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Abstract
Background  In livestock, understanding the genetic basis of adaptation to the environment is essential for 
enhancing resilience to climate change and sustaining productivity in diverse environments. Indigenous Ethiopian 
cattle represent an ideal model for such studies, as they have evolved across a wide range of environments from the 
cool, oxygen-limited highlands to the hot, pathogen-rich lowlands. These environmental gradients imposed intense 
selective pressures, shaping their genomic landscape. In this study, we performed the first comprehensive analysis of 
X-linked adaptive signatures in Ethiopian indigenous cattle using whole-genome sequencing data.

Results  Population structure analysis revealed clear genetic differentiations between Abigar and Barka cattle, 
while the remaining populations showed substantial shared ancestry and admixtures. Pairwise fixation index ( FST ) 
estimates, runs of homozygosity (ROH) patterns, and linkage disequilibrium (LD) decay further supported historical 
isolation and stronger selection pressure in Barka, contrasting with the greater diversity and faster LD decay in Gojjam 
Highland cattle. Complementary selection signature detections ( FST , XP-EHH, and iHS) revealed population-specific 
and shared genomic regions under selection on the X chromosome. Notably, signals associated with high-altitude 
adaptation were detected near the RBM3, RPS4X, and TSC22D3 loci. Additional signals were observed in genes related 
to thermoregulation and oxidative stress response (EDA, SUV39H1, and HDAC8), as well as immune regulation (IRAK1, 
BDA20, and IL1RAPL1), suggesting adaptation to hot and pathogen-rich environments. Functional enrichment analysis 
highlighted genes involved in extracellular matrix organization and immune signaling pathways, underscoring their 
roles in environmental adaptation.

Conclusions  This study provides the first genome-wide evidence of X-linked adaptive divergence in the Ethiopian 
cattle. The findings highlight the contribution of the X chromosome to heat tolerance, hypoxia adaptation, and 
immune resilience, offering valuable genomic insights for breeding programs aimed at enhancing productivity and 
climate adaptability in tropical cattle.
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Background
African cattle represent the most genetically diverse 
and environmentally resilient livestock populations on 
the continent. They are evolved across a wide range of 
agroecological zones, from high-altitude plateaus and 
arid deserts to humid lowlands. As a consequence, they 
have developed unique adaptations that enable them 
to survive and thrive under harsh conditions, includ-
ing extreme heat, limited water and feed availability, 
endemic diseases, and vector-borne infections [1, 2]. 
These remarkable potentials reflect complex evolutionary 
histories shaped by natural selection and introgression 
from different ancestral lineages, including taurine (Bos 
taurus) and indicine (Bos indicus) cattle [3, 4].

Ethiopia, in particular, represents a unique hotspot of 
cattle diversity, harboring the largest cattle population 
in Africa [5]. Owing to its location at the crossroads of 
historical cattle migration routes, Ethiopian cattle have 
experienced extensive admixture and exhibit remark-
able adaptive and productive capacities [6, 7]. Autosomal 
studies have identified numerous genomic regions under 
selection, associated with key adaptive traits such as try-
panotolerance, heat tolerance, immune response, resis-
tance to endemic parasites and vector-borne diseases, 
and hypoxia [8–13]. These efforts have significantly 
advanced our understanding of the adaptive genetic 
architecture of Ethiopian cattle; however, they have dis-
proportionately focused on the autosomal genome, 
mainly overlooking the contribution of sex chromo-
somes. A single Y-chromosome study in Ethiopian cat-
tle has revealed substantial paternal genetic diversity, 
emphasizing the role of Y-lineages in tracing domestica-
tion and migration history [7]. Addressing this gap will 
provide a more complete picture of genetic diversity, 
population history, and the evolution of adaptive attri-
butes in Ethiopian cattle populations.

