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Abstract

The Peruvian Paso horse (PPH) is an iconic gaited breed recognized for its distinctive smooth gait,
historical importance, and cultural value. However, genome-wide information on its genetic diversity,
population structure, demographic history, and genomic inbreeding remains limited. This study
characterized genomic diversity, population structure, linkage disequilibrium (LD), effective population
size, and runs of homozygosity (ROH) in southern PPH using high-density SNP markers. A total of 141
individuals were genotyped with the lllumina Equine SNP70 BeadChip, and 49,610 autosomal SNPs
passed quality control. Bayesian clustering identified three genetic clusters, with substantial admixture
and weak differentiation indicating considerable connectivity among breeding lineages. Principal
coordinates analysis supported these patterns and showed partial overlap among clusters. Genetic
diversity was moderate, with observed heterozygosity ranging from 0.322 to 0.363 and negative
inbreeding coefficients. Demographic analyses revealed contrasting patterns, with Cluster 2 showing the
highest LD and lowest effective population size, whereas Cluster 1 exhibited the lowest LD and largest
effective population size. ROH analyses revealed differences in genomic inbreeding, with Cluster 3
showing the highest FROH and greatest abundance of long homozygous segments. Several ROH
hotspots were identified, including a chromosome 7 hotspot shared across clusters. Functional
annotation highlighted genes associated with epigenetic regulation, tissue remodeling, skeletal
development, and neuronal processes. Overall, southern PPH retains moderate genomic diversity
despite population structure and localized autozygosity. These findings provide novel insights into the
breed's genomic architecture and breeding history and support future conservation and sustainable
breeding strategies.

Introduction

The horse (Equus caballus) has a complex evolutionary and breeding history shaped by domestication,
rapid geographic expansion and intensive human-mediated selection. Ancient genome analyses have
shown that the ancestry of modern domestic horses emerged in the western Eurasian steppes and
spread rapidly across Eurasia around 4,200 years ago, profoundly reshaping equine population history
(Librado et al. 2021). In parallel, genome-wide studies in contemporary breeds have revealed marked
differences in genetic diversity, population structure, admixture, genomic inbreeding and runs of
homozygosity, reflecting founder effects, regional breeding practices and recent selection (Petersen et
al. 2013; Criscione et al. 2022). Together, these features make SNP-based genomic analyses especially
valuable for investigating how breeding history and geographic subdivision shape equine populations
and for informing conservation and breeding strategies.

High-density SNP genotyping has become a powerful and cost-effective tool for equine population
genomics. Equine SNP arrays were specifically developed to enable rapid genome-wide characterization
of horses and have been widely applied to investigate breed relationships, genetic diversity, linkage
disequilibrium, genomic inbreeding and signatures of selection (Petersen et al. 2013; McCue et al. 2012).
In recent years, SNP-based analyses have also been successfully used to characterize local and native
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horse populations, including the estimation of effective population size, the detection of regional genetic
structure and the assessment of runs of homozygosity, all of which are highly relevant for the design of
conservation and breeding strategies in domestic animals (Criscione et al. 2022; Bazvand et al. 2024).

Against this background, the Peruvian Paso Horse (PPH) emerges as a particularly relevant target for
genome-wide population analysis. As one of Peru’'s most emblematic equine breeds, it is internationally
recognized for its smooth and distinctive gait, the paso llano, a symmetrical four-beat gait with a lateral
footfall sequence characteristic of gaited horses (Nicodemus and Clayton 2003). In the PPH, functional
traits related to gait expression, including overreach, term and acuteness, have also been recognized as
relevant breeding traits (Vilela Velarde et al. 2025), and kinematic approaches have been applied to
evaluate variation in limb joint angles during locomotion in the breed (Gonzales et al. 2018).

Beyond its zootechnical relevance, the breed is also recognized as a flagship product of Peru (Saldaia et
al. 2025). Nevertheless, despite its biological, breeding and cultural importance, genomic research in the
PPH remains limited. Recent assembly of its complete mitochondrial genome provided an important
first step by establishing a maternal genomic resource for phylogenetic and conservation studies
(MINCETUR 2012). However, because mitochondrial DNA reflects only maternal inheritance, it cannot
resolve the genome-wide diversity, fine-scale population structure and homozygosity patterns required to
support breeding and conservation management (Ceballos et al. 2018).

This limitation is especially relevant in the PPH, which is bred across geographically distinct regions of
Peru and has historically been managed through interconnected breeding networks. Under such
conditions, differences in mating patterns, founder representation, selection practices, and gene flow
may generate fine-scale genomic structure that is not necessarily reflected by geographic origin alone
(Bazvand et al. 2024; Grilz-Seger et al. 2019). This has important practical implications because hidden
population structure can influence the distribution of genetic diversity, the accumulation of genomic
inbreeding, and the interpretation of downstream genomic analyses (Criscione et al. 2022; Bazvand et al.
2024). Evidence from other horse breeds indicates that integrating analyses of population structure with
measures of heterozygosity, linkage disequilibrium, effective population size, and runs of homozygosity
provides a robust framework for reconstructing recent demographic history, identifying genetically
differentiated groups, and recognizing populations at greater risk of diversity loss (McCue et al. 2012;
Nicodemus and Clayton 2003; Grilz-Seger et al. 2019).

