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Three local cattle breeds are farmed in the island of Sardinia (Italy): Sarda (SAR), Sardo-Bruna (SB), and Sardo-Modicana (SM). Historically, SAR was the Sardinian autochthonous breed, known for its resilience despite low productivity. To improve its performance, SAR cows were crossbred with Brown Swiss (BR) and Modicana (MOD) bulls, originating SB and SM. The aim of this research was to investigate how much SAR genomic background remains in SB and SM. A sample of 239 animals (64 SAR, 57 SM, 20 SB, 50 BR and 48 MOD) were genotyped using the 50K SNP Illumina BeadChip. Initially, univariate approaches were used to investigate the genomic relationship of SB and SM with SAR, MOD, and BR. Admixture analysis (K = 2) revealed a greater genetic similarity of SB with SAR than with BR, whereas SM showed a greater genetic proximity with MOD than with SAR. This was also reflected in the Weighted FST values: SAR and SB showed the lowest FST (0.015), confirming their closer relationship, whereas SB and BR showed the highest (0.058), consistent with their greater divergence. For SM, the FST with MOD (0.027) was lower than with SAR (0.030), supporting its closer affinity with MOD. SNP in ROH (SNPROH) analyses identified 21 genomic regions shared among Sardinian cattle breeds, where 3 genes (COMMD1, B3GNT2, and FAM161A) linked to environmental adaptation were found. Further analyses combining univariate and multivariate methods identified SNP with low discriminant power between SAR and the derived populations (SM and SB). Some of these regions overlapped with shared runs of homozygosity (ROHREP), and contained genes potentially associated with adaptation (CTNNA2, ITPR2, NTN1, and USP43). This study demonstrates that part of the SAR genome is still present in SB and SM, particularly in regions related to adaptive traits.
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1 Introduction

The highest number of endangered autochthonous cattle breeds is found in Europe and in the Caucasus, due to the widespread replacement of local populations with a limited number of highly specialized cosmopolitan breeds (Curone, 2019). Despite the dominance of these high-yielding and economically efficient breeds, some indigenous populations have survived, primarily due to the strong connection between their productive and reproductive traits and the environment in which they have evolved. Compared to highly selected cosmopolitan breeds, local populations are characterized by a greater frugality, fertility, disease resistance, longevity and resilience (Gandini et al., 2017), that make them particularly suitable for extensive management, natural grazing, and vegetation control (Felius et al., 2014). For this reason, they often represent the best option for economically exploiting marginal areas such as mountain pastures, woodlands, and foothills (De Haan et al., 1997; Ajmone-Marsan et al., 2001). These breeds have not undergone intensive genetic selection to enhance a single specific trait; as a result, many of them retain a dual-purpose (milk and meat) or even triple-purpose aptitude (milk, meat and work).

Sardinia is the second main island of Italy. Three local cattle breeds are farmed in this region: the Sarda (SAR), the Sardo-Bruna (SB), and the Sardo-Modicana (SM). Until the first half of the last century, the predominant breed was the Sarda (Figure 1A). This breed is present in Sardinia since the Neolithic, after the introduction of animals of Bos Macroceros species from Iberia, North Africa and Syria (Della Maria, 1936; Brandano et al., 1983). The breed is currently characterized by a marked phenotypic heterogeneity, especially in coat color and size (Bigi and Zanon, 2008). The Sarda is farmed in marginal and impervious areas, permitting the exploitation of agronomically infertile soils, mostly for meat production. The herd book was established in 1987.

[image: Five images of different cattle breeds are labeled a to e. a. Sarda (SAR): the cow is tiger- striped (brindled), not light brown. b. Sardo-Bruna (SB): the cow is light gray, not beige. c. Sardo-Modicana (SM), a reddish-brown cow on grassy terrain. d. Brown Swiss (BR) from Encyclopedia Britannica, 2025, a brown cow with light patches. e. Modicana (MOD) from Agraria.org, 2025, a dark brown cow near a stone wall.]
Figure 1 | Pictures of the cattle breeds involved in the study. (A) Sarda cattle; (B) Sardo–Bruna cattle; (C) Sardo–Modicana cattle; (D) Brown Swiss cattle (source: Brown Swiss, Encyclopædia Britannica, https://www.britannica.com/animal/Brown-Swiss, accessed 31 Jan 2025); (E) Modicana cattle (source: Agraria.org, Modicana, https://www.agraria.org/razzebovineminori/modicana.htm, accessed 31 Jan 2025).

In order to improve its milk and meat production, since the second half of the XIX century Sarda cows started to be crossed with Brown Swiss (BR; Figure 1D) bulls imported from Switzerland, originating the dual aptitude Sardo-Bruna breed (Figure 1B) (Brandano et al., 1983). This breed, valued for its productivity and rusticity, was also exported to other Italian regions as well as Corsica and North Africa. It is medium size cattle characterized by a grey coat of various shades. Sardo Bruna cattle are mostly farmed in hilly and mountainous areas, often together with sheep in mixed systems (Bigi and Zanon, 2008). The family herd book was established in 1933, while the technical population standards were approved in 1996 (Regione Sardegna, 2007).

The last breed, the Sardo-Modicana (Figure 1C), originated with the aim of improving the working aptitude of the Sarda. This breed originated from the crossbreeding between Modicana (MOD; Figure 1E) bulls imported from Sicily and native Sarda cows. Before the development of agricultural mechanization, this breed was very appreciated for its working aptitude. The herd book, established in 1927, became effective in 1935. Instead, the breed registry was instituted in 1987 to safeguard the genetic variability of the breed, and it was later renewed in 1995 (Regione Sardegna, 2007).

Due to their easy calving and maternal aptitude, Sardinian local breeds are now mostly used for meat production by crossbreeding with specialized beef breeds, destined for fattening centers. Thus, the production of purebred animals is limited. According to FAO’s Domestic Animal Diversity Information System (DAD-IS, last update on 7 October 2024), the numbers of breeding males and females for Sarda are 1192 and 16597, raised across 898 herds with an average herd size of 24 animals. The Sardo-Bruna, a total of 1002 and 20741 individuals are registered as breeding males and females, respectively. The breed is farmed in 1,352 herds, with an average value of 21 animals per herd. The Sardo-Modicana, which is classified as “at risk”, has only 48 breeding males and breeding 1,493 females, across 118 herds averaging 19 animals. These figures highlight the vulnerability of purebred populations and the potential risk of genetic erosion. The three Sardinian cattle breeds are not under breeding programs, whereas in situ conservation programs are currently active (FAO, 2024).

