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Abstract

Background The Capra Comune di Sicilia (CCS), also known as Mascaruna, is a Sicilian local goat population first
described in 1870 and is currently the focus of a recovery project aimed at its characterization and formal ethnic
recognition. To elucidate the ancestral genetic components and selection trajectories of the CCS population, we
genotyped 78 CCS goats using the Goat 60 K SNP BeadChip, integrated with genotype data from 1,920 individuals
representing 66 goat breeds of Mediterranean and African origin.

Results CCS exhibited relatively high heterozygosity (0.408), and moderate levels of inbreeding (0.04), an
estimated effective population size of 185. Genetic ancestry analysis revealed gene flow from Maltese, Girgentana,
Rossa Mediterranea and Saanen populations, alongside evidence of putative Greek ancestry shared with most
Mediterranean breeds in our dataset, reflecting Sicily’s profound historical and cultural ties with Greece. To better
understand the evolutionary trajectories of the CCS population and to explore the potential contribution of Greek
goat ancestry, we investigated selection signatures using iHS and ROH analyses. We identified 76 and 31 SNPs
intercepting 38 and 12 genes, respectively, under putative selection. Subsequently, we applied XP-nSL and ROH
analyses using Greek populations as ancestral references, identifying 21 and 431 SNPs associated with four and 157
genes, respectively, under putative selection. Overall, these selection signature analyses highlighted genes under
positive selection related to traits such as milk and meat production, body size and growth, fertility, coat colour, fat
deposition, and ear and horn development.

Conclusion Our findings shed light on the historical and genetic distinctiveness of the CCS population, emphasizing

its uniqueness and providing critical insights into its genetic background. This information is essential for supporting
informed efforts to formally recognize CCS as a distinct and valuable breed.
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Background

Animal genetic variability is crucial for addressing future
challenges such as climate change and environmental
adaptability [1]. According to FAQO, livestock biodiver-
sity is threatened, with 7% of the 8,800 identified animal
breeds already extinct and 17% at risk of extinction. Glo-
balisation and population growth aggravate this issue by
encouraging the replacement of local livestock popula-
tions with highly productive breeds. Such practices erode
the genetic uniqueness of local livestock, which are often
uniquely adapted to the environments they inhabit and
deeply connected to traditional practices and products
[1-3].

The island of Sicily is the southernmost region in Italy
and currently harbours around 92,714 goats (Capra
hircus [4]), including five local breeds, namely: Messi-
nese, Argentata dell’Etna, Girgentana, Maltese, and
Derivata di Siria [5]. These breeds have thrived under
the island’s harshest climatic conditions, such as long,
dry, and warm summers. Among the local goat breeds
of Sicily, the ‘Comune di Sicilia’ (CCS) represents a small
population comprising approximately 500 individu-
als. Breeders often refer to it as ‘Mascaruna’ (masked,
painted face, in the Sicilian dialect) due to its distinctive
black facial markings (Fig. 1 - A). This goat is exclusively
bred in western Sicily and remains unrecognised as an
official breed, albeit its longstanding significance in Sicil-
ian agriculture and rural traditions. Initially documented
by Chicoli in 1870 [6], this population is distinguished by
its remarkable robustness and adaptability to the chal-
lenging terrains and the variable climatic conditions of
Sicily.

The CCS population is primarily bred for milk produc-
tion, which was traditionally consumed fresh, with goats
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being milked door-to-door (Fig. 1 - B). Today, Comune
di Sicilia milk is used for exclusive cheese production by
employing advanced dairy processing technologies, and
is primarily destined for gourmet catering (Fig. 1 - C).

A first phenotypic and genomic characterisation of the
CCS goat was conducted by Bionda and co-workers [7]
as part of a project funded by the Sicilian regional gov-
ernment (BIOSAVE; PSR Sicilia 2014-2020-Sottomi-
sura 10.2b). In that study it was reported that most of
the animals exhibited medium hair length, wattles and
lyre or spiral horn. The coat colour was generally light,
with diluted pheomelanin and characteristic black “bad-
gerface” markings. Along with the presence of horns
and wattles, the light coat colour has been suggested as
an environmental adaptation to hot climates, potentially
reducing solar radiation absorption [8]. When compared
with other Sicilian and Italian breeds, the genomic com-
position of CCS revealed a distinct genetic structure,
despite being closely related to other Sicilian breeds [7].
Importantly, the population has not undergone con-
trolled selection and ‘guardian breeders’ take great care
in breeding the goat in purity, avoiding cross-breeding
with other populations. Here, we apply genomic tools to
offer a novel perspective on the adaptation strategies of
CCS, tracing its ancestral genetic components and iden-
tifying selection trends.

Methods

Biological samples and dataset creations

Genotype data of 78 Comune di Sicilia goats (comprising
nine bucks and 69 does) reared in farms located in Sic-
ily, were retrieved from Bionda et al. 2023 [7]. For com-
parison, publicly available genotype data of 66 breeds
from Mediterranean area, Turkey, North Africa and

Al

Fig. 1 A Comune di Sicilia goat. B Palermo 1906 - Door-to-door delivery of Comune di Sicilia goat’s milk. C Typical cheese from Comune di Sicilia milk

(courtesy from "Agricola Petra”farm)
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South-East Africa were combined with Comune di Sicilia
data using PLINK v1.9 [9]; the merged dataset comprised
1,920 animals (Table 1). SNPs located on sex chromo-
somes or with unknown map positions were removed,
and SNP positions updated to C. hircus reference genome
ARS1.2. PLINK v1.9 was used to remove variants and
samples with missing call rates exceeding 0.05, SNPs with
minor allele frequency (MAF) < 0.1, and closely related
individuals (first-degree relations).