In the present study, we used genome-wide SNP genotyping data to characterize the genetic diversity,
population structure, linkage disequilibrium, effective population size, genomic inbreeding, and runs of
homozygosity of the southern Peruvian Paso horse population sampled from Lima, Ica, and Arequipa.
Particular emphasis was placed on identifying genetically differentiated groups within the breed and
evaluating whether the contemporary southern population is composed of distinct genetic clusters that
may represent meaningful units for conservation and breeding management. Understanding the
distribution of genetic variation among such groups is essential for maintaining long-term genetic
diversity, minimizing the accumulation of inbreeding, and preserving unique genetic lineages within the
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breed (Ceballos et al. 2018; Charlesworth 2009). Furthermore, we investigated genomic regions
exhibiting elevated homozygosity and potential signatures of historical selection. By providing the first
comprehensive genome-wide assessment of these parameters in the southern Peruvian Paso horse, this
study establishes a valuable foundation for conservation planning, evidence-based breeding strategies,
and future investigations into the genomic basis of breed-specific traits.

Materials and Methods
Animal sampling and DNA extraction

A total of 143 Peruvian Paso horses were randomly selected from three geographical departments of
southern Peru: Lima (n =96), Ica (n = 20) and Arequipa (n = 27). The sampled population included male
and female animals of different ages, aiming to represent the genetic diversity of the population under
investigation. Breed identity was established based on owner-provided information, breed records when
available, and phenotypic characteristics consistent with the Peruvian Paso horse standard.

For each individual, tail hair samples were collected as the source of genomic DNA, preferentially using
hairs with intact follicles. Sampling was conducted under standard handling practices to minimize
animal stress and prevent injury. All samples were individually labeled and recorded according to the
corresponding animal identification and associated metadata.

All animal procedures were performed in accordance with relevant institutional ethical guidelines and
current animal welfare regulations. The study protocol was approved by the appropriate institutional
ethics committee, and written informed consent was obtained from the owners before sample
collection. Following collection, samples were mounted on hair cards provided by Neogen and shipped
to the Neogen Geneseek laboratory (Lincoln, NE, USA), where DNA extraction was performed prior to
SNP genotyping.

Genotyping and SNP quality control

A total of 143 Peruvian Paso horse samples were genotyped using the lllumina Equine SNP70 BeadChip
at the Neogen GeneSeek laboratory (Lincoln, NE, USA), following the manufacturer’s standard
procedures. Raw genotyping reports were converted into PLINK-compatible formats for downstream
population genomic analyses.

Quiality control filtering was conducted using PLINK v1.9 (Purcell et al. 2007). Individuals with more than
10% missing genotypes were excluded, as were SNPs with more than 10% missing data, SNPs with a
minor allele frequency (MAF) lower than 0.05, and SNPs deviating from Hardy—Weinberg equilibrium
(HWE; P <1 x 10-6). To reduce the effect of linkage disequilibrium in multivariate and clustering
analyses, linkage disequilibrium (LD)-based pruning was performed in PLINK using the —-indep-pairwise
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50 5 0.2 option, corresponding to a sliding window of 50 SNPs, a step size of 5 SNPs, and an r? threshold
of 0.2.

After quality filtering, the final dataset consisted of 141 individuals and 49,444 high-quality autosomal
SNP markers. Following LD-based pruning, 7,658 SNPs were retained for population structure analyses,
including PCoA, STRUCTURE, and dendrogram reconstruction,

Population Structure and genetic clustering

Population structure and genetic differentiation were evaluated using complementary multivariate,
distance-based, and Bayesian clustering approaches. Pairwise FST values were estimated using the
filtered autosomal SNP dataset (Weir and Cockerham 1984). Principal coordinates analysis (PCoA) was
performed using the LD-pruned SNP dataset. Pairwise genetic distances among individuals were
calculated using the poppr package (Kamvar et al. 2014), and the resulting distance matrix was
subjected to eigenanalysis using the pcoa function implemented in the ape package (Paradis and
Schliep 2019).

The distribution of genetic variation within and among inferred genetic clusters was further assessed
through analysis of molecular variance (AMOVA) using the poppr package in R (Kamvar et al. 2014).
Genetic relationships among individuals were additionally evaluated through an unweighted pair group
method with arithmetic mean (UPGMA) dendrogram constructed from a genetic distance matrix with
1,000 bootstrap replicates to assess node support.

To determine the population structure, we converted VCF data sets to STRUCTURE format using
PGSpider v.2.1.1.5 software (Lischer and Excoffier 2012). Then, we employed STRUCTURE program
v.2.3.4 (Pritchard et al. 2000) with 10 runs for each population, ranging from 1 to 12 with a burn - in
length of 20,000 and 50,000 Monte Carlo iterations. We used STRUCTURE HARVESTER software (Earl
and vonHoldt 2012) to process the STRUCTURE results, detecting the most likely number of clusters by
the Evanno method (Evanno et al. 2005). Finally, we used the pophelper package v.2.3.1 (Francis 2017) in
R to visualize the STRUCTURE membership.

Diversity Analysis within inferred clusters

Genetic diversity was assessed using the filtered autosomal SNP dataset. Observed heterozygosity (Ho),
expected heterozygosity (He), inbreeding coefficient (FIS), and minor allele frequency (MAF) were
estimated for each inferred genetic cluster and for the complete dataset. The filtered VCF dataset was
imported into R v4.3.1 software (R Core Team 2024), where genotype data were converted into a genind
object using the vcfR and adegenet packages. Population assignments were defined according to
sample identifiers, and genetic diversity statistics (Ho, He, and FIS) were calculated using the hierfstat
package in R. Mean values were summarized for each population and for the overall dataset. Minor allele
frequency (MAF) was estimated separately for each population using PLINK v1.9 (Purcell et al. 2007),
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based on the filtered autosomal SNP dataset. Mean MAF values were subsequently summarized by
population.

