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Abstract

Purosangue Orientale Siciliano, Sanfratellano and Siciliano represent the Sicilian
equine genetic resource. This study aimed to investigate the genetic diversity,
population structure and the pattern of autozygosity of Sicilian horse popula-
tions using genome-wide single-nucleotide polymorphism (SNP) data generated
with the Illumina Equine SNP70 array. The genotyping data of 17 European
and Middle East populations were also included in the study. The patterns of
genetic differentiation, model-based clustering and Neighbour-Net showed the
expected positioning of Sicilian populations within the wide analysed framework
and the close connections between the Purosangue Orientale Siciliano and the
Arab as well as between Sanfratellano, Siciliano and Maremmano. The highest
expected heterozygosity (H,) and contemporary effective population size (cNe)
were reported in Siciliano (H, = 0.323, cNe = 397), and the lowest were reported
in Purosangue Orientale Siciliano (H, = 0.277, cNe = 10). The analysis of the
runs of homozygosity and the relative derived inbreeding revealed high internal
homogeneity in Purosangue Orientale Siciliano and Arab horses, intermediate
values in Maremmano and Sanfratellano and high heterogeneity in the Siciliano
population. The genome-wide SNP analysis showed the selective pressure on
Purosangue Orientale Siciliano towards traits related to endurance performance.
Our results underline the importance of planning adequate conservation and ex-
ploitation programmes to reduce the level of inbreeding and, therefore, the loss

of genetic diversity.
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1 | INTRODUCTION

Throughout history, horses have played an important role
in human civilization due to their influence on agriculture,
warfare, trade and transportation (Al Abri et al., 2021). For
the past 400 years, the establishment of formal breed regis-
tries has focussed on the conservation of local populations
and the improvement of traits related to riding, drafting,
aesthetics and performance (Zhang et al., 2018). Today in
Sicily, there are about 35,000 (ISTAT - Istituto Nazionale
di Statistica, 2007) horses reared for recreational, ther-
apeutic and equestrian purposes and for the production
of meat. Three populations (Sanfratellano, Siciliano and
Purosangue Orientale Siciliano) can be traced back to
Greek domination (600BC) and represent the Sicilian
equine heritage (Guastella et al., 2011). The total number
of horses in each population poorly explain the relative
importance of the different genetic types in the Sicilian
equine framework; Sanfratellano counts 1496 horses,
whereas Purosangue Orientale Siciliano and Siciliano are
approximately 200 individuals each (PSR Regione Sicilia
2014-2020, ARACSI).

The origin of Sanfratellano horse dates back to
the Middle Ages, when Sicilian native horses were
crossed with North African, Oriental and Iberian pop-
ulations (Fogliata, 1910). The limited introgression
of Thoroughbred and Oriental stallions was practised
in 1925 to improve the morphological structure of
Sanfratellano (Hendricks, 1995). More recently, from
the 1930s and occasionally until the end of the cen-
tury, Maremmano stallions were used in the planned
mating to improve withers height and size (Chiofalo
et al., 2003; Zuccaro et al., 2008). Sanfratellano is a meso-
doligomorphic horse suitable for saddles and drafts.
Today, the breed is successfully engaged in trekking,
sports and hippotherapy activities. Purosangue Orientale
Siciliano has been a part of the Italian Herd Book since
1875. It represents a Sicilian nucleus originating from
an Arab-Oriental matrix as it derives from Arab horses
imported directly from Syria and Mesopotamia starting
in 1864 (Balbo, 1995). It is a mesomorphic and meso-
doligomorphic horse. The morphological characteristics
of the Purosangue Orientale Siciliano make it suitable
as a saddle horse and for light draft, with a particular
predisposition for running and endurance performance
over long distances. The Siciliano horse, which origi-
nated from a crossbreed between the Asiatic and the
North African horses that were reared in Sicily until the
16th century (Guastella et al., 2011), is a heterogeneous
population reared in an extensive and semi-extensive
system and not yet officially recognized as a breed. This
population includes mesomorphic type horses, which

are widespread in the central areas of Sicily, and meso-
dolicomorphic horses, reared mainly in the eastern part
of the island. Overall, it has a conformation that adapts
to the saddle and has a docile and submissive charac-
ter. These horse populations possess valuable traits, such
as disease resistance, longevity and adaptation to harsh
conditions and poor-quality feed.

With the development of the molecular technol-
ogy and in particular the use of microarray platforms,
investigation techniques for defining the genomic
structure and evolutionary history of livestock popula-
tions have become increasingly widespread. However,
compared to those of the livestock species, only a lim-
ited number of genetic diversity studies have been
conducted in horses (Pereira et al., 2017; Petersen
et al., 2013), leaving the population structure of local
breeds undetermined, which is the case for the Sicilian
horse populations. Genetic diversity is a key measure
for monitoring genetic parameters that are important
for the prevention of genetic erosion, inbreeding and
other deleterious processes that may lead to population
extinction. The runs of homozygosity (ROH) have been
used in livestock for the identification of homozygous
genomic regions and as a predictor of whole-genome
inbreeding levels (Marras et al., 2015; Mastrangelo,
Ciani, Sardina et al., 2018). ROH are the consecutive
homozygous genotypes of variable length distributed
across the genome with prevalence in regions affected
by low recombination rates. ROH arise from identical-
by-descendent haplotypes transmitted by common
ancestors whose length appears to be proportional to
the level of inbreeding and directly linked to the gen-
eration of parental transmission of homozygous gen-
otypes (Ceballos et al., 2018; Curik et al., 2014; Kim
et al., 2013). The characterization of the distribution
and lengths of ROH within a population can help re-
veal its evolutionary history, incorrect mating schemes
that result in an increased level of inbreeding, and
identify close genomic associations with phenotypic
traits. In recent years, studies focussed on the detec-
tion of positive selection using ROH signals have been
also carried out in horses (Druml et al., 2018; Grilz-
Seger, Druml, Neuditschko, Dobretsberger et al., 2019;
Metzger et al., 2015).

