Disease Gene OMIA ID Variant 

(Description)
Position 
(EquCab2)

Position (EquCab3)* Reference Found in 
Our Da-
tabase?

Lavender Foal Syndrome 
(LFS)

MYO5A OMIA:001501 c.1462delG 
(frameshift)

1:119,903,709 1: g.139,290,592del (OMIA 
variant table; EquCab3.0)

Brooks et 
al., [7]

No

Severe Combined Immuno-
deficiency (SCID)

PRKDC OMIA:000220 5 bp del 
(c.4675_4679del)

9:50,511,072–
76

9: 
g.36,395,752_36,395,756del 
(EquCab3.0)

Finno et al., 
[24]

No

Cerebellar Abiotrophy (CA) TOE1/MUTYH 
region

OMIA:000175 c.218Tdel 
(frameshift)

2:132,222,294 2: g.13,122,415 C > T 
(EquCab3.0/3.1)

Scott at al., 
[25]

No

Occipitoatlantoaxial Malfor-
mation (OAAM)

HOXD3/
HOXD4 
intergenic

OMIA:000081 upstream dele-
tion (regulatory)

7:66,143,664–
65

7:68,325,817 − 68,325,818 Finno et al., 
[26]

No

*Positions acquired with the use of UCSC Liftover tool or from OMIA database
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samples. This validation followed the methodology 
described by Ayad et al. [23], and was conducted for each 
individual horse and each specific disease-associated 
variant. The Sanger sequencing results confirmed the 
allele frequencies observed in our dataset, thereby rein-
forcing the reliability of the negative findings derived 
from whole-genome sequencing.

  

Genome-wide distribution and density of SNPs
To investigate the distribution and density of genetic 
variation across the Arabian horse genome, we analyzed 
the number and density of SNPs detected in our dataset. 
The total number of SNPs identified per chromosome 
varied widely (Fig.  1A), largely reflecting differences in 
chromosome length. Chromosome 1 harbored the high-
est number of variants, with over 800,000 SNPs, followed 
by the X chromosome and several other large autosomes. 
In contrast, smaller chromosomes exhibited substan-
tially fewer variants. To account for differences in chro-
mosome size, we calculated SNP density as the number 
of variants per megabase (Mb) for each chromosome 
(Fig. 1B). This normalization revealed that certain chro-
mosomes, such as chromosome 12 and chromosome 20, 

were particularly enriched for SNPs relative to their size, 
reaching densities above 8,000 SNPs per Mb. Other chro-
mosomes exhibited more moderate densities, with the 
lowest densities observed on the smallest chromosomes.

A more detailed view of SNPs distribution was 
obtained by plotting the number of variants within non-
overlapping 1  Mb windows across the entire genome 
(Fig. 1C). This analysis revealed considerable heterogene-
ity in variant density along and between chromosomes. 
While most regions contained between 2,000 and 6,000 
SNPs per window, several genomic intervals exhibited 
pronounced peaks, indicating potential local hotspots of 
genetic diversity.

Population structure and genetic relationships
The genetic relationships among the 12 Arabian horse 
pools from four origins (PL, US, SYR, EGY) were 
assessed using principal component analysis (PCA), hier-
archical clustering of genetic distances, and admixture 
analysis (Fig. 2).

PCA separated the four origins into distinct clus-
ters. The first principal component (PC1) distinguished 
the SYR pool from the PL, US and EGY horses, while 
PC2 further separated EGY from SYR. The PL and US 

Fig. 1  Genome-wide distribution and density of SNP variants across the Arabian horse genome. ATotal number of variants identified on each chromo-
some, shown in thousands. B Variant density, calculated as the number of variants per Mb for each chromosome. C Genomic distribution of SNPs in 1 
Mb windows. Heatmap showing the number of SNPs within non-overlapping 1 Mb windows across all chromosomes. Color scale reflects the number 
of SNPs per window.
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pools formed tight, well-defined clusters, reflecting 
clear genetic differentiation between these populations 
(Fig.  2A). The hierarchical clustering based on pairwise 
genetic distances confirmed the PCA results, grouping 
pools by origin. EGY and SYR pools clustered closely 
together, distinct from the PL and US groups, which also 
formed separate branches. Within the PL and US clus-
ters, pools grouped tightly, suggesting genetic homoge-
neity within each population (Fig. 2B). For the admixture 
analysis, cross-validation error indicated that K = 4 
was the optimal number of ancestral clusters, and this 
value was selected for detailed examination. The results 
revealed a high degree of ancestry homogeneity within 
each geographic origin. Polish pools were characterized 
by a single predominant ancestry component (Cluster 2), 
while the US pools were dominated by Cluster 4. Only 
minimal admixture was observed in both the Polish and 
US pools. In contrast, the Syrian and Egyptian pools each 
formed distinct and separate clusters, with no evidence 
of admixture between these groups (Fig. 2C).