The X chromosome, which diverged from ances-
tral autosomes around 300 million years ago [14], plays 
a crucial role in shaping genetic diversity and adap-
tive evolution in mammals [15]. Its unique inheritance 
pattern, reduced effective population size, and hemi-
zygosity in males confer a distinct evolutionary dynam-
ics [16]. Enriched for genes involved in reproduction, 
immune function, and other fitness-related traits, the X 
chromosome is particularly sensitive to selection pres-
sures. It provides a valuable genomic target for uncover-
ing novel selection signatures that may be overlooked in 
autosome-focused analyses [16–18]. X-linked genes can 
also experience accelerated evolution due to differential 
selective pressures in males and females, in contrast to 
the more balanced selection acting on autosomal genes 
[19]. Given these characteristics, analyzing patterns of 
X-linked genetic variation offers a unique opportunity 
to detect selection signatures and adaptive variants that 

would remain hidden in analyses restricted to autosomal 
markers.

Presence of important selection footprints on the X 
chromosome has been reported in several mammals, 
including cattle [15], horse [18], human [19], mastiff [20], 
pigs [21], and sheep [22], highlighting its pivotal role 
in driving adaptation and trait variation across diverse 
taxa. Despite these efforts, the X chromosome remains 
unexplored, particularly in Ethiopian cattle, leaving a 
significant gap in understanding the full landscape of 
their genetic diversity and adaptive evolution in these 
populations. In this study, we characterized patterns of 
genetic diversity and signals of selection on the X chro-
mosome using whole-genome sequencing data from 
seven indigenous Ethiopian cattle populations reported 
in our previous study [23]. Using X-linked variants, we 
identify genomic regions shaped by adaptive evolution 
and historical domestication pressures. The results reveal 
population-specific and shared adaptive footprints, high-
lighting the unique role of the X chromosome in shap-
ing traits associated with local adaptations in tropical 
environments. These findings provide valuable genomic 
insights to support sustainable genetic improvement 
strategies of cattle facing accelerating climatic and dis-
ease challenges.

Materials and methods
Cattle populations, variants, and quality control
We used the publicly available genomic data in vari-
ant call format (VCF) for seven Ethiopian cattle popu-
lations deposited in the European Variation Archive 
(EVA) under Project PRJEB75238 [23]. The dataset com-
prised Abigar (ABI), Barka (BAR), Boran (BOR), Fellata 
(FEL), Fogera (FOG), Gojam Highland (GH), and Horro 
(HOR), representing animals sampled across diverse 
agro-ecological zones in Ethiopia (Additional file 1: Table 
S1). All sampled individuals were females, and X chro-
mosome genotypes were therefore treated as diploid 
in downstream allele-frequency and haplotype-based 
analyses. Detailed descriptions of sampling locations, 
population background, and SNP-calling procedures are 
provided in our previous study [23]. From the full vari-
ant dataset, SNPs located on the X chromosome were 
extracted, resulting in a final set of 919,141 variants (Fig. 
1A and B). Quality control (QC) was performed using 
PLINK v2.0 [24] by removing SNPs with a minor allele 
frequency (MAF) < 0.01, a genotype call rate < 90%, and 
deviating from Hardy–Weinberg equilibrium at p < 1 × 
10⁻⁶. Individuals with more than 10% missing genotypes 
were excluded from the analysis. After QC, 784,822 SNPs 
remained for downstream analyses.
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Genetic relationship and population structure
After QC, to minimize highly linked variants for popula-
tion differentiation analysis, LD pruning was performed 
in PLINK v2.0 using the parameters --indep-pairwise 50 
5 0.2, resulting in 68,029 SNPs retained for subsequent 
population structure analyses. Principal component 
analysis (PCA) was conducted using the same software. 
A model-based clustering approach implemented in 
ADMIXTURE v1.3.0 [25] was then applied to infer ances-
tral population structure. The number of genetic clusters 
(K) was tested from 2 to 7, and the optimal value was 
determined based on the lowest cross-validation (CV) 
error. PC and admixture results were visualized using 
the R package “ggplot2” [26]. To further explore phyloge-
netic relationships, a neighbor-joining (NJ) tree was con-
structed based on pairwise genetic distances calculated 
in PLINK v2.0. The NJ tree was generated in MEGA X 
[27] with 1,000 bootstrap replicates and visualized using 
iTOL v6 [28].

