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Deciphering the genetic mechanisms of adaptation in livestock species is important in ensuring 
sustainability of livestock production in the context of climatic change. Here, we aimed to identify 
signatures of selection within Sarda and Valle del Belice, the two major Italian dairy sheep breeds, as 
well as between their ecotypes raised at three different altitudinal gradients: plain, hill, and mountain. 
By joinly analyzing the three ecotypes from each breed, we found strong signatures of selection at the 
KDM6A gene (X chromosome), a key epigenetic regulator involved in modulating gene expression in 
response to environmental stress. In both breeds, the mountain ecotype showed a strong selection 
toward several pleiotropic genes with effects linked to the nervous system, body size, energy balance 
and muscular function and development. Our study also provides evidence that genes involved in 
neuroendocrine mechanisms are targets of environmental adaptation in the mountain ecotypes, 
suggesting their fundamental role in the regulation of several vital physiological adaptive responses 
to mountainous areas in sheep, including growth, energy expenditure, thermogenesis, sensory 
perception, and locomotor activity. Through the identification of compelling candidate selection 
targets, our study illustrates how natural selection has contributed to environmental adaptation of 
sheep to highlands.

An important goal in evolutionary biology is to uncover the genetic basis of local adaptation. This is relevant to 
climate change, animal production, and conservation of genetic resources1. With the advance of cost-effective 
methods for obtaining genome-scale data, the analysis of large datasets from domesticated species offers great 
opportunities to examine the genetics of local adaptation2,3. Exploring genomic patterns and mechanisms of 
local adaptation offers a way to detect selection signatures and identify the genes, pathways, and environmental 
factors shaping this crucial evolutionary process4. Most adaptive traits are polygenic and involve a few initial 
major-effect mutations, followed by numerous minor-effect mutations in smaller genes5,6. Hence, resolving the 
genetics of traits involved in local adaptation remains a challenging task because of their polygenic architecture.

Sheep provide a good example of a species whose genome has been shaped mainly by natural selection 
following integration into diverse environments and production systems since their domestication7,8. They have 
been exposed to a plethora of selective pressures and have adapted to thrive in a diverse range of environments, 
which makes them important reservoirs for resilience in the face of climate change.

Sarda (SAR) and Valle del Belìce (VDB) are two economically important Italian dairy sheep breeds reared on 
the islands of Sardinia and Sicily, respectively. Within the two breeds, three different subpopulations (or ecotypes) 
are distinguished according to the geographical altitude of the farming area: plains, hills, and mountains. Animals 
raised in plain and hill regions usually present greater genetic value for milk production traits than those raised 
in mountainous areas do. This is particularly true for the Sarda breed9,10. Although no studies have investigated 
genomic differences among ecotypes in the Valle del Belice breed, only one study has reported variations in runs 
of homozygosity (ROH) patterns among Sarda sheep raised at different altitudes11. Consequently, significant 
knowledge gaps persist regarding the genomic signatures of environmental adaptation in these two prominent 
dairy sheep breeds. In the present study, we used genotyping data and two complementary extended haplotype 
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homozygosity statistics to investigate (a) signatures of selection in the two breeds (by jointly analyzing the 
three ecotypes from each breed) and (b) evidence for local adaptation across different elevational gradients in 
both breeds, first by computing a within-ecotype test (iHS) and then by contrasting EHH patterns of the same 
haplotype between ecotypes (Rsb) within each breed. From the set of candidate genes found to be under strong 
selection, we outline their potential importance in the process of adaptation to mountainous regions in sheep.

Methods
Ethics declaration
All experimental procedures and sampling were approved by the Bioethics Committee of the University of 
Palermo: protocol code UNPA-CLE–203098. Blood samples were collected in compliance with European rules 
[Council Regulation (EC) No. 1/2005 and Council Regulation (EC) No. 1099/2009] during routine health control 
by the public veterinary service. The authors confirm that they have followed EU standards for the protection of 
animals used for scientific purposes.

Animals and genotyping
For this study, blood or nasal swab samples were collected from 653 ewes from the two breeds reared under 
different agroclimatic conditions to capture the representative genetic diversity within each breed. The 
individuals were classified by ecotype based on whether they were raised in plain areas (≤ 200 m above sea level, 
m.a.s.l.), hills (350–450 m.a.s.l.) or mountains (> 700 m.a.s.l.). Only farms where animals are born to ancestors 
raised under the same environmental conditions were included in the sampling process.