In this study, a medium-density SNP genotyping panel
was used to characterize the three Sicilian horse popula-
tions, with the aim of investigating the genetic diversity,
population structure and the patterns of ROH. For com-
parative purposes in relation to their origins and evolu-
tionary history, the SNP genotyping data of 17 additional
horse breeds from Europe and Middle East were also in-
cluded in the analyses.
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2 | MATERIALS AND METHODS

2.1 | DNA sampling and genotyping

Blood samples were collected from 46 horses belonging to
Sanfratellano (SAN = 17), Purosangue Orientale Siciliano
(SOP = 12) and Siciliano (SIC = 17). Whole blood samples
(10 ml) were obtained from the jugular vein in tubes con-
taining ethylenediamine tetra-acetic acid as an anticoagu-
lant. The sampling procedure was carried out according to
Directive 2010/63/EU by authorized personnel during the
periodic veterinary control; therefore, no pain, suffering,
distress or lasting harm to the animals was caused.

DNA was extracted from leukocytes using the
lustrablood Genomic Prep Mini Spin kit (GE Healthcare).
Individual samples were genotyped using the Illumina
Equine SNP70K BeadChip (Illumina Inc.), which con-
sisted of 65,157 SNPs.

2.2 | Data sets construction and
quality control

In order to explore the genetic relationships of Sicilian
populations in a wider context, genotypes of other 17
horse breeds from a previous study were used (Petersen

Population Acronym n Origin
Akhal-Teke AKTK 19  Turkmenistan
Andalusian AND 18  Spain
Arab ARR 24 Middle East
Belgian BEL 30 Belgium Draft
Clydesdale CLYD 24 Scotland Draft
Finnhorse FIN 27  Finland
Franches-Montagnes =~ FM 19  Switzerland
French Trotter FT 17  France
Hanoverian HAN 15  Germany Riding
Lusitano LUST 24  Portugal
Maremmano MARM 24 Italy Riding
Norwegian Fjord NORF 21  Norway
North Swedish Horse = NSWE 19  Sweden Draft
Percheron PERC 23 France Draft
Sanfratellano SAN 17 Sicilia Riding
Shire SHR 23 England Draft
Siciliano SIC 17  Sicilia Riding
Purosangue Orientale SOP 12 Sicilia

Siciliano
Swiss Warmblood SZWB 14 Switzerland
Thoroughbred TB 36 England

Classification

Riding, endurance

Riding, sport

et al., 2013) (Table 1). In detail, the combined data set
(20POP) included populations of European origin classi-
fied as riding, race and sport horses, namely Maremmano
(MARM), French Trotter (FT), Hanoverian (HAN), Swiss
Warmblood (SZWB), Andalusian (AND), Lusitano (LUST)
and Thoroughbred (TB), as well as populations classi-
fied as draft horses (heavy and light), namely Clydesdale
(CLYD), Shire (SHR), Belgian (BEL) Percheron (PERC),
Franches-Montagnes (FM), Finnhorse (FIN), Norwegian
Fjord (NORF) and North Swedish Horse (NSWE). In addi-
tion, Akhal-Teke (AKTK) and Arab (ARR) horses, known
for their endurance attitude and originating in the Middle
East, were included.Furthermore, to investigate in detail
the relationship among Sicilian horses, a reduced data set
was also created, which included SAN, SIC, SOP, ARR
and MARM and which was based on historically existing
relationships between these populations (5POP).

Chromosome assignment and position for each marker
were updated on the equine EquCab 3.0 genome assem-
bly (Beeson et al., 2019). The information reports with the
correspondence between the EquCab 2.0 and EquCab 3.0
are publicly available (https://www.animalgenome.org/
repository/pub/UMN2018.1003/).

The software PLINK ver. 1.9 (Chang et al., 2015) was
used to perform data management and quality control.
SNPs were filtered to exclude loci assigned to unmapped

TABLE 1 Population name, acronym,
sample size (n), region of origin and the
classification of the 20 analysed horse
populations

Riding, endurance

Light draft, riding, trotting
Light draft, riding
Riding, trotting

Riding, sport

Light draft, riding

Riding, endurance

Riding, sport

Race, riding, sport
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contigs, and only SNPs located on autosomes were con-
sidered. Quality control included call frequency >0.98 and
minor allele frequency (MAF)>0.01. Animals with more
than 2% missing SNPs were excluded from the analysis.
After filtering and quality control, 39,419 (20POP) and
39,204 (5POP) SNPs were retained.

2.3 | Genetic diversity indices

PLINK ver. 1.9 (Chang et al., 2015) was used to estimate
within-population genetic diversity coefficients (H, and
H,) in the 5POP data set. According to the random mat-
ing option, within the linkage disequilibrium method
(Waples & Do, 2010), the contemporary effective popu-
lation size (cNe) was estimated using NeEstimator V2.1
(Do et al., 2014). Historical effective population sizes
(hNe) were also estimated using the script GONE (https://
github.com/esrud/GONE), which implements an ap-
proach recently developed by (Santiago et al., 2020); the
inference of the hNe from the actual to the 100th genera-
tion in the past was obtained by setting the options to the
default values.

2.4 | Genetic relationships and
population structure

PLINK ver. 1.9 software (Chang et al., 2015) was used to
calculate pairwise identical-by-state distances between
populations, graphically represented by multidimensional
scaling (MDS) analysis. Arlequin ver. 3.5.2.2 (Excoffier &
Lischer, 2010) was implemented to infer genetic relation-
ships between populations by pairwise Reynolds’ genetic
distances. Neighbour-Net was constructed from the esti-
mated genetic distances using SplitsTree4 software ver.
4.14.8 (Huson & Bryant, 2006). The population structure
was investigated by applying the model-based cluster-
ing algorithm run in ADMIXTURE ver. 1.3.0 (Alexander
et al., 2009) from K = 2-25; a cross-validation procedure
was applied (cv = 10). The circle plot of admixture results
was obtained using BITE ver. 1.2.0008 (Milanesi et al., 2017)
under the open-source programming environment for sta-
tistical analysis R (R Development Core Team, 2020).