Genomic diversity and differentiation
To explore the genomic variation within and between 
populations, four complementary statistics, including 
nucleotide diversity (π), LD decay, runs of homozygos-
ity (ROH), and pairwise genetic differentiation ( FST ) 
were calculated based on high-quality SNPs from the X 
chromosome. Pairwise FST  and π were estimated using 
VCFtools v0.1.16 [29] with a 50 kb window and a 25 kb 
sliding step. LD decay was computed as the squared cor-
relation coefficient (r²) between SNP pairs using PLINK 

v2.0. ROH were detected using PLINK v2.0 to identify 
continuous homozygous segments across the genome 
and to assess recent inbreeding patterns. ROH segments 
were classified into three length categories: short (0.5–1 
Mb), medium (1–5 Mb), and long (> 5 Mb) [30].

Selective sweep analysis
To identify genomic regions under selection on the X 
chromosome, we employed complementary approaches 
capturing both allele frequency differentiation and hap-
lotype-based signals. The analysis focused on contrast-
ing populations adapted to distinct ecological conditions: 
GH cattle from high-altitude environments (~ 4,000 m 
above sea level (m.a.s.l.)) and the lowland ABI and BAR 
populations, which inhabit hot, arid regions below ~ 895 
m.a.s.l [23]. Population differentiation was estimated 
using Weir and Cockerham’s FST  [31], implemented in 
VCFtools [29]. The analysis was conducted in sliding win-
dows of 50 kb with a 25 kb step size across the X chromo-
some for the pairwise comparisons GH vs. ABI and GH 
vs. BAR. For haplotype-based analyses, genotype data for 
each population were phased and imputed using Beagle 
v5.1 [32]. Two complementary haplotype-based statistics 
were then calculated using selscan [33]: the Integrated 
Haplotype Score ( iHS), which detects partial selective 
sweeps within populations based on extended haplotype 
homozygosity around focal selection sweeps [34], and 
the Cross-Population Extended Haplotype Homozygos-
ity (XP-EHH), which contrasts haplotype decay between 
populations to identify population-specific sweeps [35].

Fig. 1  Whole-genome sequence SNP count and density across all chromosomes in seven Ethiopian cattle. (A) SNP count and (B) SNP density per kb. 
These plots were adapted from the tabular analysis of Ayalew et al. [23] to include SNP distribution on the X chromosome alongside autosomes
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For iHS, the statistic was computed as the standard-
ized natural logarithm of the ratio between the inte-
grated haplotype homozygosity ( iHS) of the derived 
and ancestral alleles, following genome-wide normaliza-
tion as described by Voight et al. [34]. Absolute | iHS| 
values were averaged in non-overlapping 50 kb windows, 
and windows in the top 0.5% were considered candidate 
regions under selection for each studied cattle popula-
tions (i.e., ABI, BAR, GH). Using the same contrasting 
cattle populations, XP-EHH was computed as the stan-
dardized log-ratio of integrated haplotype homozygos-
ity between two populations ( iHHA/iHHB), with 
average |XP-EHH| values [35] calculated for each 50 kb 
window. The upper 0.5% of windows was used to define 
genomic regions showing strong inter-population selec-
tion signals. Finally, genome-wide distributions of | iHS| 
and |XP-EHH| scores were visualized in Manhattan plots 
using ggplot2 [26]. Shared signals were identified and 
visualized in a Venn diagram using ggplot2 [26]. Finally, 
Tajima’s D and FST  statistics were calculated for can-
didate genes identified by at list two selection signature 
method using VCFtools [29].