Genomic DNA was extracted from blood samples (using the commercial Illustra Blood Genomic Prep 
Mini Spin Kit) or from nasal swabs (using the MagMAX CORE nucleic acid purification kit). The samples 
were genotyped via the Illumina OvineSNP50 BeadChip v3 (Illumina, Inc., San Diego, CA, United States). 
Chromosomal coordinates for single nucleotide polymorphisms (SNPs) were updated to the ARS-UI_Ramb_v2.0 
(Ovis aries) genome sequence assembly. The genotyping quality was determined via PLINK ver. 1.0912. Samples 
with genotyping rate below 90% were excluded, resulting in the removal of 27 SAR and 14 VDB individuals. We 
excluded SNP that had a low call rate (< 90%), a high rate of missing genotypes (> 10%) or minor allele frequency 
(MAF) < 5% and those that were out of Hardy–Weinberg Equilibrium (P value < 0.001). Accordingly, 4193 SNP 
were removed from the Sarda and 2249 from the Valle del Belice datasets. We then conducted a relationship-
based filtering using the –king-cutoff option in PLINK ver. 2.0, with a threshold of 0.177 to exclude pairings 
between closely related individuals. This led to the removal of 33 SAR and 55 VDB additional individuals. After 
genotype data filtering, selection signature analyses were performed using 42,170 SNP from 266 SAR individuals 
(82 hill (SAR_C), 77 mountain (SAR_M), and 107 plain (SAR_P) ecotypes) and 44,114 SNP from 258 VDB 
individuals (69 hill (VDB_C), 77 mountain (VDB_M), and 112 plain (VDB_P) ecotypes).

Nucleotide diversity
Nucleotide diversity (Π) for the 26 autosomes and the X chromosome was estimated via VCFtools13. Prior to 
that, linkage disequilibrium (LD) pruning was applied: SNPs were excluded if the LD between each pair of SNPs 
was greater than 0.5 (r2 > 0.5) in a window size of 50 SNPs moving 5 SNPs per window, leaving 37,526 and 40,731 
variants in SAR and VDB, respectively. Π was first calculated for each chromosome in sliding windows of 500 kb 
and then averaged over the whole chromosome.

Detecting signatures of selection
We conducted two EHH-based tests, iHS14 and Rsb15, implemented in the rehh 2.0 R package16, to detect 
genomic regions under putative selection for the Sarda and Valle del Belice breeds. Input files for selection 
signature detection were formatted in fastPHASE17 format. For this purpose, the software was used to 
reconstruct haplotypes from the genotyped SNPs. For each breed, 10 random starts and 40 iterations of the EM 
algorithm were employed, with 50 haplotypes taken from posterior distributions. The number of clusters for 
cross-validation was set at 40. Two levels of haplotype extension patterns were investigated. First, we applied 
the iHS test within each dairy breed, considering the three ecotypes from each breed as a single population. The 
iHS statistic was subsequently calculated independently for each ecotype (plain, hill, and mountain), and the 
Rsb statistic was used to compare the three ecotypes from each breed. In iHS computation, information on the 
ancestral and derived allele state is needed for each SNP because this statistic is based on the ratio of the EHH 
associated with each allele. In our analysis, the ancestral allele was inferred as the most common allele in the 
dataset18,19. The Rsb statistic is defined as the natural logarithm of the ratio between the integrated EHHS (iES) 
values in two populations (in our case, it is about the three ecotypes) i.e., Rsb = ln(iES_ecotype1/iES_ecotype2), 
where iES represents the integrated site-specific extended haplotype homozygosity (EHHS) for each SNP within 
an ecotype. Rsb values are assumed to follow a standard normal distribution under neutrality. Therefore, a 
Z-test was applied to identify SNP showing significant differentiation in haplotype structure between ecotypes. 
Two-sided p-values were computed as pRsb =  − log10[1 − 2|Φ(Rsb) − 0.5|], where Φ(x) denotes the cumulative 
distribution function of the standard normal distribution. Selection signature detection was performed in 1-Mb 
sliding windows with a 50-kb overlapping step. A window is classified as putatively under selection when it 
contains at least 3 markers exceeding the significance threshold of − log10 (p value) = 320.

Functional impact of the variants under selective pressure
Ensembl Variant Effect Predictor (VEP)21 was used to predict the statistically significant variants with the 
relevant genomic regions putatively under selection. VEP was used to determine the location of the variant (e.g., 
intronic, intergenic, in a coding sequence, in regulatory regions). The VEP also provides an impact rating (high, 
moderate, low, or modifier), indicating the severity of the consequences of the mutation.
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Results
Genomic diversity analysis
To evaluate the level of genomic diversity in the two Italian dairy sheep breeds, we computed nucleotide diversity 
(π) in windows of 500 kb across the chromosomes. The X chromosome clearly presented the lowest nucleotide 
diversity in both breeds: 3.34 × 10−6 and 3.27 × 10−6 in the SAR and VDB, respectively. The average π value 
on the autosomes was almost double (6.24 × 10−6 and 6.37 × 10−6 for Sarda and Valle del Belice, respectively) 
(Supplementary Fig. S1).

Selection signature analysis in the Sarda breed
iHS
Examination of the iHS computed jointly for the three SAR ecotypes (SAR_C, SAR_M, and SAR_P) yielded 
8 statistically significant regions, of which the top three iHS regions (those showing the highest proportion 
of outlier SNPs) were on sheep chromosome (OAR) 19 (one region: 29–40.45 Mb) and X (two regions: 40.4–
45.9 Mb and 52.5–55.6 Mb) (Supplementary Fig. S2; Supplementary Table S1). These three candidate regions 
have at least 37% of their SNPs exceeding the significance threshold (Supplementary Table S1). Chromosome 19 
had the largest peak (11.45 Mb in length), which included 77 outliers. Inside this region, the variants with the 
highest statistical significance (-log (p values) between 4.66 and 5.87) are concentrated within a 3.5-Mb region 
(35.79–39.3 Mb). All these variants fell within the intronic regions of four genes, MAGI1, PRICKLE2, SYNPR, 
and PTPRG (Supplementary Table S2), which are related to neuronal function and synaptic organization.