2.5 | ROH detection

ROHs were detected in the 5SPOP data set using the R pack-
age detectRUNS ver. 0.9.6 (Biscarini et al., 2018). ROH sta-
tistics were inferred using the consecutive runs method
(Marras et al., 2015). Specifically, ROHs were obtained by
setting the minimum number of SNPs to 15, not allowing
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either missing or heterozygous SNPs, setting the mini-
mum length of the run to 1 Mbps and the maximum gap
between consecutive SNPs to 1 Mb. The minimum length
of an ROH was set to 1 Mb to exclude short ROH seg-
ments derived from linkage disequilibrium, as applied in
other livestock species such as cattle (Marras et al., 2015),
goat (Manunza et al., 2016), pig (Schiavo, Bovo, Bertolini,
Dall'Olio et al., 2020) and sheep (Mastrangelo et al., 2017).
The mean number of ROH (Nyop) and average length of
ROH (Lgp) per individual per population as well as the
sum of ROH segments (Syoy) per animal were estimated.
The total length of the genome covered by ROH was di-
vided by the total horse autosomal genome length covered
by the SNP array to evaluate the individual genomic in-
breeding coefficient (Fyoy). Each ROH was then catego-
rized based on its physical length as follows: 1 to <2 Mb, 2
to <4 Mb, 4 to <8 Mb, 8 to <16 Mb and 216 Mb. The Fyoy
per length category was calculated.

ROH segments with a high occurrence in each pop-
ulation (ROH islands) were defined as reported by
Gorssen et al. (2021). In detail, the SNP-within-ROH
incidences per population were transformed into stan-
dard normal z-scores. Based on z-scores, p-values were
calculated and the top 0.1% of SNPs were included in
ROH islands.

The genomic coordinates of ROH islands were exam-
ined using the Ensemble browser for the horse genome,
according to the assembly EquCab 3.0 (https://www.
ensembl.org/index.html) to retrieve annotated gene lists.
The Horse Quantitative Trait Locus Database (Horse
QTLdb) (https://www.animalgenome.org/cgi-bin/QTLdb/
EC/index) was used to search for possible associations be-
tween the aforementioned markers and reported QTL in
horse species and to clarify the gene’s identity and func-
tions. Gene Ontology (GO) and the enrichment analysis
of annotated genes were conducted using the open-source
Database for Annotation, Visualization and Integrated
Discovery ver. 2021 package (https://david-d.ncifc
rf.gov) (Huang et al., 2009). For the GO terms, and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analysis, the Equus caballus annotation file was used as
the background; the level of significance for the enriched
biological processes was set as p <.05. Corrections for mul-
tiple testing were made by applying the Bonferroni test.

3 | RESULTS

3.1 | Genetic diversity indices

The genetic diversity indices are presented in Table 2. The
highest expected heterozygosity value (H,) was reported
in SIC, and the lowest was found in SOP; the observed


https://github.com/esrud/GONE
https://github.com/esrud/GONE
https://www.ensembl.org/index.html
https://www.ensembl.org/index.html
https://www.animalgenome.org/cgi-bin/QTLdb/EC/index
https://www.animalgenome.org/cgi-bin/QTLdb/EC/index
https://david-d.ncifcrf.gov
https://david-d.ncifcrf.gov
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heterozygosity (H,) was the highest in SIC and the low-
est in ARR. The contemporary effective population sizes
(cNe) were 10 and 31 in SOP and SAN, respectively,
whereas notably higher values were recorded in ARR
(194), MARM (296) and SIC (397). Table 2 also shows the
values of hNe, which represent the effective population
sizes in the first generation and have the same ranking of
cNe except for the relative position of MARM and ARR.
The variation in hNe going back to the 100th generation is

shown in Figure S1. As expected, hNe decreased progres-
sively across generations.

3.2 | Genetic relationships and
population structure

The reduction in the SNP matrix variability by the first
two components (which accounted for 37.3% of the

TABLE 2 Population acronym, expected heterozygosity (H,), observed heterozygosity (H,) with relative standard deviations (SD),
contemporary effective population size (cNe), historical effective population size at the first generation (hNe) of the three Sicilian
populations (Sanfratellano-SAN, Siciliano-SIC and Purosangue Orientale Siciliano-SOP), Arab (ARR) and Maremmano (MARM) horses

Population H, SD H, SD cNe hNe
ARR 0.297 0.170 0.292 0.182 194 254
MARM 0.317 0.154 0.328 0.175 296 91
SAN 0.300 0.163 0.314 0.191 31 58
SIC 0.323 0.147 0.333 0.175 397 582
SOP 0.277 0.184 0.315 0.231 10 17
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total variation) of the MDS analysis showed the clear
separation of most of the analysed samples (20POP)
(Figure 1a). In particular, the results showed the sepa-
ration of TB, SHR and CLYD. Partial overlapping has
been found between BEL and PERC horses and among
FIN, NSWE and NORF breeds. As expected, the Iberian
horses (AND and LUST) clustered together, as well as
ARR and SOP breeds. The AKTK horse showed a high
degree of internal homogeneity. The FM horse reported
a variability gradient between heavy draft horses (BEL
and PERC) and saddle horses (SAN, SIC, MARM, HAN,
FT and SZWB), the latter showing varying levels of
admixture.

The result of the MDS analysis in the 5SPOP data set
was plotted in Figure 1b. SOP and ARR populations
confirmed their proximity, SIC and SAN formed a clus-
ter together with MARM. In particular, the first compo-
nent (16.3%) clearly separated the cluster of Oriental
horses (ARR and SOP) and the group consisting of meso-
doligomorphic horses (SIC, SAN and MARM). The second
component, which accounted for 7.4% of the variation, did
not discriminate SIC from ARR and SOP from MARM.
The Neighbour-Net based on Reynolds’ pairwise genetic
distances (Figure 2) has provided an even more schematic
subdivision of the analysed data set (20POP). On one side
of the net (a), we found the riding horses with the clear
clustering of Iberian horses (AND and LUST), endurance
horses (AKTK, ARR and SOP) and saddle horses (SAN,
SIC, MARM, HAN, SZWB and FT); these last ones inter-
connected with each other and with the TB. On the other
side of the net (b), the draft horses (heavy and light) are
highlighted, with evident sub-branches that recalled the
results of the MDS.

The Neighbour-Net based on Reynolds' distances cal-
culated in the SPOP data set (Figure S2) recalled the out-
put of the first dimension in the MDS analysis (Figure 1b)
and reported ARR and SOP connected to the same split
node, and SIC, SAN and MARM close to each other in a
common reticulation.