Functional annotation of candidate regions
To explore the biological relevance of genomic regions 
under selection, the top 0.5% of candidate SNPs identi-
fied across all selection signature analyses were function-
ally annotated. SNP coordinates were aligned to the latest 
Bos taurus reference genome (ARS-UCD1.2) [36] using 
BEDTools v2.25.0 [37]. Overlapping genes were merged, 
and unique loci were retained for downstream analy-
ses. Functional enrichment of these genes was evaluated 

using the Database for Annotation, Visualization and 
Integrated Discovery (DAVID, v6.8) [38] to provide 
additional insights into associated biological processes, 
cellular components, and molecular functions. Gene 
enrichment p-values were adjusted using the Benjamini–
Hochberg procedure to control the false discovery rate 
(FDR < 0.05).

Results
Genetic relationship and population structure
The first two principal components (PC1 and PC2) 
together explained 5.43% of the total genetic variance, 
with PC1 accounting for 3.04% and PC2 accounting for 
2.39%, respectively (Fig.  2A). PC1 clearly separated the 
ABI population from the BAR population, reflecting their 
distinct geographic or ancestral origins. In contrast, the 
remaining five populations clustered closely in the cen-
tral region of the PCA plot, indicating a high degree of 
admixture. Consistent with the PCA result, the admix-
ture analysis at K = 2 showed a similar pattern (Fig. 2B), 
as supported by the lowest cross-validation error (Addi-
tional file 2: Figure S1). Likewise, the neighbor-join-
ing tree revealed clustering patterns similar to those 
observed in PCA and admixture results (Fig.  2C). This 
pattern suggests shared ancestry or ongoing gene flow 
among these populations.

Genetic diversity among the population
Nucleotide diversity (π) exhibited population-specific 
distribution patterns, but these differences were not sig-
nificant. All seven populations had low median π val-
ues, with no clear distinctions in overall genetic diversity 

Fig. 2  Genetic diversity and population structure of the Ethiopian cattle population. A PCA plot, B Admixture and ancestry proportions, and C Neighbor-
joining tree
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(Fig. 3A). Genetic differentiation between populations is 
presented in Fig. 3B. BAR was highly differentiated from 
ABI (mean FST  = 0.087), which is consistent with our 
population structure results. The patterns of total ROH 
length varied across populations (Fig. 3C), reflecting dif-
ferences in inbreeding and selection history. BAR had the 
longest total ROH, dominated by segments of 1–5 Mb. In 
contrast, FEL had the shortest total ROH, with a higher 
proportion of 0.5–1 Mb segments. The LD decay on the 
X chromosome revealed population-specific patterns 
(Fig.  3D). BAR maintained the slowest LD decay, with 
r² remaining above 0.13 even at 500 kb, indicating long-
range LD and potential recent selection or low effective 
population size. In contrast, GH and FEL showed faster 
LD decay, with r² dropping below 0.12 at 500 kb.

X-linked selection signatures in Ethiopian cattle
Genome-wide selection scans targeting the X chromo-
some were performed to identify genomic regions under 
selection between highland and lowland cattle popula-
tions. ABI was treated as a low-altitude cattle popula-
tion, while the GH was treated as a high-altitude cattle 

population. Between ABI and GH cattle, a total of 49 
genomic regions, 31 candidate genes were detected using 
FST and 35 regions with 26 protein-coding genes by 
XP-EHH (Additional file 1: Tables S2-S3). The within-
population analysis ( iHS) revealed 76 genomic regions, 
26 candidate genes under selection in ABI, and 66 can-
didate regions, as well as 20 protein-coding genes in GH 
(Additional file 1: Tables S4-S5). The Manhattan plots for 
the three selection signature methods revealed multiple 
distinct selection signals distributed across the X chro-
mosome (Fig. 4A–D). Several candidate genes were over-
lapped at least in two selection scan methods and located 
near the top SNPs, including EDA, BDA20, RPS4X, 
RBM3, IRAK1, SH2D1A, IL1RAPL1, and IL1RAPL2, 
which may be associated with local environmental adap-
tations (Fig.  5A, Additional file 1: Tables S2–S5). FST  
and Tajima’s D statistics revealed that the IRAK1 gene is 
differentiated between ABI and GC (Fig. 5C).