The first candidate region on the X chromosome (40.4–45.9 Mb) had the highest proportion of outliers (79% 
of the SNPs exceeded the significance threshold) and the highest iHS values. Within a ∼747 kb region (between 
positions 43,984,832 and 44,733,729 bp), 6 SNPs had –log (p-values) ranging from 6.48 to 8.35. These SNPs are 
located either in intergenic regions or within the intronic regions of two genes, namely, KDM6A (2 markers) 
and DIPK2B (1 marker), and were classified as modifier impact variants based on the VEP-derived annotations 
(Supplementary Table S2). The second region on the X chromosome (52.5–55.6 Mb) includes 8 SNPs, which are 
consequently also predicted as “modifiers” by VEP. Most of these SNPs (5) are located within intronic regions of 
two protein-coding genes: SHROOM4 and DGKK (Supplementary Table S2).

The iHS plots for each of the three Sarda ecotypes are in Fig. 1 and indicate for each ecotype the SNP above 
the selected significance threshold (− log₁₀(p-value) = 3). We identified a candidate region on chromosome 3 
(166.9–168.7  Mb), unique to the mountain ecotype, containing four significant SNP (Fig.  1; Supplementary 
Table S3). One variant (rs401844951) lies within an intron of Ankyrin Repeat And Sterile Alpha Motif Domain 
Containing 1B (ANKS1B) gene (Supplementary Table S4) and shows a negative iHS value, indicating extended 
haplotypes with the derived allele. Figure  2 shows bifurcation plots for rs401844951 in the SAR_M and 
SAR_P ecotypes. In the mountain ecotype (Fig. 2a), the derived allele (SAR_M, red) is associated with a long, 
unbranched haplotype, consistent with recent positive selection. In contrast, the plain ecotype (Fig. 2b) displays 
rapid branching, indicating no strong selective sweep. Similarly, the decay of the site-specific extended haplotype 
homozygosity (EHHS) plotted against rs401844951 also clearly shows a slower decay of the derived allele in the 
SAR_M ecotype than in the SAR_P ecotype (Supplementary Fig. S3).

Rsb
We subsequently investigated haplotype extension patterns via the standardized log ratio of integrated EHHS 
(iES) between pairs of populations (Rsb) analysis. Given that we are primarily interested in finding areas under 
selective pressure that are associated with environmental adaptation to mountainous environments, we focused 
on the comparisons between plain and mountain ecotypes in both breeds. In our situation, extremely positive 
values of Rsb would indicate longer haplotypes in the mountain ecotype and hence suggest that selection 
occurred in this ecotype. Each of the Rsb SAR_C/SAR_M and Rsb SAR_C/SAR_P statistics identified 12 outlier 
windows (Fig.  3a,b; Supplementary Table S5). The Rsb SAR_M/SAR_P test revealed a total of 14 candidate 
genomic regions (Fig. 3c; Supplementary Table S5), of which 11 were under selection in the mountain ecotype. 
Among these, we identified four highly significant windows where at least 20% of the outlier SNPs exceeded the 
significance threshold. Three of these four windows are located on chromosome 3 (Table 1). The first one, at 
position 166.2–174.3 Mb, overlaps with that revealed by the iHS test in the mountain ecotype (Supplementary 
Table S3), thus providing more evidence of the existence of selection toward this area in the Sarda ecotype reared 
in mountainous environments. Most of the 65 statistically significant SNPs located within this candidate region 
fell within introns of several protein-coding genes, such as ANKS1B, SCYL2, SLC17A8, NR1H4, ANO4, UTP20, 
SPIC, and IGF-1. We found that a single SNP (rs159877897) was located within a coding region of the EP300 
Interacting Inhibitor Of Differentiation 3 (EID3) gene. The highest Rsb value between the SAR_M and SAR_P 
ecotypes on chromosome 3 was in an intergenic region, 87.7 kb downstream of the IGF-1 gene. The second 
relevant candidate region on OAR03 is located close to the first region (OAR03: 176.7–179.1 Mb) and includes 
12 significant SNPs, of which 8 are in intronic regions of the LARGE1 gene (modifier impact variants). The third 
relevant candidate region on OAR03, which is located between 186.65 and 190.75 Mb, includes 27 significant 
SNPs (Supplementary Table S6). Within this region, the strongest variants under selection fell within intronic 
regions of the BMAL2 gene (also known as ARNTL2), which plays a role in regulating the circadian rhythm. The 
fourth relevant region under strong selection in SAR_M is located on OAR01 between 218.6 and 224.05 Mb and 
holds the genes GOLIM4, SERPINI2 and SI (Table 1).