We further examined the population structure by vary-
ing the number of ancestries (K) (Figure 3). As suggested
by the cross-validation procedure (Figure S3), K = 12 was
the most likely number of clusters present in the total
sample. In general, the results agreed with the findings
outlined above. The first split (K = 2) differentiated TB
and CLYD from all other populations. When K increased
from 4 to 12, populations were progressively assigned to
separate clusters, but some differences persisted. In fact,
some breeds showed a complex admixture-like pattern.
Moreover, the genomic clustering from k = 4 to K = 12
highlighted the admixture among populations classi-
fied as racing horses and their relationship with TB and
also the relationships among the draft populations (light

and heavy). The admixture between ARR and SOP was
marked, particularly from K = 2 to K = 11. Worth of note
was also the influence that the Oriental strain (green
cluster) had on AKTK and partly on AND and LUST, as
well as on saddle horses (MARM, HAN and SZWB) with
particular evidence on SAN and SIC. The Iberian horses
(AND and LUST) showed overlapping genomic patterns.
Finally, SAN, SIC, MARM, HAN and SZWB, which have
highlighted admixed genomic structures, have reported
evident similarities and a clear relationship with the
Thoroughbred.

3.3 | ROH detection

Table 3 summarizes Sgoy (expressed in Mb), Nyops
Lpon (expressed in Mb) and the inbreeding coefficient
estimated from ROHs (Fyop). The parameters were
highly variable, especially if we considered the ARR
and SIC samples, which showed the highest and low-
est values, respectively. In particular, the Sy distrib-
uted over the 31 chromosomes was the highest in ARR
(424.52+134.62) and SOP (303.10+90.56), followed
by MARM (227.69+49.69), SAN (210.25+40.46) and
SIC (162.99 £48.05) horses. In the whole sample, three
ARR and one SOP horses showed an Sgqy; higher than
500 Mb, whereas 12 individuals (9 SIC, 2 MARM and 1
SAN) reported values lower than 150 Mb. The Ny and
Lroy mean values were the highest in ARR, followed by
MARM, SOP, SAN and SIC. The mean Fyqy; varied be-
tween 19% (ARR) and 7% (SIC) and followed the same
breed ranking as that of Syoy. The average breed and in-
dividual inbreeding coefficients are plotted in Figure 4,
where ARR showed the highest values and the highest
internal variability, followed by the SOP horse, whereas
MARM, SAN and SIC showed lower values and higher
within-sample homogeneity. The highest within-breed
Frop value per individual was in ARR (40%) and SOP
(25%), whereas the lowest value was in SIC (5%).

The majority of the ROHs detected in the five popula-
tions showed a length not exceeding 8 Mb (from 94.8% in
ARR to 98.2% in SIC), as shown by the percentage distri-
bution of ROHs (ROH%) in Table 4. The Arab horse high-
lighted the lowest values of ROH% included in the bottom
class of length (1-2 Mb), while SIC and SAN showed
the highest value. The medium length class (4-8 Mb) re-
ported ARR and MARM samples with a ROH% above 7%,
whereas the Sicilian horses showed lower percentages
(5.4% in SOP-4.4% in SIC). The highest values of ROH%
at lengths above 8 Mb were registered in ARR (5.2%), fol-
lowed by SAN (3.8%), MARM (3.7%), SOP (2.3%) and SIC
(1.7%). In the same table, the Fyqy values per class of ROH
length are reported: the inferred inbreeding coefficients
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FIGURE 2 Neighbour-net based on Reynolds’ pairwise genetic distances among the 20 horse populations. For a full definition of the

populations, see Table 1

decreased with increasing length of ROHs, with the ex-
ception of SOP and SAN, which showed an increase cor-
responding to the >16 Mb class. The ARR sample reported
the highest Fpopy values, considering the most recent and
the oldest inbreeding, whereas SIC showed the lowest val-
ues, particularly for the longest classes where Fypoy was
near to zero. The Fypoy percentage incidence (Frou%) of
the two lowest length classes (<4 Mb) was always above
55% of the total Fyoy per sample (lowest Frop% in ARR)
and reached the highest value in SIC (75%). In SIC, the re-
maining portion of Fyoy was equally distributed between
the middle (4-8) and long (>8 Mb) length classes, SOP
reported a slight increase in the percentage from the inter-
mediate class to the two major ones; in ARR, MARM and
SAN, the Fpou% at lengths >8 Mb was always higher than
23%. The markers involved in ROHs showed a within-
population percentage of recurrence that ranged from 4%
to 100%. In Figures S4-S8 are shown the Manhattan plots
of SNPs per population according to p-values derived from
the standard normal z-scores.

Per each population, we further investigated the case
of those segments of autozygosity that included SNP-
within-ROH that showed a p-value >.999 (ROH islands).
Table S1 reports the genomic coordinates of the ROH

islands, the number of SNPs per ROH, and the annotated
genes and QTL traits. A total of 25 ROH islands harbour-
ing 364 markers were identified: 171 SNPs were located
in intronic regions and two markers in exon portions of
67 known genes (data not shown). The highest number
of ROH islands was identified in SAN: nine islands of ho-
mozygosity containing 133 SNPs detected on eight chro-
mosomes (ECA4, ECA9, ECA11, ECA14, ECA15, ECA1le6,
ECA17 and ECA20). In particular, 60 markers were located
within intronic regions, and one marker was detected
within exon sequence of 25 known genes. In ARR, horses
shared six ROH islands, which were identified in five
chromosomes (ECA2, ECA3, ECA6, ECA7 and ECA18).
Within the above-mentioned ROH segments, 85 markers
were identified, 53 SNPs of which were located in intronic
portions of 19 known genes. Within the MARM sample,
five ROH islands in ECA4, ECA10, ECA17 and ECA18
were identified: 54 markers were detected, 15 of which
were intronic variants of 10 known genes. In SOP, three
ROH islands were reported on ECA4, ECA9 and ECA18S.
In this case, 49 markers were detected, and in particular,
38 markers were located in intronic regions of 10 known
genes. In the SIC sample, two ROH islands were located
in chromosomes ECA6 and ECA7, in which 43 markers
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FIGURE 3
ancestral clusters (K) inferred by
ADMIXTURE analysis of the 20 horse
populations. For a full definition of the
populations, see Table 1 [Colour figure

Circle plot showing

can be viewed at wileyonlinelibrary.com]

i

S

were identified: five markers were intronic variants, and
one was a missense SNP of four known genes.