Likewise. the selection sweep test was extended to 
BAR cattle, a population that thrives in the hot, arid low-
lands of northwestern Ethiopia, in contrast to the GH 
population. Genome-wide selection scans identified 61 

Fig. 3  Population genetic diversity, inbreeding patterns, and LD decay across the Ethiopian indigenous cattle population. A Violin plots illustrating 
nucleotide diversity (π), B Pairwise population differentiation based on mean FST values, C Total length of runs of homozygosity (ROH) per individual 
across populations, categorized into short (0.5–1 Mb) and medium (1–5 Mb) segments, and (D) Linkage disequilibrium (LD) decay curves showing the 
decline of r² with increasing physical distance between SNPs
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Fig. 5  Overlapping protein-coding genes of three signatures of selection methods and local gene region scans. A Venn diagram of genomic regions 
under selection in ABI vs. GH cattle, identified by FST , iHS  and XP-EHH (B) Venn diagram of genomic regions under selection in BAR vs. GH cattle, 
identified by FST , iHS  and XP-EHH (C) Local scan of selection signatures at the IRAK1 locus in ABI cattle, detected by FST  and Tajima’s D, (D) Local 
scan of selection signatures at the TSC22D3 locus in BAR cattle, detected by FST and Tajima’s D

 

Fig. 4  Manhattan plots of ABI and GH cattle. A FST  and (B) XP-EHH (C) iHS of ABI and (D) iHS of GH
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candidate regions, (20 protein-coding genes) with FST 
and 32 regions, (15 protein-coding genes) with XP-EHH, 
(Additional File 1: Table S6-S7). Within-population selec-
tions scan uncovered 46 iHS signals annotated to 18 
protein-coding genes in BAR, (Additional File 1: Table 
S8). Notably, candidate genes such as HDAC6, RBM3, 
SUV39H1, and TSC22D3 were positioned near the stron-
gest SNPs among the three selection scan methods, 
(Fig.  5B). The FST and Tajima’s D statistics revealed dif-
ferentiation between BAR and GH cattle at the TSC22D3 
gene region, (Fig. 5C). The Manhattan plots of the three 
complementary selection signatures are presented in 
Figs. 6 A, B, and C.

Functional annotation of the candidate genes
Functional enrichment analysis, corrected for multiple 
testing (FDR < 0.05), identified five significant terms 
(Fig.  7). Prominent enrichments included “synapse,” 

“postsynapse,” and “cell junction,” indicating robust 
involvement in cellular communication and tissue struc-
tural integrity. Additionally, the “collagen type IV trimer” 
was enriched, suggesting roles in extracellular matrix 
organization. In the signaling pathways, “positive regula-
tion of canonical NF-κB signal transduction” was signifi-
cantly overrepresented, implicating activation of immune 
and inflammatory processes. Details are provided in 
Additional file 2: Table S9.

Discussion
The X chromosome plays a unique role in mammalian 
evolution. To fill the existing gap on X-linked analysis 
in Ethiopian cattle, we explored the population struc-
ture and the genetic basis of local adaptation. Population 
structure analyses revealed a clear divergence between 
the ABI and BAR populations, indicating limited recent 
gene flow. In contrast, the remaining groups formed a 

Fig. 7  Dot-plot illustrating the top functionally enriched terms identified by gene ontology (GO) and pathway analysis, filtered by Benjamini-Hochberg 
false discovery rate (FDR) < 0.05. The x-axis represents fold enrichment (a measure of how overrepresented a term is relative to expectation), and the y-axis 
lists enrichment terms, with their GO category (cellular component [CC] or biological process [BP]) indicated in parentheses