Genome-wide distribution of allele frequencies
To characterize genome-wide patterns of genetic diver-
sity in the Arabian horse pools, we calculated the mean 
alternate allele frequency in non-overlapping 10 kb win-
dows across all autosomes and the X chromosome (Fig. 3, 
Supplementary Material 1). The resulting Manhattan-
style plot revealed substantial heterogeneity in allele 
frequencies along and between chromosomes. Most 

chromosomes showed a broad range of mean AF values, 
with several regions displaying notably high frequencies. 
In particular, chromosomes 3, 7 and 11 exhibited clusters 
of windows with elevated mean allele frequency.

Population-specific allele frequency patterns across the 
genome
To explore differences in genetic variation among the 
four Arabian horse populations, we generated a heatmap 
of mean alternate allele frequency in non-overlapping 
1  Mb bins across all chromosomes (Fig.  4). Each facet 
corresponds to a chromosome and, within each chromo-
some, the distribution of allele frequencies is visualized 
for each population. We chose 1 Mb binning to improve 
visual clarity and interpretability of genome-wide trends 
by reducing noise from individual variants and enabling 
easier detection of population-specific patterns.

The heatmap reveals considerable heterogeneity in 
allele frequency patterns both along and between chro-
mosomes. For most chromosomes, the overall mean 
AF values appear broadly similar among populations, 
suggesting a shared genetic background and limited 
genome-wide differentiation. However, certain chromo-
somes (e.g., 12, 20, X) and specific genomic regions dis-
play population-specific shifts in mean AF, indicating 
localized differences in genetic diversity or possible sig-
natures of selection. In particular, several bins on chro-
mosomes 12 and X show lower mean AF values in the PL 
and US populations compared to EGY and SYR, while 

Fig. 3  Genome-wide distribution of mean (all pools) allele frequency in 10 kb bins across all chromosomes

 

Fig. 2  Genetic structure and ancestry of Arabian horse populations. A Principal component analysis (PCA) of allele frequencies showing genetic cluster-
ing by origin. B Genetic distance dendrogram grouping pools by relatedness. C Admixture plot illustrating ancestry proportions for each population
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chromosomes 20 and 26 contain regions where the EGY 
population exhibits relatively higher allele frequencies.

Blocks of fixed alternate alleles across the genome
To identify regions of putative fixation, we searched for 
genomic blocks where the alternate allele frequency 
reached 1. Only blocks spanning at least four consecutive 
variants were considered, ensuring that isolated singleton 
SNPs were excluded from this analysis.

In total, 6,210 genomic blocks fixed for the alternate 
allele (allele frequency = 1.0) were identified across the 
genome based on the combined allele frequency data 
from all 12 pools. These regions represent contiguous 
stretches where the alternate allele was consistently pres-
ent in all individuals, suggesting fixation at the popula-
tion level rather than in a single sample. The mean block 
size was 700 bp, with the largest extending nearly 8.1 kb. 
On average, each block consisted of 5.8 variants, with 
the longest containing 70 variants. Detailed information 
regarding the positions, sizes, and variant counts of these 
blocks is provided in Supplementary Material 2.

The chromosomal distribution of fixed blocks was 
highly uneven (Fig.  5A). Chromosome 3 harbored the 
largest number of blocks, followed by chromosomes 4, 

8, and 1, whereas chromosomes 30, 31, 28, and 21 had 
the fewest. The X chromosome also contained a moder-
ate number of fixed regions. To investigate the potential 
functional relevance of these blocks, we identified genes 
that were most frequently overlapped. Among these, 
SLITRK3, BCHE, SI, and ZKSCAN2 stood out, each 
intersected by over 60 fixed blocks (Fig.  5B; details in 
Supplementary Material 2).