Linkage disequilibrium decay (LD) and effective population size (Ne)

LD decay was evaluated separately for the three genetic clusters inferred by STRUCTURE using the
filtered SNP dataset obtained after quality control. Pairwise LD between SNPs was estimated as the
squared correlation coefficient (r?) using PLINK v1.9. Analyses were performed independently for each
cluster using cluster-specific sample lists. The following parameters were applied: --r2, --ld-window
999999, --Id-window-kb 10000, and --ld-window-r2 0, allowing the calculation of LD across all SNP pairs
within a maximum physical distance of 10 Mb. The extent of LD decay was assessed by grouping SNP
pairs into physical distance classes (10, 20, 40, 60, 100, 200, 500, and 1000 kb) and calculating the mean
r2 value for each class. LD decay patterns were visualized in R using the ggplot2 package (Wickham
2016).

Historical effective population size (Ne) was inferred independently for each genetic cluster from LD
estimates. Physical distances between SNPs were converted into recombination fractions assuming an
approximate rate of 1 cM/Mb, and adjusted r2 values were used to estimate Ne across recent
generations. Median Ne values were summarized for 10, 20, 30, 40, and 50 generations ago and
visualized in R using ggplot2 (Wickham 2016).

Runs of Homozygosity (ROH) and Genomic Inbreeding

ROH analyses were conducted using the R package detectRUNS v0.9.6 (Biscarini et al. 2019) based on
the quality-filtered SNP dataset previously generated in PLINK. Prior to ROH detection, PLINK-formatted
files were converted to PED/MAP format using PLINK v1.9 (Purcell et al. 2007) with the -recode option.
Consecutive homozygous segments were identified using the consecutiveRUNS.run function
implemented in detectRUNS. ROH calling parameters were selected following commonly applied criteria
in livestock SNP-array studies to minimize false-positive ROH generated by background linkage
disequilibrium while retaining biologically meaningful homozygous segments. The minimum number of
SNPs required to define a ROH was set to 50 SNPs, allowing a maximum of one heterozygous genotype
within a run (maxOppRun = 1) and no missing genotypes (maxMissRun = 0). The minimum ROH length
was established at 500 kb (minLengthBps = 500000), and the maximum allowed distance between
consecutive SNPs within a ROH was set to 500 kb (maxGap = 500000). ROH hotspot regions were
identified by estimating the frequency of SNP occurrence within ROH segments across individuals within
each population. SNPs present within ROH in at least 50% of individuals were considered candidate ROH
hotspots.

Consecutive hotspot SNPs were merged into genomic regions, and candidate genes located within these
intervals were annotated using the Ensembl BioMart (Kinsella et al., 2011). database based on the
EquCab3.0 reference genome assembly. Candidate genes located within shared ROH hotspots were
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functionally evaluated according to their reported biological roles in connective tissue organization,
cellular signaling, metabolic regulation, and neuromuscular processes. Genome-wide genomic
inbreeding coefficients (Fgy) Were estimated using the Froh_inbreeding function implemented in
detectRUNS. The genomic inbreeding coefficient was calculated as the proportion of the autosomal
genome covered by ROH segments. To further distinguish recent and ancient autozygosity, Fpoy Was
additionally estimated using different ROH length classes, including ROH segments larger than 2, 4, 8,
and 16 Mb.

Results

SNP dataset after quality control

The initial dataset comprised 143 Peruvian Paso Horse individuals genotyped at 65,090 SNP markers.
Following quality control filtering, two individuals were excluded due to high levels of missing genotype
data. At the marker level, SNPs were removed because of missing genotype rates, deviation from Hardy—
Weinberg equilibrium, low minor allele frequency (MAF < 0.05), and the presence of multiallelic loci.

After filtering, the final dataset retained for downstream analyses consisted of 141 individuals and
49,444 autosomal SNP markers. Linkage disequilibrium pruning further reduced the dataset to 7,658
SNPs, which were subsequently used for population structure analyses, including PCoA, STRUCTURE,
and dendrogram reconstruction.

Population Structure

Structure analysis identified three genetic clusters (K = 3) within the southern PPH population (Fig. 1).
The mean likelihood values obtained from STRUCTURE analyses across K =1-10 supported the
presence of genetic subdivision within the population (Figure S1). The optimal number of clusters was
subsequently determined using the Evanno method, which showed a clear peak at K = 3 (Figure S2),
indicating that three genetic clusters best explained the observed genetic structure. Cluster 1
represented the predominant genetic background and included individuals from all three sampled
regions (Arequipa, Ica, and Lima). In contrast, Cluster 2 was composed exclusively of horses from Lima,
whereas Cluster 3 was dominated by Lima individuals but also included a small number of horses from
Arequipa and Ica. Several individuals displayed admixed ancestry, particularly between Clusters 1 and 3,
indicating ongoing genetic connectivity among breeding lineages. Detailed information for all samples,
including geographic origin and cluster assignment, is provided in Supplementary Table S1.

