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This study investigated genetic diversity, population structure, and selection footprints across 16 local sheep breeds from
the Danube region using high-density SNP data. The diversity status was derived from the overall heterozygosity and genomic-
based inbreeding coefficients (F,,,, and F,). Population stratification was assessed using principal component analysis, phylogenetic
networks, and admixture estimation. Selection footprints were identified based on the genome-wide Wright's fixation index (F))
distribution. Moderate observed and expected heterozygosity levels were found, with the highest values in the Improved Valachian
breed (H, = 0.44 +£0.10, H, = 0.44 +0.08) and the lowest in the East Friesian (H, = 0.37 £0.16) breed. Inbreeding coefficients aligned
with heterozygosity patterns, indicating an increase in inbreeding in geographically or historically separated breeds and reduced
inbreeding in recently developed composite breeds, particularly the Improved Valachian and Slovak Dairy sheep. All approaches
testing population structure confirmed breed stratification corresponding to geographic and phylogenetic backgrounds, while
admixture analysis revealed the highest proportion of genetic admixture in the composite breeds. A genome-wide scan revealed
24 candidate regions under selection pressure across 15 autosomes, encompassing 48 protein-coding genes, including those
related to reproduction (TNP1, AMHR2) and immune response (SLCT1A1, IL9, JAK3). Functional enrichment analysis identified
overrepresented GO terms related to protein binding, spermatogenesis, hypoxia response, and KEGG pathways such as TGF-beta
and VEGF signalling. This study provides insights into breed-specific selection pressures driven by diverse breeding goals and
environmental adaptation in sheep breeds in the Danube region. The study also highlights the importance of genomic tools for
preserving genetic diversity and supporting sustainable breeding strategies in local populations.
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1 Introduction drivers of anthropogenic selection was the dietary shift

The domestication of sheep (Ovis aries) marks a significant ~@ssociated with transitioning from foraging to farming
milestone in the history of agriculture, dating back to  Systems, which introduced novel ecological pressures
approximately 11,000 years ago in the Fertile Crescent ~and management practices (Yurtman et al., 2021; Kaptan
(Atavliyeva and Tarlykov, 2018). Since then, the species et al., 2024). Following domestication, sheep spread into
has undergone extensive phenotypic and genetic Europe along several major routes, with one of the most
diversification, driven by both natural and anthropogenic ~ important being the migration through the Balkans
selection (Wang et al., 2019). Among the earliest into the Carpathian Basin. Archaeozoological evidence
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suggests that sheep husbandry was established
in the Balkans by the early Neolithic, from where it
gradually expanded northwards into the Carpathian
region and further into Central Europe. Throughout
the Bronze and Iron Ages, and later during the Roman
and Medieval periods, livestock movements, trade, and
transhumance practices facilitated additional waves of
gene flow and breed development (Schmolcke et al,
2018; Banffy, 2019). In the Danube region, including
present-day countries such as Serbia, Montenegro,
Slovakia, Austria and Czechia, local breeds evolved
under diverse agroecological conditions and cultural
influences. These historical processes have contributed to
the formation of distinct genetic structures among local
sheep populations, reflecting both ancient migration
events and more recent selective breeding efforts.

Genomic footprints of these processes include both
reduced nucleotide diversity and increased genetic
differentiation in specific genomic regions, depending
on the nature and strength of selection (Yurchenko et
al., 2019; Fonseca et al., 2024). Such patterns are often
associated with selective sweeps, where advantageous
alleles increase in frequency together with linked loci due
to genetic hitchhiking (Barton, 2000; Kim and Stephan,
2003; Stephan, 2019). The nucleotide changes in regions
of domestication-related candidate genes suggest
that specific traits, such as reproduction, morphology,
production performance, physiology, and behaviour,
were subjected to strong directional selection during
domestication, often manifested by a decrease in genetic
variability around the target gene (Cinar et al., 2020; Li et
al.,, 2020; Chen et al., 2021).

Footprints of selection in the genome can be identified
using various population genetic tools and statistical
methods. One of the most commonly applied
approaches is based on determining the fixation index
Fe which measures genetic differentiation between
populations. Under neutral expectations, genetic
drift and demographic history primarily shape allele
frequency differences between populations. However,
loci exhibiting unusually high or low F values may be
significantly affected by divergent selection pressure
acting in these regions. In this context, high F values
usually reflect the effect of local adaptation, while low
values suggest negative or balancing selection (Brito
et al, 2017). In sheep, F -based studies of selection
footprints have identified candidate regions associated
with important production and reproduction traits,
including wool quality, prolificacy, and adaptation to
production environments (Guo et al,, 2022; Zhang et al,,
2023; Yang et al., 2025).