We also identified a region under strong selection in the hill (SAR_C) ecotype on OAR01 where more than 
42% of the variants in the interval exceeded the significance threshold in both Rsb SAR_C/SAR_M (123.4–
133.55 Mb) and Rsb SAR_C/SAR_P tests (126–132.85 Mb) (Supplementary Table S5). Within this interval, seven 
shared protein-coding genes (between the two comparisons) included at least one statistically significant variant: 
GRIK1, MAP3K7CL, RWDD2B, LTN1, N6AMT1, GABPA and APP. The latter gene included a synonymous 
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mutation (rs412371953) with a low impact on the protein in both comparisons (Supplementary Table S7). 
APP (amyloid precursor protein) is a type 1 membrane glycoprotein that plays an important role in a range of 
biological activities, including neuronal development, signaling, intracellular transport, and other aspects of 
neuronal homeostasis22.

Selection signature analysis in the Valle del Belice breed
iHS
A total of 13 candidate regions were detected via the iHS test, which was jointly applied to the three Valle del 
Belice ecotypes (Supplementary Fig. S4), five of which are located on chromosome 3 (184.45–211.4 Mb). The 
other eight regions are distributed across chromosomes 8 (2 regions), 10 (3 regions), 11, 23 and X (1 region each) 
(Supplementary Table S1). The region with the highest proportion of outlier SNPs represented only 23% of the 
variants that exceeded the significance threshold. This region is located on the X chromosome at 43.25–45.4 Mb, 
which overlaps with the region revealed in the Sarda breed (Supplementary Table S1).

The within-ecotype iHS analysis revealed 1, 11, and 14 genomic regions potentially under selection in VDB_C, 
VDB_M, and VDB_P, respectively (Fig. 4; Supplementary Table S3). Among these, three candidate regions were 
specific to the mountain ecotype, as they were detected exclusively in VDB_M. These windows are located on 
OAR03 (108.3–109.7 Mb and 115.2–116.4 Mb) and on OAR06 (80.3–82.8 Mb). The statistically significant SNPs 
in these three regions were in introns of Synaptotagmin 1 (SYT1), Thyrotropin Releasing Hormone Degrading 
Enzyme (TRHDE) for OAR03 and Ephrin Type-A Receptor (EPHA5) for OAR06 (Supplementary Table S8).

Rsb
Rsb analysis identified 17, 15, and 28 candidate genomic regions in the VDB_C/VDB_M, VDB_C/VDB_P, 
and VDB_M/VDB_P comparisons, respectively. The 28 outlier windows revealed by the Rsb analysis between 
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Fig. 1.  Manhattan plots of the genome-wide iHS test within each of the three Sarda ecotypes. (a) iHS test in 
SAR_C (hill). (b) iHS test in SAR_M (mountain). (c) iHS test in SAR_P (plain). The horizontal dashed lines 
mark the significance threshold applied to detect the outlier SNPs (− log (p values) = 3.
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mountain and plain ecotypes of Valle del Belice are distributed over 11 chromosomes (Fig. 5; Supplementary 
Table S5). We identified 13 highly significant windows, all of which are under selection in the VDB_M ecotype 
(Table 1). Notably, some of these windows overlap with the candidate regions on chromosomes 3 and 6 that 
were previously highlighted by the iHS test as being specific to the mountain ecotype. Chromosomes 6 and 4 
presented the largest peaks, with 14.6 (OAR06, 70.85–85.45 Mb) and 10.6 Mb (OAR04, 86.95–97.55 Mb) in 
length. The former candidate region presented the second-highest number of statistically significant variants 
(~ 60%) (Table 1). Notably, a group of 18 highly significant variants on OAR06 (76.7–82  Mb; 7.7 < – log (p 
value) < 9.9) clustered in the intronic regions of three genes: ADGRL3, TECRL, and EPHA5. In addition, a second 
cluster of 5 significant SNPs (3.89 < − log (p value) < 5.03) flanking the gonadotropin-releasing hormone receptor 
(GNRHR) gene was identified. On chromosome 4, the SNPs with the highest statistical significance (− log (p 
value) > 5) are in the introns of the CADPS2 gene. At the genome-wide level, the strongest signal was found 
on chromosome 3 between 106.6 and 114.75 Mb, with more than 63% of the SNPs exceeding the significance 
threshold. The most significant SNPs (7.74 < − log (p value) < 9.48) were concentrated within a 126-kb region 
(113,459,553–113,585,231 bp). All of them fell within intronic regions of the neuron navigator 3 (NAV3) gene. 
Another chromosome that showed highly significant regions only between VDB_M and VDB_P was OAR09. 
Within this chromosome, four outlier windows were detected between 55.35 and 68.85 Mb (Supplementary 
Table S5). Most of the SNPs were located in the introns of the following genes: TPD52, TRPS1, CSMD3, 
NUDCD1, and TRHR. The variants with the highest Rsb values clustered in a 172-kb region that encompasses 
KCNV1, a voltage-gated potassium (Kv) channel gene. Voltage-gated potassium (Kv) channels have diverse 
functions, including regulating neurotransmitter release, heart rate, insulin secretion, neuronal excitability, 
epithelial electrolyte transport, smooth muscle contraction, and cell volume23. According to VEP annotations, 
most of the statistically significant variants under selection in the mountain ecotype of Valle del Belice fell either 
within intergenic regions or within introns of a hundred protein-coding genes. We found four synonymous 
mutations within the CSMD2, LIPT1, OVCH1, and RTF1 genes with a predicted low impact on the protein. We 
also identified two additional missense variants (having a moderate impact on the protein) within ELF5 (a key 
regulator of mammary gland alveologenesis) and PKHD1L1, a gene marker of the embryonic epicardial tissue 
that affects hearing sensitivity (Supplementary Table S9).

