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Abstract

Introduction: Environmental adaptations that allow different breeds to thrive in different ecological conditions
are significant in sheep breeding. Understanding the genetic basis for such adaptations can greatly enhance
breeding programs aimed at improving resilience and productivity. Various indigenous sheep breeds exhibit
unique traits suited for their respective habitats in Iran. This study aimed to identify genomic loci associated with
environmental adaptation through genome-wide association studies (GWAS) based on gene-set enrichment (GSE)
analysis. By leveraging high-density single-nucleotide polymorphism (SNP) arrays, we explored the genetic
mechanisms underlying thermotolerance, altitude adaptation, and coat type differentiation, which are critical for
sustaining sheep production under Iran’s heterogeneous climates. These adaptations are particularly relevant given
Iran’s diverse topography, where temperatures range from -20°C in mountainous regions to +50°C in deserts,
creating strong selective pressures on local breeds.

Materials and methods: The Illumina HD ovine SNP600K BeadChip genomic arrays were utilized to analyze
139 animals from nine Iranian sheep breeds, namely Kermani (n=15), Sanjabi (n=14), Lori-Bakhtiari (n=15),
Qezel (n=15), Gharagol (n=15), SiahKabod (n=15), GrayShiraz (n=9), Afshari (n=14), Shal (n=15), and Baluchi
(n=12). Animals were grouped based on three adaptive traits: (1) tropical vs. cold climate resilience, (2) high vs.
low altitude distribution, and (3) wool vs. skin coat type. Quality control filters included minor allele frequency
(MAF) > 0.05, SNP call rate > 95%, and removal of markers with unknown genomic positions. To assess the
relationship between specific traits and SNP variations across the genome, GWAS was conducted based on
logistic regression models using PLINK software (v 1.9), with principal component analysis (PCA) to correct for
population stratification. SNPs were assigned to respective genes based on their locations within the genomic
sequence or a flanking region of 50 kb upstream and downstream of each significant SNP. Following this analysis,
we employed various bioinformatics databases to interpret gene sets and ascertain their biological functions
related to selected genomic regions.

Results and discussion: The results of the GWAS showed that 2431, 2244, and 2145 SNP markers were
associated with adaptation to tropical-cold environmental conditions, distribution in areas with high-low height
of sea level, and wool-skin body covering in Iranian indigenous sheep, respectively (P<0.05). Gene-set enrichment
analysis identified the biological pathways (and candidate genes) of defense response to gram-positive bacterium
(HSPA4L, DNAJB4, MSRB3), regulation of immunoglobulin mediated immune response (IL274, TRAF3IP2,
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LY96), regulation of muscle system process and cell junction (BMP2, THBSI, MYH10), regulation of anatomical
structure size (FGF2, ACTR3), regulation of ossification and organ growth (TMEM117, PTBPI), and skin
epidermis development (KR25, KR27, KRT71). The pathways identified in the current study for adaptation traits
in indigenous breeds played an important role in the regulation of the immune system, muscle structure
development, osteoclast differentiation, body size, and regulation of wool growth. The insights gained from this
study greatly extend our understanding of how specific genetic determinants contribute toward functional
adaptations in Iranian sheep breeds under diverse environments. For example, the identification of HSPA4L in
thermotolerance aligns with its known role in heat shock response, while novel candidates like TMEM117 may
represent breed-specific adaptations. Some genes have also not been well-established in their biological function,
and there may be potential mutual effects that are not yet understood in this context. Therefore, to determine the
precise role of these genes, it is essential to conduct further comprehensive functional studies and biological
system analyses.

Conclusions: In general, our findings provide valuable knowledge on genomic regions linked with vital
adaptation traits among indigenous Iranian sheep breeds. The integration of GWAS and pathway analysis revealed
not only expected candidates (e.g., KRT genes for wool) but also novel genes (e.g., LY96 for immunity) that
broaden our understanding of genomic adaptability. These results may serve future research endeavors focused
on dissecting genetic architectures underlying adaptability, particularly for marker-assisted selection in breeding
programs. However, the study’s limitations, including sample size and the need for functional validation of
candidate genes, highlight opportunities for future work. A pivotal component influencing successful breeding
strategies aimed at improving these animals' resilience while considering changing global climates.
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Table 1. Different steps of quality control for genotyping data according to the grouping of different breeds in
tropical-cold regions, high-low altitude above sea level, and type of skin-wool selection