Understanding how selection has shaped genomic
variation is particularly relevant for livestock systems

across the Danube region, where the maintenance and
genetic improvement of locally adapted national sheep
breeds remain central to both agricultural sustainability
and cultural heritage. Such breeds represent unique
genetic resources adapted over centuries to local
environmental conditions and traditional management
practices. Examples include the Valachian, Tsigai,
Sumava, Pivska Pramenka or Zetska Zuja breeds, many
of which are listed as national genetic resources playing
important roles in marginal and low-input farming
systems. Moreover, in several parts of the Danube
region, including mountainous and submontane
zones, sheep production is tightly linked to pastoral
traditions, seasonal transhumance, and multifunctional
land use, often prioritising the conservation of original
phenotypic traits, such as wool type, horn morphology,
and coat colour patterns. These breeds are commonly
maintained by smallholders or cooperatives and are
frequently integrated into agroecological farming, rural
development projects, and agrotourism, supporting both
biodiversity conservation and local economies (Oravcova
et al.,, 2018; Mészarosova et al., 2022; Tomka et al., 2022;
FAO, 2024). Due to this, the main aim of this study was
to quantify genetic connectedness between local sheep
breeds in the Danube region and identify selection
footprints reflecting their population stratification.

2 Material and Methods

2.1 Analysed Breeds and Genomic Data

Genomic data of 739 animals belonging to 16 local
sheep breeds originating from Czechia, Montenegro,
Slovakia and Serbia were used in this study. Table 1
shows a detailed description of the analysed breeds.
Because three different SNP arrays were used for
the genotyping of animals, there was a relatively high
decrease in the number of available autosomal SNPs
with known physical positions after merging datasets.
The subsequent quality control of genomic data included
filtering of animals and SNPs with call rate higher than
90% and SNPs with minor allele frequency higher than 1%
not adhering to Hardy-Weinberg distribution at the level
of p <0.0000001. The final database included genotype
information of 19,648 SNP markers for 739 animals.

2.2 Population Stratification Analysis

The overall average observed (H) and expected
heterozygosity (H), the genomic inbreeding coefficient
derived from observed and expected homozygous
genotype counts (F, ) and Wright's inbreeding
coefficient (F,) were calculated using PLINK v1.9 (Chang
et al.,, 2015) to compare the levels of genetic variability

among evaluated breeds. The degree of population
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Table 1 Summary of the studied populations
Breed Abbreviation No. of animals Country of origin
Improved Valachian sheep cziv 39
Valachian sheep czov 72 Czechia
Sumava sheep Cczs 48
Bardoka MEB 23
Pivska Pramenka MEPP 24
Sora MES 28 Montenegro
Zetska Zuja MEZZ 29
Tsigai RSC 26 .
Vlashko Vitoroga RSVV 30 Serbia
Tsigai SKC 70
Slovak Dairy sheep SKD 36
Improved Valachian SKIV 70
Lacaune SKL 103 Slovakia
Original Valachian SKOV 94
Texel SKT 5
East Friesian sheep SKVF 42

stratification that expresses the systematic difference
in allele frequencies in populations due to different
ancestry was quantified by principal component analysis
(PCA) using the identity-by-state matrix calculated
in PLINK v1.9, discriminant analysis of principal
components in the R package adegenet (Jombart, 2008)
and genetic admixture analysis using Bayesian approach
in admixture (Alexander, 2009). In addition, population
structure was tested using NetView (Neuditschko et al.,
2012) to construct k-nearest neighbour networks and
SplitsTree to generate phylogenetic networks based on
Nei’s genetic distance matrix (Huson et al., 1998).

2.3 Testing of Selection Footprints

Genomic regions under strong selection pressure were
identified by determining Wright's F_ index, which
is widely used to infer selection footprints based on
the assumption that loci under divergent selection
exhibit higher differentiation than expected under
neutrality. The F index was calculated for each SNP
marker in the dataset using PLINK v1.9 (Chang et al.,
2015). Genomic regions consisting of at least three
SNPs exceeding the threshold value (top 1% of extreme
F,, values) were considered candidate regions under
significant selection pressure, reflecting underlying
population stratification potentially driven by local
adaptation or artificial selection in each analysed breed.