Recent advances in genomic technologies, such as high-density SNP arrays and next-generation sequencing, provided exceptional insights into the evolutionary dynamics and genetic architecture of cattle populations, enabling detailed investigations of genetic diversity and historical evolution (Acciaro, 2013; Taye, 2018). The main approaches currently applied include the detection of selection signatures through allele frequency analysis (e.g., FST), linkage disequilibrium and haplotype length (XP-EHH), composite methods (XP-CLR), and allele spectrum analysis (Tajima’s D) (Taye, 2018). These tools allow the identification of genes associated with production and adaptation. Analyses of population structure and admixture carried out by the use of PCA or STRUCTURE and ADMIXTURE software, enable the identification of homogeneous genetic groups and ancestral contributions (e.g., Bos taurus vs. Bos indicus) (Edea et al., 2014; Taye et al., 2017; Cesarani et al., 2018). Runs of homozygosity (ROH)—continuous homozygous segments—are useful for estimating inbreeding (FROH), reconstructing demographic history, and detecting regions under selection (Fabbri et al., 2022). Linkage disequilibrium (LD), i.e., the non-random association of alleles at nearby loci, provides insights into the evolutionary history of populations: extended LD may signal recent selection events or demographic bottlenecks, whereas low LD indicates high genetic variability and absence of recent inbreeding (Gibson et al., 2006; Taye, 2018; Fabbri et al., 2022).

Application of these methodologies to Sardinian local breeds has revealed a detailed picture of their genetic variability. With respect to genetic structure and diversity, Sardinian breeds exhibit high intra-breed heterogeneity (Cesarani et al., 2018). Multidimensional scaling and admixture analyses confirm the genetic proximity of SM to MOD and SB to SAR (Cesarani et al., 2018; Mastrangelo et al., 2018). Inbreeding estimates based on ROH analyses (Fabbri et al., 2022) revealed lower values for Sardinian breeds when compared with other Italian local breeds (e.g., Calvana, Pisana and Pontremolese). Furthermore, the distribution of ROH suggests that inbreeding events in these breeds were less recent and less intense (Fabbri et al., 2022). Both ROH based approach and FST highlight genes likely subjected to strong selective pressure: the EIF6 gene on chromosome 13 (involved in glycolysis and lipid synthesis) and the DHRS7 gene on chromosome 10 (linked to steroid metabolism and intramuscular fat deposition) (Cesarani et al., 2018). Contemporary effective population size (cNe), which represents the idealized size of a population where genetic variability is maintained constantly across generations, varied among breeds: SB showed the largest cNe, indicating greater genetic variability and, consequently, higher evolutionary potential than SAR and SM (Mastrangelo et al., 2018). Studies on mitochondrial origins and African introgression revealed that most Sardinian mitochondrial DNA haplotypes belong to haplogroup T3 (typical of Europe), although T1 haplotypes, characteristic of African cattle, were also detected, including one unique haplotype specific to Sardinian breeds (Petretto et al., 2022). This evidence points to historical African introgression, either directly via Mediterranean routes or indirectly through the Iberian Peninsula.

Although previous studies have provided insights into the population structure, genetic diversity, and adaptation signatures of Sardinian cattle breeds, no investigation has yet addressed to what extent the SAR is still retained in the derived SB and SM populations. The scientific question of the paper was to estimate how much of SAR genomic background remains in the genetic heritage of SB and SM. For this reason, genotypes of SB and SM were compared not only with SAR, but also with those of the purebred populations from which they originated (BR and MOD).




2 Materials and methods



2.1 Animals and genomic data

Five different breeds (SAR, BR, MOD, SB, and SB) were considered in this study. The Supplementary Table 1 summarizes the distinguishing features of the analyzed subpopulations (Bigi et al., 2008; Biodiversità Sardegna, 2025; Braunvieh Switzerland, 2025; DAD-IS, 2025). All animals were genotyped with the 50K SNP Illumina BeadChip (Illumina, San Diego, CA, USA). The initial dataset contained 242 animals (50 BR, 50 MOD, 64 SAR, 20 SB, and 58 SM) and 35,364 common SNP. Quality control on genotypes was carried out breed by breed using PLINK 1.9 (Purcell et al., 2007) according to the following criteria: minor allele frequency greater than 2%, animal and SNP call rate greater than 95%. Moreover, SNP not in Hardy-Weinberg Equilibrium (P<1e-6), mapped on sexual chromosomes or unmapped according to the ARS1.2URC release, were also discarded. After quality control, 239 animals (50 BR, 48 MOD, 64 SAR, 20 SB, and 57 SM) and 35,057 SNP were retained for the subsequent analyses. Two different statistical approaches, univariate and multivariate, were employed to identify markers and corresponding genomic regions containing genes specifically associated with SAR.




2.2 Population genomic structure and admixture

Admixture analysis was conducted using Admixture software (v1.3), following the method described by Alexander et al. (2015) in the related software manual. To facilitate the interpretation of genetic structure among the analyzed populations, genetic admixture was estimated assuming K = 2 ancestral populations and calculated by the maximum likelihood method. For this reason, three Admixture analyses were conducted considering: i) SAR, SB, and SM; ii) MOD, SAR, and SM, iii) BR, SAR, and SB. By setting K = 2 the animals of three breeds were assigned to just two ancestral groups and, thus, we could better evaluate whether the two “composite” breeds (SB and SM) are closer to SAR or to the other two purebreds. In parallel, the genomic relationship matrix (GRM) was built with GCTA v1.92.1 (Yang et al., 2011) and used to estimate pairwise genomic relationships among individuals. Average relationships between breeds were calculated to assess genetic similarity. A principal component analysis (PCA) was then performed on the GRM in R v4.2.2 (R Core Team, 2022), and the first components were visualized using the package “ggplot2” (Wickham, 2016) to further explore the population structure.




2.3 Linkage disequilibrium and effective population size

Linkage disequilibrium (LD) and effective population size (Ne) were estimated for the five cattle breeds considered in this study (SAR, SB, SM, MOD, and BR). LD values were calculated with HAPLOVIEW (Barrett et al., 2005), considering markers within a physical distance of 1000 kb, following the procedure described by McKay et al. (2007). Estimates of Ne were derived from LD values according to the equation of Sved (1971), modified to account for finite population size. In addition, for the three Sardinian local breeds (SAR, SB, and SM), Ne was also computed using demographic data retrieved by the FAO database (DAD-IS, 2024). In this case, effective population size was estimated according to the equation proposed by Falconer and Mackay (1996):

Ne= 4*Nm*Nf
(Nm+Nf
)






where Nm
 and Nf
 are the number of adult males and females, respectively.




2.4 Wright fixation index

Using PLINK 1.9, the pairwise Wright fixation index (FST) was computed for the following pairwise comparisons: SAR vs SB, SAR vs SM, BR vs SB and MOD vs SM using the equation proposed by Weir and Cockerham (1984). To identify genomic regions potentially conserved or shared among Sardinian cattle breeds, FST values from the SAR vs SB and SAR vs SM pairwise comparisons were retained for further analyses. Given the strong asymmetry of the FST distribution, with values highly concentrated near zero, we applied a modified threshold to select SNP with lower FST values (FSTLOW) than expected under neutrality. Specifically, we defined a lower-bound threshold as:

FSTLOW=average(FST
)
−0.5*IQR



where average (FST) is the average weighted FST value among the considered comparison and IQR is its interquartile range. This choice departs from the conventional criterion (1.5 × IQR) which would typically be used to identify outliers. However, the standard threshold proved too stringent for our dataset, resulting in the near-complete exclusion of SNP. The adjusted threshold preserved the statistical rationale of selecting variants based on deviation from the central tendency, while being tailored to the specific distribution observed in our data. This approach allowed us to retain SNP with unusually low genetic differentiation between SAR and the other breeds, which may reflect regions under balancing selection or shared ancestral polymorphisms.