Functional analysis of genes overlapping with fixed blocks
To investigate the biological processes associated with 
regions of fixation, we performed KEGG pathway enrich-
ment analysis with the use of Kobas-i software on genes 
overlapping blocks with allele frequency equal to 1. Sev-
eral pathways were significantly enriched among these 
genes (Fig. 6).

The most prominent enrichment was observed for 
the Metabolic pathways category, with over 60 genes in 
fixed regions mapping to this pathway. Additionally, both 
the Ras signaling pathway and the Rap1 signaling path-
way were significantly enriched, each involving nearly 
20 genes. The Focal adhesion pathway was also overrep-
resented among genes intersected by fixed blocks. All 

Fig. 4  Population allele frequency heatmap in 1 Mb bins across Arabian horse chromosomes

 



Page 10 of 15Szmatoła et al. BMC Genomics          (2026) 27:552 

detailed information about identified pathways is pre-
sented in Supplementary Material 3.

To assess the potential functional significance of 
genomic regions fixed for the alternate allele, we inter-
sected these regions with the current catalogue of equine 
quantitative trait loci (QTLs) available in the horse QTL 
database. This analysis identified several instances where 
fixed blocks overlapped with one known QTL – a QTL 
associated with insect bite hypersensitivity (QTL ID: 
29289; Supplementary Material 3). No other overlaps 
were identified.

Discussion
Genome-wide genetic variation and the importance of 
an common variants allele frequency database in arabian 
horses
A central achievement of this study is the creation, to the 
best of our knowledge, of the first comprehensive, pop-
ulation-stratified allele frequency database for Arabian 
horses, encompassing 12 distinct pools derived from 120 
individuals across four major geographic regions of Ara-
bian horse breeding: Egypt, Syria, Poland, and the United 
States. By leveraging pooled whole-genome sequencing 
and robust variant calling pipelines, we catalogued over 
11.7 million SNPs and estimated their allele frequencies, 
both globally and within each population group.

This publicly available allele frequency database for 
the Arabian horse represents a valuable new resource of 
information on common polymorphisms for the equine 
genomics community. In particular, it will enable more 
effective classification of genetic variants, supporting 
both research and clinical applications. In addition, it 
is important to note that the use of pooled sequencing, 
while enabling efficient characterization of population-
level variation, may limit the detection of low-frequency 
variants and introduce some uncertainty in allele fre-
quency estimation. These limitations are inherent to 
pooled designs and should be considered when interpret-
ing rare variant patterns.

The database can be used to rapidly exclude com-
mon polymorphisms when searching for putative causal 
mutations underlying rare Mendelian diseases or com-
plex traits, analogous to how human reference databases 
such as gnomAD are used in rare disease genomics [5, 
6]. While population-specific data are somewhat robust 
for the Polish and United States groups—represented by 
seven and three pools, respectively—data for the Egyp-
tian and Syrian origins are more limited, each being rep-
resented by a single pool of ten individuals. Nevertheless, 

Fig. 6  Top enriched KEGG pathways among genes overlapping blocks of 
fixed alternate alleles

 

Fig. 5  Genomic distribution and gene overlap of blocks fixed for the alternate allele. A Number of genomic blocks with allele frequency of 1 and span-
ning at least four consecutive SNPs, shown for each chromosome. B Top genes most frequently overlapped by fixed blocks
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this approach enables the identification of founder or 
private alleles across all populations and therefore sup-
ports the refinement of variant interpretation pipelines 
for Arabian horses, addressing previous gaps in genomic 
resources for the breed [1].

Beyond its utility for disease variant prioritization, our 
study also highlights fundamental features of Arabian 
horse genomic diversity. The allele frequency spectrum 
observed here is consistent with those reported for other 
domestic horse populations, confirming a high level of 
genetic diversity within the Arabian breed [4]. At the 
chromosomal scale, we observed marked heterogeneity 
in SNP density and allele frequency, and relative enrich-
ment of SNPs on chromosomes 12 and 20 was detected. 
Such patterns are well documented in equine and other 
mammalian genomes, reflecting influences from local 
mutation rates, recombination hotspots, and natural or 
artificial selection [2, 27].