Principal coordinate analysis (PCoA) based on the LD-pruned SNP dataset revealed a clear genetic
structure among southern PPH, consistent with the clustering pattern inferred (Fig. 2). Three well-defined
genetic clusters were identified along the first two principal components. Cluster 1 comprised the
majority of individuals and occupied a central position in the ordination space, whereas Cluster 2 and
Cluster 3 formed distinct groups located at opposite extremes of PC 1 and PC 2. Cluster 2 was clearly
separated from the remaining individuals along positive values of both principal components, while
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Cluster 3 was distributed along negative values of PC1 and positive values of PC2. Only limited overlap
was observed among clusters, indicating substantial genetic differentiation among the inferred groups.
The first two principal components explained 5.79% and 4.12% of the total genetic variation, respectively,
reflecting the polygenic nature of population structure while still capturing the major patterns of genetic
subdivision within the dataset.

Pairwise Fgr estimates revealed moderate levels of genetic differentiation among the inferred genetic
clusters (Table 1). The highest differentiation was observed between Cluster 2 and Cluster 3 (Fgr =
0.128), indicating substantial genetic divergence between these groups. Intermediate differentiation was
detected between Cluster 1 and Cluster 2 (Fgr = 0.069), whereas the lowest differentiation was found
between Cluster1 and Cluster3 (Fg; = 0.042). Overall, these results support the presence of a clear
genetic structure within the southern Peruvian Paso horse population, with Cluster 1 and Cluster 3 being
genetically more similar to each other than either is to Cluster 2.

Table 1
Pairwise Fg7 values among the three genetic
clusters inferred (K = 3) in southern PPH

Cluster1 Cluster1 Cluster2 Cluster3

NA 0.069 0.042
Cluster2 0.069 NA 0.128
Cluster 3  0.041 0.128 NA

Analysis of molecular variance (AMOVA) based on the three genetic clusters inferred revealed that most
of the genetic variation was distributed within clusters, accounting for 88.65% of the total variation
(Table 2). In contrast, variation among clusters represented 11.35% of the total genetic variance. These
results are consistent with the pairwise Fqr estimates and the clear separation observed in the PCoA,

supporting the presence of a well-defined genetic structure within the southern PPH population.

Table 2
Analysis of molecular variance among southern PPH clusters
Source of variation df SS MS Est.Var, %
Among clusters 2 12064.16  19226.97 166.59 11.35
Within clusters 138 1301.48 8756.05 1301.48 88.65
Total 140 1369.06 8905.63 1468.07 100.00

The UPGMA dendrogram based on Nei’s genetic distance recovered three major genetic groups that
closely corresponded to the clusters identified (K = 3) (Fig. 3). Cluster 2 formed a distinct and highly
differentiated lineage composed predominantly of individuals from Lima, whereas Cluster 3 included
individuals from all three regions but showed a relatively higher representation of horses from Ica and
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Arequipa. Cluster 1 represented the largest genetic group and comprised individuals from Lima, Ica, and
Arequipa, reflecting a substantial degree of genetic admixture among geographic regions. Although
some intermixing among clusters was observed, the overall topology was largely consistent with the
PCA, pairwise Fgr estimates, and AMOVA results. Bootstrap support values were generally high across
the principal nodes, with several branches receiving support values above 90%, indicating strong
confidence in the inferred clustering pattern.

Genetic diversity

Overall mean values of observed heterozygosity (Ho) and expected heterozygosity (He) across the three
genetic clusters were moderate, ranging from 0.322 to 0.363 and from 0.294 to 0.358, respectively.
Cluster 1 exhibited the highest levels of genetic diversity, with Ho and He values of 0.363 and 0.358,
respectively, as well as the highest mean minor allele frequency (MAF = 0.284). In contrast, Cluster 3
showed the lowest diversity estimates, with Ho = 0.322, He = 0.294, and MAF = 0.222. Cluster 2 displayed
intermediate values for all diversity parameters (Ho = 0.361, He = 0.330, MAF = 0.250). Negative
inbreeding coefficients (FIS) were observed in all clusters, ranging from - 0.014 in Cluster1 to - 0.095 in
Cluster 3, indicating a slight excess of heterozygous genotypes relative to Hardy—Weinberg
expectations. The consistently negative FIS values suggest the absence of substantial inbreeding within
clusters and are consistent with the moderate levels of genetic admixture observed among individuals.
Overall, the results revealed moderate genetic diversity across the inferred genetic clusters, with Cluster
1 retaining the greatest allelic variability and representing the largest genetic group identified in the
population (Table 3).

Table 3

Genetic diversity statistics for the inferred genetic clusters of
southern PPH (K = 3)

Cluster N Ho He FIS MAF

Cluster1 106 0.363 0.358 -0.014 0.284+0.001
Cluster2 14 0.361 0.330 -0.093 0.250+0.001

Cluster3 21 0.322 0.294 -0.095 0.222+0.001

Linkage disequilibrium decay (LD) and effective population
size (Ne)

Linkage disequilibrium decreased with increasing physical distance between SNPs in all inferred genetic
clusters, following the expected LD decay pattern (Fig. 4, Supplementary Table S2.). However, marked
differences were observed among clusters. Cluster 1 consistently exhibited the lowest LD values across
all distance classes, whereas Cluster 2 showed the highest LD levels, with Cluster 3 presenting
intermediate values. At short genomic distances, mean r2 values were high in all clusters, ranging from
approximately 0.45 in Cluster 1 to 0.50 in Clusters 2 and 3. LD declined progressively as marker distance
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increased, although the rate of decay differed among clusters. Cluster 1 showed a rapid decline in LD,
reaching values below 0.10 at distances greater than 1 Mb, whereas Clusters 2 and 3 maintained

comparatively higher LD values across the entire range of distances evaluated. At the largest distance
class, mean r2 values remained approximately 0.13 in Cluster 2, 0.11 in Cluster 3, and 0.04 in Cluster1.