The search on the Horse QTLdb revealed 26 different
markers within ROH islands associated with 29 QTLs be-
longing to seven different traits (Table S2). Thirteen differ-
ent markers of the above-mentioned 26 SNPs fell within
the intronic regions of 11 known genes. The highest num-
ber of QTL-associated markers was detected in ARR. In
particular, 22 markers were identified in association with
five traits (guttural pouch tympany, insect bite hypersen-
sitivity, white markings, alternate gaits and altitude adap-
tation). SOP showed two markers associated with altitude
adaptation and temperament. SIC, MARM and SAN re-
ported one marker associated each with the traits alternate
gaits, insect bite hypersensitivity and withers height, re-
spectively. The results of the GO and enrichment analysis
on annotated genes (Table S3) revealed 16 genes enriched
in six biological processes, 16 molecular and one cellular
component functions. In ARR, four genes were enriched
in two biological processes and five genes in 15 molecular
functions. In MARM, two genes resulted significantly in-
volved in one biological process, one molecular and one
cellular component function, whereas SAN harboured
five genes enriched in three biological processes. The GO
analysis revealed no enrichment for SIC and SOP because

N
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of the low number of annotated genes. The KEGG analysis
highlighted exclusively one biological pathway related to
the immune response in ARR. GO terms and KEGG anal-
ysis were also corrected for multiple testing (Bonferroni
adjusted p <.05) showing no significant enrichment.

4 | DISCUSSION
Sicily, the centre of the Mediterranean region, has al-
ways been the crossroads of a continuous flow of animal
germplasm that accompanied various dominations. From
600BC up to the 16th century, the equine genetic basis pre-
sent on the island has been shaped by various horse popu-
lations from North Africa and Middle East, from Northern
Europe with the Norman invasion, and from Iberian coun-
tries during Spanish domination (Fogliata, 1910). Arab stal-
lions contributed to the origin of the Purosangue Orientale
Siciliano and are still used as breeding animals. Arab breed
has also influenced the evolution of the Siciliano horse.
Furthermore, it has been reported that it is worth noting the
contribution made by the Thoroughbred and Maremmano
to the evolution of Sanfratellano (Zuccaro et al., 2008).
The advent of high-throughput genotyping arrays
has greatly facilitated the study of genetic structure in
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Population Parameters Mean SD
ARR Srom 424.52 134.62
Nion 121.45 55.69
Lrox 2.66 0.43
From 0.19+0.024 0.06
MARM [ 227.69 49.69
Nron 74.06 36.77
Lrom 2.43 0.40
Fron 0.10+0.009 0.02
SAN Srom 210.25 40.46
Nion 50.90 27.71
Lyon 2.25 0.47
Fron 0.09+0.008 0.02
SIC Sro 162.99 48.05
— 46.97 24.05
[— 1.86 0.29
From 0.07+0.010 0.02
SOP Srom 303.10 90.56
Nion 53.52 2521
Lrom 2.16 0.46
Fron 0.13+0.023 0.04

Note: Parameters show mean values over individuals and chromosomes of the sum of ROH in mb (Sgog),

TABLE 3 Population acronym

Min. Max. and parameters' results of runs of
271.01 892.49 homozygosity (ROH) analysis on
46 279 Sanfratellano (SAN), Siciliano (SIC),
2.00 3.58 Purosangue Orientale Siciliano (SOP),
012 0.39 Arab (ARR) and Maremmano (MARM)
samples
146.43 318.19
21 180
1.73 3.08
0.06 0.14
135.09 290.58
12 125
1.36 3.11
0.06 0.13
113.24 310.38
9 121
1.39 2.49
0.05 0.14
222.47 560.70
10 114
1.45 3.37
0.10 0.25

of the number of detected ROHs (Nyqy), of the length of ROH in mb (Lyy), of inbreeding coefficient

(Fron) £ confidence interval (95%), the respective standard deviations (SD) and minimum and maximum

values.

0.45

0.40 |q
0.35 1

0.30 4

l:ROH

T Mean Fyopy

ARR

MARM

SAN

SOP

FIGURE 4 Scatter plot of individual
inbreeding coefficients (Fyqyy) (circles)
and breeds' Fyop (squares) estimated from
runs of homozygosity analysis of Arab
(ARR), Maremmano (MARM) and the
three Sicilian populations (Sanfratellano-
SAN, Siciliano-SIC and Purosangue
Orientale Siciliano-SOP). Y-axis
represents Froy values' gradient, while x-
axis distributes the 94 individuals grouped
per population (coloured alternatively in
black and white)

livestock species, giving rise to the possibility of inves-
tigating the old and recent relationships among popula-
tions. Previous studies (Criscione et al., 2015; Guastella
et al., 2011; Zuccaro et al., 2008) have focussed on the ge-
netic characterization of Sicilian horses by implementing
nuclear and mtDNA markers; however, this study is the
first to present the genomic characterization of Sicilian
horse populations.

Genetic diversity indices are key parameters in the ge-
netic management of populations. The H, has always been
lower than H,, with the exception of Arab horses, in which
the H, and H, values nearly overlap. The H, in Arab is con-
sistent with that reported by Cosgrove et al. (2020) who
highlighted a range of 0.30-0.33 in different Arab strains
and 0.26 in Straight Egyptian, and also consistent with that
reported by Schaefer et al. (2017). Cosgrove et al. (2020)
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TABLE 4 Population acronym and parameters' results of runs of homozygosity (ROH) analysis per class of ROH’s length (in mb) on
Sanfratellano (SAN), Siciliano (SIC), Purosangue Orientale Siciliano (SOP), Arab (ARR) and Maremmano (MARM) samples

Classes of ROH length in mb

Population Parameters 1-2 2-4 4-8 8-16 >16

ARR ROH % 63.2 23.6 8.0 3.8 14
Fron 0.060 £ 0.004 0.044 £0.004 0.031£0.005 0.028 £0.008 0.024£0.018
Fron% 31.9 23.6 16.4 15.1 13.0

MARM ROH% 71.9 16.9 7.4 2.8 0.9
Fron 0.041 £0.002 0.019£0.002 0.017 £0.004 0.013£0.005 0.010£0.005
Fron% 40.5 19.2 17.0 13.3 10.1

SAN ROH% 77.8 13.6 4.8 2.3 1.5
Fron 0.042£0.002 0.015£0.001 0.011£0.003 0.010 £0.004 0.014£0.007
Fron% 45.5 16.5 11.6 10.9 15.5