2.5 Runs of homozygosity

Consecutive ROH were computed using the “detectruns” R package (Biscarini et al., 2018). The following parameters were adopted to define a ROH: at least 15 homozygote SNP in a row covering a minimum of 1 million base pairs; no heterozygote or missing SNP allowed. Number of ROH per animal (nROH), average ROH length (meanMb), number of ROH per class of length (1–2 Mb, 2–4 Mb, 4–8 Mb, 8–16 Mb, >16 Mb, respectively) and the genomic coefficients of inbreeding based on ROH (FROH) were computed. A ROH was defined as unique when it originated and ended at the same chromosomal positions. These unique ROH could occur in multiple individuals: when the same region was detected in more than one sample, it was classified as a repeated ROH (ROHREP) (Cesarani et al., 2018; Macciotta et al., 2021; Falchi et al., 2023). ROHREP were investigated to identify genomic regions shared among individuals from Sardinian breeds. A genomic region was considered as shared (shared ROHREP) only if it was present in at least one individual per breed (SAR, SB, and SM). To ensure the specificity of these shared segments to Sardinian cattle, only shared ROHREP that were not detected in any BR and MOD individual were retained. While ROHREP required identical start and end positions across individuals, we also adopted a SNP-level method based on the frequency of ROH occurrence. This strategy corresponds to the concept of ROH islands (Peripolli et al., 2018), allowing us to capture broader genomic regions consistently shared among Sardinian breeds, beyond strictly defined ROH boundaries. For each SNP, the proportion of individuals in which the SNP was located within a ROH was calculated and defined as SNPROH. To identify SNPROH shared among the Sardinian breeds, markers with a SNPROH value larger than the 97th percentile in all three breeds (i.e., SAR, SB, and SM) were selected. This stringent cutoff was chosen to capture only the strongest signals of shared genomic regions across Sardinian breeds, thereby avoiding the inclusion of weakly represented markers. Higher thresholds (98th and 99th percentiles) were also tested but did not yield common markers, suggesting the 97th percentile as the maximum threshold at which shared SNPROH could be identified.




2.6 The multivariate approach

The multivariate analysis, according to the algorithm proposed by Manca et al. (2020), was used to explore genetic similarities in the pairwise comparisons involving the three Sardinian cattle breeds (i.e., SAR vs. SB and SAR vs. SM). The genomic data were structured in a multivariate format, where the rows represented the animals and the columns contained the SNP, along with an additional column indicating the breed. Two multivariate statistical techniques were applied to the data: the Stepwise Discriminant Analysis (SDA) and the Canonical Discriminant Analysis (CDA). The SDA is a statistical technique specifically conceived to identify the subset of variables that best differentiate groups. However, in this paper, SDA was used with an opposite purpose: SNP selected in different runs of SDA were subtracted from the dataset until the remaining markers had no discriminating power. With this aim, the STEPDISC procedure of SAS software (version 9.4, SAS Inst. Inc., Cary, NC, USA) was used with the ‘forward’ method and variables were selected basing on the partial R² criterion.

CDA is a multivariate statistical approach aimed at highlighting differences between groups of individuals and improving the understanding of relationships among variables. If p represents the number of groups, the CDA generates p−1 equations, known as canonical functions (CAN), which are linear combinations of the original variables (Xn). A CAN is structured as follows:

CAN=C1X1+C2X2+……. +CnXn



where Ci are the canonical coefficients (CC), indicating the contribution of each variable Xi in composing the CAN. To better interpret the role of Xi in group separation, Rencher and Scott (1990) standardized the CC values to account for correlations among the original variables. The absolute values of the standardized CCs can be used to rank variables based on their contribution to the CAN. Group differences within the CAN space were assessed using the Hotelling’s T-square test (De Maesschalck et al., 2000). The CANs were also employed to predict the group membership of each animal. In practice, the CANs were applied to individual animals, generating a discriminant score. An animal was assigned to a specific group if its score was below the cutoff value, which was determined by calculating the weighted mean distance between the centroids of the two groups (Mardia et al., 2000).

The overall multivariate approach followed these five steps: i) the SDA was applied to SNP located in genomic regions previously individuated by FSTLOW. ii) Different runs of the SDA were subsequently applied to that data. At each run, the partial R² threshold was set to a very low value (0.0000001) to select the maximum number of discriminant markers that, in any case, cannot be greater than the number of involved animals. iii) After each SDA run, the CDA was applied to the remaining SNP to test if those markers were able to significantly discriminate groups. iv) The procedure stopped when the residual SNP were not able to significantly separate groups. Genomic regions surrounding these SNP could harbor genes that can be ascribed to SAR. Finally, the markers identified through this analysis were compared with those derived from the univariate approach (shared ROHREP and SNPROH) with the aim of identifying genomic regions commonly detected by both methods.




2.7 Gene and QTL discovery

Gene and QTL discovery was carried out on SNPROH identified in the comparison involving SAR, SB, and SM, as well as in genomic regions shared across both univariate and multivariate approaches. Genes located within 250 kb upstream and downstream of these variants were considered to account for local linkage disequilibrium (Manca et al., 2020). Annotated genes and QTL were retrieved from the UCSC Genome Browser Gateway (http://genome.ucsc.edu/) and the National Center for Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov) databases, using the Bos taurus genome assembly ARS-UCD1.2 as reference.





3 Results



3.1 Population genomic structure and admixture

Figure 2A reports the Admixture analysis involving the three Sardinian autochthonous breeds (SAR, SB, and SM). SAR and SB shared a more similar ancestral composition (green bars in the Figure), with proportions of 0.80 and 0.89 for K = 1, and 0.20 and 0.11 for K = 2, respectively. In contrast, SM exhibited a clearly distinct ancestral component (blue bars in the Figure), with proportions of 0.09 for K = 1 and 0.91 for K = 2, suggesting a divergent genetic background. Figure 2B shows the comparison among MOD, SAR, and SM. SM displayed greater ancestral similarity with MOD (0.94 and 0.65 for K = 1, green color) than with SAR, which showed proportions of 0.10 for K = 1 and 0.90 for K = 2 (blue color). Finally, Figure 2C presents the analysis including BR, SAR, and SB. SB showed a closer and nearly equal genetic affinity (blue bars) with SAR (0.10 and 0.12 for K = 1, 0.90 and 0.88 for K = 2, respectively), while BR showed a more distinct profile (0.93 for K = 1 green color).

[image: Three bar graphs display ancestry proportions for groups of individuals. Graph a compares SAR, SB, and SM; graph b compares MOD, SAR, and SM; graph c compares BR, SAR, and SB. Ancestry is shown on the y-axis, with varying proportions represented in blue and green for each individual along the x-axis.]
Figure 2 | Admixture plots of the admixture analyses results at K = 2 in the five analyzed cattle breeds: Bruna (BR), Modicana (MOD), Sarda (SAR), Sardo-Bruna (SB) and Sardo-Modicana (SM).