Historical effective population size estimates revealed marked differences among the three inferred
genetic clusters across the last 50 generations (Fig. 5, Supplementary Table S3.). Cluster 1 consistently
exhibited substantially larger effective population sizes than the other clusters throughout the analyzed
period. Estimated Ne values for Cluster 1 increased from approximately 150 individuals 10 generations
ago to nearly 460 individuals 50 generations ago. In contrast, Cluster 2 and Cluster 3 displayed
considerably lower effective population sizes, ranging from approximately 40-45 individuals at 10
generations ago to 155-165 individuals at 50 generations ago.

All clusters showed a progressive increase in effective population size toward older generations,
indicating a reduction in Ne over recent generations. Cluster 2 consistently exhibited the lowest Ne
estimates, whereas Cluster 3 showed slightly higher values across most time points. The larger effective
population size observed in Cluster1 is consistent with its lower levels of linkage disequilibrium, whereas
the reduced Ne values detected in Cluster 2 and Cluster 3 agree with their comparatively higher LD
levels. Overall, these results suggest contrasting demographic histories among the inferred genetic
clusters, with Cluster1 retaining a substantially larger breeding population size than the other two
clusters.

Runs of Homozygosity and Genomic Inbreeding

A total of 4,675 runs of homozygosity (ROH) were identified across the three genetic clusters inferred
from the southern PPH population (Table 4). Cluster 1 exhibited the highest absolute number of ROH
segments (3,344), followed by Cluster 3 (917) and Cluster 2 (414). Mean ROH length ranged from 6.95
Mb in Cluster 1 to0 9.32 Mb in Cluster 3. Likewise, Cluster 3 accumulated the greatest total genomic
length within ROH (8,548.1 Mb), followed by Cluster 1 (23,243.0 Mb) and Cluster 2 (3,175.0 Mb). A
summary of ROH statistics for each genetic cluster is presented in Table 4.

Table 4
Statistics of runs of homozygosity (ROH) across southern PPH clusters

Cluster N Total ROH Mean ROH/ Mean ROH length (Mb)  Total ROH length (Mb)
individual

Cluster1 106 3344 31.55 6.95 23243

Cluster2 14 414 29.57 7.67 3175

Cluster3 21 917 43.67 9.32 8548
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The distribution of ROH length classes differed among the three genetic clusters (Fig. 6). ROH segments
between 2 and 8 Mb accounted for the largest proportion of homozygous tracts in all clusters. The 2-4
Mb class was the most abundant, representing 38.5%, 36.7%, and 32.1% of all ROH segments in Cluster
1, Cluster 2, and Cluster 3, respectively. Segments ranging from 4 to 8 Mb constituted the second most
frequent class across the three clusters. In contrast, long ROH segments (> 16 Mb) were more prevalent
in Cluster3 (15.8%) than in Cluster2 (11.4%) and Cluster1 (7.4%). Similarly, ROH segments between 8 and
16 Mb represented comparable proportions in Cluster2 and Cluster3 (21.7%), whereas a slightly lower
proportion was observed in Cluster1 (19.6%).

Analysis of SNP frequencies within ROH segments identified several genomic regions exhibiting elevated
levels of homozygosity, hereafter referred to as ROH hotspots (Fig. 7). Cluster 1 exhibited a single
hotspot on chromosome 7, where SNP frequencies reached 58.5%. Cluster 2 displayed three hotspot
regions located on chromosomes 7, 11, and 13, with the strongest signal detected on chromosome 7
(64.3%). In contrast, Cluster 3 showed a broader distribution of hotspots across chromosomes 1, 2, 3, 5,
6,7, 8,17, and 29. The most prominent hotspot was detected on chromosome 17, where SNP
frequencies reached 85.7%, followed by hotspots on chromosomes 7 (66.7%), 2 (61.9%), and 6 (61.9%).
A shared ROH hotspot on chromosome 7 was identified in all three genetic clusters, whereas the
remaining hotspot regions were cluster-specific. Detailed genomic coordinates of all hotspot regions are
provided in Supplementary Table S4.

Functional annotation of genes located within ROH hotspot regions identified several candidate genes
with functions related to cellular signaling, tissue organization, skeletal development, and neuronal
processes (Table 5). The complete list of annotated genes identified across all hotspot regions is
provided in Supplementary Table S5. A shared ROH hotspot detected on chromosome 7 across all three
genetic clusters contained genes including PDE4A, TYK2, STPR2, DNMT1, and ANGPTL6, which are
involved in cyclic nucleotide signaling, cytokine-mediated signal transduction, tissue organization,
epigenetic regulation, and growth-related processes. Additional genes identified within this region
included CNN1, ELAVL3, and EPOR, associated with muscle contraction, neuronal development, and
erythropoiesis, respectively. Cluster specific ROH hotspots also contained genes with diverse biological
functions. The chromosome 11 hotspot in Cluster 2 harbored genes such as PECAM1 and ERNT,
involved in cell adhesion and cellular homeostasis, whereas the chromosome 13 hotspot contained
AUTS2 and GALNT17, both associated with neurodevelopmental processes. In Cluster 3, hotspot regions
on chromosome 3 included IRX3, IRX5, MMP2, and SLC6A2, which are related to embryonic development,
extracellular matrix remodeling, and neuronal signaling. Additional genes identified in Cluster 3 included
NOTCH2 on chromosome 5, PIK3C2G and PDE3A on chromosome 6, members of the protocadherin
family (PCDH8, PCDH17, and PCDH20) on chromosome 17, and UCMA, OPTN, and CAMK1D on
chromosome 29 (Table 5).
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Table 5