Genetic diversity and population structure
Genomic diversity indexes were assessed to gain a pre-
liminary overview of the genetic integrity of the popu-
lations analysed and to detect potential biases such as
reduced variability, inbreeding, or outlier samples, which
could compromise the reliability of downstream analyses.
Specifically, observed heterozygosity (H,) was analysed
with PLINK v1.9 for breeds with at least five individu-
als. Runs of homozygosity (ROH) were analysed in all the
breeds using PLINK’s --homozyg flag with the following
parameters: a sliding window of 20 SNPs was used, and
a region was classified as a ROH if it was at least 1 Mb
long and contained at least 20 consecutive homozygous
SNPs, to exclude short ROH originated by linkage dis-
equilibrium; regions with a density lower than 1 SNP/500
kb or a gap of over 500 kb between consecutive SNPs
were excluded; no heterozygous SNPs were permitted,
whereas up to two missing genotypes per window were
allowed to account for potential genotyping errors [12].
The individual genomic inbreeding coefficient (Fyqy) was
calculated as the ratio of the total length of ROH to the
total length of the autosomal genome covered by SNPs
[13]. To leverage the relationship between the length of
ROHs and the number of generations ago since inbreed-
ing events occurred [14], the Fyoy values were parti-
tioned into five ROH length categories: 1-2 Mb, 2—4 Mb,
4-8 Mb, 8-16 Mb, and >16 Mb.To determine the most
recent effective population size (N,) estimate [15], we
combined two methods: SNeP v1.11 [16] and GONE v1.0
[17]. N, is a parameter widely used for evaluating biodi-
versity, as it provides a measure of the number of indi-
viduals in a Wright-Fisher population, having the same
amount of random genetic drift as the real population
[15]. SNeP was run, setting the maximum and minimum
distance between pairs of SNPs to: 20 Mb and 280 kb,
respectively, and using the Sved & Feldman [18] recombi-
nation rate modifier. The effective population size of the
Sicilian goat populations (Comune di Sicilia, Girgentana,
Messinese, Rossa Mediterranea, Argentata dell’Etna,
Derivata di Siria) was also estimated through GONE
using default parameters.

The ordinal relationships between populations and
individuals were investigated through principal compo-
nent analysis (PCA) as implemented in PLINK v1.9 [9].
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To further visualise the evolutionary relationships among
populations, we performed a Neighbour-Net analy-
sis using Reynolds’ distances, computed with a custom
script (available at https://github.com/barbatom/Reynold
sDist) and plotted using SplitsTree v6.3.30 [19]. A global
ancestry analysis was conducted using ADMIXTURE
v1.3.0 [20]. We first included the whole dataset with K
theoretical ancestral populations where K = {2,.,20, 25,
30}. To better detail Comune di Sicilia ancestral com-
ponents, a subset of breeds sharing at least an ancestral
component with Comune di Sicilia was selected (Table
1). To ensure homogeneity across the subset, a maximum
of 22 animals (median population size in our dataset)
were randomly selected for each breed. Admixture was
then performed at K values from 2 to 24. Cross-validation
(CV) values were computed at each K and results visual-
ised through CLUMPAK [21]. This subset was then used
for downstream analysis. A supervised admixture analy-
sis focusing on specific ancestry components in Comune
di Sicilia sourcing from Maltese, Girgentana, Rossa
Mediterranea, Saanen and Greek groups was also per-
formed using ADMIXTURE. The evolutionary relation-
ships and genetic migration events between populations
were evaluated with TreeMix v1.13 [22]. Ankara was set
as an outgroup and 12 migration events were computed
and visualised using the R plotting functions provided
within the Treemix suite. The contribution added by each
migration vector computed by Treemix was calculated as
the findex estimate, which represents the fraction of the
variance in the sample covariance matrix (W). A formal
test of introgression was performed using the f3 test as
implemented in the TreeMix suite.

To better investigate admixture among distantly related
breeds, we examined the proportion of haplotypes shared
between breeds computing Identity By Descent (IBD)
among individuals. We used RefinedIBD v4.1 [23], apply-
ing a sliding window of 10 Mb and reporting only IBD
segments with a minimum length of 0.2 Mb and LOD
score of 3.0, calculated after trimming 0.15 Mb from the
end of the shared haplotype. Shared haplotypes for each
pair of breeds were calculated as the median length of
haplotypes shared among all possible pairs of individu-
als from the respective breeds. Individual pairs with no
shared haplotypes were assigned length = 0. Haplotype
sharing with median values above the 95th percentile of
all breed pairs was visualised using the circlize R package
[24].

Selection signatures

The Integrated Haplotype Score (iHS) [25] was computed
for Comune di Sicilia using selscan v1.2.0a48 [26], with
default parameters. iHS describes the decay of haplotype
homozygosity for both the ancestral and derived haplo-
types extending from a query site. The iHS scores were
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Table 1 Sample information and breeds' diversity statistics