SIC ROH % 77.8 16.0 4.4 1.4 0.3
Fron 0.038 £0.003 0.016 £0.002 0.009 £0.003 0.006 £0.005 0.003 £0.003
Frou% 53.4 22.0 12.3 8.3 4.0

SOP ROH% 71.5 20.8 54 1.4 0.9
Fron 0.060+0.003 0.033£0.003 0.018 £0.004 0.010 £0.006 0.014£0.017
Fron% 44.8 24.6 13.2 7.2 10.3

Note: Parameters show the percentage distribution of ROHs (ROH%), inbreeding coefficient (Fyqy) & confidence interval (95%) and the Fyqy percentage

incidence on total Froy (Frou%) per class of ROH’s length (in mb).

also reported H, values of other 18 breeds, ranging be-
tween 0.32 and 0.36, including the Maremmano horse
(H, = 0.36), which was consistent with our results. Lower
values, both for H, and H,, were reported in Haflinger,
Noriker, Arab and Bosnian Mountain Horse (0.256-0.326
H,; 0.258-0.311 H,), characterized by using Affymetrix
Axiom™ Equine genotyping array (Druml et al., 2018).
Effective population size (Ne) is one of the variables to
be considered in breed conservation (Verrier et al., 2015)
and is defined as the size of an idealized population that
would produce the same genetic variation as the popula-
tion under study (Wright, 1969). The maintenance of Ne
at or above 50 to 100 is a principle of breed conservation
(Meuwissen, 2009). The contemporary effective popula-
tion size (cNe) indicated a high risk of inbreeding and re-
duced genetic diversity in Sanfratellano and Purosangue
Orientale Siciliano. However, we cannot rule out the
presence of an ascertainment bias phenomenon due to
the use of small samples sizes in the Sicilian horse pop-
ulations (Bedhiaf-Romdhani et al., 2020). To confirm cNe
estimates, we also used the method developed by Santiago
et al. (2020), which implements a genetic algorithm
(Mitchell, 1998) to infer the recent demographic history of
a population from the SNP data of a small sample of con-
temporary individuals. Although the estimates of current
hNe differ from the cNe values, the samples' rankings ob-
tained with the two methods are similar except for MARM
(cNe = 296, hNe = 91). Moreover, MARM’s hNe is closer

to that reported in previous studies by (Giontella, Sarti
et al., 2020) (71) and Giontella et al. (2019) (68.1 +13.00),
based on the analysis of pedigree data.

A Bayesian model-based clustering algorithm, multi-
dimensional scaling analysis and genetic distances rep-
resented by the Neighbour-Net algorithm were used to
explore and visualize the genetic relationships between
Sicilian and other 17 horse populations. The combined
use of these different approaches converges towards over-
lapping results. Thoroughbred horse known for its long
history of pure breeding (Cunningham et al., 2001), and
Shire and Clydesdale samples which are known among
the draft breeds for their large size, showed an evident
degree of differentiation. The interconnections within the
draft horse category were also evident, and in particular
between Belgian and Percheron horses (heavy draft), as
well as among Scandinavian light draft horses (Finnhorse,
Norwegian Fjord and North Swedish Horse). The Iberian
horses (Andalusian and Lusitano), which have centuries
of selection behind them and have undergone the influ-
ence of Oriental horses (Royo et al., 2005), highlighted a
common genomic pattern. The Akhal-Teke horse, known
for its endurance attitude and thought to be descended
from the Oriental Turkoman horse, showed the expected
relationships with the strain of Middle Eastern origin. Our
results have also revealed the close relationship between
populations within the two groups of horses (ARR-SOP
and SAN-MARMS-SIC), according to their genetic origin
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and breeding history. The use of small sample sizes can
generate issues when inferring population genetic param-
eters. However, despite the small number of individuals
belonging to the three Sicilian horse populations, the sur-
vey of the genomic structure and relationships among
populations in the broad framework of the domestic horse
yielded consistent results. Moreover, it has been empiri-
cally demonstrated that for population structure analyses,
the patterns observed using six randomly extracted ani-
mals per breed closely mirror those inferred from 20 to 24
animals per breed (Gaouar et al., 2017).

Arab and Purosangue Orientale Siciliano share a com-
mon ancestry. The Purosangue Orientale Siciliano rep-
resents the evolution guided by the selection of a nucleus
of Oriental horses imported from Syria and Mesopotamia
in 1864 directly from the Bedouin tribes and belonging
to the Hamdani, Saglawi, Kuhaylan and Abayan lines
(Balbo, 1995). Guastella et al. (2011) in a study on Sicilian
horses using mtDNA characterization identified in SOP a
unique haplotype that corresponds to the Dafina matrilin-
eal line founder of the Keilan el Krush Arab strain. During
the early years of the twentieth century, oriental stallions
continued to be imported from the Middle East, Hungary,
France and Poland (studbook source). Since the formation
of the Purosangue Orientale Siciliano, Arabian stallions
have been fundamental in mating plans and still represent
an important source of genomic diversity for this Oriental
horse reared in Sicily. The most recent use of Arab stal-
lions as breeding animals dates back to 2016 (studbook
source). The Purosangue Orientale Siciliano sums up the
physical characteristics of the Arab horses, with the excep-
tion of the pure Egyptian lines used for performance, and
the morphology developed over the course of its evolution
makes it suitable as a saddle and light draft horse, with
a particular predisposition for running and endurance
over long distances. The evolution of the Sanfratellano
was significantly influenced by the Maremmano horse.
From 1934 to 1944, seven Maremmano stallions were
used in the Sanfratellano mating plans. This process of
genetic introgression constituted the basic structure of
the Sanfratellano genes. The aim was to soften the shapes
of the population, increase the height at the withers and
improve its behaviour, without removing the innate fru-
gality, the robustness of the skeletal structure and resis-
tance to fatigue, which are typical characteristics of this
autochthonous horse and are transmitted by the maternal
lines. Selective hybridization was practised on the prog-
eny of this group of stallions until 1958. At the end of the
sixties, two other Maremmano stallions were used for the
selective mating of Sanfratellano (Chiofalo et al., 2003;
Zuccaro et al., 2008). The genomic admixture between
the Sanfratellano and Siciliano horses can be explained
by the common origins of the two Sicilian autochthonous

populations influenced by Oriental and North African
horses, documented by historical data (Fogliata, 1910;
Zuccaro et al., 2008), as well as by occasional gene flow
between the two populations. Siciliano is a very hetero-
geneous and largely unmanaged population, likely de-
rived from a primitive strain of Sicilian horses; Guastella
etal. (2011) reported one haplotype in Siciliano that traces
back to a Bronze Age archaeological site (Inner Mongolia;
DQ900929). This population is largely influenced by the
breed “Real Casa di Ficuzza” (Borbon domination XIX
sec.), which was strictly related to Napoletano, Persano
and Arab horses (Balbo, 1995). The relationship between
Siciliano and Maremmano can be traced back to the in-
trogression of Thoroughbred genetics into both popu-
lations (Balbo, 1995; Giontella, Cardinali et al., 2020;
Hendricks, 1995).