 

Fig. 6  Manhattan plots of BAR and GH cattle. (A) FST  BAR vs. GC, (B) XP-EHH BAR vs. GH, and (C) iHS of BAR
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tight cluster, reflecting substantial shared ancestry and 
historical connectivity. This pattern conforms to previous 
autosomal studies [6, 13]. Thus, suggests a shared demo-
graphic history for most populations and unique adaptive 
histories, ultimately influencing current Ethiopian cattle 
genetic structure. Moreover, our analysis revealed several 
X-linked selection signals shaped by long-term evolu-
tionary pressures, highlighting the potential contribution 
of the X chromosome to key adaptive processes, includ-
ing heat tolerance, high-altitude adaptations, and robust 
immune function in Ethiopian cattle.

Adaptive selection signals in response to environmental 
stresses
High-altitude adaptations
High-altitude environments impose unique physiologi-
cal challenges, particularly chronic hypoxia, which exerts 
intense selective pressures on genomic regions associated 
with oxygen transport, energy metabolism, and cellular 
stress responses. Previous analyses based on autosomal 
SNP-derived copy number variations [9] and selection 
signature studies [8] revealed potential genetic adapta-
tions in Ethiopian high-altitude cattle, including the GH 
cattle population. In line with these findings, the current 
X chromosome–based analysis identified additional can-
didate genes, including RBM3, RPS4X, and TSC22D3, 
which may contribute to physiological processes poten-
tially advantageous under high-altitude conditions 
through their roles in cellular stress regulation, neuro-
protection, and translational control. Notably, RBM3 
is a highly conserved, cold, and stress-inducible RNA-
binding protein that plays critical roles in cell survival, 
proliferation, and homeostasis under adverse conditions 
[39]. It is rapidly upregulated by cold exposure [40, 41] 
and also responds to hypoxia independently of HIF-1 
signaling [42, 43]. In neural stem cells and pulmonary 
endothelial cells, RBM3 alleviates hypoxia-induced cell 
cycle arrest and apoptosis, maintaining cellular prolifera-
tion and viability [43, 44]. Under low-temperature and 
hypoxic environments, RBM3 mechanistically stabilizes 
mRNAs, modulates protein translation, and interacts 
with stress-response pathways to confer cytoprotection 
[40, 45]. Likewise, RPS4X, an X-linked ribosomal pro-
tein, forms part of the 40 S ribosomal subunit and plays 
a vital role in maintaining translational capacity under 
cellular stress. Recent RNA-seq analyses in human pul-
monary microvascular endothelial cells revealed that 
females express higher levels of RPS4X than males under 
both normoxic and hypoxic conditions, suggesting a role 
in sex-linked adaptation to low-oxygen environments 
[46]. Although direct studies of RPS4X under hypoxic 
conditions are limited, a highly similar peptide, RPS4XL, 
encoded by lnc-Rps4l, has been shown to interact with 
ribosomal protein S6 and to inhibit the proliferation of 

pulmonary artery smooth muscle cells under hypoxic 
stress [47]. These observations support the hypothesis 
that RPS4X may contribute to cellular resilience under 
hypoxia, making it a candidate gene for high-altitude 
adaptation. The TSC22D3 gene, also known as glucocor-
ticoid-induced leucine zipper (GILZ), encodes a tran-
scription factor involved in cellular stress responses, 
immune regulation, and cell survival. In mammalian 
models, TSC22D3 is induced under hypoxic conditions 
via HIF1α-dependent pathways, facilitating survival in 
low-oxygen environments by modulating transcriptional 
networks, including SREBP1 signaling [48]. Furthermore, 
TSC22D3 regulates inflammatory responses by inhibit-
ing NF-κB/NLRP3 signaling and macrophage polariza-
tion toward the M1 pro-inflammatory state, suggesting a 
role in maintaining tissue homeostasis under stress [49]. 
These stress-response and immunomodulatory functions 
indicated that the gene may provide a molecular mecha-
nism, enabling livestock to cope with the stressful condi-
tions of mountainous regions.