Breed Acronym Origin N (QQ)* H, Fron Nex
(SD)* (SD)*
Argentata dell'Etna ARG [taly 48 (46)! 8(0.01) 0.012 (0.02) 944
Capra dellAspromonte ASP [taly 24 (23)! 0.404 (0.03) 0.047 (0.06) 239
Bianca Monticellana BIA Italy 24 (22)! 0.397 (0.03) 0.067 (0.07) 169
Camosciata delle Alpi CAM [taly 30 (23)! 0.405 (0.02) 0.076 (0.05) 133
Capestrina CAP ltaly 24 (21) 0.405 (0.04) 0.049 (0.08) 138
Comune di Sicilia Cccs Italy 79 (60) 0.408 (0.03) 0.051 (0.07) 185
Derivata di Siria DDS [taly 32 (24)" 0.384 (0.04) 0.105 (0.08) 113
Facciuta della Valnerina FAC ltaly 24 21)! 0.398 (0.05) 0.072(0.10) 157
Fulva del Lazio FUL [taly 22(19) 7(0.01) 0.024 (0.03) 161
Garganica GAR ltaly 40 (32)! 0.408 (0.03) 0.045 (0.06) 191
Grigia Ciociara GCl Italy 43 (35)’ 0.405 (0.03) 0.051 (0.05) 222
Girgentana GIR [taly 59 (53)! 0.362 (0.03) 0.133 (0.07) 179
Garfagnina GRF ltaly 28 (23)' 0401 (0.02) 0.058 (0.05) 226
Jonica JON I[taly 16 (10)" 6(0.01) 0.04 (0.03) 295
Maltese MAL [taly 16 (16)' 0.368 (0.04) 0.141 (0.09) 81
Messinese MES ltaly 24 (23)! 5(0.01) 0.015 (0.02) 345
Capra di Montefalcone MON [taly 24 (22)' 0.405 (0.04) 0.056 (0.09) 74
Nicastrese NIC ltaly 24 (20)" 0401 (0.03) 0.062 (0.06) 18
Rossa Mediterranea RME Italy 46 (35)! 4(0.02) 0.038 (0.03) 231
Saanen SAA [taly 44 (37)! 7 (0.01) 0.047 (0.03) 55
Maltese sampled in Sardinia SAM ltaly 15 (13)’ 0379 (0.04) 0.118 (0.08) 617
Sarda SAR [taly 33(32) 0407 (0.02) 0.032 (0.04) 798
Capra di Teramo TER [taly 43 (28)’ 0.376 (0.04) 0.122 (0.08) 255
Bermeya BEY Spain 24 (23)? 0.406 (0.01) 0.02 (0.01) 230
Mallorquina MAQ Spain 20 (17)? 0.367 (0.05) 0.115(0.11) 369
Malaguena MLG Spain 42 (40)? 9(0.01) 0.024 (0.03) 35
Murciano-Granadina MUG Spain 20 (20)° 0.404 (0.01) 0.043 (0.03) 165
Palmera PAL Spain 15(15)% 0.281 (0.01) 0.165 (0.02) 92
Blanca de Rasquera RAS Spain 20 (20)? 0.38 (0.03) 0.09 (0.07) 151
Pyrenean PYR France 27 (23)? 0.378 (0.04) 0.101 (0.09) 120
Chios CHI Greece 10 (10)3 0423 (0.01) 0.02 (0.02) 72
Crete CRE Greece 8(8) 0.409 (0.01) 0.017(0.01) 47
Lesbos LES Greece 12(11)° 0.388 (0.02) 0.087 (0.04) 277
Peloponnese PEL Greece 12(12)° 0.421(0.01) 0.016 (0.01) 151
Skyros SKY Greece 9(9)° 0.404 (0.01) 0.036 (0.03) 175
Carpatian goat CRP Romania 14 (14)2 0.426 (0.01) 0.014 (0.01) 166
Barki BRK Egypt 153 (108)? 04 0.026 (0.05) 827
(0.02)
Nubian NBN Egypt 84 (79)? 0.359 (0.02) 0.113(0.04) 18
Qasis (O Egypt 72 (69)° 0.368 (0.04) 0.085 (0.09) 126
Saidi SID Egypt 60 (58)° 0.385 (0.04) 0.047 (0.09) 60
Ankara ANK Turkey 20 (19)? 0.399 (0.02) 0.04 (0.04) 125
Kil KIL Turkey 25 (22)° 0405 (0.01) 0.026 (0.02) 374
Kilis KLS Turkey 40 (36)° 0402 (0.02) 0.025 (0.04) 65
Barcha BAR Morocco 4 (4)? - -
Draa DRA Morocco 4 (4)? - -
Ghazalia GHA Morocco 4 (4)? - -
Moroccan goat MOR Morocco 10 (10)? 0.382 (0.05) 0.066 (0.13) 139
Noire de I'Atlas NDA Morocco 4 (4)2 - -
Nord NOR Morocco 4 (4)? - -
Tunisian TUN Tunisia 23 (21)° 0.402 (0.02) 0.027 (0.04) 867
Abergelle ABR Ethiopia 53(51) 0.369 (0.01) 0.020 (0.04) 1087
1

Gumez GUM Ethiopia 41 (40)? 0.375(0.01) 0.019(0.03) 38
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Table 1 (continued)
Breed Acronym Origin N (QQ)* H, Fron N«
(SD)* (SD)*
Keffa KEF Ethiopia 49 (43)? 0.355 (0.02) 0.049 (0.07) 33
Woyito Guiji WYG Ethiopia 46 (40)? 0.370(0.01) 0.017 (0.02) 936
Gishu GSH Uganda 327 - -
Karamonja KAR Uganda 20 (18)? 0.373(0.01) 0.01 (0.01) 1163
Kigezi KIG Uganda 5(3)° -
Mubende MUB Uganda 23(19)? 0.357 (0.03) 0.045 (0.08) 138
Nganda NGD Uganda 11(11)? 0.375(0.03) 0.017(0.02) 138
Sebei SEB Uganda 24 (22)? 0.370 (0.01) 0.011(0.01) 2082
Galla GAL Kenya 23(23)? 0.375(0.01) 0.008 (0.01) 592
Small East African SEA Kenya 31 (31)? 0.367 (0.01) 0.021 (0.04) 307
Gogo GOG Tanzania 13(12)2 0.37 (0.01) 0.02 (0.03) 100
Maasai MAA Tanzania 20 (18)? 0.366 (0.01) 0.015(0.02) 91
Malya MLY Tanzania 12(9)? 0402 (0.03) 0.06 (0.05) 17
Pare White PRW Tanzania 22 (19)? 0351 (0.03) 0.05 (0.08) 123
Sonjo SNJ Tanzania 22(18)% 0.367 (0.01) 0.012 (0.01) 45
5]
’[10]

]

*N and QC: Sample size before (N) and after (QC) quality checks
*H,: Observed heterozygosity

*Fron : Inbreeding

*SD: standard deviations (SD)

*N, : Current effective population size

normalised chromosome-wise using the scale() function
in R. The FDR and p-value have been estimated using the
R stats functions p.adjust() and p.norm(), respectively.
SNPs with positive normalised values and FDR < 0.05
were considered significant.