Discussion
In this work, we relied on widely used LD-based tests, centered around the extended haplotype homozygosity 
concept24, to detect selection signatures in the genomes of Sarda and Valle del Belice sheep ecotypes raised across 
different altitudinal gradients. We performed a two-level detection analysis. First, we conducted EHH-based 
tests to detect regions under putative selection for each dairy breed (i.e., by jointly considering the three ecotypes 
from each of the Sarda and Valle del Belice). Second, we conducted analyses to determine whether any genomic 
regions were significantly associated with a specific ecotype, particularly the one raised in a mountainous 
environment. In both Sarda and Valle del Belice breeds, there is almost no use of artificial insemination, and 
the exchange of rams among farms is limited; when it does occur, it typically happens between neighboring 
farms within the same geographic area. Furthermore, during sampling, we ensured that the selected animals had 
ancestors born and raised in the same environment, allowing us to minimize recent gene flow across ecotypes. 
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Fig. 2.  Haplotype bifurcation diagrams of ancestral and derived alleles around rs401844951, located within 
ANKS1B gene. (a) Mountain ecotype of Sarda. (b) Plain ecotype of Sarda.
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These breeding and management practices contribute to maintaining genetic separation among ecotypes over 
several generations.

Within-breed signatures of selection detection
Compared to Valle del Belice, the Sarda breed exhibited stronger within-population selection signals, with over 
24% of variants in the top four candidate regions exceeding the significance threshold. This likely reflects both 
demographic and selective factors: as Italy’s largest sheep breed (~ 80% of the national stock)25, Sarda may harbor 
more standing genetic variation and have undergone a longer history of selection, thereby increasing the power 
to detect iHS signals.

Most variants under selection in both breeds lie in intronic or intergenic regions. While these regions do 
not directly affect protein-coding sequences, they can influence gene regulation through mechanisms such as 
alternative splicing or chromatin remodeling.

The region on the X chromosome between 40 and 45 Mb had the highest proportion of outlier variants and 
the highest iHS values (the latter criterion is particularly true for Sarda) where two genes, KDM6A and DIPK2B, 
harboured significant variants in both breeds. This region overlaps with a conserved, low-diversity X-linked 
segment identified in global sheep populations26. Our data also consistently revealed clearly lower nucleotide 
diversity on the X chromosome compared to the autosomes (Supplementary Fig. S1). Thus, one wonders 
whether the selective sweeps observed on the X chromosome are caused primarily by a low recombination rate, 
as observed in Drosophila27. This would generate long haplotype blocks that can mimic the effect of a selective 
sweep. Although this hypothesis may lead to a cautious interpretation of the strong selection signal on the 
X chromosome, we cannot rule out the presence of genes under selective pressure in this region because sex 
chromosomes are subject to sex-specific selective evolutionary forces28. Interestingly, we found that the most 
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Fig. 3.  Manhattan plots of the genome-wide Rsb test between the three ecotypes of Sarda. (a) Rsb SAR_C/
SAR_M. (b) Rsb SAR_C/SAR_P. (c) Rsb SAR_M/SAR_P. The horizontal dashed lines mark the significance 
threshold applied to detect the outlier SNPs (− log (p values) = 3.
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significant variants, both in Sarda and Valle del Belice, clustered within KDM6A, a gene known for its female-
biased expression29. Mounting evidence suggests that selection pressure on X-linked genetic variation may 
preferentially favor alleles that benefit females30. The presence of strong signals of selection on KDM6A gene 
in both breeds suggests a possible case of parallel adaptation, where similar environmental pressures may have 
independently driven selection on the same gene in these two genetically distinct populations. The KDM6A gene 
controls luminal milk-secreting cells in the mammary gland31. Polymorphisms in this gene, observed in the 
plain ecotypes of Sarda and Valle del Belice, may influence milk volume and composition by affecting alveolar 
development, potentially contributing to the higher productivity observed in these ecotypes. The presence 
of selective signals in KDM6A in mountain ecotypes suggests an additional adaptive role. As an epigenetic 
regulator, KDM6A modulates gene expression in response to environmental stress; under energy- or oxygen-
limited conditions, its inhibition suppresses differentiation pathways, maintaining cells in an undifferentiated 
state, potentially enhancing cellular plasticity under hypoxic stress32. In addition, KDM6A is directly recruited to 
myogenic targets during differentiation33 and is required for skeletal muscle repair and regeneration34. Adaptive 
variants in KDM6A could thus contribute to improved endurance and mobility in challenging mountainous 
environments.