Candidate genes identified within ROH hotspots

Genetic
cluster

Cluster1 /
Cluster3

Cluster1 /
Cluster3

Cluster1 /
Cluster3

Cluster1 /
Cluster3

Cluster1 /
Cluster3
Cluster2
Cluster2

Cluster2

Cluster2

Cluster2

Cluster2

Cluster2

Cluster3
Cluster3

Cluster3

Cluster3

Cluster3

Cluster3
Cluster3

Cluster3

Chromosome

11
11

13

13

17

Gene

PDE4A

TYKZ2

S1PR2

DNMT1

ANGPTL6

CNN1

ELAVL3

EPOR

PECAM1
ERN1

AUTS2

GALNT17

IRX3
IRX5
MMP2

SLC6A2
NOTCHZ2

PIK3C2G
PDE3A
PCDH8

Known biological function
Cyclic AMP signaling pathway and regulation of
cellular responses

Cytokine mediated signal transduction and immune
response pathways

Cell migration, tissue organization, and
developmental signaling

Maintenance of DNA methylation patterns and
epigenetic regulation

Growth regulation, angiogenesis, and energy
metabolism

Actin binding protein involved in muscle contraction
and cytoskeletal organization

Neuronal RNA binding protein associated with
nervous system development

Erythropoietin receptor involved in erythropoiesis and
oxygen transport

Cell adhesion and vascular development

Endoplasmic reticulum stress signaling and cellular
homeostasis

Neurodevelopmental regulation and neuronal
differentiation

Glycosylation related processes and neural
development

Embryonic patterning and developmental regulation
Skeletal development and morphological patterning

Extracellular matrix remodeling and connective tissue
organization

Neurotransmitter transport and neuronal signaling

Cell differentiation and developmental signaling
pathways

PI3K mediated signaling and metabolic regulation
Cyclic nucleotide signaling and muscle physiology

Cell adhesion and nervous system development
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Genetic Chromosome Gene Known biological function

cluster

Cluster3 17 PCDH17 Neural connectivity and neuronal communication
Cluster3 17 PCDH20 Cell adhesion and neural tissue organization
Cluster3 17 OLFM4 Cell differentiation and tissue development

Cluster3 17 DIAPH3 Cytoskeleton organization and cellular morphology
Cluster3 29 UCMA Cartilage matrix formation and skeletal development
Cluster3 29 OPTN Cellular signaling and autophagy regulation

Cluster3 29 CAMK1D Calcium dependent signaling involved in muscle and

neuronal function

Genome-wide genomic inbreeding coefficients (FROH) differed among the three genetic clusters

(Table 6). Cluster 3 exhibited the highest mean genomic inbreeding coefficient (FROH = 0.180), followed
by Cluster 2 (FROH = 0.100) and Cluster 1 (FROH = 0.097). Similarly, Cluster 3 showed the highest
maximum individual FROH value, indicating a wider range of genomic inbreeding estimates within this
cluster. Detailed summary statistics for genomic inbreeding coefficients are presented in Table 6.

The distribution of FROH values estimated from ROH segments of different minimum length thresholds
is shown in Fig. 7. Across all ROH length classes (> 2, >4, >8, and > 16 Mb), Cluster 3 consistently
exhibited higher FROH values than Cluster 1 and Cluster 2. Median FROH values decreased as the
minimum ROH length threshold increased in all clusters. Greater variability in FROH estimates was also
observed in Cluster 3, particularly for ROH segments longer than 2 Mb and 4 Mb (Fig. 8).

Table 6

Genomic inbreeding coefficients (FROH) in the three genetic clusters of
the southern PPH clusters

Cluster Mean FROH Median FROH SD Min Max

Cluster1  0.097 0.095 0.037 0.021 0.195
Cluster2  0.100 0.107 0.054 0.028 0.179
Cluster3  0.180 0.183 0.070 0.059 0.313

Discussion

The present study provides the first genome-wide characterization of genetic diversity, population
structure, linkage disequilibrium, effective population size, genomic inbreeding, and homozygosity
patterns in the southern Peruvian Paso horse (PPH) using high-density SNP markers. Bayesian
clustering analysis identified three genetic clusters that did not strictly correspond to geographic origin.
Individuals from Arequipa, Ica, and Lima were distributed across multiple clusters, and several horses
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exhibited admixed ancestry, indicating substantial genetic connectivity among breeding lineages.
Consistent with the STRUCTURE results, the weak genetic differentiation observed among clusters was
supported by the extensive overlap detected in the multivariate analyses and the low FST estimates.
Similar patterns have been reported in managed horse breeds, where weak population subdivision
coexists with detectable genetic structure generated by founder effects, selective breeding, and unequal
reproductive contributions among breeding animals (Petersen et al. 2013; Criscione et al. 2022). In the
PPH, this connectivity is likely maintained through the historical exchange of breeding animals and the
widespread dissemination of successful breeding lineages across regions, suggesting that the observed
genetic structure reflects breeding lineages rather than strict geographic subdivision.