Selection signatures were compared within and
between Comune di Sicilia and Greek goats using ROH.
Here we included Chios, Crete, Lesbos, Peloponnese
and Skyros as representative Greek goats, chosen to
reflect the diversity of phenotypes within the Greek goat
population.

As described by Michailidou et al., 2019 [27], over the
millennia of goat exploitation in Greece, many genetic
nuclei have evolved, giving rise to distinct goat types
associated with their region of origin. Today, the major-
ity of native Greek goats are descended from the Eghoria
breed, which is characterized by significant phenotypic
variability, comprising approximately 39 different types,
primarily distinguished by their geographic origin.

A homozygosity score (H-score), ranging from 0 to 1,
was calculated for each SNP as the proportion of individ-
uals within the breed with a ROH that included the SNP.
ROH islands were identified as ROH including more than
15 SNPs, after having joined SNPs within regions of 0.25
Mb. The ROH islands with the top 1% H-score SNPs were
identified [28]. Additionally, we specifically compared
ROH in Comune di Sicilia and in Greek goats (pooled
as a single group). The two groups were compared by

calculating a AH-score for each SNP as the difference
between the H-scores of Comune di Sicilia and the Greek
group, and the SNPs with the highest 1% AH-scores were
considered the most divergent between the groups.

For comparison, we applied XP-nSL, a haplotype-based
statistics that detects selection by comparing haplotype
patterns between two populations [26]. This statistic
uses the decay of homozygous haplotype as a function
of recombination distance to detect loci under selection
[29, 30]. Population structure analyses suggested Greek
goats as ancestral to Comune di Sicilia. Consequently, we
tested five pairwise comparisons contrasting the Comune
di Sicilia against five greek goat breeds Chios, Crete, Les-
bos, Peloponnese and Skyros. XP-nSL estimates were
performed using selscan v1.2.0a48 [26] with default
parameters. The XP-nSL scores were first normalised
chromosome-wise using the scale() function in R. Then,
the p-value and FDR were estimated using p.adjust() and
p.norm(), implemented in the R stats package, respec-
tively. SNPs with positive normalised values and FDR
< 0.05 were considered significant when identified in at
least two out of the five pairwise comparisons.

Candidate genes

Candidate genes were identified in the up- or down-
stream flanking regions of the SNPs under putative selec-
tion. A flanking region size was determined as the mean
distance between two SNPs (26 kb) belonging to the same
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chromosome and was calculated for all autosomes using
a custom script.

Protein-coding genes found within these genomic
areas were retrieved from the Ensembl Genes 91 data-
base, based on the goat ARS 1.2 reference genome using
the BioMart tool [31] and further considered candidate
genes. All the genes identified in the genomic areas were
processed using the functional annotation tool imple-
mented in DAVID Bioinformatics resources 6.8 [32] to
determine enriched functional terms. Additionally, the
regions around the SNPs identified in the analysis were
intersected, using bedtools [33], with the known quanti-
tative trait loci (QTL) in goat species, publicly available
at AnimalQTLdb website [34] (accessed on 27 October
2024).

Results

Genetic diversity and population structure

After SNP filtering, 47,581 SNPs and 1,681 individuals
were retained for subsequent analyses. H, ranged from
0.281 in the Palmera goat breed to 0.426 in the Carpa-
tian goat. Among Italian breeds, H, values ranged from
0.362 in Girgentana to 0.418 in Argentata dell’Etna,
with the Comune di Sicilia population recording H, =
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0.408 (Table 1; Additional File 1). Inbreeding coefficients
(Frop) varied from 0.004 in the Gishu breed to 0.165 in
the Palmera breed. The Italian groups showed a mean
Fron of 0.064, with the Comune di Sicilia recording Fpoy
= 0.051 (Table 1; Additional File 1).

The N, estimates computed with SNeP ranged from
18 in Ghazalia, Nubian, Barcha and Nicastrese to 2,082
for the Sebei population. Among Italian goats, the high-
est N, value was estimated for Argentata dell’Etna (944;
Table 1). Comune di Sicilia recorded N, = 185 (Table 1).
We focussed the use of GONE on determining the demo-
graphic changes in the Sicilian breeds exclusively; all
showed rapid changes in N, in the last 10 generations
(Additional File 2). Comune di Sicilia, Messinese, Rossa
Mediterranea, Argentata dell’Etna show a decrease of N,
around 10 to 15 generations ago which could coincide
with the beginning of the ‘90s if applying a three years
per generations conversion. Similarly, CCS and RME
showed similar trajectories, suggesting similar demo-
graphic pressures or genetic patterns mainly linked to a
decline around 12 generations ago (Additional File 2).

The PCA (Fig. 2 - A and Additional file 3 - Table S1)
clearly clustered individuals according to their sam-
pling areas. The first principal component (PC1; 7.0% of
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explained variance), discriminated between European
and African breeds. Additionally, the separation between
goats from North Africa (Egypt, Tunisia and Morocco)
and South-East Africa (Uganda, Ethiopia, Tanzania,
Kenya) was evident in PC1 and further emphasised by
PC2 (1.7% of explained variance). This clustering was
confirmed by the Neighbour-Net analysis (Fig. 2 - B),
which showed European breeds grouping separately
from the African breeds, with proximity observed among
Mediterranean breeds. The CCS goats were positioned at
the base of the branch grouping the Sicilian breeds (Gir-
gentana, Capra dellAspromonte, Argentata dell’Etna,
Messinese, Nicastrese; Fig. 2 - B).