Population structure and differentiation
Analyses of population structure using PCA, hierarchi-
cal clustering, and admixture approaches revealed clear 
genetic differentiation among the four geographic ori-
gins. Horses from Egypt and Syria formed distinctly sep-
arate clusters, each showing unique genetic signatures. 
Likewise, the Polish and United States pools formed their 
own distinct clusters, with these two groups being more 
closely related to each other than to the Egyptian or Syr-
ian populations. This pattern is consistent with docu-
mented breeding histories and reflects the influence of 
both founder effects and population bottlenecks, particu-
larly among Polish Arabian horses [9, 10].

In the case of the Polish Arabians, a genetic bottleneck 
occurred due to intensive selection and the use of a lim-
ited number of influential stallions after World War I and 
II, leading to reduced within-population diversity and 
stronger clustering in multivariate analyses [9]. This his-
torical context helps explain the relatively high genetic 
homogeneity observed within the Polish pools. The US 
population, shaped by breeding stock imported from 
Poland and other European countries during the 20th 
century, exhibits similar patterns, further supporting this 
shared ancestry [9].

The optimal number of ancestral clusters identified 
in the admixture analysis (K = 4) supports the presence 
of distinct ancestry components corresponding to geo-
graphic origins, with minimal admixture among the main 
groups. Similar structure has been observed in previous 
studies, such as Petersen et al. [2], who reported discrete 
clusters in SNP-based analyses of Arabian and other 
horse breeds, highlighting the persistence of genetic 
differentiation despite modern breeding. The limited 
admixture and strong ancestry signals observed here 
underscore the impact of historical breeding practices, 

geographic separation, and conservation programs. 
In contrast to the Polish and US horses, the Syrian and 
Egyptian pools formed clearly distinct clusters, suggest-
ing limited recent gene flow and retention of unique 
ancestral lineages [10].

It is also important to consider that the observed popu-
lation structure may be influenced by the study design, 
particularly the unequal representation of populations. 
While the Polish and United States populations were 
represented by multiple pools, the Egyptian and Syrian 
groups were each represented by a single pool. As each 
pool was treated as a “pseudo-individual” in the admix-
ture analysis, this imbalance may exaggerate apparent 
differentiation and reduce the ability to detect within-
population variation in underrepresented groups. There-
fore, the results of population structure analyses should 
be interpreted with caution, especially for comparisons 
involving Egyptian and Syrian populations.

Regions of fixation and functional enrichment
To identify genomic regions that may have been shaped 
by selection or other evolutionary forces, we scanned 
the genome for blocks where the alternate allele was 
fixed (AF = 1) across all studied populations. The pres-
ence of such fixed regions suggests past events—such as 
selection, bottlenecks, or genetic drift—that led to the 
elimination of allele diversity at these loci. An impor-
tant consideration in the interpretation of these results 
is the use of a Thoroughbred-derived reference genome 
(EquCab3.0). In this context, genomic regions identi-
fied as “fixed for the alternate allele” may, in some cases, 
reflect differences between Arabian horses and the refer-
ence genome rather than true fixation within the studied 
populations. Therefore, some of the detected fixed blocks 
may represent positions where the reference genome 
carries derived alleles specific to Thoroughbreds. Future 
analyses incorporating comparisons with additional 
equine genomes, such as Przewalski’s horse or multiple 
breed references, would help to better disentangle true 
selection signals from reference bias.

Our analysis identified 6,210 genomic blocks that were 
completely fixed for the alternate allele (AF = 1) across 
the combined set of Arabian horse pools. The distribu-
tion of these fixed blocks was highly uneven, with the 
greatest number observed on chromosome 3. The con-
centration of fixed genomic blocks within certain chro-
mosomes and genes suggests the action of non-random 
evolutionary forces in Arabian horses, including potential 
signals of directional artificial selection, although alterna-
tive explanations such as genetic drift and demographic 
history cannot be excluded. Particularly, the overrep-
resentation of metabolic, Ras/Rap1 signaling, and focal 
adhesion pathways among genes overlapping with fixed 
regions was observed. Such pathway-level enrichment 
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is commonly interpreted as a signature of past selec-
tion targeting physiological or behavioral traits relevant 
to breed identity and performance [3, 28]. For example, 
the prominence of metabolic and cell signaling pathways 
aligns with the selection for endurance and robust health 
in Arabian horses, traits for which the breed is renowned 
[1]. Nevertheless, it is important to acknowledge the pos-
sible contribution of demographic factors, such as drift or 
founder effects, especially in populations with restricted 
gene flow in fixed regions formation [11].