Despite this genetic structure and the presence of genomic autozygosity, the southern PPH retained
moderate levels of genetic diversity. Observed heterozygosity was similar to or slightly higher than
expected heterozygosity across clusters, resulting in negative FIS values and indicating no substantial
deficit of heterozygotes. Similar patterns have been reported in several horse breeds, where moderate
diversity is maintained despite founder effects, selective breeding, and localized signatures of selection
(Grilz-Seger et al. 2019; Metzger et al. 2015). Likewise, ROH-based studies have shown that managed
horse populations can retain substantial genetic variation while simultaneously exhibiting genomic
regions affected by autozygosity and selection (Grilz-Seger et al. 2019; Metzger et al. 2015). Although
Cluster 3 exhibited higher FROH values and a greater abundance of long ROH segments, all clusters
maintained slightly negative FIS estimates. Similar discrepancies between heterozygosity-based and
ROH-based measures of inbreeding have been described in livestock populations, reflecting the ability of
ROH analyses to detect recent autozygosity that may not be captured by heterozygosity-based metrics
alone (Purfield et al. 2012; Ferencakovi¢ et al. 2013). Overall, these results suggest that the southern
PPH has maintained substantial genetic variation despite the accumulation of autozygous genomic
regions in specific lineages.

Patterns of linkage disequilibrium (LD) and historical effective population size (Ne) revealed contrasting
demographic histories among the three inferred genetic clusters. Cluster 2 consistently exhibited the
highest LD levels, whereas Cluster 1 showed the lowest values and Cluster 3 displayed an intermediate
pattern. Similar LD decay profiles have been reported in other domestic horse populations and are
generally interpreted as signatures of differences in demographic history, genetic drift, and breeding
structure (Criscione et al. 2022; Corbin et al. 2012; Mousavi et al. 2023). Historical effective population
size estimates were highly concordant with the LD patterns. Clust. Historical effective population size
estimates were highly concordant with the LD patterns. Cluster 1 maintained the largest effective
population size throughout the analyzed period, whereas Cluster 2 exhibited the lowest Ne values and
Cluster 3 showed intermediate estimates. Because effective population size reflects the balance
between genetic drift and the maintenance of genetic diversity (Charlesworth 2009), the combination of
elevated LD and reduced Ne in Cluster 2 suggests a more restricted breeding pool and stronger effects
of genetic drift. Conversely, the lower LD and larger Ne observed in Cluster 1 are consistent with a
broader breeding base and greater historical genetic connectivity. Similar relationships between linkage
disequilibrium, effective population size, and demographic history have been reported in other horse
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populations analyzed using genome-wide SNP data, where founder effects, genetic drift, and breeding
practices contributed to differences in genomic diversity and inbreeding levels (Criscione et al. 2022;
Mousavi et al. 2023).

Runs of homozygosity analyses revealed contrasting patterns of genomic inbreeding among the three
inferred genetic clusters. Although the southern Peruvian Paso horse retained moderate levels of overall
genomic diversity, Cluster 3 exhibited substantially higher levels of autozygosity than the remaining
clusters. Similar levels of ROH-derived genomic inbreeding have been reported in managed horse breeds
subjected to selective breeding and the repeated use of influential stallions, where localized autozygosity
may accumulate despite the maintenance of moderate genome-wide diversity (Grilz-Seger et al. 2019;
Metzger et al. 2015). Analysis of ROH length classes indicated the coexistence of both historical and
recent autozygosity signals within the breed. Intermediate-length ROH segments predominated across
all clusters, suggesting the influence of shared ancestry and historical demographic processes.
However, Cluster 3 displayed a greater abundance of long ROH segments, which are generally
associated with more recent common ancestry and recent inbreeding events (Ceballos et al. 2018; Curik
et al. 2014). This pattern contrasts with the lower effective population size observed in Cluster2,
indicating that different demographic processes have shaped the genetic architecture of the inferred
clusters. Whereas Cluster 2 appears to reflect a more restricted breeding pool at the population level,
Cluster 3 is characterized by a greater accumulation of recent autozygosity within specific lineages.

One of the most notable findings of this study was the identification of a shared ROH hotspot on
chromosome 7 across the inferred genetic clusters. The persistence of this hotspot across genetically
differentiated clusters suggests the existence of a conserved autozygous block that has been
maintained throughout the breeding history of the PPH, potentially through selection, demographic
processes, or the recurrent inheritance of shared haplotypes (Pemberton et al. 2012; Peripolli et al.
2017). Such regions are of particular interest because they may harbor variants associated with traits
that have been consistently favored during breed development.