In the admixture analysis, the European goat breeds
separated from African goats at K=2 (Additional File
4); at K=3, the European, North Africa and South-East
Africa goats split as three different clusters. In the Euro-
pean group; at K=6 the Girgentana and Palmera acquired
private clusters (Additional File 4). Starting from K=12,
Comune di Sicilia showed cluster components attribut-
able to introgression sourcing from Maltese, Girgen-
tana, Rossa Mediterranea and Saanen. This putative
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introgression was confirmed by a supervised admixture
analysis (Additional File 5).

At K=14, a combination of ancestral components com-
mon between Sicilian and Greek breeds emerged (Addi-
tional File 4). To better define this cluster combination
(that we named: Mediterranean component) we per-
formed an additional admixture analysis using a subset
including those breeds sharing any ancestry components
with Comune di Sicilia, namely: Mediterranean Italian
goat (CCS, MAL, GIR, ARG, MES, ASP, NIC, RME, JON,
GAR, GCI, MON, FUL, TER, FAC, GRE, SAR, SAA),
three Spain breeds (MAQ, BEY, RAS), the Greek goats
(CHI, CRE, LES, PEL, SKY), one Turkish goat (ANK),
two Egyptian goats (NBN, OSS) and one South-African
goat (PRW). Despite the reduction of the dataset, the
Mediterranean component was still not uniquely attrib-
utable to any specific population, whilst confirming the
ancestry specificity of Comune di Sicilia compared to
Sicilian breeds and the possible introgression from other
populations (Additional File 6).

Treemix analysis provided further detail on the rela-
tionship among breeds (Fig. 3). The phylogenetic tree

093 094 095 096 097 098 0.99

n° migrations

PRW

I T T
0.02 0.04

Drift parameter

0.06 0.08

Fig. 3 Treemix and index f representing the variance fraction of the sample covariance matrix. The arrows point towards the receiving group and are

coloured according to the percentage of ancestry received from the donor
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showed the basal position of the Greek goats in rela-
tion to the other Mediterranean goats (Fig. 3). The first
seven migration edges representing potential events of
introgression (gene flow events) accounted for the model
significance explained by the f statistic, with the first
migration edge having an f value of 0.927. Vectors from
8 to 12 brought only a small increase in f value. Almost
all the gene-flow events depicted by Treemix, involved
migration events from African to European breeds. One,
albeit having a low migration weight, described the puta-
tive gene-flow sourcing from Girgentana into Comune di
Sicilia. However, when tested through f3 tests, no gene-
flow events were statistically supported.

IBD haplotype sharing was analysed across all
1,412,040 possible pairs of individuals. From the 2,211
across-breed pairs, we selected the top 5% (54 pairs) with
the highest haplotype sharing (Additional File 7). Most
of the haplotype sharing was observed within the Ital-
ian breed group. Significant haplotype sharing was also
detected among other breeds from the same geographic
region, particularly among Egyptian breeds and between
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two Ugandan breeds (Kigezi and Mubende). Additional
notable sharing was found between the Moroccan Draa
and Palmera breeds, between Kigezi and the Tanzanian
Malya, and between the Spanish Malaguena and the two
Maltese breed samples, Maltese and Maltese sampled in
Sardinia. Regarding the Comune di Sicilia, we observed
haplotype sharing with several Italian breeds, ranked by
decreasing length: Maltese, Maltese sampled in Sardinia,
Girgentana, Derivata di Siria, Aspromontana, Rossa
Mediterranea, and Jonica (Fig. 4).

Selection signatures
After identifying the Greek populations as phyloge-
netically ancestral to Sicilian breeds, we used multiple
approaches to investigate selection signatures within the
CCS goat and between it and the Greek populations.
Integrated Haplotype Score (iHS) was conducted
within the Comune di Sicilia population. After normali-
sation, up to 76 SNPs with positive normalised value
and FDR < 0.05 were identified under putative selection
(Additional file 8 and Additional file 2 - Table S2). Within

.
' 4 new

Fig. 4 Significant IBD haplotype sharing (top 5%) among the analysed populations. Each segment is coloured according to the breed, and the breeds’
names are coloured according to their geographic origin. The plot including all the analysed breeds is reported in Additional File 6
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the flanking region of these 76 SNPs we identified 38
genes, reported in the Additional file 2 - Table S3. Some
of them are associated with milk- and mammary gland-
related traits in goats, for instance, a SNP on chrl9 is
associated with the axis inhibition protein 2 (AXIN2)
gene [35]; another SNP on chr20 is associated with slit
guidance ligand 3 (SLIT3) gene [36]; SNP on chr23 asso-
ciated with bone morphogenetic protein 5 (BMPS5) gene
[37]; finally a SNP on chr3 associated with COP9 signalo-
some subunit 8 (COPS8) [38].

Within the CCS population, 31 ROH islands were the
most represented (Table 2) and intercepted nine genes
(Additional File 2 - Table S4). The same analysis applied
to the group of Greek goats identified 39 ROH islands
(Table 2) and intercepted 12 genes (Additional File 2 -
Table S5). Noticeably, there was a partial overlap between
seven pairs of ROH islands between CCS and the group
of Greek goat populations, located on Chr 6, 7, 12, and 14
(Table 2).

A total of 532 SNPs were selected as being associated
with the top 1% AH-score (>0.13) between Comune di
Sicilia and the Greek breeds, located on chromosomes
4 (n=8), 6 (n=27), 12 (n=86), 18 (1 =81, two separate
regions), 21 (n=229), and 23 (n=101) (Additional file
9 and Additional file 2 - Table S6). Within the flanking
regions of these SNPs, we could identify 157 protein-
coding genes (Additional file 2 - Table S7). Three of the
identified regions also included goat QTL related to hae-
moglobin concentration and hematocrit (21:19225288-
19225292 and 21:19565627-19565631), and to milk and
milk fat and protein yield (23:18237572-18237576).