A clear separation among the breeds was observed along the first principal component (PC1), which explained about 4.2% of the total variance (Figure 3). Along this axis, individuals from BR cluster (red points) were plotted at the left extreme, whereas MOD and SM were positioned on the right (yellow and fuchsia points, respectively). SAR and SB breeds (blue and green points, respectively) occupied intermediate positions. The second component (PC2), explaining 2.6% of the total variance, further corroborated the differentiation among the investigated breeds, with SB close to SAR and SM close to MOD, confirming their closer genetic similarity. Estimates of average genomic relationships among breeds revealed generally low values, confirming clear genetic differentiation across groups. The highest mean relationship was observed between SAR and SB (0.026), whereas the lowest was detected between SM and SB (mean = -0.027). A positive value was also found for the SM vs MOD comparison (mean = 0.013), indicating a slightly higher degree of genomic similarity compared with other breed pairs. The remaining comparison showed values close to zero, suggesting limited genomic relatedness among the analyzed populations (Table 1).

[image: Scatter plot showing PCA results with two principal components, PC1 and PC2, explaining 4.2% and 2.6% of the variance, respectively. Points are color-coded by category: BR (red), MOD (yellow), SAR (green), SB (blue), and SM (purple). Points are grouped indicating clustering of each category.]
Figure 3 | Plot of the Principal component analysis (PCA) based on the genomic relationship matrix of the five investigated breeds: Bruna (BR), Modicana (MOD), Sarda (SAR), Sardo-Bruna (SB) and Sardo-Modicana (SM).


Table 1 | Genomic relationship results obtained from the genomic kinship matrix and the weighted Wright’s fixation index (FST) analysis for the pairwise comparisons considered in the five analyzed cattle breeds: Bruna (BR), Modicana (MOD), Sarda (SAR), Sardo-Bruna (SB) and Sardo-Modicana (SM).
	Comparison
	Genomic relationship
	FST



	BR vs SB
	-0.011
	0.058


	MOD vs SM
	0.013
	0.027


	SAR vs SB
	0.026
	0.015


	SAR vs SM
	-0.021
	0.030










3.2 Linkage disequilibrium and effective population size

The decay of linkage disequilibrium (LD) showed clear differences among the five breeds analyzed (Figure 4). As expected, BR displayed the highest levels of LD across all distance classes. MOD showed intermediate levels of LD, whereas the three Sardinian local breeds (SAR, SB, and SM) exhibited lower overall LD values, with SAR showing the fastest decay of LD, followed by SB and SM.

[image: Line graph showing linkage disequilibrium (r²) decay over distance (kb) for five breeds: BR, MOD, SAR, SB, and SM. r² decreases sharply initially, then levels off beyond 500 kb. Each breed is represented by a distinct colored line.]
Figure 4 | Average linkage disequilibrium (LD; r2) between markers within an interval of 1000 kb in the five analyzed cattle breeds Bruna (BR), Modicana (MOD), Sarda (SAR), Sardo-Bruna (SB) and Sardo-Modicana (SM).

Estimates of effective population size (Ne) revealed consistent patterns with the LD decay profiles (Figure 5). The SAR breed exhibited the highest Ne across generations, followed by SB and SM, while MOD and BR showed the lowest values. For the three Sardinian local breeds, Ne estimated using the equation of Falconer and Mackay (1996), showed that SAR had the largest effective population size (Ne = 4449), closely followed by the SB (Ne = 3823), whereas the SM had a substantially lower Ne (Ne = 186).

[image: Line graph depicting the effective population size (Ne) of five breeds (BR, MOD, SAR, SB, SM) over the past 500 generations. The y-axis shows population size from 0 to 3000, while the x-axis indicates generations ago from 0 to 500. Each breed is represented by a different colored line: BR (red), MOD (green), SAR (blue), SB (cyan), and SM (pink). All breeds show an increasing trend, with MOD having the largest size and BR the smallest over time.]
Figure 5 | Effective population size based on LD according to the generation ago considered in the five analyzed cattle breeds Bruna (BR), Modicana (MOD), Sarda (SAR), Sardo-Bruna (SB) and Sardo-Modicana (SM).




3.3 Wright fixation Index

The FST values for all the pairwise comparisons are reported in Table 1. The highest weighted FST value (0.058) was observed between BR vs SB and between SAR vs SM (0.030). The lowest value was instead found between SAR vs SB (0.015). Applying the FSTLOW threshold to the initial dataset of 35,057 SNP yielded 16,048 SNP in the SAR vs SB comparison and 15,598 in the SAR vs SM comparison. These SNP represent genomic variants with significantly reduced genetic differentiation and were thus considered as candidate markers of conserved genomic regions between these Sardinian breeds.




3.4 Runs of homozygosity

Basic statistics of ROH analyses are reported in Table 2. A total of 15,277 ROH were identified across 239 (64 SAR, 20 SB, 57 SM, 50, BR and 50 MOD) animals, all of which had at least five ROH. In terms of distribution among the breeds, BR, MOD, and SM exhibited larger number of ROH accounting for 72% of the total identified ROH. In contrast, SB displayed the lowest number, with only 1,107 ROH, representing just 7% of the total. Regarding the length of the ROH, SM showed the lowest average ROH length (33.29 ± 4.68 Mb). SAR and SB exhibited a significantly similar average number of ROH per animal (55.26 ± 29.22 and 56.44 ± 26, respectively), whereas BR showed the highest number of ROH (81.23 ± 12.41A) followed by MOD (72.47 ± 17.49AB) and SM (61.43 ± 19.12C). Regarding the ROH length classes, all breeds exhibited a higher proportion of ROH segments shorter than 2 Mb and a very similar distribution in the other classes (Table 2). The highest ROH-based inbreeding coefficient (FROH) was computed for BR (0.135 ± 0.001), whereas the lowest and similar values were observed for the three Sardinian breeds (0.080 ± 0.085 for SAR, 0.075 ± 0.064 for SB and 0.078 ± 0.053 for SM).


Table 2 | Basic statistics and results of ROH statistical analyses in the five analyzed cattle breeds: Bruna (BR), Modicana (MOD), Sarda (SAR), Sardo-Bruna (SB) and Sardo-Modicana (SM).
	
	Animals
	ROH
	
	
	ROH class3
	


	N
	%
	N
	%
	nROH1
	meanMb2
	<2Mb
	2–4 Mb
	4–8 Mb
	8–16 Mb
	> 16 Mb
	FROH



	SAR
	64
	27
	3,241
	21
	55.26 ± 29.22BC
	3.9 ± 5.97A
	60
	17
	11
	8
	4
	0.080 ± 0.085


	SB
	20
	8
	1,107
	7
	56.44 ± 26.03BC
	3.36 ± 4.96B
	58
	22
	11
	5
	3
	0.075 ± 0.064


	SM
	57
	24
	3,343
	22
	61.43 ± 19.12C
	3.29 ± 4.68B
	58
	23
	12
	6
	2
	0.078 ± 0.053


	BR
	50
	21
	4,109
	27
	81.23 ± 12.41A
	4.07 ± 4.9A
	47
	25
	15
	9
	4
	0.135 ± 0.001


	MOD
	48
	20
	3,477
	23
	72.47 ± 17.49AB
	3.46 ± 4.57B
	55
	22
	14
	6
	2
	0.101 ± 0.044





1nROH, number of ROH per animal;

2meanMb, mean of ROH length per animal;

3ROH class, % of the number of ROH per length class.