Protein-coding genes located within these regions
were identified using the Ensembl BioMart data mining
tool to explore the potential biological significance
of the detected selection footprints. The resulting gene

list was subsequently subjected to functional enrichment
analysis using the Database for Annotation, Visualization,
and Integrated Discovery (DAVID) (Sherman et al., 2022),
which enabled the identification of significantly enriched
Gene Ontology (GO) terms and KEGG pathways (p <0.05),
providing insights into the functional categories and
biological processes potentially affected by selection.

3 Results and Discussion

3.1 Degree of Population Stratification

The highest levels of both observed and expected
heterozygosity were found in the Improved Valachian
population (H = 0.44 +0.10, H, = 0.44 +0.08), while
the lowest observed heterozygosity was detected
in the East Friesian breed (H =0.37+0.16), and the lowest
expected heterozygosity in the Texel breed (H, =
0.31 +£0.18). Although the overall average heterozygosity
across populations (Ho = 0.41 +0.15, He = 0.40 +0.12)
indicates a general reduction in heterozygosity,
the observed values remain comparable or slightly
higher than those reported for other regional
or transboundary sheep breeds worldwide (e.g.
Davenport et al., 2020; Wanjala et al., 2025). As shown
in Figure 1, both the homozygosity-based inbreeding
coefficient (Fron) and the inbreeding coefficient derived
from the observed and expected heterozygosity across
subpopulations (F revealed, with few exceptions,
consistent trends in the overall homozygosity levels
across populations. In agreement with the patterns
of observed heterozygosity, the highest proportion
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Figure 1 Comparison of average values of genetic diversity indicators across breeds

F ... — inbreeding coefficient derived from observed and expected homozygous genotype counts, F. — Wright's inbreeding
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coefficient, H - observed heterozygosity, H, — expected heterozygosity

of homozygous genotypes was recorded in the East
Friesian gene pool (F oy = 0.16 £0.06), followed by Tsigai
sheep from Serbia (Fon = 0.14 £0.04) and Valachian
sheep from Czechia (Fow = 0.13 %0.08). Conversely,
the lowest levels of genomic inbreeding were observed
in recently developed breeds, such as the Improved
Valachian sheep from Slovakia and Czechia (F,om = -0.01
+0.03) and Slovak Dairy sheep (Fon = ~0.003 £0.02). This
result was expected, as these breeds were developed
through controlled breeding programs involving crosses
of several genetically distinct breeds, which typically
leads to increased genetic variability. A comparison of
F.om @and F, values showed generally consistent trends,
except for the Texel breed, where opposite patterns
were detected (Figure 1). This discrepancy is likely due
to the limited sample size available for this population,
which may have influenced the accuracy of inbreeding
estimates and contributed to bias in F-statistics.

The observed variability in heterozygosity and inbreeding
levels across the evaluated breeds primarily reflects
differences in their breeding histories, management
practices, and selection intensity. Similar patterns have
been reported in other livestock species, such as local
goat breeds maintained in Central and Southeast Europe
(Vostry et al, 2024). Breeds with recent composite
origins, such as the Improved Valachian and Slovak Dairy
sheep, exhibited higher genetic diversity and lower
genomic inbreeding. In contrast, more traditional and
geographically separated breeds, such as the Valachian
sheep and the Vlashko Vitoroga breed, showed signs
of increased homozygosity, likely indicating historical
bottlenecks and limited gene flow (Spigler et al.,
2017). Moreover, the obtained results underscore
the importance of ongoing genomic monitoring to
prevent the loss of genetic diversity, particularly in native
and locally adapted sheep populations.

Graphical visualisation of the first two principal
components (Figure 2A) revealed that individuals
were clustered according to their geographical and
phylogenetic origins. Breeds with shared ancestry
or common founders tended to group more closely
together. This pattern was particularly evident
in the Improved Valachian populations from Slovakia
and Czechia, which formed a tight cluster, indicating
minimal genetic differentiation between them. Similarly,
the Slovak Dairy sheep clustered near these populations,
suggesting shared founder origins or recent gene flow
between them. In contrast, the East Friesian and Texel
breeds were separated from the other groups, reflecting
substantial genetic divergence likely resulting from
a distinct breeding history and selection pressures. This
clustering pattern was also confirmed by the analysis
of the network generated by the NetView approach
(Figure 2B) and the phylogenetic tree constructed based
on Nei's genetic distance matrix (Figure 2C). Results
from both analyses supported the separation of major
breed clusters identified by PCA. Geographically more
separated breeds with long histories, such as Valachian
sheep, Zetska Zuja, Tsigai, Texel or East Friesian, formed
distinct branches. In contrast, close relationships between
certain breeds, such as the Slovak and Czech Improved
Valachian populations, were again evident. The estimated
proportion of genetic admixture (Figure 2E) ranged from
3.14% to 11.45%. As expected, the highest admixture
levels were detected in the genomes of the Slovak Dairy
and Improved Valachian sheep, which both showed
multiple ancestral components. This is consistent with
their development as composite breeds, originating
from breeding programs involving several founder
populations to enhance specific production traits and
adaptability. Conversely, traditional and regionally
conserved breeds such as Sumava, East Friesian, Tsigai,
Zetska Zuja or Vlashko Vitoroga displayed more uniform
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Figure 2