We used the Greek populations as background for
determining selection in Comune di Sicilia through pair-
wise cross-population selection sweep analysis, as imple-
mented in XP-nSL. After normalisation, up to 27 SNPs
located on five out of the 29 goat chromosomes were
identified under putative selection for the Comune di
Sicilia — Chios (CCS-CHI) pair; 20 SNPs, located on three
chromosomes (mainly on chromosome 2), were identi-
fied for the Comune di Sicilia-Crete (CCS-CRE) pair;
14 SNPs, located on four chromosomes, were identified
for the Comune di Sicilia-Peloponnese (CCS-PEL) pair;
and finally, 31 SNPs, located on four chromosomes, were
identified as under putative selection for the Comune di
Sicilia-Skyros (CCS-SKY) comparison (Additional file
2 - Table S8). All these four pairwise comparisons had
significant SNPs on chromosome 2. No significant selec-
tion signal was detected in the Comune di Sicilia-Lesbos
(CCS-LES) comparison (Fig. 5).

A total of 21 SNPs were identified as being under puta-
tive selection at least two of the four pairwise compari-
sons (Additional file 2 - Table S9). Among these 21 SNPs,
located on Chrl (n=2), Chr2 (n=14), Chr6 (n=6), Chr8
(n=5) and Chr18 (n=1), those on chromosome 6 and 18
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overlapped with the SNPs within the top 1% AH-score
calculated by comparing ROH in Comune di Sicilia
and Greek goats. Within the flanking region of these 21
SNPs we identified four genes (Additional file 2 - Table
S10): the promoter FOXL2 inverse complementary gene
(PFOXic) on Chrl; two genes identified on Chr6 included
one of the family with sequence similarity 184 member
B (FAM184B), and a DNA-binding transcription factor
activity gene (LCORL); lastly, ENSCHIG00000024996
gene on Chr2 had no description in the consulted data-
bases. Noticeably, the LCORL gene was also found to be
within the most represented ROH in the greek goat pop-
ulations and both LCORL and FAM184B were identified
in the top 1% AH-score differentiating CCS and greek
goats.

Consensus genes

Comparing all the results of the selection signatures’
investigation, ten genes were found to be identified by
multiple tests. Specifically, FAM184B and LCORL were
identified by both XP-nSL and ROH analysis when com-
paring Greek populations and Comune di Sicilia, with
LCORL also associated with the most common ROH in
Greek goats. The StAR Related Lipid Transfer Domain
Containing 5 (STARDS), Transmembrane Channel Like 3
(TMC3), and Transient Receptor Potential Cation Chan-
nel Subfamily M Member 1 (TRPMI) were identified both
by the iHS analysis in the CCS breed and the ROH com-
parison (top delta H-score). The STARDS gene is known
to be associated with lipidic metabolism in humans [39]
and TRPMI1 with deafness in domestic animals [40].
Additionally, the Methenyltetrahydrofolate Synthetase
(MTHFS), Armadillo Like Helical Domain Containing
2 (ARMH?2), RHO Family Interacting Cell Polarization
Regulator 2 (RIPOR2), Zinc Finger and SCAN Domain
Containing 31 (ZSCAN31), and ENSCHIG00000009125
were also associated with the highest H-score when ROH
were analysed in the Comune di Sicilia goats.

Discussion
Local livestock populations, such as the Comune di Sicilia
goat, represent an important source of genetic variability
to contrast the future challenges in animal husbandry [1].
We evaluated the genetic uniqueness and selection his-
tory of the Comune di Sicilia within the broader context
of Mediterranean goat populations. Population structure
analyses revealed that the Comune di Sicilia clustered
with other Sicilian breeds but subsequently formed a dis-
tinct and separate cluster. Notably, we observed a moder-
ate introgression signal originating from the Girgentana
breed, likely reflecting the traditional practice among
Sicilian farmers of rearing multiple breeds together to
optimize productivity and profits. Notwithstanding, the
Comune di Sicilia appears to have a unique genomic
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Table 2 ROH Islands with top 1% H-scores in the comune Di Sicilia goat and Greek goat populations. Start and ending positions are

reported in Bp

Chromosome Cccs Greek goat populations
1 71,555,288—-72,515,767
73,271,679—75247 247
82,425,050-82,425,050
4 24,064,901 —29,175,654
34,029,382 —-37,506,521
44,425,867 —44,713,179
68,272,675—-69,493,491
77,314,196 —78,604,124
6 33,821,580—35,079,672
35,476,109-36,018,329
36,691,987 —38,590,135 38,091,505 —38,091,505
38,558,049-38,657,309
40,604,705 -41,757,660
7 60,280,996 —-60,353,593 57,275,997 -61,898,852
8 30,403,572-31,610,802
86,509,148 - 86,740,383
10 48,722,676—-49,422,136
51,797,025-52,128,425
12 30,507,715—31,682,480
34,149,004-34,358,090
35,500,432-37,100,314
37,575,687 —38,537,857
40,776,415 —-43,300,094 43,067,469 — 43,300,094
43,598,089 —-45,351,957 43,598,089 — 44,644,892
48,444,019-51,582,056 49,190,178 49,190,178
50,018,490—-51,550,631
57,083,945—-57,135,484
59,890,806 -61,075,465 57,846,679—-61,321,277
83,606,274 — 84,286,254
14 16,847,835-17,420,173 16,578,275—17,721,484
50,645,797 —50,985,021
51,039,398-51,119,648
15 55,796,071 —55,929,538
16 34,002,754 —-35,427,296
41,005,540 —-46,056,925
73,818,187 —-74,173,056
17 7,751,582-8,947,492
47,134,487 — 48,539,264
50,716,197 —51,705,980
18 47,759-1,390,724
1,871,235-1,871,235
14,688,398 — 16,281,856
19,640,095 —22,334,972
25,487,914 26,002,471
28,148,047 — 28,245,263
36,016,922—-38,217,154
20 47,819,874 -50,481,194
52,775,546 — 54,536,289
21 17,579,963 -18,887,870