Hot environments adaptation
In hot environments, where heat stress imposes intense 
selective pressures, adaptive alleles on the X chromo-
some may play a role in shaping population resilience. 
Among the candidate genes, EDA, SUV39H1, and 
HDAC6 emerged as promising candidates due to their 
plausible biological roles in thermal stress adaptation, 
relevant to ABI and BAR cattle. Ectodysplasin A (EDA) 
is a key regulator of ectodermal development, controlling 
the formation of sweat glands, hair follicles, and other 
skin-derived structures. These ectodermal components 
contribute to thermoregulation, sensory perception, and 
protection against environmental stressors, thereby play-
ing an essential role in maintaining physiological homeo-
stasis [50, 51]. Deficiencies in the EDA–EDAR signaling 
pathway lead to hypohidrotic ectodermal dysplasia, a 
condition marked by a reduced number of sweat glands, 
sparse hair growth, and impaired evaporative cooling, 
resulting in heat intolerance [52–54]. These anatomical 
and physiological links highlight the gene’s crucial role in 
thermoregulation by improving heat dissipation. HDAC8 
encodes a class I histone deacetylase whose enzymatic 
activity is directly regulated by a redox-sensitive disulfide 
switch between cysteines C102 and C153, thereby link-
ing oxidative stress to gene regulatory capacity [55]. Heat 
stress is known to elevate reactive oxygen species (ROS) 
and disrupt redox homeostasis, so allelic variation in 
HDAC8 may underpin enhanced resilience by maintain-
ing chromatin state and transcriptional control under 
thermal challenge.

Furthermore, HDAC8 has been shown to increase 
under general stress conditions (e.g., UV) and to modu-
late protective gene networks, supporting its role in 



Page 9 of 12Ayalew et al. BMC Genomics          (2026) 27:490 

cellular stress adaptation [56]. SUV39H1 encodes a his-
tone H3 lysine 9 methyltransferase that establishes the 
heterochromatic mark H3K9me3 and is critical for chro-
matin compaction and transcriptional silencing [57]. 
Notably, heat-stress experiments in human cells revealed 
an immediate enrichment of H3K9me3 at alpha-satellite 
repeats following exposure to elevated temperature, sug-
gesting that heterochromatin dynamics are responsive to 
thermal stress [58]. Thus, selection on SUV39H1 in heat-
adapted cattle may reflect enhanced capacity to reorga-
nize heterochromatin and stabilize genome architecture 
under prolonged heat exposure, which helps to maintain 
cellular integrity and transcriptional homeostasis.

Immune response
In hot and humid environments, cattle are continuously 
exposed to a high microbial load and environmental 
stressors that challenge immune homeostasis. The innate 
immune system provides the first line of defense, with 
IRAK1 serving as a pivotal mediator through Toll-like 
receptor (TLR) and interleukin-1 receptor (IL-1R) sig-
naling pathways [59]. Variations in IRAK1 may influence 
the efficiency of pro-inflammatory signaling, including 
cytokines such as TNF-α and IL-6, which are essential for 
rapid pathogen clearance [60]. Functional studies indi-
cate that IRAK1 is required by dendritic cells (DCs) and 
macrophages to be fully activated, highlighting its role 
in early immune responses. In murine models, IRAK1 
deficiency in conventional DCs impairs IL-12 production 
during Toxoplasma gondii infection [61], while in human 
DCs, IRAK1 knockdown reduces maturation markers, 
pro-inflammatory cytokines, and T-cell proliferation 
[62]. These findings suggest that selection on IRAK1 
in ABI cattle may enhance innate immune responses 
under high microbial and environmental stress. Likewise, 
BDA20 has emerged as a candidate linked to host defense 
against ectoparasites, particularly ticks. Ticks, such as 
Rhipicephalus microplus, are a significant source of stress 
for cattle in tropical and subtropical regions, where high 
temperatures and humidity favor the proliferation of 
these parasites. Variation in BDA20 expression has been 
observed between resistant and susceptible animals, 
suggesting a role in modulating the immune response 
to tick infestations [63–65]. Enhanced expression of 
BDA20 may support the activation of local inflamma-
tory responses or promote cellular mechanisms that 
reduce parasite attachment and survival. Thus, BDA20 
represents a functional link between immunity and envi-
ronmental adaptation in ABI cattle. Similarly, IL1RAPL1 
and IL1RAPL2 are accessory proteins of the IL-1 recep-
tor family that can modulate TLR/IL-1R–driven innate 
signaling, a pathway central to early host defense against 
infection [66]. Activation of the IL-1/TLR signaling path-
way triggers downstream NF-κB and MAPK cascades, 