In Sarda, chromosome 19 showed the highest proportion of significant SNP. The candidate region on this 
chromosome was also shown to be under divergent selection between the Sarda and the Sardinian Ancestral 
Black sheep breeds35. The most notable variants lie within the MAGI1, a gene involved in epithelial cell integrity36 
and mammary function37, likely relevant for dairy traits. In Valle del Belice, three previously reported candidate 
regions on chromosomes 3 (189.15–191.1 Mb), 10 (45.35–47.45 Mb), and 11 (20.65–21.8 Mb) were confirmed38. 
Significant variants fell within genes such as LMNTD1 and BCAT1 (Supplementary Table S10), both linked to 
muscle development, consistent with secondary selection for growth traits in this breed.

Candidate genes under selection in mountain ecotypes
Over generations, populations living at high altitude levels have developed genetic adaptations to environmental 
stressors such as cold temperatures and low oxygen levels39. A common trait among mountain-dwelling animals 
is smaller body size and slower growth40, features reported in sheep breeds like Tibetan41 and Sarda11, and 
thought to aid in coping with high-altitude conditions. In this study, we identified several genomic regions 
consistently associated with the mountain ecotype. Notably, in Sarda sheep, a 1.8 Mb region on chromosome 
3 (166.9–168.7 Mb), identified by the iHS test, was exclusive to the mountain population and overlapped with 
a broader divergent window detected only in the SAR_M/SAR_P comparison, supporting its role in altitude 
adaptation.

We found a high number of genes under selective pressure in the mountain ecotype of SAR and VDB 
related to nervous system development, energy metabolism, growth, and muscle function, key pathways for 
physiological and behavioral adaptation to mountainous environments. The nervous system likely plays a central 
role, as mountain sheep face greater temperature fluctuations, requiring efficient thermoregulation. Focusing 
first on variants with moderate predicted effects, we detected two missense variants under selection in ELF5 

Comparison Region % ext_mar Genes

SAR_M/SAR_P 1: 218.6–224.05 42 GOLIM4, SERPINI2, SI

SAR_M/SAR_P 3: 166.2–174.3 46 ANKS1B, ANO4, APAF1, EID3, GLT8D2, IGF1, NR1H4, NT5DC3, PAH, SCYL2, SLC17A8, SPIC, STAB2, TDG, 
TXNRD1, U2, UTP20

SAR_M/SAR_P 3: 176.7–179.1 24 LARGE1

SAR_M/SAR_P 3: 186.65–190.75 37 KLHL42, MANSC4, MRPS35, PPFIBP1, BMAL2, STK38L, TM7SF3, ITPR2, SSPN, IRAG2

VDB_M/VDB_P 2: 108.15–112.8 22 GALNTL6, MFAP3L, SH3RF1

VDB_M/VDB_P 2: 115.95–122.1 39 HS6ST1, UGGT1, SAP130, POLR2D, WDR33, MYO7B, IWS1, MAP3K2, NAB1, MFSD6, HIBCH, COL5A2, 
COL3A1, GULP1, TFPI

VDB_M/VDB_P 3: 54.35–56.65 22 –

VDB_M/VDB_P 3: 100.05–103.15 28 NMS, AFF3, EIF5B, MITD1, LIPT1, MGAT4A, UNC50

VDB_M/VDB_P 3: 104–106.05 27 MGAT4A, BUB1, ACOXL, BCL2L11

VDB_M/VDB_P 3: 106.6–114.75 63 LGR5, TRHDE, ATXN7L3B, KCNC2, CAPS2, GLIPR1L1, KRR1, PHLDA1, OSBPL8, ZDHHC17, CSRP2, E2F7, NAV3

VDB_M/VDB_P 3: 184–190.65 56 IPO8, TMTC1, OVCH1, ERGIC2, FAR2, CCDC91, KLHL42, MANSC4, MRPS35, PPFIBP1, U6, BMAL2, STK38L, 
TM7SF3, FGFR1OP2, ITPR2, BHLHE41, RASSF8

VDB_M/VDB_P 4: 86.95–97.55 35 PTPRZ1, CADPS2, POT1, LOW, GRM8, SND1, RBM28, IMPDH1, IRF5, TNPO3, TSPAN33, AHCYL2, MKLN1

VDB_M/VDB_P 4: 103.75–106.25 22 DGKI, HIPK2, TBXAS1, PARP12, KDM7A, SLC37A3, MKRN1, DENND2A, TMEM178B

VDB_M/VDB_P 6: 70.85–85.45 60 SRD5A3, NMU, EXOC1, CEP135, CRACD, IGFBP7, ADGRL3, TECRL, EPHA5, UBA6, GNRHR, TMPRSS11A, 
TMPRSS11F

VDB_M/VDB_P 7: 30.45–35.85 28 MEIS2, TMCO5A, FSIP1, EIF2AK4, U6, INO80, CHP1, EXD1

VDB_M/VDB_P 9: 64.05–66.25 29 CSMD3

VDB_M/VDB_P 9: 66.35–68.85 24 PKHD1L1, NUDCD1, TRHR

Table 1.  Genes containing significant variants within the relevant candidate regions revealed by Rsb 
mountain/plain ecotypes. % ext_mar = percentage of markers in the interval that exceeded the significance 
threshold.
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and PKHD1L1 in the VDB_M ecotype. The ELF5 gene, involved in prolactin signaling and mammary gland 
development42, may enhance lactation under environmental stress. The PKHD1L1 could reflect dual adaptation: 
improved sensory function and cardiovascular resilience, both crucial for acclimatization to high altitudes43–45.