19,192,398 22,541,417
22,935,500-25,298,413
25,579,321-29,862,147




Floridia et al. BMC Genomic Data (2025) 26:78 Page 11 of 16
Table 2 (continued)
Chromosome ccs Greek goat populations
22 48,063,417 —48,690,678
49,085,004-50,302,698
23 46,896,853 —46,896,853
14,639,337 14,902,624
16,985,379—19,182,071
19,561,000-19,671,961
20,029,297 -21,814,503
24 34,619,454 35,405,960
27 2,564,672-2,857,933

3,219,064 3,403,973
3,855,656-5,351,731

signature evident at a rather low K respect to the other
Italian and Sicilian goats. Overall, our results confirm
previous findings [7] and provide another important evi-
dence that supports the genomic variability and original-
ity of Comune di Sicilia.

To investigate the introgression and ancestral history
of Comune di Sicilia, several analyses were performed.
First evidence of potential introgression was given by
the admixture analysis where the Comune di Sicilia had
shared ancestry components with Maltese, Girgentana,
Rossa Mediterranea and Saanen goats, despite presenting
an otherwise unique ancestry signature. Such introgres-
sions are consistent with their shared geographic origin
and the occasional shared enclosure among Comune di
Sicilia, Girgentana and Rossa Mediterranea. The pres-
ence of Saanen - a specialised dairy breed - components,
might be due to the efforts of breeders to improve the
Comune di Sicilia’s milk production traits. The presence
of introgression signals sourcing from Maltese goats
might be related with goat translocation from Malta
to Sicily at the end of 1800, as mentioned by historical
records [6]. It is plausible that these animals represent
the ancestors of the Maltese breed, given their distinctive
traits, such as “long and pendulous” ears, which are still
observed in modern Maltese goats and are also present in
the Comune di Sicilia population [7].

Admixture analysis revealed an ancestral component
shared by Sicilian, Greek, and other Mediterranean
breeds, suggesting a common historical genetic back-
ground. Notably, this component was not specifically
attributable to any single breed within our dataset, indi-
cating it may represent a deeply rooted ancestral genetic
signature, widely conserved across diverse populations.
This widespread ancestral pattern may reflect complex
demographic events such as gene flow, admixture, or
population drift, and highlights the importance of geo-
graphical context in the genetic structure. Interestingly,
Treemix analysis positioned the Greek populations in a
basal position relative to the Sicilian breeds. This result
confirms the findings of Michailidou et al.,, 2019 [27],

which reported a close relationship between Eghoria-
related and southern Italian breeds, such as Garganica,
Rossa Mediterranea and Jonica. Due to the history of
Greek colonisation in the XII BC, which encompassed
much of southern Italy, including Sicily, it is likely that
goat populations ancestral to the current Greek breeds
were introduced to Sicily and contributed to the genomic
makeup of the Sicilian populations. Hence, we selected
the Greek breeds as background reference for selection
sweep analyses. Both selection analysis approaches (XP-
nSL and ROH-based) identified genes related with fertil-
ity and litter size, milk production, ear shape, coat colour,
hair, fat deposition, meat production, and body size.
ROH islands in the regions on chromosomes 7, 12,
and 18 showed strong signals of homozygosity and inter-
cept genes involved in traits such as reproduction, milk
production, and immune response. These findings align
with those from Tsartsianidou et al. (2025) [41], which
reported these same chromosomal regions as respon-
sible for breed-specific adaptation. Several of the ROHs
found in the Greek breeds harboured genes involved in
pathways previously reported under selection in Eghoria
and Skopelos goats, including traits related to milk pro-
duction and quality, prolificacy, and immune function
[27, 41]. Likewise, within those ROHs differentiating CCS
and Greek breeds, we identified SNPs intercepting genes
with similar functional roles. For instance, the ROHs on
chromosomes 6 and 12 in CCS goats have been reported
in Sicilian [42] and central-southern Italian goats [43],
respectively, and were also found to differentiate goats
from southern and northern Italy [28]. Among the genes
identified in the comparison between CCS and Greek
goats by the XP-nSL analysis, we found PFOXic that is
involved in the development of horns and ovaries in goats
and is coexpressed with FOXL2 and regulated by the
Polled Intersex Syndrome region [44]. We hypothesize
that PFOXic might be related to the presence of polled
CCS goats [7]. Other genes such as FANCA, NTRK3,
CPEB1, BLM, MGFGES, and SPP1 were previously
associated with fertility and litter size in goats [45-51].
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Fig. 5 Manhattan plots summarising the results obtained for each pairwise comparison using XP-nSL statistics. Only pairwise comparisons with signifi-
cant SNPs identified as being under putative selection (coloured in red) are shown

Specifically, BLM plays a role in follicle development
and granulosa cell proliferation and its variants were sig-
nificantly correlated to litter size in goats [48]. MGFGES8
gene is also associated with milk traits, encoding the
lactadherin [49], which belongs to the family of milk fat
globule membrane proteins that envelope fat globules
during milk secretion [52]. This gene is associated with
milk fat yield and total solid in goats and seems to play a
role in mammary gland development [53]. Other identi-
fied genes are associated with milk production, such as
ANPEP [54] and POLG [37]. One of the most intriguing

characteristics of the Comune di Sicilia is the variability
in ear shape, including the presence of individuals exhib-
iting anotia. Among the genes identified, some are asso-
ciated with external ear conformation, such as ORCE,
responsible for Meier-Gorlin syndrome in humans [55].
Moreover, a region on chromosome 6 including LCORL,
MEPE, FAM184B, and ISBP genes, was found to be asso-
ciated with ear size in cattle and, in particular, /BSP was
a good candidate for this trait, since it could harbour a
missense mutation affecting the protein structure and
was highly expressed in small-ear cattle breeds [56, 57]. A
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gene related to this trait could also be BMPS5, identified in
Comune di Sicilia through iHS analysis. This gene is well
described to be responsible for the “short-ear” phenotype
in mice, which is also associated with skeletal malforma-
tions and altered development of some soft tissues as well
as with impaired wound and fracture healing [58—62].