Different steps of quality control Tropical vs. Cold High vs. Low Skin vs. Wool
altitude
Number of animals 114 (42 Tropical 59 (29 High and 80 (39 Skin
and 72 Cold; 61 30 Low altitude; and 41 Wool
Male and 53 30 Male and 29 sheep; 36
Female) Female) Male and 44
Female)
Excluding animals with more than 5% missing 0 0 0
genotype
Removing SNP markers with MAF < 0.05 in all 31093 34957 31507
samples
Removing SNP markers with <95% call rate 16659 17505 15844
Removing SNP markers with unknown position 415 404 413
Number of SNP markers after quality control 557839 553140 558242
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Fig. 1. Principal component analysis (PCA) plot for sheep breeds raised (a) in cold-tropical regions, (b) at high
and low altitudes, and (c) for wool and skin breeds: These plots illustrate the clustering of animals based on the
first (PC1) and second (PC2) principal components.
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Fig. 2. Manhattan plot of genome wide association study (GWAS) for the tropical-cold trait. In this graph, the X-
axis shows the location of SNPs on different chromosomes and the Y-axis shows the negative logarithm of P-
values. The red line shows SNPs with a value higher than 7.65. This value is in the 0.0001 percentile of all
marker values in comparison of animals raised in cold and tropical environments.
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Fig. 3. Manhattan plot of genome wide association study (GWAS) for the high vs. low altitude trait. In this
graph, the X-axis shows the location of SNPs on different chromosomes and the Y-axis shows the negative
logarithm of P-values. The red line shows SNPs with a value higher than 4.35. This value is in the 0.0001
percentile of all marker values in comparison of animals raised in environments with high and low altitude from

see level.
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Fig. 4. Manhattan plot of genome wide association study (GWAS) for the skin vs wool trait. In this graph, the X-
axis shows the location of SNPs on different chromosomes and the Y-axis shows the negative logarithm of P-
values. The red line shows SNPs with a value higher than 5.48. This value is in the 0.0001 percentile of all
marker values in comparison of skin and wool breeds.
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Table 2. Gene-set enrichment analysis significantly associated with the traits studied in the present study

(P<0.05)
Ontology GO ID and name Number of Number of Corrected
classes genes in the significant significance
ontology genes level based on
pathway FDR
Biological G0:0090257-Regulation of muscle system 29 6 0.0041
process (BP) process
G0:0022603-Regulation of anatomical structure 24 8 0.0337
morphogenesis
GO0:0048638-Regulation of developmental 29 9 0.0475
growth
GO:0048641-Regulation of skeletal muscle 67 15 0.0082
tissue development
GO0:0090066-Regulation of anatomical structure 53 9 0.0094
size
GO0:0045778-Positive regulation of ossification 12 3 0.0450
GO:0030833-Actin filament polymerization 15 4 0.0339
GO0:0060249-Positive regulation of organ 23 6 0.0465
growth
GO0:0071363-Cellular response to growth factor 86 5 0.0010
stimulus
GO:0010762-Regulation of fibroblast migration 25 7 0.0076
G0:0040008-Regulation of growth 21 9 0.0119
GO0:0030036-Actin cytoskeleton organization 17 8 0.0461
GO: 0050830-Defense response to Gram- 41 9 0.0149
positive bacterium
GO: 0002890-Regulation of immunoglobulin 10 5 0.0146
mediated immune response
GO: 0019724-Regulation of B cell mediated 65 9 0.0134
immunity
GO: 0098773-Skin epidermis development 56 4 0.0339
Molecular
functions (MF)
GO:0008092-Cytoskeletal protein binding 76 11 0.0165
GO:0004674-Protein serine/threonine kinase 50 9 0.0232
activity
G0:0003690-Double-stranded DNA binding 56 13 0.0258
Cellular
contents (CC)
GO:0030054-Cell junction 21 9 0.0373
G0:0034703-Cation channel complex 32 6 0.0434
KEGG
pathways
0as04380: Osteoclast differentiation 79 20 0.0231
0as04910: Insulin signaling pathway 66 11 0.0497
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