Putative candidate genes related to neurons, growth and muscle
We observed that numerous, statistically significant, modifier impact variants are located within genes with 
pleiotropic effects on the nervous system, body size, and muscular development. The most striking results 
involve those on chromosome 3 (both in Sarda and Valle del Belice). In Sarda, the region under strong selection 
on chromosome 3 (166.2–174.3 Mb) carries the ANKS1B gene because: (1) it includes the highest number of 
statistically significant variants (12) with the Rsb SAR_M/SAR_P test; (2) the statistically significant variant 
located within this gene (in the iHS test) presented a high-derived allele frequency and long-term haplotype 
homozygosity in the mountain ecotype but not in the plain ecotype (Fig.  2; Supplementary Fig. S3). The 
ANKS1B gene encodes AIDA-1, a protein that is enriched at neuronal synapses and regulates synaptic plasticity 
and social behavior in humans46. ANKS1B has also been shown to be associated with adiposity and body weight 
in humans47–49 and sheep50. These functions suggest that mutations in the ANKS1B gene may contribute to 
mountain adaptation through mechanisms involving both energy metabolism and behavioral plasticity. In 
mountainous environments, animals face challenges such as limited food availability and lower temperatures. 
Therefore, genetic variants in the ANKS1B gene, that influence fat deposition and body weight, could support 
improved energy storage and thermoregulation under these harsh conditions.

Within the same interval, two significant SNPs, revealed by the Rsb SAR_M/SAR_P test, were in intronic 
and downstream regions of insulin-like growth factor 1 (IGF-1), which is essential for embryonic and adult 
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Fig. 4.  Manhattan plots of the genome-wide iHS test within each of the three Valle del Belice ecotypes. (a) iHS 
test in VDB_C (hill). (b) iHS test in VDB_M (mountain). (c) iHS test in VDB_P (plain). The horizontal dashed 
lines mark the significance threshold applied to detect the outlier SNPs (− log (p values) = 3.
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neurogenesis, neuronal plasticity, angiogenesis, and metabolic functions51. IGF-1 is a major determinant of small 
size in dogs and one of the foremost regulators of skeletal muscle metabolism52,53. Additionally, within the same 
region, we observed a synonymous mutation within the EID3 gene. The protein encoded by this gene interacts 
with EP300, a histone acetyltransferase encoding a hub protein, p300, which interacts with hundreds of other 
proteins54.

P300 is crucial for hypoxia-induced gene activation, neuron survival55, and skeletal muscle function56. The 
reduction in oxygen availability at 700–1000 m is mild. At this range of altitude, the partial pressure of oxygen is 
approximately 90% of that at sea level57. However, chronic exposure over generations, especially when combined 
with other environmental stressors such as cold temperatures, rugged terrain, and limited forage, may lead to mild 
hypoxic stress that contributes to adaptive responses in the mountain ecotype of Sarda sheep. On chromosome 
3, most significant variants mapped in LARGE1, a gene linked to reduced body weight, growth retardation58, 
and muscle function59. On OAR01, two growth-related genes, SERPINI2 and SI, were also detected. Mutations 
in these genes cause growth defects in mice and humans60,61.

In Valle del Belice, SYT1, under selection only in the mountain ecotype, encodes a calcium sensor protein 
involved in neurotransmitter release and synaptic vesicle trafficking62. The release of neurotransmitters in the 
brain is the main physiological mechanism that organizes the response to stress63. The strongest genome-wide 
signal was found on chromosome 3 (at position 113,459,553–113,585,231  bp) within an intronic variant in 
NAV3, a neuronal gene involved in morphogenesis and neuromuscular function64. Additionally, on chromosome 
2, 13 SNPs under strong selection were in genes linked to muscle (e.g., MYO7B, HS6ST1), neural development 
(MFSD6), and collagen structure (COL5A2, COL3A1). Differential expression of COL5A2 and COL3A1 genes in 
yaks across altitudes suggests a possible role in adaptation to mountainous environments65.
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Fig. 5.  Manhattan plots of the genome-wide Rsb test between the three ecotypes of the Valle del Belice breed. 
(a) Rsb VDB_C/VDB_M. (b) Rsb VDB_C/VDB_P. (c) Rsb VDB_M/VDB_P. The horizontal dashed lines mark 
the significance threshold applied to detect the outlier SNPs (− log (p values) = 3.
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On chromosome 4, the SNPs with the highest statistical significance (− log (p value) > 5) are in the introns 
of the CADPS2 gene, which is expressed at the highest levels in the brain. CADPS2 regulates the release of 
two neurotrophins, brain‐derived neurotrophic factor (BDNF) and neurotrophin‐3 (NT3)66. BDNF is a 
critical regulator of neuroplasticity, cognitive function, and neuronal survival, with its expression known to 
be modulated by environmental stressors such as hypoxia, extreme temperature fluctuations, and physical 
exertion67–69. Accordingly, the chronic exposure to reduced oxygen availability, thermal stress, and increased 
locomotor demands associated with rugged mountainous terrain may stimulate BDNF-mediated pathways that 
enhance neurological resilience, sensory integration, and overall stress adaptation in Valle del Belice sheep living 
in such environments.