Interestingly, we identified the AP3B2 gene, known
for its association with coat colour intensity [63] which
might be relevant given that Comune di Sicilia goats typi-
cally exhibit a very light, often nearly white, pheomelanin
pigment [7]. Furthermore, the Comune di Sicilia typi-
cally has medium-long hair, which likely accounts for the
identification of genes associated with fiber production.
The POLG gene, for instance, is implicated in Cashmere
hair growth through IncRNA MTC-mediated regula-
tion [64]. Moreover, the SPPI gene was found to be dif-
ferentially expressed in short- and long-haired Cashmere
goats [65], and KLF5 is regulated by circRNA-0100 dur-
ing the differentiation of secondary hair follicles stem
cells [66]. Additionally, KLF5 is involved in the differen-
tiation of goat subcutaneous adipocytes [67]. Related to
the fat deposition, the iHS selection signature analysis in
Comune di Sicilia, identified the COPS8 gene. COPS8 has
been recently reported as a candidate gene to understand
brown to white adipose tissue transition during the first
two weeks of life in goats [68]. In addition, it was demon-
strated the role of COPSS8 to treat obesity in the develop-
ment of perirenal fat in goats [69].

A gene that would support the possibility of a selec-
tion toward meat production and quality improvement
is MRPL46. Specifically, proteomic analyses in goats
showed a differential expression of this protein in Xin-
jiang goats’ lomngissimus dorsi muscle over a 48-hours
period after death and could observe an effect on meat
tenderness and colour [70].

We identified two genes in both of the comparative
analyses known to be associated with body size and
growth: FAM184B and LCORL. Interestingly, these two
genes have been shown to distinguish between goat
populations from northern and central-southern Italy
[28], which suggest them as specific to the Mediterra-
nean breeds. FAM184B was associated to body size and
growth-related traits in Merino sheep [71-74], Angus
cattle [75], and Xinjiang Brown Cattle [76], but also to
quantitative trait loci (QTL) identified in beef cattle such
as average daily gain, feed intake, subcutaneous fat thick-
ness [77], carcass weight [38] and liver and spleen weight
[78]. LCORL has been recognised to be involved in selec-
tion for body size in several livestock species [79-83],
including goats from different countries [84], cattle [76],
European commercial and local pig breeds [85], sheep
[86], and equines [87]. In addition LCORL is also associ-
ated with QTL in cattle such as bone [88], carcass [38],
and sperm motility in Holstein bulls [89].

Page 13 of 16

Detailed analysis of the genes identified through iHS
analysis and ROH-based selection in Comune di Sicilia
revealed the presence of loci associated with fertility,
including CTNNA1, SLIT3, and BMPS, as well as a locus
related to milk production, AXIN2. The CTNNAI gene,
identified in the ROH-based selection analysis, is asso-
ciated with litter size in goats [90], and the gene SLIT3
plays an important role in goat fertility [36]. A recent
study reported that SLIT3 mRNA transcript was found
highly expressed in primordial follicle oocytes [91], sug-
gesting its major role in the formation and activation of
follicles [92]. The BMP5 gene, belonging to the BMP sub-
family, is involved in goat fertility and fecundity [37]. This
gene plays a crucial role in ovarian folliculogenesis by
enhancing proliferation of granulosa cells, which is asso-
ciated with the growing female gamete in the mammalian
ovary [93, 94]. It is possible that this gene is selected to
enhance the fertility of the Comune di Sicilia goat. Nota-
bly, this gene is also associated with body size in cattle
[95]. Among the genes identified, AXIN2 was found
under selection. Recently, it was reported that this gene
was upregulated during the formation of goat mammary
epithelial cells via Wnt/p-catenin signalling [35]. It has
been reported that Wnt/B-catenin signalling plays a cru-
cial role in the proliferation and acinus-like formation of
the goat mammary epithelial cells [35]. The AXIN2 is also
related with muscle growth in cattle [40] and adipogen-
esis in mice [39, 96].

Conclusion

Here we provide a comprehensive genomic investiga-
tion of the Comune di Sicilia goat, offering novel insights
into its evolutionary history within the Mediterranean
context.

Our analyses, while confirming previous findings,
highlight the distinct genomic identity of CCS, despite
the complex admixture pattern due to historical and cul-
tural exchanges. Importantly, we also identified a deeply
rooted Mediterranean genetic component, likely origi-
nating from ancient lineages shared throughout the area.
The discovery that Sicilian goats share genetic ties with
Greek populations underscores the historical and cul-
tural connections between Sicily and Greece, which have
shaped the genetic heritage of local goat breeds. Further-
more, the genes under selection in the Comune di Sicilia
are strongly associated with traits crucial for the island’s
animal husbandry, particularly those linked to animal
products critical to the region.

These findings highlight the unique characteristics of
this breed and emphasize the importance of its recogni-
tion. Although the population is not currently at imme-
diate risk of genetic erosion, implementing monitoring
plans is essential to ensure its conservation. To this end,
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strategies such as controlled mating informed by geno-
typing can help mitigate high levels of consanguinity.

Our results confirm the distinctiveness of the Comune
di Sicilia goat breed and offer a new perspective on its
history. This uniqueness reflects the long-standing efforts
of local breeders to develop and maintain productive and
adaptive traits. Therefore, we advocate for the Comune di
Sicilia goat to be recognized and protected not only as a
living document of the Mediterranean’s livestock history,
but also as a valuable and resilient genetic resource, well-
adapted to its environment and particularly relevant in
the face of current climate challenges.
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