In addition to broad pathway-level signals of selection 
and fixation, our study highlights several individual genes 
that overlap fixed blocks and are of particular interest 
given their known or plausible roles in equine biology 
and performance. For example, RYR2 and RYR3, which 
encode ryanodine receptor calcium channels, are integral 
to muscle contraction and cardiac function. While most 
equine research has focused on RYR1, especially in the 
context of malignant hyperthermia and muscle disorders, 
RYR2 is essential for normal cardiac excitation-contrac-
tion coupling. Selection or fixation in this locus could 
plausibly be linked to the high aerobic capacity and car-
diac performance for which Arabian horses are renowned 
[29]. Another selection candidate is IGF1R (insulin-like 
growth factor 1 receptor), which is known as a regula-
tor of growth, muscle development, and metabolism. 
Variants in the IGF1/IGF1R pathway have been associ-
ated with performance, adaptability, and muscle traits in 
horses [30]. Fixation of blocks within IGF1R could reflect 
historical selection for growth efficiency and endurance, 
which are hallmarks of the Arabian breed. Selection 
signals have also been found at the GHR gene (growth 
hormone receptor) locus, which is a key determinant of 
body size and energy metabolism. Previous genome-wide 
association studies have linked GHR variants to height 
and conformation traits in horses [31], which may have 
been shaped by both natural and artificial selection in 
Arabians. The SOX9 gene, a master transcription fac-
tor in cartilage and skeletal development, is another 
notable candidate. Its importance for bone growth and 
joint health is well-established across mammals, and 
fixation within SOX9 may relate to the soundness and 
distinctive conformation of Arabian horses [32]. Taken 
together, these candidate genes warrant further investiga-
tion, as they may contribute to key Arabian horse traits 
such as endurance, metabolic efficiency, musculoskeletal 
soundness, and temperament. Their fixation suggests an 
important role for historical selection and adaptation in 
shaping the Arabian horse genome.

A notable aspect of our findings is the overlap between 
several fixed genomic blocks and a previously reported 
QTL associated with insect bite hypersensitivity (IBH; 
QTL ID: 29289; [33]), a recurrent allergic condition 
in horses. Within this region, we observed complete 

fixation of alternate alleles relative to other populations, 
suggesting historical divergence or targeted selection. 
Although our data do not include phenotypic informa-
tion to directly assess IBH susceptibility, the haplotype 
structure in this breed differs from that reported in IBH-
affected populations, implying that it may represent a 
distinct, potentially less susceptible genetic background. 
The fixation of alleles in this QTL region could therefore 
reflect historical selection favoring immune modulation 
or skin barrier traits that incidentally confer resistance 
to IBH. Alternatively, these patterns may have arisen 
through breed-specific drift or founder effects given the 
closed breeding history of the population. Further inves-
tigation integrating functional annotation, gene expres-
sion, and phenotypic data will be required to determine 
whether these variants indeed contribute to reduced IBH 
risk. Collectively, the overlap of fixed regions with trait-
associated loci underscores how both adaptive processes 
and demographic history have shaped the genomic archi-
tecture of this breed.

The regions identified as fixed in this study may also 
be related to previously reported runs of homozygos-
ity (ROH) islands in Arabian and related horse breeds. 
For example, Grilz-Seger et al. [34] described genomic 
regions with extended homozygosity that were associated 
with selection and demographic history in horse popula-
tions. Although our study is based on pooled sequencing 
data and does not directly estimate ROH at the individual 
level, the overlap between fixed regions and known ROH 
islands may provide additional support for the role of 
historical selection and population structure in shaping 
these genomic patterns.