The results of the shared ROHREP analysis are presented in Supplementary Table 2. Four genomic regions—located on BTA4, BTA14, BTA28, and BTA29—were identified as shared by at least one animal of the three Sardinian breeds, encompassing a total of 95 SNP. In the pairwise comparisons involving SAR vs SB or SAR vs SM, 32 and 40 genomic regions were detected in at least one animal per breed, respectively. The analysis based on SNPROH values allowed the identification of SNP frequently included within ROH in individuals of SAR, SB, and SM. A Total of eleven markers, 6 on BTA1 and 5 on BTA11, had a SNPROH larger than 97th of its distribution in the three breeds.





3.5 The multivariate approach

The SDA and CDA were applied to assess pairwise similarities between SAR vs SB and SAR vs SM. Of the 16,048 and 15,598 SNP previously identified in the univariate approach, the SDA retained 74 and 79 SNP, in the two comparisons, respectively (Supplementary Table 3). These SNP were considered as those that most strongly unified the breeds involved in the two comparisons. This is because the CDA was not able to significantly separate breeds (Hotelling’s T-square test > 0.05) when these SNP were used, with an error rate in assigning animals to the correct breed of around 20%. This result ultimately confirms that only common SNP remained among all three breeds. Notably, among the 74 SNP identified between SAR vs SB, one SNP on BTA4, two on BTA9, and one on BTA11 overlapped with the shared ROHREP detected in the same comparison (Table 3). Similarly, of the 79 SNP found between SAR and SM, one SNP on BTA5 and one on BTA19 were located within the corresponding shared ROHREP comparison (Table 3).


Table 3 | Genomic regions, percentage of SNPROH in each breed (% SNPROH) and potentially associated genes found in SNPROH among the three Sardinian cattle breeds (SAR, Sarda; SB, Sardo-Bruna; SM, Sardo-Modicana).
	CHR
	SNP
	Region (Mb)
	% SNPROH
	Gene
	Associated trait
	References


	SAR
	SB
	SM
	Acronym
	Name



	1
	ARS-BFGL-NGS-116572
	82.97-82.98
	27
	25
	19
	AP2M1
	Adaptor Related Protein Complex 2 Subunit Mu 1
	Milk and fat yield
	Laodim et al. (2023)


	1
	ARS-BFGL-NGS-116572
	82.98-83.00
	27
	25
	19
	DVL3
	Dishevelled Segment Polarity Protein 3
	Milk and fat yield
	Laodim et al. (2023)


	1
	ARS-BFGL-NGS-116572
	83.00-83.01
	27
	25
	19
	EIF2B5
	Eukaryotic Translation Initiation Factor 2B Subunit Epsilon
	Liver functional genomics
Age at first calving
	Laporta et al. (2014)
Dubon et al. (2021)


	1
	ARS-BFGL-NGS-116572
	83.06-83.07
	27
	25
	19
	HTR3C
	5-Hydroxytryptamine Receptor 3C
	Age at first calving
Milk production
	Dubon et al. (2021)
Korkuć et al. (2023)


	1
	ARS-BFGL-NGS-116572
	83.12-83.21
	27
	25
	19
	ABCC5
	ATP Binding Cassette Subfamily C Member 5
	–
	–


	1
	ARS-BFGL-NGS-116572
	83.25-83.30
	27
	25
	19
	PARL
	Presenilin Associated Rhomboid Like
	–
	–


	1
	ARS-BFGL-NGS-116572
	83.30-83.31
	27
	25
	19
	MAP6D1
	MAP6 Domain Containing 1
	Milk production
	Korkuć et al. (2023)


	1
	ARS-BFGL-NGS-116572
	83.31-83.42
	27
	25
	19
	YEATS2
	YEATS Domain Containing 2
	Milk production
	Korkuć et al. (2023)


	1
	ARS-BFGL-NGS-116572
	83.45-83.48
	27
	25
	19
	KLHL24
	Kelch Like Family Member 24
	Reproduction
	Pal (2023)


	1
	Hapmap41527-BTA-38460
	83.55-83.60
	27
	25
	19
	KLHL6
	Kelch Like Family Member 6
	Reproduction
	Yang et al. (2022)


	1
	Hapmap40527-BTA-38457
	83.65-83.91
	30
	25
	19
	MCF2L2
	MCF.2 Cell Line Derived Transforming Sequence-Like 2
	–
	–


	1
	Hapmap52416-rs29016842
	83.75-83.83
	33
	25
	19
	B3GNT5
	UDP-GlcNAc: BetaGal Beta-1,3-N-Acetylglucosaminyltransferase 5
	Immunity (pig)
Milk quality
	Pal and Chakravarty (2019)
Poulsen et al. (2019)


	1
	BTB-00036444
	83.92-83.95
	31
	25
	19
	LAMP3
	Lysosomal Associated Membrane Protein 3
	–
	–


	1
	BTB-00036444
	83.96-84.02
	31
	25
	19
	MCCC1
	Methylcrotonyl-CoA Carboxylase Subunit 1
	Meat quality
	Song et al. (2024)


	1
	BTB-01702174
	84.04-84.07
	31
	25
	19
	DCUN1D1
	Defective In Cullin Neddylation 1 Domain Containing 1
	Milk yield and milk quality
Sire conception rate
	Nayak et al. (2023)
Li et al. (2012)


	11
	Hapmap59053-rs29015825
	59.86-60.06
	28
	25
	19
	USP34
	Ubiquitin Specific Peptidase 34
	Body conformation
	Ogunbawo et al. (2025)


	11
	Hapmap32032-BTA-128772
	60.14-60.18
	28
	25
	19
	XPO1
	Exportin 1
	Body conformation
	Ogunbawo et al. (2025)


	11
	BTA-99888-no-rs
	60.43-60.44
	28
	25
	19
	FAM161A
	FAM161 Centrosomal Protein A
	Body conformation
Adaptation
	Ogunbawo et al. (2025)
Zhong et al. (2024)


	11
	BTA-99888-no-rs
	60.47-60.48
	28
	25
	19
	CCT4
	Chaperonin Containing TCP1 Subunit 4
	Body conformation
	Ogunbawo et al. (2025)


	11
	Hapmap47238-BTA-30090
	60.50-60.67
	28
	25
	21
	COMMD1
	Copper Metabolism Domain Containing 1
	Body conformation
Finishing precocity
Adaptation (buffalo)
Immunity
	Ogunbawo et al. (2025)
Surati et al. (2024)
Zhong et al. (2024)


	11
	ARS-BFGL-BAC-11723
	60.72-60.76
	26
	30
	19
	B3GNT2
	UDP-GlcNAc: BetaGal Beta-1,3-N-Acetylglucosaminyltransferase 2
	Body conformation
Adaptation (buffalo)
	Ogunbawo et al. (2025)
Surati et al. (2024)










3.6 Gene discovery

Among the SNPROH found in the comparison involving SAR, SB and SM, a total of 21 genes (of which 15 located on BTA1 and 6 located on BTA11, Table 4) and 38 QTL (14 on BTA1 and 24 on BTA11, Supplementary Table 5) were identified. In the genomic regions highlighted both by univariate and multivariate approach, 6 genes (5 on BTA 9 and 1 on BTA11, Table 3) and 37 QTL (Supplementary Table 4) were found between SAR vs SB whereas 6 genes (1 on BTA5 and 5 on BTA19, Table 3) and 40 QTL (Supplementary Table 4) were found between SAR vs SM.