In recent years, the globalization of equine breeding
has strongly oriented this species as a sporting animal
(Waran, 2007). The preferential breeding of horses with
high sporting and economic potential as well as the use
of sperm from selected stallions is a threat to the genetic
diversity of local populations and, therefore, to the equine
species (Bowling & Ruvinsky, 2000). Local populations,
such as Sicilian horses, often have a small effective size,
which implies difficulties related to the management of
inbreeding and intra-breed genetic diversity. The risk
of extinction is recognized in the Sanfratellano (endan-
gered state) and Purosangue Orientale Siciliano (critical
state) by international (http://www.fao.org/dad-is/brows
e-by-country-and-species/en/) and local authorities (PSR
Regione Sicilia 2014-2020).

Population genetics studies, performed by analysing
the distribution, prevalence and location of ROHs provide
useful information about population structure, evolution-
ary history and breeding selection. The inbreeding coef-
ficient estimated on molecular autozygosity is one of the
parameters obtained from genetic characterization using
SNP arrays and is particularly useful when genealogical
records are lacking or absent. Moreover, the estimate of
the number of ROH and the length of these segments
may be useful for conservation programmes in endan-
gered populations and can contribute to improving mat-
ing strategy and management. For example, animals that
have the high levels of ROH (with long segments) could
be excluded from mating schemes or assigned lower pri-
ority to minimize the loss of genetic diversity and main-
tain or increase the effective population size (Cortellari
et al.,, 2021; Mastrangelo, Ciani, Marsan et al., 2018;
Metzger et al., 2015; Purfield et al., 2012; Schiavo, Bovo,
Bertolini, Tinarelli et al., 2020). Our results showed
that the Arab horses had the highest levels of Fygy, fol-
lowed by Purosangue Orientale Siciliano. As reported by
Cosgrove et al. (2020), the Arab breed has been dispersed
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widely across the globe but maintained a unique genetic
identity thanks to its studbook, one of the oldest in the
equestrian world, which imposes a very restrictive stan-
dard that has made the Arab horse what is today. The Fpoy
was higher than that reported by Druml et al. (2018) in
Shagya Arabians (Froy = 0.16) and Purebred Arabians
(Fromg = 0.18), but it was lower than the inbreeding coef-
ficient estimated by using PLINK command-line program
(Fping) in Straight Egyptian horses (0.30) by Cosgrove
et al. (2020), who also reported a range of Fp g vary-
ing between 0.12 and 0.30 in the six different lineages of
Arabian horses. The Purosangue Orientale Siciliano is an
oriental horse type whose Stud Book was established with
Royal Decree No. 2690 on 09/19/1875. The population has
always maintained a high degree of morphological and
genetic homogeneity during its evolution, but despite the
very low consistency (today approximately 200 horses), it
has maintained a moderate degree of inbreeding thanks
to the periodic introduction of Arab blood. The Fyoy in
Purosangue Orientale Siciliano (0.13) was substantially
lower than that in the Arab sample and lower than the
values reported by Druml et al. (2018) in Arab horse.
Furthermore, the Fypoy value of Purosangue Orientale
Siciliano was comparable to the Fp ;g values of the
Arab lineages of Poland, Iran and in multi-origin Arabs
(Cosgrove et al., 2020) as well as the values reported by
Schaefer et al. (2017). The Maremmano and Sanfratellano
saddle horses showed the intermediate values of the ROH
parameters, which especially when compared to the Arab
and Purosangue Orientale Siciliano, corroborate the dif-
ferent histories of the formation of these populations that
have undergone the influence of genetic types, such as the
Thoroughbred and Iberian horses.