driving the production of pro-inflammatory cytokines 
that are critical for rapid pathogen control in barrier tis-
sues [67]. Although IL1RAPL1 and IL1RAPL2 were first 
studied in the nervous system, emerging functional data 
indicate they can influence local immune responses, 
supporting a role beyond neuronal biology [68]. In hot, 
humid low-altitude environments where pathogen pres-
sure and heat stress combine, genetic variation near these 
loci could plausibly adjust innate responses, contributing 
to resilience; however, direct confirmation in cattle will 
require functional immunology follow-ups, and adaptive 
interpretations remain inferential, as pathogen load and 
microbial exposure were not directly quantified in the 
studied environments.

Study limitations
While this study provides novel insights into X chro-
mosome–linked adaptation in Ethiopian cattle, several 
limitations should be acknowledged. The analyses were 
restricted to X-linked variants derived from female ani-
mals and did not include direct comparisons with auto-
somal variation. Functional validation of candidate genes 
was not feasible due to the absence of biological samples; 
therefore, associations between candidate loci and adap-
tive phenotypes remain inferential. Historical demo-
graphic processes, sex-biased gene flow, and variation in 
local recombination rate may influence haplotype-based 
statistics. In addition, linked purifying selection (back-
ground selection) may contribute to elevated haplotype-
based signals. Although recombination-adjusted or 
simulation-based null models were not implemented, we 
reduced the risk of false positives by applying stringent 
empirical thresholds and requiring concordant signals 
across complementary methods and populations. Finally, 
environmental adaptation was inferred from altitude and 
ecological classification rather than from quantitative 
environmental variables such as temperature gradients, 
oxygen availability, or pathogen burden. Consequently, 
the detected signals likely reflect composite and multifac-
torial selective pressures rather than direct associations 
with single measured environmental factors. Future stud-
ies integrating fine-scale environmental data, recombi-
nation-aware modeling, and functional validation will 
further refine the interpretation of these candidate adap-
tive regions.

Conclusions
This study provides the first comprehensive insight into 
X-linked selection signatures in Ethiopian cattle, high-
lighting their pivotal role in local adaptation and popu-
lation divergence. Integrating complementary selection 
signature detections revealed genomic regions associated 
with resistance to hypoxia, heat, and pathogen pressure. 
Notably, EDA, IRAK1, BDA20, and TSC22D3 are among 
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the candidate genes involved in coordinating evolution-
ary responses that enable cattle to thrive under challeng-
ing environmental conditions. Together, these findings 
broaden our understanding of the adaptive landscape of 
Ethiopian cattle and emphasize the evolutionary impor-
tance of the X chromosome in shaping resilience to envi-
ronmental challenges. The insights gained here offer 
a valuable genomic foundation for designing breeding 
strategies that enhance both productivity and adaptation 
to extreme environmental conditions in the face of cli-
mate variability.
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