Table 4 | Genomic regions and potentially associated genes found in common between CDA and shared ROH approaches in SAR vs SB and SAR vs SM comparisons (SAR, Sarda; SB, Sardo-Bruna; SM, Sardo-Modicana).
	Comparison
	BTA
	SNP
	Region (Mb)
	Gene Acronym
	Gene name
	Associated trait
	Reference



	SAR vs SB
	4
	BTA-90533-no-rs
	1.74-2.24
	–
	–
	–
	–


	9
	ARS-BFGL-NGS-32882
	102.28-102.39
	AFDN
	Afadin, Adherens Junction Formation Factor
	–
	–


	9
	ARS-BFGL-NGS-32882
	102.41-102.44
	KIF25
	Kinesin Family Member 25
	–
	–


	9
	ARS-BFGL-NGS-32882
ARS-BFGL-NGS-115046
	102.45-102.46
	FRMD1
	FERM Domain Containing 1
	–
	–


	9
	ARS-BFGL-NGS-32882
ARS-BFGL-NGS-115046
	102.55-102.56
	DACT2
	Dishevelled Binding Antagonist Of Beta Catenin 2
	Blood β-Hydroxybutyrate
	Wang et al. (2024)


	9
	ARS-BFGL-NGS-32882
ARS-BFGL-NGS-115046
	102.65-102.80
	SMOC2
	SPARC Related Modular Calcium Binding 2
	Fertility
	Höglund et al. (2015)


	11
	Hapmap42798-BTA-109203
	54.80-55.99
	CTNNA2
	Catenin Alpha 2
	Milk and fat yield
Trypanotolerance
Tick resistance
Adaptation
Fertility
	Laodim et al. (2023)
Kim et al. (2017)
Otto et al. (2018)
Flori et al. (2019)
Fonseca et al. (2020)


	SAR vs SM
	5
	Hapmap51303-BTA-74377
	82.98-83.57
	ITPR2
	Inositol 1,4,5-Trisphosphate Receptor Type 2
	Milk production
Milk and fat yield
Tail length
Adaptation
	Gangwar et al. (2025)
Laodim et al. (2023)
Wang et al. (2025)
Taye (2018)


	19
	ARS-BFGL-NGS-79203
	28.35-28.43
	PIK3R5
	Phosphoinositide-3-Kinase Regulatory Subunit 5
	Adaptation
	Wu et al. (2024)


	19
	ARS-BFGL-NGS-79203
	28.45-28.65
	NTN1
	Netrin 1
	Adaptation
	Del Corvo et al. (2021)


	19
	ARS-BFGL-NGS-79203
	28.66-28.87
	STX8
	Syntaxin 8
	–
	–


	19
	ARS-BFGL-NGS-79203
	28.87-28.89
	CFAP52
	Cilia And Flagella Associated Protein 52
	Fertility
	Liang et al. (2024)


	19
	ARS-BFGL-NGS-79203
	28.90-28.95
	USP43
	Ubiquitin Specific Peptidase 43
	Adaptation (sheep)
	Mohamadipoor Saadatabadi et al. (2021)











4 Discussion

Local breeds represent an important component of the zootechnical and cultural heritage of the regions where they originated. Despite their remarkable resilience and deep-rooted adaptation to local environments, shaped by specific ecological conditions and traditional practices (Felius et al., 2014), many native breeds face the threat of extinction. This is largely due to the widespread introduction of high-yield cosmopolitan breeds, which have progressively displaced local populations (Curone, 2019). One of the major dangers is the genetic erosion, driven by the crossbreeding with more productive non-native cattle (Bigi and Zanon, 2008). Preserving and promoting autochthonous breeds goes beyond safeguarding biodiversity and it also means protecting a distinctive cultural legacy (Nonić and Šijačić-Nikolić, 2021). While cosmopolitan breeds offer higher economic returns, they are often ill-suited to the particular demands of marginal areas. In this context, Sardinian autochthonous breeds represent an exemplary case of livestock populations genetically adapted to marginal environments, whose survival is, however, increasingly threatened by the widespread diffusion of cosmopolitan breeds. It is therefore of paramount importance to support the conservation and valorization of these autochthonous cattle, ensuring both their genetic continuity and their role within the cultural and economic identity of Sardinia.

Admixture analysis is a population genetics method used to estimate the proportion of ancestry of individuals or populations from a presumed number of ancestral populations (Kumar et al., 2003). In this study, admixture analysis was employed to assess genetic similarities between Sarda cattle, two composite (SB and SM), and the other two purebreds (BR and MOD) used in the crossbreeding schemes. In the analysis, the number of ancestral population (i.e., the K parameter) was set to 2, consistently with the idea that genetically similar populations tend to show comparable proportions of ancestry components inferred at K = 2 (Kumar et al., 2003). Admixture analyses results showed that SB is more strongly related with SAR than with BR, whereas SM resulted to be genetically closer to MOD rather than SAR (Figures 2A–C). Similar results were reported by Mastrangelo et al. (2018), where admixture analyses provided valuable insights into the genetic composition of Sardinian cattle breeds: at lower K values, these breeds tended to share a common ancestral component with autochthonous Sicilian cattle breeds, indicating a degree of shared ancestry or historical gene flow. On the other hand, the Sardinian breed, at K = 24, exhibited a less distinct cluster compared to other breeds, suggesting a more complex genetic background potentially shaped by past admixture events. As a result, SAR shares genetic components with both SB and SM, but in different proportions. However, other studies showed how SAR tends to be closer to SB rather than SM when analyzed with BR and MOD (e.g., Cesarani et al., 2018). Determining the population structure of Sardinian cattle breeds provided useful insights into their genetic relationships. The PCA based on the genomic relationship matrix separated BR from the other populations along PC1, reflecting its well-known divergence from local breeds (Cesarani et al., 2018; Mastrangelo et al., 2018). In agreement with previous reports, MOD and SM clustered together, supporting the historical preservation of MOD genetic component in SM (Cesarani et al., 2018; Mastrangelo et al., 2018). Interestingly, SAR and SB tend to overlap in the PCA space, contrary to earlier studies that reported a clearer separation between SB and SAR (Cesarani et al., 2018; Mastrangelo et al., 2018). This result, probably influenced by different sampling procedures than earlier studies, suggests that SB retains a substantial genetic background shared with SAR, possibly due to local breeding practices or more recent genetic exchanges. Overall, our findings support a complex genetic landscape in which both distinct differentiation (BR vs. other breeds) and shared ancestry (SAR and SB, SM and MOD) coexist, consistent with the historical management of these local cattle populations.