The Fyopy values of Maremmano (0.10) and Sanfratellano
(0.09) are comparable to those reported in Slovenian
Haflinger (0.12) (Grilz-Seger et al., 2018) and in Lipizzan
(mean 0.13), which showed a variation between 0.07 and
0.15 in the four analysed lineages (Grilz-Seger, Druml,
Neuditschko, Dobretsberger et al., 2019) as well as com-
parable to Fypoy reported in Noriker (0.10) (Grilz-Seger,
Druml, Neuditschko, Mesaric et al., 2019). The Siciliano
horse, an equine population that currently does not have
breed recognition and for which there is no selective plan,
showed the lowest Fyopy index (0.07). The census popula-
tion recorded by an Association of Breeders, ARACSI, cur-
rently stands at around 200 horses, a number that would
make us wait for higher inbreeding values. It is likely that
the genomic basis of this population has maintained a high
degree of variability among the different family lines kept
by breeders in Sicily by virtue of unsystematic crossbreed-
ing involving a population of breeding animals larger than
the recorded ones. The Fyqy; values in Siciliano are lower
than those found in Bosnian Mountain Horse, which have
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fewer than 200 heads (0.13) and are comparable to those
of Posavje horse with approximately 600 heads (0.09),
both of which have started their recovery plan in the last
30years (Grilz-Seger et al., 2018). The inbreeding index
derived from the analysis of ROH by length classes allows
us to hypothesize the number of generations back in time
to which the autozygosity segments refer. The expected
length of an autozygous segment follows an exponential
distribution with a mean equal to 1/2 g Morgans, where
g is the number of generations since the common ances-
tor (Howrigan et al., 2011). In particular, 16 MB long ROH
segments have been estimated to reflect inbreeding in up
to three generations in the past, whereas short ROH seg-
ments (1 MB) are related to ancient inbreeding, up to 50
generations in the past. Assuming an average generational
interval of 10years in the equine species, as reported by var-
ious authors (Valera et al., 2005), the Fgqyy, calculated for
each length class traces back the common inbreeding in a
time interval from 30 to 500years. In Siciliano, inbreeding
is primarily attributable to distant ancestors and dates back
to the Spanish domination (XVI-XVII century), a period
in which the equine genetic basis in Sicily was influenced
by Iberian horses and the historical period in which the
differentiation between genetic types that we know today
(SOP, SAN and SIC) had its beginning. The distribution of
length class Fyopy has shown that in Arab, Maremmano and
Sanfratellano horses, a considerable percentage of the total
Fron dates back to 70years in the past (ROH length >8 Mb).
Therefore, the Sanfratellano horse reports most of its auto-
zygosity in a period that corresponds to the hybridization
process (1950s) that followed the first and the last introduc-
tion of Maremmano stallions into the population in 1934
and 1969, respectively. Purosangue Orientale Siciliano,
after Siciliano, showed the highest Frou% for the 1-4 Mb
length class, which also shows a considerable amount of
inbreeding attributable to the distant past (500-120years).
Regarding the level of autozygosity, only Arab and
Purosangue Orientale Siciliano have shown SNP-within-
ROH with intra-breed percentages of recurrence >75%,
which is likely linked to high intra-population homoge-
neity. Interestingly, the ROH islands on ECA9 and ECA18
detected in Purosangue Orientale Siciliano are overlaid
with QTLs for temperament and altitude adaptation, re-
spectively. In the ROH island on ECA9, the gene VPS13B
(vacuolar protein sorting 13 homologue B) is associ-
ated with temperamental expression in the Tennessee
Walking horse (QTL #119813) (Staiger et al., 2016). This
gene encodes a potential transmembrane protein that
may function in vesicle-mediated transport and sort-
ing of proteins within the cell. This protein may play a
role in the development and function of the eye, hae-
matological system and central nervous system. Our re-
sults suggest that the traits related to temperament and
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predisposition to endurance performance have been sub-
jected to selective pressure in the Purosangue Orientale
Siciliano, a consideration that is reflected in the mor-
phological characteristics and behaviour of the popula-
tion as reported by historical data and by the breeders
themselves. The ROH island on ECA18 shared by
Purosangue Orientale Siciliano and Arab horses mapped
MYO3B, a gene reported to be associated with a QTL
(#29459) related to altitude adaptation in Andean horses
(Hendrickson, 2013). High altitude exposes animals to
intense pressure as permanent oxidative stress and ex-
treme temperature exposure requiring the adaption of
the blood, cardiovascular, pulmonary and muscle sys-
tems. Different performance disciplines, including pro-
longed or high-intensity exercise, may result in oxidative
stress involving skeletal muscle fibres. Performing breeds
influenced by the Arabian gene pool are known for their
heat tolerance and athletic endurance, traits that are well
expressed in Purosangue Orientale Siciliano. The gene
MYO3B has also been reported in ROH islands in other
breeds, such as French Trotter, Gidran, Selle Francais
Shagya Arabian, Trakehner, Holsteiner, Hanoverian and
Oldenburger (Grilz-Seger, Neuditschko et al., 2019; Nolte
et al., 2019). The ROH island located on ECA3 (36.1-
38.7 Mbp) of Arab sample overlapped with a dense QTL
region associated with three traits (guttural pouch tym-
pany, insect bite hypersensitivity and white markings)
and harboured the genes SLC39A8, BANK1 and NFKBI,
also reported by Grilz-Seger, Neuditschko et al. (2019)
and Cosgrove et al. (2020). Grilz-Seger, Neuditschko
et al. (2019) highlighted the involvement of the gene
NFKBI in the reported higher susceptibility of chestnut
phenotype to skin disorders (Bellone et al., 2017). The
gene NFKBI is a member of the NF-kB transcription
factor family, which stimulates the expression of many
genes involved in a wide variety of biological functions.
The inappropriate activation of the persistent inhibition
of NFKBI gene expression has been implicated in the
pathogenesis of several inflammatory diseases, includ-
ing skin disease (Wullaert et al., 2011). The GO analysis
of the Arab sample confirmed the involvement of the
gene NFKBI in the innate immune response.

However, considering the relative number of in-
dividuals per population and the applied method, we
cannot rule out the presence of ROH islands as arte-
facts. Nandolo et al. (2018) showed that a significant
proportion of ROH islands in the bovine genome are
artefacts due to coverage gaps and the mistyping of gen-
otypes because of the presence of copy number variants.
Therefore, in future studies, the high-density SNP chip
and an increase in the number of genotyped animals
would be particularly relevant to refine and validate
these results.

5 | CONCLUSION

Based on genome-wide data, we investigated the genetic
diversity, population structure and autozygosity pattern
of three autochthonous equine populations, including
the samples of Maremmano and Arab horses that are
important genomic sources in the current structure of
Sicilian horse genes, and other 15 horse populations
originating from Europe and Middle East. The present
study confirmed historical data relating Sanfratellano
and Maremmano horses as well as the close link that
exists between Purosangue Orientale Siciliano and Arab
horses. We also showed a close genetic relationship be-
tween the Sanfratellano and Siciliano populations and
between these and Maremmano horses. The analysis of
runs of homozygosity indicated decreasing values from
Purosangue Orientale Siciliano to Sanfratellano and
Siciliano, showing patterns of autozygosity and related
inbreeding that are likely linked to the level of man-
agement of the populations. The ROH parameters, in
total and calculated by classes of length, reflect the con-
sequences linked to the actual size of the populations
and their selective histories. Effective population size
values are of concern in Sanfratellano and Purosangue
Orientale Siciliano. Gene level investigation has placed a
focus on the selective pressure to which the Purosangue
Orientale Siciliano seems to be subjected, particularly
with regard to performance traits. The widespread use
of breeding animals of highly selected breeds repre-
sents a threat to the survival of local populations and,
therefore, to the maintenance of an adequate level of
specific diversity. The presence of this equine diversity
in the Sicilian territory constitutes a precious reservoir
of genetic variability that is particularly suited to sup-
port the increasing demand of the equestrian tourism
sector. Therefore, there is a need to identify the subjects
currently reared to develop a qualitative conservation
programme, while contributing to the maintenance and
exploitation of the territory. In this context, genomic in-
formation and genealogical data play a crucial role in
assisting the management of small populations with the
prior target of planning correct mating pairs and reduc-
ing the inbreeding rate.
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