Population stratification based on principal component analysis

A/ - network graph generated using NetView approach; B/ — phylogenetic tree constructed from Nei’s genetic distance matrix;
C/ - first discriminant function of DAPC analysis; D/ - proportion of genetic admixture among breeds; E/ - CZIV - Improved
Valachian sheep, CZOV - Valachian sheep, CZS - Sumava sheep, MEB - Bardoka, MEPP - Pivska Pramenka, MES - Sora, MEZZ -
Zetska Zuja, RSC - Tsigai, RSVV - Vlashko Vitoroga, SKC - Tsigai, SKD - Slovak Dairy sheep, SKIV — Improved Valachian, SKL - Lacaune,
SKOV - Original Valachian, SKT - Texel, SKVF - East Friesian sheep

ancestry profiles, indicating a stable genetic background
shaped primarily by natural and artificial selection,
in accordance with specific breeding objectives and
environmental conditions.

The genetic structure observed among the analysed
sheep breeds is consistent with previous studies on
both regional and transboundary livestock populations.
Breeds with a history of systematic crossbreeding, such
as those recently developed or improved, typically show
higher levels of genetic admixture and diversity due to
the incorporation of multiple founder populations (Jaafar
et al, 2022). In contrast, autochthonous or regionally
conserved breeds often form distinct genetic clusters,
reflecting their long-term geographic isolation and

limited gene flow with other breeds. This was well
documented in almost all livestock species, including
cattle (Kukuckova et al., 2017), sheep (Ramirez-Diaz et al.,
2025) and goats (Vostry et al., 2024).

3.2 Genomic Footprints of Selection Reflected
Intensity of Population Stratification

A genome-wide scan of the F_ values revealed 24 candidate
genomic regions under strong selection pressure due to
divergent breeding objectives and selection strategies
applied among the studied breeds. These regions
distributed across 15 autosomes were defined based on
clusters of at least three SNPs exceeding the threshold
defined by the 99" percentile of the obtained F, values
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(F,;20.12). The highest proportion of selection footprints
was found on autosome 3, whereas the signal showing
the highest F; value was located on autosome 20 (Table
2). Representative results of the genome-wide F; scan,
including the detected selection footprints, are shown

in Figure 3.

Annotation of the candidate regions showed 48 protein-
coding genes involved in the genetic control of various
biological processes. A summary of the genes, including
significantly enriched GO terms and KEGG pathways, is
shown in Table 2 (GO-enriched genes are highlighted
in bold). Notably, several genes were associated with
reproductive traits, including TNPT (Anjum et al,
2022), which plays a role in spermatids chromatin

condensation, and AMHR2, a gene associated with
gonadal development and sex differentiation (Cutting
et al,, 2014). Additionally, immune-related genes such
as SLC11A7 (involved in innate immune response and
pathogen resistance; Liu et al.,, 2011), IL9 (a key driver of
immuneresponsesininflammatoryandimmunediseases;
Neurath and Finotto, 2016), and JAK3 (part of the JAK-
STAT signalling pathway essential for cytokine receptor
signalling; Murray, 2007) were identified in regions under
selection pressure, suggesting that adaptation to local
environments may have been a significant selective force
in certain breeds.