The results of LD and effective population size analyses highlighted differences between local and cosmopolitan populations. Sardinian breeds showed lower LD consistent with a larger effective population size, mainly due to the use of natural matings (i.e., no artificial insemination) and the limited exchange of bulls among farms. In this context, Sardinian breeds, even when compared to other local and non-local Italian breeds, tend to show a higher Ne (Mastrangelo et al., 2018).

The Wright fixation index is a key tool in population and evolutionary genetics research, as it provides valuable insights into the evolutionary processes that have shaped genetic variation both within and between populations. Additionally, FST is closely linked to the variance in allele frequencies across populations, offering important information regarding the degree of genetic similarity among individuals (Holsinger and Weir, 2009). FST weighted values estimates among the considered populations confirmed what was already observed with Admixture: SB seems to be more genetically closer to SAR rather than to BR. The FST value between SAR and SB (0.015) closely aligns with the findings of Mastrangelo et al. (2018), who reported a value of 0.016. However, in the comparisons between SAR vs SM and SM vs MOD, the FST values obtained in this study (0.030 for SAR vs SM and 0.027 for SM vs MOD, respectively) were slightly lower than those obtained by Mastrangelo et al. (2018) (0.040 for SAR vs SM and 0.025 for SM vs MOD, respectively). These discrepancies could be due to differences in sample size or allele calling methodologies, that may influence FST estimates and account for the slight discrepancies observed between the two studies (Holsinger and Weir, 2009).

ROH are uninterrupted stretches of homozygous genotypes that originate from common ancestors, indicating regions identical by descent (Gibson et al., 2006). The length of these segments can offer insight into the timing of inbreeding events (Gibson et al., 2006.), whereas their pattern can also reflect selective pressures, both natural and artificial, as selection can lead to the fixation of beneficial alleles, thereby increasing homozygosity at specific loci (Szmatoła et al., 2019; Falchi et al., 2023). In the present study, all breeds exhibited a higher concentration of ROH in the short and medium length classes, indicating that most inbreeding events likely occurred in the more distant past (Gibson et al., 2006); comparable results were observed in the same breeds by Cesarani et al. (2018). The inbreeding coefficients (FROH) were relatively similar among the three Sardinian breeds – SAR (0.080 ± 0.085), SB (0.075 ± 0.064), and SM (0.078 ± 0.053) – suggesting comparable levels of autozygosity and inbreeding history (Mastrangelo et al., 2018). In contrast, BR and MOD showed higher FROH value (0.135 ± 0.001 for BR and 0.101 ± 0.044 for MOD), reflecting a lower genetic diversity. Similar ROH-based inbreeding coefficients were reported by Mastrangelo et al. (2018) for MOD cattle (0.105 ± 0.067), whereas slightly lower values were reported by Signer-Hasler et al. (2017) in Brown Swiss cattle (0.115 ± 0.037). The current results are broadly consistent with previous studies, in which the Sarda breed was reported to have a low mean FROH (0.060 ± 0.063), reflecting a larger within-breed genetic variability (Mastrangelo et al., 2018). Likewise, moderate inbreeding levels were already reported in literature for SB and SM (Mastrangelo et al., 2018).

The analysis of ROH across breeds or individuals provides valuable insights into population genetics and animal breeding, helping to identify genomic regions under selection or linked to important traits (Peripolli et al., 2017; Szmatoła et al., 2019; Falchi et al., 2022). The results obtained in this study highlighted shared genomic regions (ROHREP) and genetic markers (SNPROH) shared among Sardinian breeds, representing candidate loci potentially underlying common adaptive traits or breed-specific selection. Notably, both shared ROHREP and SNPROH analyses revealed homozygous signals exclusive to the Sardinian populations, i.e., absent in BR and MOD, supporting the concept of a “Sardinity” genetic signature. This approach diverges from the majority of previous studies conducted on these local breeds, which typically focus on identifying genetic differences rather than similarities (e.g., Cesarani et al., 2018; Mastrangelo et al., 2018; Fabbri et al., 2021). Instead, here we emphasize the common genomic features that unify the Sardinian cattle, providing novel insights into the shared evolutionary histories and potential adaptive convergence. Complementing this univariate approach, the multivariate analysis using SDA and CDA in the SNP previously identified with FSTlow in the pairwise comparisons involving SAR vs SB and SAR vs SM, led to the identification of SNP subsets representing shared genomic components. CDA, when SNP selected at the end of the SDA runs were used, was not able to significantly separate breeds (Hotelling’s T-square test > 0.05) with 20% of misclassification rate. This result suggests that these markers largely capture common genetic features across the breeds, possibly reflecting shared ancestry, gene flow, or convergent selection. Remarkably, both methodologies independently highlighted genomic regions (Table 3) where markers were consistently retained and mapped within shared ROH segments between SAR vs SB and SAR vs SM. Their consistent detection across distinct analytical frameworks reinforces its biological relevance and points to the need for further investigation. Overall, this convergence of univariate and multivariate evidence highlights the power of integrating complementary methods to identify robust genomic signatures with implications for breed conservation and genetic improvement strategies.

In this study, population stratification and genetic diversity and similarity in this study were investigated using different approaches based on SNP analysis. A more comprehensive approach, based on haplotypes, might deliver clearer insights on past crossbreeding events and proportion of SAR genome still conserved in SB and SM. However, most of the haplotypes-based analyses require information on ancestral populations and reference haplotypes (e.g., phased genotypes) that were not available for the current study.




4.1 Gene and QTL discovery

Among the approaches employed to detect genomic regions shared across Sardinian breeds, the SNP-based method (SNPROH) deserves particular attention as it allows the identification of broader and more biologically meaningful regions of homozygosity (Peripolli et al., 2018). As already pointed out, the three breeds under investigation in this study (SAR, SB, and SM) are characterized by a high level of resilience and adaptation to harsh environments. Using this approach, in two genomic region highlighted among SAR, SB, and SM breeds, two genes, COMMD1 (BTA11: 60.50–60.67 Mb) and B3GNT2 (BTA11: 60.72–60.76 Mb) (Table 3), were previously identified in Chilika buffalo as part of the genetic signature associated with adaptation to saline environments (Surati et al., 2024). Chilika is an indigenous Indian buffalo breed adapted to brackish water conditions around the Chilika Lake, characterized by high salinity levels and saline vegetation. The COMMD1 and B3GNT2 genes were functionally linked to biological pathways such as MAPK signaling, renin secretion, and endocytosis, all potentially contributing to physiological resilience in high-salinity habitats (Surati et al., 2024). Notably, COMMD1 has also been identified as a candidate gene involved in oxidative stress response and anti-inflammatory regulation in cattle (Zhong et al., 2024). Specifically, COMMD1 plays a key role in modulating the NF-κB signaling pathway, which is central to immune response and inflammation control. Reduced levels of COMMD1 protein have been associated with prolonged activation of NF-κB, leading to increased expression of pro-inflammatory cytokines (Muller et al., 2007). By fine-tuning NF-κB activity, COMMD1 may thus help maintain immune homeostasis under environmental stressors (Taye et al., 2017). FAM161A gene (BTA11: 60.43-60.44) has been reported as a candidate gene for environmental adaptation in cattle (Zhong et al., 2024). This gene plays a critical role in retinal structure and function, with its normal expression being essential for maintaining the integrity and performance of retinal cells (Häfliger et al., 2021). In tropically adapted breeds, such as the Hainan yellow cattle, the functional integrity of FAM161A is thought to contribute to environmental fitness by supporting effective vision — a key trait for navigating complex, wild habitats. Some QTL found in the regions highlighted by SNPROH among the three Sardinian cattle breeds were associated with traits of reproductive and adaptive relevance (Supplementary Table 5). In particular, QTL linked to fertility and reproduction were detected on BTA1 (non-return rate and birth index) and BTA11 (inseminations per conception). For health and resistance, QTL associated with tick resistance and bovine tuberculosis susceptibility were identified on BTA11.