Functional annotation of the chromosome 7 hotspot revealed genes involved in epigenetic regulation
(DNMTT1), growth and tissue remodeling (ANGPTL®6), intracellular signaling (PDE4A), and tissue
organization (S1PR2) (Oike et al. 2005; Houslay 2010; Moore et al. 2013; Adada et al. 2013). The co-
localization of these genes within a high-frequency ROH island shared across all genetic clusters
suggests that chromosome 7 may represent a conserved regulatory region maintained throughout the
breeding history of the breed. Interestingly, this hotspot does not overlap with the best-known
locomotion associated region on chromosome 23 containing DMRT3, which has been identified as a
major genomic region associated with gait expression in several gaited horse breeds (Andersson et al.
2012). Instead, the PPH hotspot contains genes associated with epigenetic regulation, tissue
remodeling, and cellular signaling, suggesting that additional genomic regions may have contributed to
the development and maintenance of breed specific characteristics in this population. Beyond
chromosome 7, cluster specific ROH hotspots contained genes associated with musculoskeletal
development, extracellular matrix remodeling, cartilage biology, and neuronal function. Notably, Cluster 3
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hotspots harbored genes involved in developmental regulation (IRX3, IRX5, and NOTCH2), connective
tissue remodeling (MMP?2), cartilage maintenance (UCMA), and neuronal signaling (SLC6A2, PCDHS,
PCDH17, and PCDH20). Functional annotation based on Ensembl gene annotations indicated that these
genes participate in biological processes related to tissue development, extracellular matrix
organization, skeletal maintenance, and neuronal function (Kinsella et al. 2011; Page-McCaw et al. 2007;
Canalis 2013). Likewise, Cluster 2 contained AUTS2, a gene implicated in neurodevelopment and
neuronal differentiation (Oksenberg and Ahituv 2013). Collectively, these findings suggest that different
breeding lineages may have accumulated distinct genomic regions affecting biological pathways
relevant to skeletal development, connective tissue biology, cartilage maintenance, and neuronal
regulation. Although functional validation is required, these ROH islands may represent genomic regions
influenced by historical selection, lineage specific breeding practices, or the accumulation of favorable
haplotypes associated with breed defining characteristics.

The occurrence of distinct ROH hotspots among genetic clusters further supports the existence of
partially different demographic and breeding histories. While the chromosome 7 hotspot likely reflects a
conserved genomic region shared across the breed, Cluster 3 exhibited a larger number of hotspot
regions and greater genomic autozygosity, whereas Cluster 2 was characterized by higher linkage
disequilibrium and lower effective population size. In contrast, Cluster 1 retained the highest genomic
diversity and exhibited only a single major hotspot. Together, these patterns indicate that the
contemporary genetic architecture of the southern PPH has been shaped by both shared breed history
and the differential propagation of haplotypes among breeding lineages, a process commonly observed
in managed livestock populations subjected to founder effects, unequal reproductive contributions, and
long term selection (Ceballos et al. 2018; Grilz-Seger et al. 2019; Peripolli et al. 2017). Future studies
integrating genomic and phenotypic information will be necessary to determine whether these regions
contribute to variation in locomotion, conformation, or other performance related traits in the breed.

Overall, the identification of three genetic clusters with contrasting patterns of linkage disequilibrium,
effective population size, genomic inbreeding, and homozygosity provides new insights into the
demographic history of the southern PPH. The detection of a conserved ROH hotspot on chromosome 7,
together with cluster specific genomic regions enriched for genes involved in musculoskeletal and
neuronal functions, highlights genomic regions that may have contributed to the development of breed
defining traits. These findings provide a valuable framework for future studies and support the
implementation of conservation and breeding strategies aimed at maintaining the genetic sustainability
of the breed.

Conclusions

This study represents the first genome-wide characterization of genetic diversity and population
structure in the southern Peruvian Paso horse using high-density SNP markers. The results revealed the
presence of three genetic clusters with moderate differentiation, contrasting patterns of linkage
disequilibrium, effective population size, and genomic inbreeding, but without evidence of severe loss of
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genetic diversity at the population level. Runs of homozygosity analyses identified both shared and
cluster-specific hotspot regions, including a conserved hotspot on chromosome 7 present across all
genetic clusters. The genes located within these regions were associated with developmental,
musculoskeletal, and neuronal functions, suggesting that historical breeding practices may have
contributed to the differential accumulation of genomic regions potentially relevant to breed-defining
characteristics. Overall, these findings improve our understanding of the demographic history and
genomic architecture of the Peruvian Paso horse and provide genomic information that may be useful
for the design of future conservation and breeding programs.
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Population structure of the southern PPH inferred. Each vertical bar represents an individual horse, and
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presence of admixed individuals reflects genetic connectivity among breeding lineages

Page 21/28



® o
0.10 -
A .
A
@ ® 0.
P o
A
0.05- Aa ®
< A A
N
- A [ ]
)
¥ V-
< ?
S o
2 0.00-
~0.05 -
-0.10 -0.05 0.00 0.05 0.10 0.15
PCoA1 (5.79%)
Figure 2

Principal Coordinate Analysis of 141 PPH from three regions of southern Peru
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UPGMA dendrogram showing the genetic relationships among 141 southern Peruvian Paso horses
based on Nei’s genetic distance. Tip colors represent the three genetic clusters identified (K = 3).
Bootstrap support values were estimated from 1,000 replicates, and only values above 70% are shown
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Linkage disequilibrium decay in southern PPH clusters
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Historical effective population size ( N,) inferred from linkage disequilibrium patterns for the three
genetic clusters identified (K = 3) in southern PPH clusters
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Figure 7

Manhattan plots showing the frequency of SNP occurrence within ROH segments across the genome for
Cluster 1, Cluster 2, and Cluster 3. The dashed horizontal line indicates the 50% threshold used to define
ROH hotspot regions
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