Putative Candidate genes involved in neuroendocrine mechanisms
Many of the markers under strong selection that we discovered are located within genes that play key roles in 
the regulation of neuroendocrine functions, such as the hypothalamus‒pituitary‒adrenal (HPA) axis. In the 
mountain ecotype of Valle del Belice, the significant SNPs within the outlier window on chromosome 3 common 
to both the iHS VDB_M and Rsb VDB_M/VDB_P tests (OAR03: 108.3–109.7 Mb) fell within introns of the 
thyroidropin-releasing hormone-degrading enzyme (TRHDE). This gene encodes an enzyme that specifically 
cleaves and inactivates a neuropeptide, thyrotropin-releasing hormone (TRH), which is closely interconnected 
to the HPA axis through neuroendocrine crosstalk. TRH plays a critical role in mediating changes in metabolism, 
energy balance and thermogenesis70. A mutation in TRHDE gene may help maintain higher TRH levels, 
enhancing cold tolerance and metabolic flexibility in the mountain ecotype of Valle del Belice. This gene lies 
within a CNV region previously linked to altitude adaptation in cattle71 and sheep72. Additional HPA axis–
related genes under selection in this ecotype include SYT1, SLCO1C1, EPHA5, GNRHR, and TRHR. Since 
the HPA axis is key to thermal adaptation, selection on these genes may improve metabolic regulation and 
homeostasis in cold, mountainous environments.

In Sarda sheep, several genes under selection on chromosome 3 (IGF-1, SLC17A8, and NR1H4) are linked to 
neuroendocrine functions. Among them, IGF-1, essential for fetal and placental growth73, has been associated 
with high-altitude adaptation in humans74. Selection on IGF-1 may reflect an adaptive response to prenatal 
stress in mountain environments, promoting smaller, more resilient offspring. Epigenetic regulation of IGF-1 
under stress supports its role in growth-related adaptation75. Additionally, strong selection signals were found in 
BMAL2, a key circadian regulator. The BMAL2 gene interacts with hypoxia-inducible factors, linking circadian 
rhythms to hypoxia responses76. Selection on BMAL2 may thus help synchronize circadian and hypoxia 
responses in mountain ecotypes.

These findings are consistent with and expand our knowledge of the mechanisms underlying the 
environmental adaptations of sheep to mountain environments, wherein the neuroendocrine system is a key 
regulator of complex homeostatic processes in the body, including growth, metabolism, energy expenditure 
and thermogenesis. This probably had an impact on the neuroendocrine control of reproductive function in 
mountain ecotypes and could account for the stronger reproductive seasonality observed in individuals dwelling 
at higher altitudes77.

Limits of the study and future directions
Although our findings identify multiple regions under putative selection in the two major dairy sheep breeds in 
Italy and provide plausible biological hypotheses, it is important to acknowledge that these signals have not yet 
been cross-validated. Some of our reported outlier regions may represent false positives. To address this, future 
work should aim to replicate these signals in independent cohorts from the same breeds. Furthermore, increasing 
marker density, using high density BeadChip or whole-genome resequencing, would increase statistical power 
and refine the candidate regions. Transcriptomic analyses, such as RNA-seq or qPCR, could test whether the 
candidate genes identified in the present study are differentially expressed across ecotypes, particularly in tissues 
relevant to their putative function (e.g., mammary gland, muscle, brain, adipocytes).

In conclusion, our study provides some of the first clues into the genetic basis of local adaptation of sheep to 
highlands on the basis of comparisons of ecotypes from the same breed. We identified various genome regions 
putatively under selection in the mountain ecotypes of Sarda and Valle. The genes under selective pressure 
are associated with neuroendocrine functions, metabolism, growth, neural and muscle development. Beyond 
the identification of selection signatures, our results have practical implications for breeding and conservation. 
Genes involved in traits such as thermoregulation, milk synthesis, and endurance, if validated, could be targeted 
in selection programs aiming to improve climate resilience. Genomic selection schemes could incorporate 
adaptive haplotypes to produce better animals suited to harsh and variable environments, such as those predicted 
under future climate change scenarios. This approach is especially relevant for low-input or marginal systems 
where genetic adaptation is key to long-term sustainability. Furthermore, preserving the genetic integrity of 
mountain ecotypes through in situ conservation and controlled gene flow could help preserve alleles that confer 
environmental robustness, which may be lost under intensive selection for productivity traits alone.

Data availability
All data produced in this study are included in the supplementary information.
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