For completeness, we also investigated the genomic regions identified by both univariate and multivariate approaches. These regions, as well as those identified by the SNPROH approach, revealed genes potentially associated with adaptation, fertility, and immunity (Table 4). In the SAR vs SB comparison, the gene CTNNA2 (BTA11: 54.80–55.99 Mb) was found. In Mediterranean cattle breeds, this gene was previously reported within genomic regions under positive selection related to climate variables, including the Temperature-Humidity Index (Flori et al., 2019). These findings suggest a potential role for CTNNA2 in thermoregulation and heat stress response, two key traits for adaptation to arid and semi-arid environments. Beyond its involvement in climate resilience, CTNNA2 has also been associated with trypanotolerance (Kim et al., 2017), tick resistance (Otto et al., 2018), fertility (Fonseca et al., 2020), and milk and fat yield in tropical dairy cattle (Laodim et al., 2023). The convergence of multiple lines of evidence supports the hypothesis that CTNNA2 plays a pleiotropic role in conferring resilience to environmental stressors while contributing to productive and reproductive performance in poor environments. In the SAR vs SM comparison, three genes—NTN1 (BTA1: 28.45-28.65 bp), PIK3R5 (BTA19: 28.35-28.43 BP), and USP43 (BTA19: 28.90-28.95 bp)— all of which previously associated with adaptation to environmental stressors, were identified. The NTN1 (Netrin 1) gene was reported by Del Corvo et al. (2021) as differentially methylated in response to heat stress in Nellore and Angus cattle. Specifically, it was hypomethylated in Nellore individuals during periods of thermal challenge, suggesting a potential role in enhancing gene expression under stress conditions. The PIK3R5 gene was identified in Hainan cattle by Hui et al. (2024) within a region under positive selection. A missense mutation in this gene was associated with altered mRNA and protein structures, potentially modulating the PI3K/Akt/mTOR pathway. This signaling cascade plays a central role in cellular metabolism and stress response, and thus, its regulation may contribute to improved heat tolerance in cattle from tropical regions. Lastly, the USP43 gene was found under selection in Iranian sheep breeds adapted to high temperatures (Mohamadipoor Saadatabadi et al., 2021). One fertility related gene, CFAP52 (BTA19: 28.90-28.95) was also found (Liang et al., 2024). ITPR2 gene (BTA5: 82.98–83.97 Mb was reported to play a role in calcium ion signaling pathways, which are involved in several adaptive and physiological processes (Taye, 2018; Wang et al., 2025). Notably, ITPR2 has been identified as a gene under positive selection in African cattle, potentially contributing to thermal tolerance through the regulation of eccrine sweat gland function (Taye, 2018). The protein encoded by ITPR2 modulates intracellular calcium release, a process critical for sweat secretion. Loss-of-function mutations in this gene have been associated with anhidrosis, indicating its essential role in thermoregulation (Klar et al., 2014; Cui and Schlessinger, 2015). In Brown Swiss cattle, ITPR2 has been implicated in skeletal traits such as tail length, with enriched functional annotations in calcium ion binding (GO:0005509), suggesting involvement in bone development and remodeling (Wang et al., 2025). Furthermore, it was found within the cAMP-mediated signaling pathway (GO:0071320), which is associated with anti-inflammatory responses (Tavares et al., 2020). In addition to gene-based signals, several QTL identified within the overlapping ROHREP-CDA regions were associated with traits of economic and adaptive importance (Supplementary Table 4). On BTA1, QTL linked to growth and feed efficiency were found between 83.49–83.96 Mb (average daily gain, residual feed intake, methane production), while QTL for calving ease and somatic cell score clustered at 84.06 Mb. On BTA11, some QTL between 59.73–60.86 Mb were related to fertility (inseminations per conception) and health (tick resistance, susceptibility to bovine tuberculosis).

The identification of genes and QTL associated with adaptation, fertility and immunity, reinforces the long-standing hypothesis that Sardinian cattle have undergone natural and human-driven selection for resilience in marginal environments. In particular, the Sarda breed’s ability to thrive on poor pastures and under low-input systems may have favored the retention of genetic variants linked to adaptive features, disease resistance and reproductive efficiency. These results are consistent with previous observations on the adaptability of local breeds across the Mediterranean, where extensive farming systems and pasture-based diets have shaped genetic profiles associated with improved meat and milk quality (e.g., fatty acid composition, kappa-casein content), metabolic efficiency, and reduced susceptibility to stress (Acciaro, 2013; Gatellier et al., 2005; Curone et al., 2019; Mastrangelo et al., 2018; Stanton et al., 2021; Alothman et al., 2019; Magan et al., 2021). Moreover, the co-occurrence of production-related QTL (growth, feed efficiency, milk yield) and adaptive signals in the same genomic regions suggests that local breeds such as the Sarda may combine modest productivity with functional robustness—a valuable trait combination in the context of sustainable and low-input agriculture.





5 Conclusion

This study confirms the retention of a substantial genomic background from the Sarda (SAR) breed in the derived Sardo-Bruna (SB) and Sardo-Modicana (SM) breeds. Admixture patterns and shared ROH regions suggest a clear genetic continuity, further supported by the identification of selective signatures associated with traits of environmental adaptation, immunity, and productive performance. The combined use of univariate and multivariate methods proved to be essential in capturing both locus-specific differentiation and broader genomic patterns, enhancing the resolution and reliability of the results. These findings highlight the adaptive potential embedded within local cattle breeds and their relevance for sustainable livestock systems, particularly in marginal environments. Indigenous breeds like SAR, SB, and SM are not only a reservoir of unique genetic diversity, but also represent a cultural and ecological asset, deeply connected to the Sardinian territory. The ongoing genetic erosion and risk of extinction of these breeds pose serious threats, not only to biodiversity but also to the resilience of local agropastoral systems and to the environmental balance. Therefore, conservation and valorization strategies for local breeds should be prioritized within broader frameworks of sustainable agriculture and rural development.
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