Screening for disease-causing variants
We screened our dataset for several well-characterized 
disease-causing variants in Arabian horses—including 
mutations responsible for Lavender Foal Syndrome (LFS), 
Severe Combined Immunodeficiency (SCID), Cerebellar 
Abiotrophy (CA), and Occipitoatlantoaxial Malformation 
(OAAM). None of these known pathogenic variants were 
detected in our dataset, even though we had a sufficient 
coverage for the sites of interest. This absence is con-
sistent with their low population frequencies; however, 
it should be interpreted with caution given the sample 
size and pooled sequencing design [7]. In particular, the 
absence of these variants in a cohort of 120 individuals 
does not exclude their presence at low frequencies in 
the broader Arabian horse population. Under a simple 
binomial model, the probability of detecting at least one 
carrier depends strongly on the true allele frequency; for 
example, variants with carrier frequencies below approx-
imately 2–5% may not be detected in a dataset of this 
size. Therefore, our results should be interpreted as indi-
cating that these variants are not common in the studied 
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populations rather than being entirely absent. This dis-
tinction is important for accurate interpretation in both 
research and breeding contexts. Nevertheless, our find-
ings emphasize the importance of continuously updating 
population-specific allele frequency resources to monitor 
the prevalence of deleterious alleles and to detect emerg-
ing pathogenic variants before they become widespread.

Study limitations and perspectives of database practical 
applications
A major limitation of this study is, in our opinion, the 
uneven sampling of populations, with Polish and US 
groups represented by multiple pools and the Egyptian 
and Syrian populations by only a single pool each. This 
restricts the ability to detect substructure or rare variants 
in these underrepresented groups. Additionally, pooled 
sequencing approaches reduce the ability to detect rare 
variants and prevent direct inference of individual gen-
otypes. While high sequencing depth improves allele 
frequency estimation, some uncertainty remains, par-
ticularly for low-frequency alleles and in regions with 
uneven coverage [35]. As the resource evolves, increas-
ing sample size and pool diversity, particularly for Middle 
Eastern populations, will further enhance the accuracy 
and utility of the database.

This allele frequency resource represents a valuable tool 
for equine genomic research, particularly for improv-
ing the interpretation of genetic variants in the Arabian 
horse. By providing population-level allele frequencies, 
the database facilitates the distinction between rare 
potentially deleterious mutations and common benign 
polymorphisms [5, 7]. Such data are especially useful in 
genome-wide association studies (GWAS), where back-
ground allele frequencies can help refine association sig-
nals, reduce false positives, and prioritize true candidate 
loci. In this context, the resource serves as a critical refer-
ence for the identification of genetic variants associated 
with health-related traits or breed-specific phenotypes.

As equine GWAS results accumulate and causal vari-
ants are validated, they can ultimately inform breeding 
decisions and health management strategies, thereby 
supporting the transition from research findings to prac-
tical genomic selection tools. In this way, our dataset lays 
the groundwork for future integration of genomic data 
into precision breeding approaches aimed at improving 
genetic health and performance traits in Arabian horses.

To address these limitations, the database is intended 
to remain an open and continuously evolving resource. 
Future expansions will incorporate additional samples 
from currently represented populations, as well as new 
cohorts from previously underrepresented or unrepre-
sented Arabian horse populations, where available. This 
ongoing enrichment will enhance the accuracy of allele 
frequency estimates, increase the detection power for 

rare variants, and improve resolution of population sub-
structure across geographic and genetic lineages. Particu-
lar emphasis will be placed on achieving a more balanced 
representation, especially of Middle Eastern populations, 
to ensure that the resource remains broadly applicable 
and maximally informative for both genomic research 
and practical breeding applications.

Furthermore, the use of “pseudo-individuals” derived 
from pooled allele counts for admixture analysis rep-
resents an approximation of true individual-level data. 
While this approach enables exploratory analysis of 
population structure, it may introduce biases compared 
to methods based on genotype likelihoods or individual 
genotypes. Therefore, the admixture results should be 
interpreted as indicative rather than definitive, and future 
studies using individual-level sequencing data would pro-
vide higher resolution insights.

Finally, analyses including the X chromosome should 
be interpreted with caution, as differences in sex com-
position among pools and the hemizygous nature of the 
X chromosome in males may influence allele frequency 
estimates and population structure patterns.

Conclusion
In this study we created a database of common genetic 
variation and characterized genome-wide genetic 
diversity and structure in Arabian horses using pooled 
sequencing across multiple populations. Our analysis 
also identified regions of fixation, presumably formed by 
artificial selection, which were enriched for genes related 
to metabolism, growth, and musculoskeletal function, 
as well as overlapped with a QTL for insect bite hyper-
sensitivity. Importantly, we generated a novel allele fre-
quency database for Arabian horses, which can be used 
for genetic variant filtering, disease association studies, 
and the interpretation of rare variants in this breed. This 
resource will facilitate future research on Arabian horse 
health, performance, and population genetics.
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