To assess the biological importance of detected selection
footprints, enrichment analysis of protein-coding genes

Table 2 Summary of detected footprints of selection
Chr | Start End Size Avg. Protein-coding genes Significantly enriched GO
(Mbp) (Mbp) (Mbp) Fe term/KEGG pathway
1 204.36 204.45 0.09 0.12 FXR1 G0:0042803, GO:0007286
189.59 189.65 0.06 0.17 -
) 217.56 217.98 0.42 0.14 IGFBP5, TNP1 G0:0007286
51916 | 21940 024 015 ARPC2, AAMP, PNKD, TMBIM1, CATIP, GO:0042803, GO:0030041
SLC11A1, CTDSP1
3 112.16 112.54 0.37 0.13 OSBPL8, ZDHHC17 G0:0042803, 0as04350,
0as04060, GO:0001664
132.72 133.02 0.30 0.13 NPFF, TARBP2, MAP3K7§,A;”(:":,B.“IZ,51IJ)61,
159.60 159.88 0.28 0.12 SLC16A7
4 116.45 116.86 0.41 0.12 INSIGT1, CNPY1, RBM33
490 515 0.25 012 ARRDC2, KCNN1, CCDC124, SLC5A5,IIJ\gli.3; GO:0042803, 03504062,
5 GO0:0001664
aass| 4505 0.47 013 |  SLC25A48,IL9, FBXL21P, LECT2, SMADS, 03504350, 03504060
TGFBI, Vault
44.87 45.18 0.31 0.13 U6, VPS13C
40.77 41.17 0.40 0.13 ENSOARG00000027018
28.41 28.63 0.23 0.19 PDS5B
10 42.66 42.93 0.26 0.14 -
0.01 0.25 0.24 0.13 ENSOARG00000003921
M 12.06 1241 0.35 0.14 APPBP2, CHCT1, USP32, U6, CA4
ENSOARG00000010872,
5 | geas| ser| ote| o3 ENSOARGDO000010E77
ENSOARG00000026848
17 59.37 59.47 0.10 0.13 -
44.78 45.07 0.29 0.14 RALGAPA1, BRMSTL
18 70.44 70.84 0.40 0.14 -
19 27.67 28.01 0.34 0.13 ENSOARG00000024837
20 18.79 19.03 0.23 0.19 ENSOARG00000010358
21 3.75 4.26 0.50 0.16 -
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Figure 3 Genome-wide distribution of F; values and identified selection footprints

within the regions was performed using DAVID. This
analysis revealed several significantly overrepresented
GO terms and KEGG pathways (p <0.05) (Table 2).
The most consistently enriched GO term was “protein
homodimerization activity” (GO:0042803), which may
reflect general cellular functions under selection due to
diverse selective pressures. More specific enrichments
included “spermatid development” (G0:0007286),
indicating that reproductive capability may be a target
of artificial selection in commercial and locally adapted
breeds, and “G protein-coupled receptor binding”
(GO:0001664) responsible for regulating a wide array
of physiological processes, including reproduction,
development, metabolism, stress responses, and
cognition (Kleinau et al., 2024). Some of the genes were
significantly involved in two KEGG pathways, TGF-beta
signalling pathway (0as04350) and VEGF signalling
pathway (0as04370), both of which are associated with
growth, development, and tissue remodelling and may
reflect historical selection for production traits such as
muscle development.

The observed results are consistent with previous studies
reporting similar patterns of selection effects in livestock
populations. For example, Rodrigues et al. (2025) and
Zhang et al. (2021) highlighted the role of immune and
reproductive genes in the adaptation of local sheep
populations. Moreover, the enrichment of metabolic
and signalling pathways parallels results from studies
on cattle and goats, where genes involved in energy
metabolism, immune function, and environmental stress
responses were recurrently under selection (Colombi et
al., 2024; Peng et al., 2024).

4 Conclusion

This study highlights substantial variability in genetic
diversity and population structure among local sheep
breeds in the Danube region. Breeds developed
through systematic crossbreeding programs, such as

the Improved Valachian and Slovak Dairy sheep, show
higher heterozygosity and lower inbreeding, reflecting
their broader genetic base. In contrast, traditional breeds
with long-term histories exhibit increased homozygosity
and distinct genetic clustering, suggesting restricted
gene flow and possible historical bottlenecks. Genome-
wide scans identified candidate regions under selection
associated with reproduction, immune function, and
environmental adaptation, shaped by both natural and
artificial selection pressures. The results support the view
that artificial selection for economically important
traits, alongside adaptation to local environments, has
significantly influenced the genomic architecture of
sheep breeds. The presence of highly differentiated
genomic regions containing functionally relevant genes
offers a basis for future research focused on key adaptive
and production traits. Such insights are essential for
developing sustainable breeding strategies that maintain
genetic diversity while promoting productivity and
resilience under diverse production conditions.
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